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0. X535603d30¢0l Lob. d0olol Lobgerdfiogm MB039MLOGHYEHOL
9. 96MH™b0359300l B0BOZOL 0bLEOEGHMGHOL bgoEOHMbME-5dEH035309M0 5b5¢0BOLS s
oOMEMAO0MOO0  33¢093900L  WHOMEMOGHMM0530, M7odBHMOOL  05BsBY, BIEHIMIOME0S
3653500 LsdMTom bbgoolbgs Lobol 60dxdgddo 9wrgdgb@Hdgd339wrmdol ILoYYbs.
L5 omgdo Hergdol 2o6353Mdd0 FHOMIOMS BBZoLbZS MMA60DO30gdMIb 9P,
OMIJg0  BMYogh»o OB S©IM  BMBI30MmboMOL b goboEo®s 296 339M9o
dmgMHbobs3E0s o ddEHIO0M SHOEO BMbI30900 Fgodobs, 39Mdm, 0. xoz3sb0dz0ol
Lobgermdol  Lobgedfogm  96039MLoGHIBHOL  b0sIRIEMbYMdOL 3509,
Lobo@oMmoobys s 3020960l BodgEbogdm-33wq3000 0bLEOGHGHMB, 39bgdol  s330L
Lobgardfiomzm  3m3oGgBHol  OHJU3MYIWO3ZMEO  WIBMOOSEGHMMOLMSD,  Labgwdfozm
3OMIOIH3ge@mdol  Bsoby @ LdGHM™M303Mmo 3w GHNOHgdol  Lsdgsbogm
239005693l s Ubg. 89093990  Lbgoolbgs  Lsdgboghm  g®Bscrdos
90mgd39gbgdeo [1 - 3.

Lobgedfoxm  53mMmIMf3gemdol  Bsobs s LMBGHOM303ME0 3 EGHMOGOOL
15993b0gHM  A99MM056900L  Joge  dMfirrgdwo  Bossygdol BodMdgdol  sbserobo
AOMHEIOMEs  BOOMIMO  ©JodBHMOOL  d5BsBY,  0bLEBHOMTIIBGHMwo  Byo@EOMbyr-
59303530960 565¢r0Bol FgomEol Asdmygbgdom. dombgsgs 0dols, MM LsdmTsmgdo
BoBo69d0o 065 2oLveo bywn3bol 90-056 Fargddo, 9dudgm0dgbBgdol 99gagdo 96
399md3996909s 5©0bodbmer 3gMombo Lodsemnggarmdo 80dobstg 3Mm3gLgdol Asdm.
0053 J00gde F99aJdL 96 396300  9JHUYOMds, MNBOM F9BHO0E, 99odergds
0358, O™ dsno 3603369 Mds 20BIMES 300Y3. SO, b5IOMITo Fodmpygboero
Asbogns  Bodmogdsl 0393, 33939008  2oaMdgergdols  d9dmbgzgzsdo, smbodbmero
36HMdEgds> ©0bsd03580 0dbgl sbsbmemo s Jglfogeromo, GsbyE oo 360d36gmds
593L 93 MP0MHO 3OMdEGIJI0L 455HY39G0L bogddgdo.



Determination of microelements concentrations in soils ... .

50580560l X 96IOMYG MO OO SMOL  IMZOEIOMo 0d  3OMPYJEHJdOL
LoLYBMOZqBS s LOKSBLOIMIBY, OMIWOMSE 0g0 03390905, 58 FBGOZ Fsbls3MMMgdOoM
8609369c™m3s605 153390 3MM©YJ3HY0do Lomobsm FozMMgurgdgbgdol sMLYdIMdS
om0 3mb3EIbEHM30900L dglodsdolimds BO3MEs®© IL¥IZ9d bMMTGOMD. d39bsGgmeo
Log39M0  JOMHOMIIE  UHMmMg 6050003006  0030LgdL  Lbgosalbgs  genrgdgb@gdl,
O0Iwgdog 990amd om0 LyFMSEgdom b3zgoosh 3Ebmggwmem Us3390d0. 93M0YS,
092300005 3mdzom, MHMI  OMmamO3  93gbsdgmmo, obg  gbmgzgmmo  Bs3zgdol
9999633993390 Mds QOO FIB30OHMBGdIMo Boowsgol 9egdgbEdgdsaqburmdoo
[4]. 5d99b 250mT0bstg, Lbgoolbgs boswsygddo 9wrgdnb@EHadol 3mbiab@®Meiogdols
29bLoBE3MS  YymzgEmzol ogm @S oMBgds 8603369356  sbsero@ozme  sdm35bs
930 MP0MO0 3OMdEGIGO0oL gowsfiy39@ oL Lagddgdo.

d9LEOMEGOEo Bodwdom 15305Mm© 39O FoMTmMEygbsl 0dgrgzs 0dol Tglobgd, mw
OMPMOm05  oboggm  Lodomgzguml  Lbgsalibgs 6930mbols Bosoggdols
9w999633995003960Mds.  50bodbmeo  3OMdEgdol 3603369 MmdoEsb  go8mdobyty,
ool Habeogado L Boosgdol 3gMom@Iero  IMboEMO0byol BodoMgds s, 53
0350LsBOOLOm,  Ho®dmagbowo  dggagdo  360d3bgermgzeb  Imbozgdgdl  F90;393L
3905M900LS @S guodsdolo aL336gdOL A539mmgd0LIMZ0L.

QO9oLIM30L Yz9mws sOLGdIM 1533¢g3 B90MEMB F9EIMYdO® Yz9wsHg BMLEO
5 LHOsx305 0blE®gbEGHwwo 6go@®mMmbm—-5d@03530M0 5b5¢00Bo (0659). gl Igomeo
56 dmombmgzgl BodMdol 13gE0sEME BMmIDoIdsl s dobo 89d39mdom FglodergdgE0s
9w99963900L 93069 9993390930l 50MBghs. B39l ErsdMGSEHMM0sd0 J98mTs390v)C0s
690GHOMbM-5d3H03530MM0  965¢0Bol  Mm3GH0dobsgools s IM35grgdgbEHosbo
565 0Bol IgmMm©03900, HMIgElsg 304969000 9Jldgm0dgb@Egd0L Mmls [5 — 8].

60509900l 6033930 0IbEHMO FIbMEPBMOT>Y30OL BoLDY ETBIIOE
BGHOBIOGHMB  ghmo bbo3zgdms doOHM3Mo  MgodBmEmol bggwr sOHbdo BIK-1
Bogoom 2.6 - 102 6go@®mbo / 8% - 3.  3merogmowgbdo  dguwomo  bodwmdo o
LGHObIOEHO 1536 JIMES 5 obol 3mbEYobgMHdo (30bEJObgIOOL obogrss AD1 Ne 06106).
390U 3MPMYPIMWO  YMBOEWYds 9J3gMm©s 08 256M98MmgdSL, GMI ILboggdI bodmIdo
bod0gdm 9e9dgb@ol goblsbrgMolisls 360336gwm35605 M3EH0TsMo Tslols s OHMOMO
69:7090L gMBg35, Broms B39dEHM0b FodboTo)MHO 0bRMMTs300L IM3M3z9ds T93demo.

sLb03gg0o 603MIgdol godm3zerg3zs bgdms sbserobs@mMomn AN-4096A-90
@5 39M3sb0dol ORMHBME-MIORMEo ©yGHJJEH™Oom AT'IK 50 A1-3. ©9@9dd™mmob
dmEMmdss 50 BA® s QoMBRg30mMds — 3 393 (Coso-ol 1333 393 9bgMR00L Y-bsBolom3zob).
29Bm330L Jg9o doEgdwo B3gd@GM0IL yzgws BsobEgmglm oBmEM30L dglobgd
39365300930 0b6x3MMT5300L 569090 bsbol dmbs3999300 S BIOHOMOdOMO IgnMmEOL
399mygqgbgdom 0BMIgdMm©s  60dMddo  Jglodsdolo  do3MMgegdgb@gdol  89d3E39wmds
(508mbBgboll Bzs6M0 9500996 108 —-107 94/ ).

d6mdsdo  dgbfiogeoo 23543 bbgosbbgs Lobols Bosoggdo s Fgs®gdmeo
3359938 9669 Mb  9e9gd9bBHYOOL  MOMPIbMOM030 s M30LMIMOZ0  (33X0WOYIO
LoE®3dg900L Jobg30m.

30Hm339%0L  Jggagdo  ImEgdmeros  3bGowgddo,  Loos  9wgdgb@gdo
Q9390905 BB oDM 4535-H5BGOOL 969MA0gdOL BOHOL Jobgz00.
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300 1. {3960500wsl B0ssggdol 9egdgb o390 ™mdgdo (/).

S 0-5)u0 (5-10) L3 (10-20) 1O (20 -30) 1O
0 B
N fg 65339000 Ne 1 65339000 Ne 2 6339000 Ne 1 65339000 Ne 2 65339000 Ne 1 65339000 Ne 2 6339000 Ne 1 65339000 Ne 2
Y
1 | Mo - - - (3.5+2.4)-10¢ - - - (4.4+1.2)-10¢
2 | cr (5.3£1.3)-10° (6.9:1.6)105 | (8.7+1.6).10 (2.4+1.2).10° (3.9+1.4).10° (5.4£1.2).10° (6.9£1.6)-10~ (3.7+1.1)-10°
3 Cd - - (4.1£1.6)-107 - - - (9.1+3.0)-107 (9.4£9.0)-107
4 | As - - - - (6.9+2.5)-10- - - -
5 Ag - - (4.2+1.8)-10¢ - (3.3+2.0)-10-¢ (2.3£1.5)-10¢ - -
6 Zr - - - (2.9+0.8)-10* (7.545.6)-10* - - -
7 Cs (4.2+3.0)-10¢ - (2.8+0.8)-10-¢ - (8.8+6.0)-10-¢ - - -
8 | Sc | (1.0:0.08)10° | (2.6:0.2)105 | (1.7+0.17)-105 | (8.0:0.5).10 (2.9:0.2)-10° (1.3:0.13)-10°5 (1.9:0.13)-10°5 (1.8:0.1)-10°
9 | Rb - - (1.7£1.2).10° (3.5£1.3).10° (1.6£1.4).10° (2.1£1.2).10° - (2.8+1.1).10°
10 | Zn (6.6+1.0) 10 - - (8.2£1.0)-10° (4.1£1.2)-10° (2.0£0.26)-10* - -
11| Ta - (2.3:1.2)107 | (4.0:05)107 | (1.2:0.85).107 | (3.9:1.6)-107 - - -
12 | Fe (7.3£0.95)-102 (4.0£0.5)-102 (1.8+0.25)-102 (2.120.27)-102 (3.8+0.5)-102 (2.9+0.38)-102 (2.2+0.3)-102 (2.6+0.34)-102
13 | Co (6.3£1.4).10 (1.8:0.3).105 | (9.7:0.24)10% | (5.4+1.0).10° (4.8£0.9)-10- (1.2+0.3)-10° (1.2:0.25).10°5 (1.4:0.3)-10°
14 | Na (6.0+2.8)-10+* (1.2£0.3)-10°3 (5.6+2.8)-10+* (1.21£0.6)-10* (6.2+2.6)-10+* (2.120.8)-10+* (5.4+3.2)-10+* (7.2£1.8)-10+*
15 | Sb - (8.0+2.5).107 - - - - (8.0+2.8)-107 -
16 | La (3.6+0.3)-10° (4.91£0.8)-10° (2.3+0.5)-10-5 (5.2£1.0)-10° (6.3+0.9)-10° (2.8+0.5)-10-5 (3.2+0.5)-10-5 (4.8£0.7)-10°
300 2. 3535000L5 s BMMOL 60sRJdOL Jer9dg6ET99339W™MdYdO (/).
;:3 é 9Bgp00 (5-10)1d (10-20) 13 (20 - 30) 13
N tg ‘? T £ 833 050500 BODO 050500 BOOO 0505000 BODNO
(T'1n3)
g%
1 | Mo | Mo» 67 bo 142 (85) - (7.2+1.6)-10° - (1.30.65)-10° (4.4+2.9).10¢ -
2 Cr Crit 27.8 o© 320 (10) (2.2£0.3)-10* (1.2+0.2-10* (8.4£1.5)-10° (2.1£0.8)-10° (7.8£1.5)-10° (5.4+1.2)-10°
3 | cd | cam 2.3 oo 527.7 (33) (15:1.0).10¢ | (8.3:7.0)107 | (8.2:7.0)-107 (4.5:1.2).107 - (2.5£1.2)-10
4 | As | Asw 26.8 bo 559 (44.7) - (3.6+1.5)-10¢ - (2.120.5)-105 - -
5 | Ag | Ag™ | 253 oo 657.7 (96) - (3.4+1.2).10¢ | (1.6+1.4)-10 - - -
6 | zr | zr> 64.5 O 757 (55) - (6.8+3.5)-10 - - - (8.0+4.4).10~
7 | cs | com 2.3 oo 796 (85.4) (9.9:4.3).10° - - (1.3:0.9)-10 - -
8 | sc Sci 83.9 o 889 (99.8) (1.4+0.1)-10 (1.30.1)-105 | (1.4+0.1)-10° | (1.40+0.04).10° (9.0+0.6)-10¢ (1.00.08)-10
9 | Rb | Rb* | 18.66 oo 1076.6 (8.78) - (1.4:1.0)105 | (1.4+1.0)-10 - (2.4+1.1)-10 -
10 | Zn | Zn% 244 o 11155 (5.7) (1.4:0.18)-10~ | (1.4£1.0)-10° | (4.6:0.5).10 - (7.2:0.9)-10 -
11 | Fe | Fe® 465 oo 1291.5(43.20) | (2.7+0.27)-102 | (1.4:0.22).102 | (2.5:0.3)-102 (1.2:0.2)-10 (3.4+1.1).102 (1.0:0.18)-102
12 | Co Co® 5.26 oo 1332 (99.98) (1.2£0.26)-10° | (1.2+0.26)-10° | (7.1+2.0)-10° (8.90+2.67)-10¢ (2.1£0.5)-10° (1.0£0.24)-10°°
13 | Na | Na* | 15.05bo 1368 (100) (3.2:2.2).10+ | (1.3:0.38)-10® | (1.1:0.3).10% | (110:0.35).10® | (5.4:0.14).10 (9.4+3.5)-10~
14 | sb | sb™ | 60.1c0 1496 (48.7) - (4.1x2.0)-107 - (6.2+2.5).107 - -
15 | La | La® | 4027 o 1596.5 (95.2) (2.5+0.5)-10 (2.2:0.4)-105 | (2.5+0.4)-10 (2.3+0.4)-10 (2.5+1.0)-10 (5.4+0.7)-10°

gb®odo 1 dm3gdmeros §390M0o0owsl Nel s Ne2 6533900990L  boooagdol

565¢0B0-890569d5. bMWD BBL, MMI MmMozg bs33gmdo Cr, Se, Fe, Co, Na s La
3MI0gdol  GBoMyagddo  gOHMBIOMO  MIMEIBMBOMs  obEeagdeo  Lo®mIqdOL
dobgogom. Mo dbmerm Ne2 bs3ggmdos (5-10) s (20-30) b3 Lo®MIgby. As
29b0LsbBE3zGms Ne 1 653390030 (10 — 20) LA Lo®IGHg. Sb 0BMIGds Ne 1 bs33903d0 (20 —30) LD
LoE®dgBY, beewm Ne2 b5339mdo — (0-5) B3 LoE®I)HBY. 990339™dYdO 2oboLIDLIOS
65 %-0560 L50FIPMOOL SBIPMOO.

3bM0gdo 2 g56bowos 358500L s BMmOL bossagd0. bGOWoEsb BBL, H™AI
Cr s Co 9905609300 9GO0 Mom©bmdomss 88500l bossgado (10 —20) s (20 - 30) 1O
LoE®3qBY, Sb — MmOl bossgdo (5 —10) s (10 — 20) LA LoMIGbY. Ta 56 JoboLLBE3MIOS
O3 9O 6533000bg. Ag, Rb 5 Cs 0Bmdgds 953s00b 6533900b9g. Cd 3585000l boosagdo
3G G9@0s.
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3b®0do 3 AobLsBO3OMos 29 gwgdgbdo (5 -10), (10-20) s (20-30)LO
LoE®mdgHBg MMY3L O 3063900  Bsobol  BoosRgddo BRSOl  3EsbEo3ool  J3qd. Ce
3960LsBM3Ms (5 -10) B8 LoE®dgbg TBMWME . MoMmbol Lsbsdo®m bossydo s

5153390 bM®T>Bg b530g00s. Ag — Fbmerme B0l 398 bossgdo (20 —30) L3 Low®dgHy.

3b®oo 3. MM930Ls s 3063900 Foobol bosoyqdol gergdnb@dgd339wmdgdo (3 / @).

.,% (5-10) bO (10-20) Lo (20-30) LO
Ne %
5 6930 306390 d50bo 6930 306390 d50bo 6930 306390 ds0lo
=
1 Sm (2.21+0.19)-107 (2.3+0.27)-107 (6.70+0.33)-107 (3.56+0.32)-107 (3.04+0.24)-107 (2.15+0.28)-107
2 Mo (2.89+1.18)-10- (1.37+1.12)-10- (8.0+2.16)-10 (2.04+1.26)-10- (2.20+1.08)-10- (1.49+1.28)-10°
3 Lu - (1,18+0.67)-107 (1.96+0.98)-107 (1.10+0.88)-107 (1.20+1.03)-107 (1.12+0.75)-107
4 Ce (8.5+6.9)-10° - - - - -
5 Ir - (3.4+2.07)-10® (1.18+0.34)-107 (1.47+0.84)-107 (4.99+2.34)-10°® (2.02+1.49)-10®
6 Cr (5.92+1.42)-10° (2.17+1.21)-10- (6.5+1.56)-10 (8.92+1.78)-10- (1.0£0.17)-10* (2.17£1.32)-10°
7 Au (1.07+0.6)-10°® (2.03+0.63)-10® - (1.47+0.59)-10® (1.70+0.58)-10® (2.05+0.63)-10®
8 Ba (2.3+2.07)-10* (4.03+2.13)-10* - (1.69+1.52)-10* (2.63+1.89)-10* (6.5+2.6)-10*
9 Cd (2.57+2.2)-10°6 (3.36+2.02)-10¢ - (1.15+1.03)-10¢ (1.80+1.62)-10¢ (1.26+1.13)-10¢
10 Nd (1.13+1.01)-10- (1.13£1.0)-10- (3.1+1.98)-10- (1.28+1.02)-10- - (1.23+£0.98)-10~°
11 As - - - - - (1.20+0.38)-10~°
12 Pr - - (6.26+3.31)-10¢ (5.06+2.68)-10¢ (4.45+2.44)-10°¢ (3.08+1.78)-10¢
13 Ag (4.86+2.47)-10¢ (4.86+2.67)-10¢ - - - (2.63+£1.81)-10°
14 w (5.5+3.85)-10° (3.47+2.77)-10° (8.3+4.98)-10° (8.51+3.74)-10° (7.8+4.1)-10° (8.98+4.13)-10°
15 Zr (1.12+0.68)-10-° (3.85+0.88-10 (1.81+0.83)-10 - - (5.27+4.74)-10*
16 Br (4.2+1.34)-10° (4.76+1.23)-10° (2.8+1.12)-10°° (1.08+0.90)-10-5 (2.80+1.12)-105 -
17 Cs (5.03+4.93)-10¢ (4.44+3.6)-10¢ (1.04£0.57)-10° (1.95+0.65)-10-¢ (1.45+0.72)-10- -
18 Sc (3.94+0.43)-10- (2.86+0.31)-10-° (4.2+0.46)-10 (2.65+0.28)-10-° (4.32+0.47)-10 (1.53+0.16)-10~°
19 Th (3.03+2.09)-107 (8.55+2.99)-107 (6.77+3.18)-107 (8.55+3.25)-107 (4.45+3.11)-107 -
20 Rb - (1.36+0.72)-10- (1.09+0.69)-10~° (1.05+0.49)-10- (1.05+0.53)-10- -
21 Zn - (1.09+0.19)-10* - (3.74+0.71)-10-5 - (3.16+0.60)-10*
22 Ta (3.86+1.5)-107 (2.97+1.42)-107 (4.76+1.8)-107 (2.67+1.73)-107 (3.56+2.06)-107 (2.08+1.78)-107
23 Fe (2.2+0.24)-102 (2.79+0.3)-102 (1.45+0.2)-102 (2.30+0.25)-102 (2.35+0.25)-102 (2.68+0.29)-102
24 Co (3.04+1.5)-10¢ (1.18+0.18)-10- (5.07+2.0)-10-¢ (1.32+0.29)-10- (8.40+1.76)-10¢ (1.09+0.19)-10~°
25 Na (4.2+0.84)-103 (1.19+0.28)-103 (3.4+0.78)-103 - (3.40+0.78)-103 (1.6+0.4)-10®
26 Ho (7.3+4.82)-10°% (6.09+2.49)-10® (4.87+6.08)-10® - (1.46+0.40)-107 (7.32+3.88)-10®
27 K (1.06+0.43)-10-° (5.81+3.02)-10* (7.7+4.93)-10* (1.35+0.60)-10-° (1.06+0.44)-10-° (1.06+0.43)-10
28 La (1.3+0.18)-10° (2.24+0.22)-105 (4.46+0.40)-10° (3.35+0.33)-10-° (1.50+0.24)-10-5 (2.09+0.25)-10°°
29 Sb - - (9.83+3.93)-10° (3.78+1.66)-10-¢ (4.53+3.53)-10-¢ (5.29+2.06)-10°

3b®odo 4 dm399Me05 6059830 9egdnb@gdol 999339 mdgdo (0 -5), (5 - 10),
(10 -20) s (20-30) b3 Lo B 4356580 3mddol J398 s BewmPo dxmbol J39d. Lyyew
29bLsBEO3OMEos 27 gargdgb@o. Lu, Ce, Cr, Au, Ba, Cd, Nd, As, Pr, Ag o5 Zn (0-5) 10
LoE®dgHBg IMbol J390 BoosQdo 96 0BMTGds, F580b GMm3s 3mITJol J398 08539 LoMEMIGbg U
9099963900 0BMmdgds. Ce go0BMTs 300ddol 3938 bossgdo (10 —20) b Low®dgHy.

3b®odo 5 839905 BMmOL LogIEo LoYMOL BossAT0 BMOMMbol J3qd
5 WBRbmOL M0MmbTo Bsolb 390 9argdgb@gdol 998339emdgd0. o0bmds 25 gargdgb@o
(5-10), (10-20) s (20-30) LI LoE®IGBY. S>©IMPBs ™I Sm, Cr, Se, Fe, Co, Na s La
06039 bossgdo 9gHmbsoco 033wgds oMol dobggzom. Mo gmGomMbwol J39d
0bmdgos (5-10) s (10-20) b3 LoE®dol bossgado, bmem Bsol 393 — (20 -30) LD
LoE®m3gBy. Au — FbMWME FmOHMMbOL 4393 (20 —30) LA LoE®dgHBg 0DBMAgds. Bsols J39d
(20 - 30) LA LoE®MIGHY 56 0BMIgds Au, Ba, Cd, Nd, As, Br, Cs oo Ag.
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G. Gordadze et al. Nano Studies, 2012, 5, 5-10.

N[ (0-5)19 (5-10) 3 (10-20) 13 (20 - 30) 13

% 33960 by 33960 by 33960 b 33960 by

& | (3mdBob J399) (@7bob g398) (3m880L g398) (@7bob g398) (3m880L g398) (@7bob g398) (3m880L g398) (@7bob g390)

oD
1 | Sm | (5.82:0.23)-107 | (2.85:0.31)-10¢ | (1.79:0.2)-107 (1.29:0.2)-107 (1.88+0.2)-107 (3.78+0.3)-10” (1.9520.2)-10 (1.91:0.2)-10~
2 | Mo | (424£1.57)-10° | (4.59+1.23)-10* | (1.55+1.0)-10° (9.79+2.3)-10° - (8.36+2.1)-10° (2.37+1.4)-10° (5.05£1.3)-10°
3 Lu | (1.85+0.99)-107 | (1.18+0.67)-107 (4.9+1.2)-107 (9.67+9.3)-10% - (1.04£0.7)-107 (8.69+7.7)-107 (1.23+0.7)-107
4 | Ce - - - - (1.55+1.1)-10 - - -
5 Ir - (2.46+1.6)-10° (4.34+2.2)-10 - - (4.34£1.9)-10® - (4.56+2.0)-10%
6 | Cr | (1.81£1.07).10° - (3.67+1.6)-10° (4.14+1.1)-10° (1.54+0.8)-10° (3.94+1.4).10° - (3.78+1.2)-10°
7 Au - - - - - (2.1£0.7)-10® (5.8415.2)-10° -
8 | Ba - - (2.72+2.3)-10 (4.94+2.1)-10~ - (2.47+2.0)-10- - (9.62+2.5)-10-
9 Cd | (1.94+1.55)-10¢ - (1.26+1.1)-10 (1.2+1.1)-10¢ (1.89+1.2)-10° (1.47£1.3)-10° - (6.2615.0)-10°
10 | Nd | (5.19:2.6)-10° - (2.36+1.5)-10° (1.44+1.2)-10° (1.59+1.4)-10° (2.26+1.6)-10° (1.85:1.7)-10° -
11 | Pr | (8.24+2.88)-10° - - (3.24+2.1)-10¢ (6.45+3.9)-10° - (7.74+3.4)-10¢ -
12 | Ag | (2.63:2.36)-10¢ - (4.45:3.36)-10¢ | (3.24+2.13).10 - - (3.84:2.91)-106 -
13 | W - (7.09+3.97)-105 | (8.35+4.92)-10° (4.25+3.82)-10-5 (1.43+0.45)-10* (5.04+4.53)-10-5 (6.3+4.53)-10° (1.43+0.26)-10*
14 Zr (2.9+0.78)-10-3 (2.8+0.75)-10-3 - (1.12+0.73)-10-3 (2.34+0.86)-10-° (1.32+0.7)-10* (1.28+0.78)-10-3 (8.57+6.08)-10*
15 | Br | (2.531.26)-10° | (2.53+1.08)-10° | (2.74£1.37)-10° (1.55+1.84)-10-5 (4.34+1.73)-105 (1.19+1.07)-105 | (2.69+1.42)-10° (1.03+0.9)-10°
16 Cs - (5.04+0.45)-10-¢ (1.07+0.69)-10-¢ (1.51+0.62)-10-¢ - (1.12+0.63)-10-¢ (1.8+0.66)-10- (8.59+5.24)-10-¢
17 | Sc | (4.23+0.46)-10° | (3.36+0.36)-10° | (6.77+0.74)-10° (3.72+0.4)-10° (6.38+0.7)-10° (4.02+0.44)-105 | (5.64+0.61)-10° | (3.42+0.37)-10
18 | Th | (4.81:3.41)107 | (2.67:1.89)-107 | (9.62+4.1)-107 (3.32+2.4)-10”7 - - (3.56+3.2)-10”7 -
19 | Rb (5.25+4.2)-102 (1.46+0.59)-10-5 (1.050.6)-10° - (1.4 +0.5)-10° (8.78+0.5)-10° (3.03+0.9)-10°° (1.32+0.5)-10°
20 | Ta | (3.26:1.49)107 | (6.24x1.74)107 | (1.28+0.3).10° - (1.78+1.6)-107 (9.8+3.3)-107 (5.64+2.5)-10”7 (8.91+1.9)-10”
21 | Fe | (3.46:0.37)-102 | (1.070.11)-102 (2.9+0.3)-102 (2.36+0.2)-102 (3.35+0.4)-102 (1.38+0.2)-102 (2.760.3)-102 (1.99+0.2)-102
22 | Co | (275:0.3).10° | (9.47+0.19).10¢ | (1.80.2)-10° (7.94+2.1)-10 (1.7+0.3)-10° (1.25:0.2)-10- (1.52+0.2)-10° (4.22+1.6)-10
23 | Na | (2.42+0.58)-10° (5.74+3.3)-10* (1.66+0.4)-10 (1.66+0.4)-10 (2.11£0.5)-10° (1.18+0.4)-103 (5.74+3.1)-10* (1.18+0.4)-103
24 | Ho | (3.65:2.29)10® | (3.65:2.9).10® | (4.87+2.5).10°¢ - (1.4+0.5)-107 (8.48+4.2).10 - (1.09:0.4)-10~
25 | K - (7.74+4.3)-10* | (1.350.5)-103 - (8.7115.1)-10 (8.7115.6)-10 (6.77+3.3)-10 -

26 La (7.26+1.59)-10-¢ (1.6+0.2)-10-° (8.3+£2.1)-10° (2.24+0.2)-10° (2.2£1.3)-10° (2.4+0.3)-10-° (7.78+1.5)-10-¢ (1.03+0.2)-10-
27 | Sb | (4.53+3.85)-10° (5.29+2.1)-10° (9.07+2.8)-10¢ (1.05+0.3)-10° (7.56+3.1)-10¢ (1.05£0.3)-10° (7.94+2.7)-10¢ (3.78+1.3)-10°®
300 5. sbhbImoLs s BMMOL bossgd0l TgsMgds (/@)

R (5-10) b3 (10— 20) 13 (20— 30) 13
N 2 BOmoL bsE3ILO @s6Bbrymol 3ol by3Iwo @sbBbrmOl 3ol by3Iwo @s6Bbrymol
cg boam®o ©50mb0, 353500 LoRMOO ©500b0, 59500 LoRMOO ©50mb0, 353500
§c,; (BOOOMbEOL §399) (Bools §399) (B@ON@bOl (Boob §399) (BOON@bOb §399) (B0l g399)
4399)
1 Sm (2.9+1.9)-107 (1.70+0.18)-107 (1.2:0.1)-107 (1.37+0.17)-107 (2.840.2)-107 (1.70.2)-107
2 Mo (7.2+1.6)-10° - (1.30+0.65)-10-° - (1.40+0.47)-107 (4.4£2.9)-10°
3 Lu (1.4£0.5)-107 (5.8+1.0)-107 - (5.54.0)-10 (1.400.47)-107 (6.5:6.0)-10%
4 Ir (4.9+1.4)-10°¢ (5.3+1.6)-10% - (8.5+1.8)-10°¢ (7.4£1.7)-10°% (3.4£1.7)-10%
5 Cr (1.2+0.2)-107 (2.2:0.3)-10 (2.120.8)-105 (8.4+1.5)-10° (5.4+1.2)-10° (7.8£1.5)-10
6 Au - - - (5.9£2.6)-10° -
7 Ba - (9.0+8.0-10+ - - (1.0+0.15)-10-3 -
8 Cd (8.3+7.0)-107 (1.5£1.0)-10¢ 4.5+1.2)-107 (8.2+7.0)-107 (2.5£1.2)-10° -
9 Nd - - (1.5:0.9)-105 (1.61.0)-10° (1.20.9)-10 -
10 As (3.6+1.5)-10-¢ - (2.1£0.5)-10° - - -
11 Br - - (1.5:0.8)-105 - (1.0£0.67)-10- -
12 Cs (9.9+4.3)-10° (1.3£0.9)-10° - - -
13 Sc (1.30.1)-10° (1.4£0.1)-10 (1.400.04)-10° (1.40.1)-10° (1.000.08)-10 (9.0£0.6)-106
14 Ag (3.4+1.2)-10°¢ - - (1.6+1.4)-10¢ - -
15 Th - - - - (1.9£1.5)-107 (1.6:0.4)-107
16 Rb (1.4+1.0)-10°5 - - (1.4+1.0)-10°5 - (2.4+1.1)-105
17 Zn - (1.40+0.18)-10 - (4.6£0.6)-10° - (7.2£0.9)-10
18 Fe (1.40+0.22)-10-2 (2.70+0.27)-10-2 (1.2 +0.2)-102 (2.5 +0.3)-102 (1.00.18)-102 (3.4 £1.1)-10°2
19 Co (1.200.26)-105 (1.2020.26)-105 (8.90 £2.67)-10 (7.1£2.0)-10 (1.0+0.24)-10° (2.1£0.5)-106
20 Na (1.30+0.38)-10-2 (3.8£2.2)-10+* (1.10£0.35)-10°° (1.120.3)-103 (9.4£3.5)-10+* (5.40+0.14)-10*
21 La (2.20.4)-10° (2.5£0.5)-105 (2.3:0.4)-10 (2.5:0.4)-10° (5.4+0.7)-10 (5.2+1.0)-10
22 Sb (4.1+2.0)-10+* - (6.2+£2.5)-10”7 - - -
23 Zr (6.8+3.5)-10~ - - - (8.0+4.4)-10 -
24 Pr (7.6+4.5)-10-¢ (7.616.0)-10° (4.5£3.0)-10¢ (4.4+3.5)-10¢ (1.6+0.6)-10-° -
25 W (7.32.8)-10° - (5.6£2.5)-10 - (2.5:2.0)-10 (4.840.8)-10
B05@og0  9MBLEVOWNHO S 9M0bgBEMo  dslvs.  bgds  9egdgbgdols

396mbbmBogmo dogMszos LobEgdsdo boossyo — 93gbseggdo — bosogyo o MoYsD
500530560 6000/ 0VJIL MoMJIol Y39woxkzgel, s80GH™A dobo X SBIOMYMdOL
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0aM3s6MHgMdd  @OEOSE  SMOL  ITM30EYOIMWOo  BodLRol s  dobDg  dmbyero
360 3Hgool  9egd9b3d90339wmdsbY. Y396  3bBM3MGIOL 306MHMDdJIOL  d5dM,
Oy BJoMs  89dwgdgEr0s 99350900l 2odmdf3930 d0BYHBJdIOL YIS,
5(30009dgos  B3gbl  bgwo,  s®LYIMO  439eobso®o  LsFMEds  godm3z09gbmm
93000My0MM Bmgms Losbmg®mgdgeo 2o6m9dmlb dgloddbgws [8, 9]. 3 Loddgdo B3z9bL
WHdMMSGHMO0LsE3  dgmdos 9300 LBo@Yzs 0d3sl.  90bodbmeo 805G gd0m
39bbMOE0gYONwo 333000 YOS F9RMIILIL s FIBIMMOMIEYL. Ybws Jmbgl
LolMBWM-b5IGMObgM  MS0Mbgddo  bosORBOLS s F3gbodgmEo  LygscOl
9w9996¢33995003960md0ol IgLlHogwrs Lodos@mzgwml dmgero GHIOOGHMMO0L dsldEsd0m.
23905 50b0dbero 330939005, 9930 GdGE0S BIBHIMEIL MOIOMEMAOMOHO 33¢0)39d0
60559030  ¥39bgdc0z0 s  BH9dbmygbmdo  Fodmdmdol (50M0BMEHM3GO0L
363963930900l 45BLYBO3MOL  dobbom.  Fogdmero  F9ggagdol  Loxgwdzgeby
d9L5degd9wo 0d693s Fgagl Bodos®rmzguml H0ssaqdoL 9w qdgbEdgdoygbermdols s
50MOBMEM3900L 493039 gd0ol 35B3969d9wo M35, 5855950 B39Ol EsdMESBHMEO05T0
335938 690GH®MbMmo  go853Go3egdgwo  TIC-1, Gmdgmoi Ho®dmoygbl  LomdmMo
690@GH®M™bgdolL  Fysmml. Bgo@GH®dmbgdol bs3sol Loowgs 2.5 - 106 bgo@®mmbo / 1d? - §3.
WHOMOIGHMM0s  50FMNMZ0w05  MBsdgM™m3zg  2505-39dBHOMIgGEHOMo  3MA3wgdlom,
396JdM@, 350so bLobygmogol HpGe-ob g@gd@m®om, 360535¢0sMmb0osbo sb5¢r0Bs@Gmdom
InSpector 2000 s> 36MHMyM53Mo MYOOHMbzgwymaom Genie-2000. s6OLYdIMwO FH9dbozmeo
dobs s Bggbl Bog® Fgdwdeggdvee  “™3EH0T0BOE00LS” S “303mI3sGMoEHMMOL”
(3 3M6O5dg) F9gMgdo  LodMogdsls 0dgg3s 030MM9wgdnb@Hgool  3:mbi3gbG®ms09d0,
35050 LOBMLEOM Fo0DBMAML MHMYMEOF BOMEMYONO, 0lg — 49MPMYOH 50T T9dd0.
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Introduction

Research into nanotechnology’s impact on any societal implication, as ethical,
environmental, economic, legal aspects, must try to keep pace with the technological progress
that has been made. Otherwise, the technological progress will slow down [1]. This will be one
of the first times in history that social scientists have such a participatory role in
nanotechnology’s development. Research methods in the economic, social, and behavior
science will allow social sciences to evaluate nanotechnology developments, as well as
government funding for research provides input toward the improvement of potential
applications. To have such a role, social scientists need to proceed beyond the data in
econometric studies in order to get inside the research and development processes as they occur.
The techniques of interpretive social research (e.g. interviews and focus groups), as well as
original data collection with surveys will enhance our ability to understand societal and
economic effects much more than archival data [2].

Technology and society evolve together. Nuclear weapons joined with U.S. and Soviet
hegemonies to constitute a prime determinant of geopolitical evolution after World War II.
Cars, television, air conditioning, and birth control likewise arose in particular social contexts
and contributed to the remaking of everyday life [3].

No one can fully understand the long-term implications of such advances, emerging
under the heading of nanotechnology — “the art and science of building complex, practical
devices with atomic precision”, with components measured in nanometers, billionths of a meter.
The essence of the nanotechnology story is the continuation of a fifty-year trend of machine
miniaturization culminating in the rise of design control at the molecular level
Nanotechnology is not confined to a single area of innovation; “smallness” is its unifying
attribute. Researchers in a number of technical fields are keenly interested in manipulation of
matter at the nanoscale, and funding is assured because many of the research forefronts hold
promise for business and military applications [3].

In an ideal world, scientists would communicate scientific knowledge clearly and
effectively to laypersons, who would then understand the knowledge and use it to make sound
judgments about science policy. After Hiroshima and Nagasaki, scientists made a great effort to
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explain the atom to the public, thereby preparing the public to accept nuclear plants to generate
electricity. During the 1950s and 60s, NASA and the media presented the basics of space science
in a friendly way which enabled millions to understand it, at least at a rudimentary level.
Currently the Human Genome Project devotes at least 3 % of its budget to ethical, legal and
social issues, including public understanding. In these three examples, scientists and science
teachers have aspired to an ideal model of communication and understanding. In many other
cases, however, the world is far from ideal. Certain cultural values, including strong hopes and
deep fears, are likely to shape public understanding of nanotechnology. To paraphrase
Rosenberg, nanotechnology will be appreciated or feared, not because of its scientific merits,
but because of pre-existing extrascientific values. Nanophilic hopes and nanophobic fears will
not wait until after scientific work is completed, assessed and disseminated. According to
Toumey (2004), the tangible results of nanotech will be selectively appreciated and interpreted
in accordance with those hopes and fears.

Nanotechnology must be developed in a safe and responsible manner. Ethical principles
must be adhered to and potential health, safety or environmental risks scientifically studied,
also in order to prepare for possible regulation. Societal impacts need to be examined and taken
into account. Dialogue with the public is essential to focus attention on issues of real concern
rather than “science fiction” scenarios [4].

Exploring importance of technology assessment

Scientific and technological innovation continually remakes society. 7Zechnology
Assessment (TA) can significantly enhance the societal value of research-based innovation.

A half-century ago, philosopher and skeptics critic of technology, Jacques Ellul (1967)
argued that the rise of technology leads to the decline of traditional spirituality, as man transfers
“his sense of the sacred ... to technique itself”. We develop a “worship of technique”, Ellul said,
and we associate our technology with a “feeling of the sacred”.

According to skeptics point of view Jacques Ellul (1967, 1980), technology perhaps is the
most pervasive and potentially dehumanizing product of modern life.

Selected questions adapted from the Jacques Ellul Society’s Seventy-Six Reasonable
Questions to Ask About Any Technology (International Center for Technology Assessment,
2002) were used specifically to stimulate debate and analysis in the ethics seminars. The
following questions were used:

Ecological: Does it preserve or reduce ecosystem integrity? How much, and what kind of
waste, does it generate? Does it incorporate the principles of ecological design?

Social: How does it affect our way of seeing and experiencing the world? Does it serve to
commodify knowledge or relationships? To what extent does it redefine reality?

Moral: What values does its use foster? What is gained by its use? What are its effects on
the least advantaged in society?

Ethical: What does it allow us to ignore? Can we assume personal or communal
responsibility for its effects? Can its effects be directly apprehended? What behavior might it
make possible in the future? What other technologies might it make possible?

Political: Does it concentrate or equalize power? Does it require or institute a knowledge
elite? Does it require military defense? Does it enhance or serve military purposes? How does it
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affect warfare? Is it consistent with the creation of a global economy? Does it empower
transnational corporations? What kind of capital does it require?

According to Ellul, technology ultimately acts to isolate people from each other and
from the natural environment, and despite the (usual) benignity of its intended consequences,
there always are unforeseen negative consequences. Most provokingly, Ellul (1980) also
suggested that technological development will soon reach a point at which direct human
control will no longer be necessary or possible [5]. Eric Drexler’s the author of “Machines of
Creation” and who was awarded an interdisciplinary degree, the world’s first doctorate in
nanotechnology, noted that nanotechnology is perfectly suited to arouse religious enthusiasm, it
involves incredible, invisible powers.

Richard Smalley (1995), Nobel Prize winner, claims in the introductory part of a public
speech about his very specific work on the use of carbon nanotubes for energy storage, that, the
list of things you could do with such a technology, i.e. nanotechnology, reads like much of the
Christmas Wish List of our civilization.

The starting points with the development of nanotechnology needs to develop
approaches and methodologies that can address doubly “fictional” character of technology
assessment of nanotechnology. Many of the envisaged uses of nanotechnology are still science
fiction, and the study of possible impacts is therefore social science fiction [6].

Headlines about, e.g. self-replicating nano-robots (according to M. Crichton, Prey), that
are well beyond our present capability but are often presented as an immediate risk,
demonstrate that there is an urgent need to provide information about present-day
nanotechnology research and its possible applications [4].

“Real time” TA has been proposed [7] by Sarewitz and Guston (now at Arizona State
University). Further development of such approaches and methods is important, including ways
of ‘public engagement’ as it is now called in the UK (see: Report of the Royal Society — 2004).
However, methods development should be embedded in understanding of innovation dynamics
and the embedding of technology in society [6].

Public reactions to nanotechnology in the U.S. are more difficult to envision this way
because there has been practically no history of public awareness. In lieu of such information,
we need to turn to past episodes of the arrival of new forms of science and technology, and
public reactions to them: atomic energy, space science, cold fusion, stem cell research,
remediation of environmental disasters, genetically modified foods, and so on. American society
has had many experiences with the arrival of new technologies, and perhaps comparisons and
analogies with some of them will help us anticipate public reactions to nanotechnology.
According to Toumey (2004), the following general statements describe numerous episodes of
the arrival of new technologies presented here as the these and anti-these.

New technologies perceptions by scoity

these

anti-these

1A. When a new technology arrives, it will be
so expensive that only the very wealthy can
afford it, thereby exaggerating class
differences. (Think of the initial days of cell
phones, hand-held calculators, and air bags in
cars, for example.)

1B. Shortly after a new technology arrives,
mass production will great reduce the cost,
thereby democratizing its availability. (Think
of the second phase of cell phones, hand-held
calculators, and air bags in cars.)
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2A. If a new technology involves profound
changes in health or medicine, some people
will object that scientists and doctors are
playing god. (Here one might recall organ
transplants, tissue transplants and technology-
assisted reproduction.)

2B. If a new technology involves profound
changes in health or medicine, some people
(including patients, their doctors, and their
families, plus administrators, investors and
manufacturers) will fervently advocate for its
use, on the grounds that patients should not
suffer or die needlessly. (Here one might recall
transplants, tissue and

organ transplants

technology-assisted reproduction.)

3A. The best way to nurture an expensive new
technology is to consign it to processes of
proprietary capitalism, centered on patents
and copyrights, because no one else besides
proprietors and their investors will have the
will or the resources to develop it, and because
this will protect it from political interference.
(Currently this argument is made on behalf of
pharmaceutical research.)

3B. The best way to nurture an expensive new
technology is through public funding and
government regulation, so that potential
dangers can be closely monitored, and the
benefits of the new technology will become
available to the largest possible number of
people. (Here a good example is the Human
Genome Project.)

4A. As Dorothy Nelkin (1987) pointed out, the
media usually embrace a new technology
enthusiastically and emphasize its promises
and supposed advantages. (Perhaps you can
recall the initial accounts of cold fusion from

1988.)

4B. As Dorothy Nelkin (1987) pointed out, the
media often denounce a new technology when
it is seen to be imperfect, that is, when it fails
to fulfill utopian expectations, even though
the exact same media may have previously
exaggerated promises supposed
advantages. (No doubt you can recall the later
accounts of cold fusion.)

its and

Survey reveals public attitudes to NanoS&T

Jan/ Feb 2005 survey on Europeans’ experience and perception of science and
technology includes some questions regarding nanotechnology:
- Ca. 20 % not at all interested in general S&T (U.S. — ca. 10 %);
- Among those interested, NT receives by far the lowest rate of interest;
- Developments in medicine are by far the field in which respondents are the most
interested in (W 73 %, M 50 %), and the second most mentioned item is the environment.

High interest in medicine and environment can be explained: both areas are linked to

health issues — public health issues S&T area with highest interest (also in the U.S.). Positive
effect on our way of life in the next 20 years are especially expected from new medical and
energy technologies, though people are not interested in NT so far (lowest numbers 8 % and
high ‘no-response’ rate) [8].

Scientific literacy for nanotechnology is practically nonexistent and general scientific
literacy in this country is very poor. Trends seem to be similar in U.S. and Europe.

General public does not know very much about nanotechnology:
- GB 2004: 29 % have heard about NT, 19 % can give some kind of definition;
- D 2004: 30 % have heard about NT, 15 % can link it to specific developments;
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- USA 2004: > 80 % had heard “little” or “nothing” about NT, most could not correctly
answer factual questions about it;

- Majority (~ 90 %) is not interested in NT (or does not care);

- Nanotechnology is perceived as a ‘fuzzy’ concept;

- Positive expectations prevail over negative;

- The higher the (subjective) level of information and the level of education, the lower the
‘fear of risk’.
To summarize attained results of this survey that reveals ‘no attitudes’. Since qualitative

judgments about N'T mainly similar to general attitudes to S&T.

Conceptual focus of technology assessment

Technology assessment (TA) developed as a scientific and societal reaction to the
problem of how to deal with complex side effects and uncertainties in science and technology
[8]. The main questions defined to be answered by TA:

- whether and how knowledge of side-effects can already be integrated into decision-
making processe;

- the problem of dealing with the inevitable uncertainties of knowledge;

- the unintended side-effects of science, technology and technological advance can be
experienced in modern age.

The respective concepts offered by TA to society and politics are strongly dependent on
the context — and require continued modernization if these contexts are subject to rapid
changes in a dynamically developing global society [9].

Technology assessment is dedicated to help business, government and the public
anticipate and manage possible health and environmental implications of nanotechnology [10].

It is therefore important that, in parallel with technological development, appropriate
R&D is undertaken to provide quantitative data on toxicology and ecotoxicology (including
human and environmental dose response and exposure data) to perform risk assessments and,
where necessary, to enable risk assessment procedures to be adjusted. Scientific investigation
and assessment of possible health or environmental risks associated with nanotechnology need
to accompany the R&D and technological progress. Addressing the potential risks of
nanotechnologies to public health, the environment and consumers will require evaluating the
possible re-use of existing data and generating new, nanotechnology-specific data on toxicology
and ecotoxicology (including dose response and exposure data). This also calls for examining
and, if required, adjusting risk assessment methods. In practice, addressing the potential risks
associated with nanotechnologies necessitates that risk assessment be integrated into every step
of the life cycle of nanotechnology-based products [4].

Nanotechnologies present new challenges also for the assessment and the management
of risks. We need formal risk analysis because risk is one of the most important ethical and
social issues we could imagine [11].

Public uncertainty of NT benefits vs. risks perceptions on health and environment

Nanotechnology could ultimately turn out to be risky, but the prudent way to assess the
risks is not the abandonment of the field. Society needs formal risk analysis because risk is one
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of the most important ethical and social issues. Just as fear of cloning could slow efforts in
biomedicine and fear of genetically modified foods could contribute to hunger, fear of futuristic
nanobots running amok could delay the benefits offered by nanotechnology. When discourse is
founded on emotional prejudices, its unreasonableness discredits the legitimate need to identify
and assess risks [11].

Health risks of nanoparticles may link NT to areas of greater public attention. Proven
health risks, or uncertainties, may link NT debates with historical technology debates
(hazardous chemicals, GMO) [12].

Science & Engineering typically assume probabilities and consequences of adverse events,
and hence the “risks”, as to be objectively quantified by risk assessment. Social Science analysis
rejects this notion. It focuses instead on the effects that risky outcome distributions have on the
people who experience them. By Paul Slovic and Elke Weber, risk is seen as inherently
subjective.

Two aspects of risk

Characterisation of risk has both quantitative and qualitative components:
a) Risk can be technically defined, e.g.:

Risk = Hazard x Exposure (health risk);

Risk = Damage x Probability of Occurrence (insurance);

b) Risk can be culturally defined:

“A thread to that which we value”;

“The probability of loss of that which we value” risk;

“Perceptions of risk play a prominent role in the decisions people make, in the sense that
differences in risk perception lie at the heart of disagreements about the best course of action”
(Slovic);

“It is not the things themselves that disturb us but our views of them” (Epiktet).

The risk debate

According to [13], there are different types of risks:

Risks of visions: Visions show real consequences regardless of their seriousness;

Risks of unknown material properties at the nanoscale;

Risks of (failed) communication and of public engagement.

TA could include a ‘vision assessment’ that aims to achieve transparent, knowledge-
based discussion about imaginations of the future. Vision assessment within a TA process could
prevent ‘fear of fears’ and help to avoid damages for the development of S&T and for the culture
of democratic decisions.

Visions (positive and negative) are an important topic in the public communication of
NT (‘Bill Joy — Debate’, visualizations in magazines, popular culture: ‘Prey’, ‘Matrix’, ...).
Visions may shape acceptance and further development of this field. Visions are ambivalent:
high potentials often include high risks.

Challenging issues that may arise associated with the risks of new material properties:
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New (surprising and partially still unknown) properties of materials at the nanoscale. (e.g.
behaviour of nanoparticles in the human body and the environment needs extensive research,
though already on the market);

NanoToxicology — first results, knowledge still insufficient, challenges for conventional
methods of toxicological research;

“New forms of known chemicals” or “new chemicals because of different chemistry”?

Recommendations for policymakers for public involvement in dialogue and risk
evaluation: to incorporate views from the general public in decision-making; improve the
knowledge base and quality of decisions establish trust and legitimacy; identify issues, mediate
and resolve conflicts, reduce risk of rejection; educate and inform.

TA provides procedural knowledge on risk communication and experiences from public
and political debates about other ‘risk technologies’ (nuclear, genetic, ...). TA as a process
contributes to societal opinion forming, addresses public concerns, supports public
understanding of science and technology. TA provides knowledge and methods to avoid
mistakes, to reduce uncertainties and support diffusion of NT [13].

In light of this perception of potential danger, the Foresight Institute (nonprofit
educational organization established to help society prepare for advanced technologies) has
drafted a set of guidelines for the ethical development of nanotechnology. These include the
banning of free-foraging self-replicating pseudoorganisms on the Earth’s surface, at least, and
possibly in other places.

A fear exists that nanomechanical robots, if achieved, and if designed to self-replicate
using naturally occurring materials (a difficult task), could consume the entire planet in their
hunger for raw materials, or simply crowd out natural life, out-competing it for energy. Some
commentators have referred to this situation as the “grey goo” or “ecophagy” scenario.
K. Eric Drexler considers an accidental “grey goo” scenario extremely unlikely and says so in
later editions of Engines of Creation. The “grey goo” scenario begs the Tree Sap Answer: what
chances exist that one’s car could spontaneously mutate into a wild car, run off road and live in
the forest off tree sap?

Enforsement visions of nanotechnology — Strength in science, sound ethics

“The best defense against nanotech misuse is good nanotechnology” (Reynolds).

“Any powerful technology can be abused” (Carroll) [14].

It would be difficult to deny the potential benefits of nanotechnology and stop
development of research related to it since it has already begun to penetrate many different
fields of research. However, nanotechnology can be developed using guidelines to insure that
the technology does not become too potentially harmful. 7echnology assessment recognizes the
fact that scientists normally are not trained ethicists themselves and accordingly ought to be
very careful when passing ethical judgment on their own, or their colleagues’, new findings,
projects, or work in progress.

As with any new technology, it is impossible to stop every well funded organization who
may seek to develop the technology for harmful purposes. However, if the researchers in this
field put together an ethical set of guidelines (e.g. Molecular Nanotechnology Guidelines,
Foresight Institute — 2000) and follow them, then we should be able to develop nanotechnology
safely while still gathering its promised benefits. Recent technical proposals for Molecular
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Nanotechnology (MNT) nanofactories do not include self-replicating nanobots, and recent

ethical guidelines prohibit self-replication. MNT nanofacturing is popularly linked with the

idea of swarms of coordinated nanoscale robots working together, as proposed by Drexler in his

1986 popular discussions of the subject in the “Engines of Creation”. It is proposed that

sufficiently capable nanobots could construct more nanobots.

New scientific discoveries and the ensuing technologies are often accompanied or
followed by utopian or dystopian visions about the future of humankind under their new
dominance. These visions can be found in science communication, literature (‘high’ and ‘low’
level), in popular science, in newspaper articles, books, cinema and TV series, Internet and also
in more or less arcane religious sects. This especially holds for current themes around
nanotechnology. What effects do such visions have on society and back on the further
development of nanoscience? (see [15]).

What are the chances and what are the risks of the fictionalisation of nanotechnology?
Nanoscience and nanotechnology are among today’s most promising fields of research. As NT
quickly develops, the ethical evaluation of such a development has yet to begin. If their full
potential is to be realized, we need to attend along the way to key ethical issues. But ethics
should not be grounded in exaggerations, either positive or negative; hyperbole just obscures
important issues [15].

To what extent does this already influence the interpretation of facts and the visions of
future development? “The need for special ethical principles in a scientific society is the same as
the need for ethical principles in society as a whole. They are mutually beneficial. We must
become competent in dealing with moral concerns related to all new technologies. And
remember that a code of ethics will not solve all ethical problems”. “We must remember that
good laws, if they are not obeyed, do not constitute good government. Hence there are two
parts of good government; one is the actual obedience of citizens to the laws, the other part is
the goodness of the laws which they obey ...” (Aristotle, Politics).

In 1980s, when nanotech pioneer and Foresight Institute’s founder and Chairman up to
2003, K. Eric Drexler considered keeping his thoughts quiet, rather than risk opening a
Pandora’s box of new technology with threats that could include a range of microscopic terrors.
But in the end Drexler and his colleagues reached a simple conclusion: “If you don’t discuss it,
someone else would come along and develop it. And their intentions might not be as good” [14].

K. Eric Drexler, author of Engines of Creation, has begun to develop guidelines for the
use of NT, particularly concerning self-replication, but also issues such as wealth distribution
and environmental protection [1] (see: Foresight Guidelines for Responsible Nanotechnology
Development) .

The ethical issues associated with NT fall into a variety of categories including:

1) Equity: NT does not stand to help developed countries only, but also (and perhaps
mainly) developing countries. For example, third world countries suffer most from
things that can be improved upon from advancements made in NT. For instance,
providing cleaner water, developing cheaper energy, and also the enormous health
benefits to be reaped from NT are all aspects of NT that could have a dramatic impact on
third world countries. A global opinion-leaders network for social and ethical
implications ought to be established so that third world countries may be involved.

2) Privacy and security: While NT could dramatically improve surveillance systems and

would undoubtedly have numerous military applications, some are left wondering how
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personal privacy would be affected. Questions concerning the regulation of this new
technology are arising without many answers being offered. As nanotechnology begins
to deliver new and improved weapons, secrecy will eventually mask important research
work.

The first round of nanotech-inspired materials, for example, is likely to find an active
suitor within the U.S. defense industry — particularly for radar-resistant, lighter and
much more durable materials. And as the first weapons to use nanotechnology go into
development, secrecy is likely to follow.

For now nanotechnology doesn’t have any applications in the war on terrorism because
it’s still too young. Nanotechnology lurks between five and ten years into the future.

3) Environment: The effects of NT materials on the environment. The funding have to
increased to study the effects of NT on the environment.

4) Human or machine? How far are humans willing to go with replacement of human parts
with replacement robot parts? Some avenues of research in NT include the incorporation
of artificial materials or machines into human systems, as is beginning to happen with
implanted computer chips. The modification of living systems is met with great
skepticism by much of society. How acceptable will technologies such as implantable
cells and sensors be for the general population? What are its implications and what are
our limits? (see [1]).

Role of technology assessement for responsible development of NT

Ethical principles must be respected and, where appropriate, enforced through
regulation. These principles are embodied in the European Charter of Fundamental Rights [16]
and other European and other international documents [17]. The opinion of the European
Group of Ethics (EGE) [18], who are examining the ethical aspects of medical applications
related to nanotechnologies, should also be taken into account [4].

If it is difficult to predict the future direction of nanoscience and nanotechnologies and
the timescale over which particular developments will occur, it is even harder to predict what
will trigger social and ethical concerns. In the short to medium term concerns are expected to
focus on two basic questions: “‘Who controls uses of nanotechnologies?” and “Who benefits from
uses of nanotechnologies?” These questions are not unique to nanotechnologies but past
experience with other technologies demonstrates that they will need to be addressed (Report of
the Royal Society).

Apart from denying society the possible benefits, it may lead to the constitution of
“technological paradises”, i.e. where research is carried out in zones without regulatory
frameworks and is open to possible misuse. Our consequent inability to follow developments
and intervene under such circumstances could lead to even worse consequences. The
Precautionary Principle, as used up to now, could be applied in the event that realistic and
serious risks are identified (Commission of the European Communities, “Communication from
the Commission on the Precautionary Principle”, COM (2000) 1).

Given the huge uncertainties about the future social impacts of nanotechnology, we
ought to think of the unfolding revolution as a grand experiment — a clinical trial — that
technologists are conducting on society. From this perspective, we can reflect upon the robust
societal consensus that demands prior informed consent as a basis for participation in scientific
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experiments. This consensus is formally codified in the World Medical Association’s Helsinki
Declaration, strengthened most recently in 2000, and reinforced in the public consciousness by
the memory of, for example, the Tuskegee experiments, where African American males with
syphilis were left untreated as part of a “control group”, despite the existence of treatments
known to be efficacious. In the United States, every publicly funded research project involving
human subjects is monitored by an institutional review board (IRB) that must approve the
research before it can be conducted. Every university, independent laboratory, and private-
sector lab receiving federal funding for human subjects research has an IRB; there are thousands
of boards operating in the United States, nearly 800 in California alone. These boards
demonstrate that comprehensive governance is a reasonable goal, and while IRBs certainly
impose a cost in terms of the efficiency of conducting research, they are an accepted element of
a scientific infrastructure that respects human dignity. Similar commitments of the entire
research enterprise to larger democratic strictures occur in experiments with animals and in
compliance with environmental health and safety regulations. Comprehensiveness, in other
words, is possible, when the stakes are high and societal intent is clear [3].

Some of the basic ethical values include: the principle of respect for dignity; the
principle of individual autonomy; the principle of justice and of beneficence; the principle of
freedom of research; and the principle of proportionality. The relevance of such principles
towards human and non-human applications of nanotechnology should be understood. In
addition, certain applications, e.g. miniaturised sensors, may have specific implications for the
protection of privacy and personal data [4].

Analyses of technology assessment

Since NanoTA deals with emerging enabling technologies, novel methodical approaches
are needed as a tool to link R&D activities with visions for applications and as a ‘support layer’
for the technological interpretation of (political) scenarios including future technology options.

Science & Technology Roadmapping methodology can be adapted for TA for emerging
enabling technologies. When integrated into a TA process, roadmapping may serve as a
powerful tool to provide empirical and structural knowledge and to produce consensus on
strategies. Traditionally used to gather, structure and communicate information about
technologies and products, and to link them to options for the future in companies and
industries. According to de Laat, more recently used as decision aids to design public policies
related to research and development. For NT, a number of roadmaps exists - produced by small
groups of experts with a “technology push” perspective — most remain unnoticed or ignored in
R&D policies.

Hypothesis used for the acceptance and the relevance of a roadmap, process aspects
(design, participants, modes of communication) are as important as the technical product (the
roadmap) itself. Variety of technology forecasts, foresight reports, market studies — general or
sectoral are available [12].

Forecasting, scenario-building and other futures research tools

Forecasting, scenario-building and other futures research tools will help tease out the
possible landscapes of the world to come.
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Research need to talk directly to and listen to business leaders, nanotechnology
researchers and nano-product development personnel. With respect to studying the possible
impacts of disruptive technologies on public perceptions, new research methodologies are
needed (such as “preview” represent communities) that can provide prospective information on
social impacts prior to the mass deployment of the new technology. Most NSF (national science
Foundation) supported work on the public understanding of sciences focuses on attitudes
toward science and knowledge about science rather than the ends to which science could or
should be put. Several modes of identifying social needs on which to base justifications for
advances in S&T have been outlined. These include Foresight and Delphi techniques, Charettes
in city planning, as well as public discussion models from the philosophy of science. The
identification of technology goals could also process from social science research on human
needs, e.g. Maslow’s hierarchy of goals. Foresight studies attempt to depict an image of a
possible future using a variety of techniques. An important foresight method is the Delphi
survey. A Delphi survey basically is a tool to create consensus and detect areas of conflicting
expert opinions. In a first round, experts are confronted with a number of topics they have to
evaluate with respect to time of realization, implication on wealth creation, quality of life, and
similar issues. In another round the results of the previous round are introduced to the experts
who then have a chance to re-evaluate the topic [19].

Future social scenarios

Bainbridge and Kasperson (2003) performed future social scenario analysis, which, can
help identify issues and hypotheses, and thus is a useful tool of theoretical analysis. This panel
puts forth two very different scenarios for the coming 10 to 20 years, in order to help clarify
both the issues related to nanotechnology that policy makers will face, and the knowledge that
needs to be gained through research. In one scenario, the transition will he smooth and benign,
whereas in the other scenario the transition will be rough and marked by many different kinds
of harm and conflicts with social values and institutions.

Smooth transition: In this optimistic scenario nanotechnology produces clear,
demonstrable benefits and solutions for real-world problems, and management strategies for
threats. For example, it will enable low-cost energy production with minimal impact on the
environment, as well as achieving greater efficiency in energy use. It will help prevent and cure
disease, and will provide many rewarding jobs. It will contribute to applications that strengthen
the nation’s defense capabilities without unduly burdening the privacy of citizens, while also
reducing the incidence of terrorist activity and strengthening the cause of peace worldwide. In
this scenario, early applications stress positive effects on publicly valued areas, such as health,
energy and food development, pollution abatement, and environmental protection.

Importantly, the smooth transition scenario assumes that nanotechnology development
will benefit from strong public involvement.

Rough Transition: This scenario could lead eventually to a happy situation like that
described in the smooth scenario, hut only after a longer period of delay and with very
substantial human costs. Clearly unmanaged or unanticipated risks become evident with this
scenario. At the extreme, it could lead to the near-permanent abandonment of some forms of
nanotechnology and thus to a failure to take advantage of their benefits.
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Societal institutions and the general public would not he effectively involved in the
policy-setting process. Perhaps nanotechnology-enabled weaponry would be used in such a way
as to increase rather than decrease fatalities, ultimately leading to reduced security. The public
would perceive that industry and scientists are concerned only with their own profits and
careers, causing widespread apprehension and mistrust. There could be irrational fads leading to
government regulation that was either too rigid or too lax, and a tremendous loss of investment
coupled with tragic failures to realize the greatest benefits of nanotechnology.

There are parallels in previous technology revolutions or evolutions that can inform us
about the future of nanotechnology. Genetically modified organisms, stem cells, and nuclear
power exemplify the rough transition scenario. Indeed, one of the more disturbing possibilities
is that policy makers and leaders of social movements may respond to nanotechnology not as it
actually is, but in terms of false analogies.

Research and evaluation methodologies

Scenario analysis, as mentioned earlier, can help identify issues and hypotheses, and thus
is a useful tool of theoretical analysis. A worthwhile variant of scenario analysis is backcasting,
the mirror image of forecasting, which specifies an outcome and tries to identify the steps that
might lead to it. Scenarios are an art form, akin to brainstorming, but there are ways to render

them more rigorous. For example, acknowledged experts can be asked to write the scenarios,
and their output can he harmonized with known facts (such as demographic data or statistics on
availability of natural resources). Even when they are not fully rigorous, scenarios can help
policy makers and ordinary citizens alike to imagine possible futures, both to prepare responses
to anticipated problems and to set goals for positive accomplishments. Ideas generated through
scenarios can become the focus of more rigorous methods of empirical research.

Multi-agent modeling is akin to scenarios, but is carried out through computer
simulation. An agent is a dynamic computer representation of an individual person,
organization (such as a corporation), sector of the economy, or other social unit. Among the
most intellectually influential examples is a study by political scientist Robert Axelrod (1984),
in which a computer modeled the interaction of a number of individual people, who followed
various strategies in their economic dealings with each other. The point of the study was to see
if these agents could learn to cooperate, despite the fact that each was programmed to seek his
or her own best selfish interests, and indeed they could. The relevance to real people was that
the study showed that cooperation between humans was logically possible even without shared
social values, religion, or any of the other sophisticated cultural factors that are often assumed
to help humans he reliable partners. For 30 years, agent-based and other computer simulations
have contributed to a greater understanding of issues, such as the ways a society may affect the
natural environment and the ways social movements may organize around a variety of issues by
Bainbridge (1987), Forrester (1971) and Meadows et al. (1974).

Axelrod’s simulations employed game theory; it is also possible to use pure mathematical
methods in this way of conceptualizing human relations in terms of strategic interactions for
personal gain.

The case study method is an important qualitative research approach that can be
practiced somewhat rigorously, either with historical or ethnographic data. Given that
nanotechnology is quite recent, historical studies will have to rely upon carefully drawn
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analogies with earlier technologies. For example, an extensive literature (see Bunker et al.
(1977), Howell (1995), etc.) already exists on the often-rocky adoption of new medical
technologies, as some excellent therapies and diagnostic tools are ignored while others spread
rapidly throughout the medical community despite lack of evidence for their value. The
challenge is how to identify close analogies between past cases and particular nanotechnology
applications. The ethnographic approach avoids this problem through direct observation of a
specific emerging nanotechnology in the laboratory or in the wider organization of which it is a
part. Ethnography is not well suited for prognostication, however, because it focuses on the
present and very recent past. Potentially, the combination of history (to get the time
perspective that reveals outcomes) and ethnography (to determine the nature of an innovation
to support appropriate analogies) could he more powerful than either alone.

New technologies do not merely have an impact upon society. Rather, they interact with
society and their impact is a result of technical facts with social factors. Thus, public opinion

surveys and methods like market testing are important ways to chart the changing meaning of
nanotechnology. Focus groups can provide insights in to how to intervene and how to get
information across. The research method must be tailored to the particular population under
study. For example, young people may not respond well to formalized questionnaires, so it may
he best to conduct listening tours in high schools to examine youth culture and understanding.
Content analysis (obtained by looking at media, popular culture, and Hollywood) could be
integrated with surveys of audiences for analysis of the social values that nanotechnology may
affect.

Finally, it will be important to collect solid facts about the institutions and individuals
that are most involved in the development and application of nanotechnology. An inventory
should be undertaken of existing institutions and assessment of how they cope with change and
uncertainty. Also valuable would he research to develop a future nanotechnology-skills
inventory for identifying best-of-breed competencies that will enable jobs, career development
and competitiveness.

The responsible development of nanotechnologies

While the phrase ‘responsible innovation’ occurred occasionally, it is now becoming
more common, especially in nanotechnology. Examples are the USA Centre for Responsible
Nanotechnology (with links to the Drexlerian “social world”), and the International Dialogue
on Responsible Research and Development of Nanotechnology, recently started up by Mihael
Roco (US National Nanotechnology Initiative), include attempts at interactive TA from CSPO at
Columbia University [6].

If still unformed, however, there is reason to believe that public debate about nanotech
is about to take off — with two just founded new nanotech organizations. The Center for
Responsible Nanotechnology, run by a social activist and a nanosystems theorist, Chris Phoenix,
one of the Center’s founders says, “What we want, is to see molecular nanotechnology policy
developed and implemented with a care appropriate to its powerful and probably
transformative nature”. And two Washingtonians — a futurist, Eric Drexler and an antitrust
lawyer, Chris Phoenix — are in the process of launching the Nanotechnology Policy Forum to
improve the quality of public discourse about nanotech. They intend to host events every few
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months, and to stay scrupulously evenhanded: the advisory panel planned for the organization
will include both friends and foes of nanotech — as well as present and former congressmen.

Technology assessment — The Parliament,
European Technology Assessment Group (ETAG)

Since October 2005 a group of five European scientific institutes - with the Institute of
Technology Assessment and Systems Analysis (ITAS), Research Centre Karlsruhe, Germany as
the leading partner - has been providing scientific services for the European Parliament on
social, environmental and economic aspects of new technological developments [20].

Initially for a period of three years, the European Technology Assessment Group (ETAG;
www.itas.fzk.de/etag) will carry out TA studies on behalf of the STOA Panel. Apart from being
leading institutions in the field of Technology Assessment (TA) in their home countries all
members of the group have long-term experience in policy consulting for parliamentary bodies.
The group is made up of the following organizations:

Institute of Technology Assessment and Systems Analysis (www.itas.fzk.de), which
operates the Office of Technology Assessment at the German Parliament;

Danish Board of Technology, which provides consultancy services for the national
parliament (www.tekno.dk);

Flemish Institute for Science and Technology Assessment (viwTA), the TA-institution of
the Flemish parliament (www.viwta.be);

Parliamentary Office of Science and Technology (POST) of the British Parliament
(www.parliament.uk/post/home.htm);

Rathenau Institute, the central TA institution in the Netherlands working for the Dutch
parliament (www.rathenau.nl).

The ongoing work programme funded from the 2005 STOA budget consists of a set of 10
projects dealing with a broad range of subjects from various sectors of policy making, such as
R&D, ICT, environment, health and energy.

Questions with the regard to the ethical, environmental,
economic, legal and social imlications of NT

Main task of nanotechnology assessment (TA) is to foster principles of ethical
governance, maintenance balance of fundamental human rights and responsibilities of
government regarding to emerging enabling nanotechnology.

What are linked with the new opportunities of NT; possible technological, ethical,
environmental, societal, economic and health risks? What are the actual barriers to be
overcome these risks in the corresponding sectors? To what uncertainties may lead illiteracy of
public in NT?

The main purpose is not only defining opportunities or threats, but perform sound
comparisons balancing supposed benefits and risks of NT. If ‘threats’ and ‘risks’ overwhelm the
‘strengths’ and ‘opportunities, societal attitude obviously may be rejection.

Investigate and study environmental, health and socio-economic impact of NT; Where
do nanomaterials go when they enter the environment and what are their effects? There are
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always possibilities for environmental or health harms. Address forecasting and roadmapping
for future implications and determining the role of NT in economical development.

Create code of ethics concerning NT utilization in our country. Design principles to
discourage unethical or accidental uses of nanotechnology, versus, encourage and advocate
friendly ‘green’ NT; As the science of NT leaps ahead, so the ethics lags behind; Either the
ethics of NT will catch up, or the science will slow down. NT may have devastating
consequences, including public fear and rejection of NT without adequate study of its ethical
and social implications.

Public engagement, involvement of NGO and promote decision making activities at
governmental and international levels. Mass media need to be involved in the early stages of NT
since they have an important influence on public perceptions.

Increase awareness and ferry appropriate overview information (chemo /bio — nano
threats and defense) to concerning authorities about national security issues. Risk seems more
prominent, as surrounding countries, e.g. Russia and Iran (?) are developing NT and already
attained substantial success. NT is capable of dramatically improving surveillance devices, and
producing new weapons. Will these new technologies increase security or add to the arsenal of
bio- and techno- or even nano-terrorism? Who will regulate the direction of research in
defensive and offensive military NT? How much transparency will be necessary in government
and non-governmental NT initiatives to avoid misuses?

Promote NT education in secondary schools and universities. To emphasize that this
multidisciplinary subject is gaining priority. Schools and universities could discuss the issue in
depth: as well, could include exhibits on NT.

Conclusions

The aim of Technology Assessment is to measure benefit to risk ratio. The purpose of TA
is to study ethical controversies in societal prism. Technology Assessment determines public
perception. TA establishes visionary attitude.

Technology assessment alleviates:

- to highlight creativity of field (Nobel Prize winners, different awards and grants);

- to define unequivocal ethical and legislative statements;

- to find out readiness for investments by venture capitalists (VC);

- to recognize stakeholders willingness to benefit from technology;

- to involve equally all layers of society: government-academy-society-industry;

- to maintain balance between benefits & risks of technology;

- to match convergence with simultaneously emerging enabling technologies (cogno-
nano-info-bio).
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Introduction

The nanosized core & shell composites that include a ferrimagnetic core such as iron
oxides (magnetite or maghemite) and a precious metal shell (aurum, argentum, platinum, and
palladium) are widely used for medical-biological application due to their unique optical
properties, bioavailability, and selectivity in relation to the range of biological objects [1]. The
similar composites are good for catalysis, analytical chemistry, separation technology,
environmental protection et al. [2, 3].

The main methods of forming core & shell composite particles are co-precipitation ferric
and ferrous iron salts in low-alkaline media in the presence of precious metal cations with their
following reduction [4]; the method of reversive micelles [5]; the separate precipitation of iron
oxide particles and precious metal seeds and making-up of the composites in organic liquids [6].
As alternative method of obtaining the ferromagnetic core & shell composites we can propose
their formation on the steel surface contacting with water solution in open-air conditions [7, 8].
The red-ox reaction on the steel surface, access of oxygen and carbon dioxide to the steel
surface — water dispersion medium — air oxygen interface area, presence of different species in
the water solution lead to appearance of favorable conditions for the Fe(II)-Fe(III) LDH (Green
Rust) formation on the steel surface [9]. Due to high reducing properties of Green Rust phase it
can reduce the electropositive species from the dispersion medium to metal state and it oxidized
to the iron oxide and / or hydroxide phases. At the dispersion precipitation usually two separate
phases (iron oxide and precious metal particles) are obtained in the solution [10] but under
specific physicochemical conditions of the process carrying out the precious metal shell is
formed on the iron oxide surface [8]. In such case as a product of the process of the phase
formation the composite particles are formed that include an iron oxide core and metal shell.

The core & shell composite nanoparticles differ by quantity of core particles (one [11] or
more [12]), the phase composition of core (magnetite [13] or maghemite [14]) and shell (aurum
[13], argentum [15], platinum [16], palladium [17]), presence [18] or absence [15] of the
additional SiO2 layer between core and shell phases, the degree of the filling of core surface
with precious metal (full [19] or partial [20]), the general quantity of composite layers (two or
more [21]) and other. The complicated (multiple) composite which, for example, contain two
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precious metals in their shell [6] or a few alternate layers containing organic and precious metal
particles [22] are considered as a separate group.

The ferrimagnetic particles including iron oxide core and argentum shell belong to a
simple core & shell composite that due to partial shell filling corresponds to small galvanic
couples that consist of iron oxide anodic areas and silver cathode areas. The particles of such
nature not only preserve the ferrimagnetic properties of iron oxide core and optical properties
of silver shell but will acquire the new unique colloidal-chemical and physicochemical behavior
and perspectives for their practical usage as a functional material for different medical-
biological purposes [23].

The present work is aimed at the investigation of the physicochemical peculiarities of
the nanosized core & shell composites composed of the magnetite core and silver shell and
formed on the steel surface contacting with water AgNOs solution in open-air system.

Materials and methods

For carrying out the process of the phase formation the disk electrode made from
finished steel (St3) was used, that contains, %: C — 0.14 + 0.22; Si — 0.05 + 0.15; Mn - 0.4 + 0.65;
Cr-0.3; Ni - 0.3; P-0.04; S — 0.05; N — 0.01. Before every experiment the steel surface was
cleaned from oxidized layer with aqueous solution of sulfuric acid. The process of phase
formation usually continues until the system comes to a stationary state, when chemical
composition of the dispersion medium, its pH value and quantity of the disperse phase on the
steel surface are stabilized. The process of the phase formation was controlled by the chemical
analysis of the dispersion medium (pH values and the species concentrations) and the mass of
disperse phase obtained from the steel surface.

As dispersion medium the AgNOs water solutions with Ag* concentrations from 0.5 to
10.0 mg / dm3 were chosen. The pH values of dispersion medium were set in the range of 2.5 to
12.0. As the main methods of investigation X-ray diffraction (XRD), X-ray fluorescence analysis
(XRFA) and chemical analysis were used. XRD measurement was taken on computer-aided
equipment (DRON 3) with filtered emission of cobalt anode. The velocity of plotting was
1°/ min; the critical Woolf-Bragg angle was 80 °C. The XRF analysis was carried out on the
ELVAX spectrometer with the titanic anode. As additional visualization technique of the
derived samples the scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) were suggested. The images were obtained on “Selmi” equipment. The chemical analysis
of the dispersion medium was carried out by the standard photocalorimetric methods [24]; for
the measuring FEC —56M was used. “Solver PRO — M” equipment and “Nova” software were
used for carrying out the atom-force (AFM) and magnetic-force (MFM) microscopy and data
interpretation. The scanning regime was half-contact or magnetic with the NSG 01 / Co probe;
the distance to the particle surfaces was 80 nm. The induction of the magnetic field was 160 mT.
PPMS -9 equipment was used for the measuring of the magnetization and magnetic
susceptibility. The investigation was carried out at 300 K.

Results

The choice of the concentration range from 0.5 to 10.0 mg / dm3 is defined by argentum
properties to be reduced on iron (steel) surface by its high content in the dispersion medium.
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The values of the standard electrode potential (-0.440V for Fe’/Fe? and + 0,337V for
Ag’/ Ag*) direct the process according to a simple red-ox reaction (to the reduction of Ag* and
oxidation of Fe?) but such process is limited by argentum concentration [25].
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Figure 1. The XRD-patterns of the composite structures formed on the steel
Surface contacting with air oxygen and argentum nitrate solutions after 24 h
of carrying out the phase formation at Cagn, mg/dm3:a—-0.5;b—-1.0; c - 2.0;
d-3.0; e = 5.0; f— 10.0. Numbers correspond to the phases: 1 — lepidocrocite

v-FeOOH; 2 — magnetite FeFe20s, 3 —silver Ag’; 4 — goethite o-FeOOH.

The phase composition of the surface structures was studied by X-ray diffraction. Fig. 1
shows the XRD-patterns of the composite structures that were formed by contacting steel
surface with AgNOs water solution at the wide range of argentum concentrations (from 0.5 to
10.0 mg/dm3). At all chosen Cagn the reflexes of the magnetite FeFe:O4, lepidocrocite
v-FeOOH and metal silver are present on the XRD-patterns. As the addition phase goethite
0-FeOOH appears that is identified according to some peaks (020), (130), (211). The significant
peculiarity of the system is the simultaneous presence of the two iron-oxygen phases
(lepidocrocite and magnetite) in the bulk of the surface sediments. At the low amounts of
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argentum (0.5 mg/dm?3) the intensity of the (120) lepidocrocite peak is smaller than the
intensity of the (220) magnetite peak, but at the bigger argentum concentration (1.0 —10.0
mg / gm3) their altitudes are practically equal to each other. At the range of Cagn from 0.5 to
5.0mg/dm? the intensity of the (311) magnetite reflex insignificantly decreases but at
Cagn = 10.0 mg / dm3 it increases in 1.5 — 2 times and reaches its maximum. The (111), (200) and
(220) silver reflexes are growing by increasing the argentum concentration in all experimental
conditions. The particles size was calculated by Scherer’s formula by (311) magnetite reflex. The
result shows that in the range of Cagn from 1.0 to 10.0 mg/dm? the particles size gradually
increased from 19.5 + 0.1 to 25.0 + 0.1 nm.
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Figure 2. The XRD-patterns of the composite structures formed on the steel surface contacting
with air oxygen and argentum nitrate solutions at Cagn = 1.0 mg / dm?® and pH values: a - 6.5;
b —11.0. Numbers correspond to the phases: 1 — Green Rust (I); 2 — lepidocrocite y-FeOOH;

3 — magnetite FeFe20Os, 4 — goethite a-FeOOH; 5 — material of fluoroplastic holder; 6 — iron Fe®.

30



O. M. Lavrynenko. Nano Studies, 2012, 5, 27-40.

The influence of initial pH values of the dispersion medium on the phase composition of
the surface structures and the kinetic regularities of the phase formation were studied by X-ray
diffraction in situ. The experiment was carried out during 48 and 70 hours at pH values 6.5 and
11.0, respectively when argentum was present in solution as ions and hydroxide species. The
results are presented on Fig. 2. At pH value 6.5 the first magnetite reflexes are shown on the
pattern after 1 h of steel contacting with air oxygen and water solution. Lepidocrocite was
formed on the steel surface as a second phase. The intensity of the both type reflexes was
growing during 24 hours and during the next 24 hours the partial oxidation of magnetite and
appearance of a small amount of goethite a-FeOOH along with y-FeOOH took place in the
system. The other phase present on the steel surface was Green Rust (I) in a rather small
quantity due to its consumption for the formation of magnetite and lepidocrocite particles. The
average particles size of magnetite particles according to Scherer’s formula was ~ 22.05 nm. At
initial pH value 11.0 the most typical structures formed on the steel surface were oxyhydroxides
such as lepidocrocite and goethite. The magnetite reflexes appeared on the pattern only after 24
hours of process. The average particles size of magnetite particles formed in the alkaline media
was bigger than in the neutral medium and made up ~ 37.8 nm.
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Figure 3. The XRD-patterns of the composite structures formed on the steel surface
contacting with air oxygen and argentum nitrate solutions at Cagn = 1.0 mg / dm3
and pH value 2.5: a — outer layer; b — middle layer; c — inner layer. Numbers
correspond to the phases: 1 —lepidocrocite y-FeOOH; 2 — magnetite FeFe2O4.

The role of oxidant in the phase composition and cores size were studied on the example
of particles obtained in the system at Cagn) = 1.0 mg / dm? and pH = 2.5. Three layers of the iron—
oxygen structures were separated from the steel surface: the outer one (I) (Fig. 3a) contacting
with air and water solution, the inner one (III) (Fig. 3 c) contacting with the steel surface and
the middle one (II) (Fig. 3b) situated between the first and the third layers. The both magnetite
and lepidocrocite reflexes were present on the XRD-patterns but at decreasing the access of
oxygen the amount of lepidocrocite peaks decreased and the amount of magnetite peaks, on the
contrary, increased. The particles size gradually decreased from 24.1 + 0.1 in the first layer to
21.6 £ 0.1 in the second and 19.2 + 0.1 nm in the third. Probably the difference of the particles
size in the layer was connected with oxidizing of magnetite and forming of lepidocrocite shells
on its surface [26].

The distribution of iron and silver atoms on the particle surfaces depending on initial
concentration of argentum in the solution and pH values was studied by X-ray fluorescence
analysis (look the Tab. 1) in the outer (I) and the middle (II) layers. Separately the solution
precipitates was studied. Two experimental runs of the samples were investigated by such
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method under different conditions: at the pH value 6.5 and Chsny range from 0.5 to
10.0 mg / dm3 and at the Chsn =1.0 mg/dm? and different pH values (the range from 2.5 to
12.0). The FeFe204& Pt composite was chosen to compare systems. As XRF data showed (the
run 1), the ratio of Ag to Fe were growing from (0 —0.028) : (100.0 — 99.97) to (0.46 : 99.54) at
the increasing the argentum concentration in the solutions from 0.5 to 10.0 mg/dm3. At
platinum concentration 10.0 mg / dm? its content on the magnetite surface reached only 0.14 %.
On the contrary, the percentage of silver in the solution precipitations was bigger and reached
~39.8 % at Cagn =0.5 mg/dm?3 and ~ 63.8 at Cagn = 5.0 mg/ dm?3, but platinum did not collect
as individual particles in the solution sediments even at Ckav) = 10.0 mg / dm3.

Table 1. The distribution of iron and silver atoms on the
particle surfaces according to X-ray fluorescence data.

Initial Distributions of
concentrations Localization of Initial surface atoms, % Association
of argentum, phase formation pH values Ag of silver
mg / dm3in Fe or with phases
water solution pPt*
The run 1
0.5 Steel surface 6.5 100 0 -
0.5 Steel surface 6.5 99.97 0.028 magnetite
0.5 Solution 6.5 60.32 39.68 silver particles
1.0 Steel surface 6.5 99.94 0.06 magnetite
2.0 Steel surface 6.5 99.90 0.10 magnetite
5.0 Steel surface 6.5 99.78 0.22 magnetite
5.0 Steel surface (I) 6.5 99.72 0.28 magnetite
5.0 Steel surface (II) 6.5 99.82 0.18 magnetite
5.0 Solution 6.5 36.26 63.74 silver particles
10.0 Steel surface 6.5 99.54 0.46 magnetite
10.0* Steel surface (I) 6.5 100 - -
10.0* Steel surface (I) 6.5 99.86 0.14 magnetite
10.0* Solution 6.5 100 - -
The run 2
1.0 Steel surface (I) 2.5 100 0 -
1.0 Steel surface (II) 2.5 100 0 -
1.0 Steel surface (I) 5.6 99.94 0.06 magnetite
1.0 Steel surface (II) 5.6 99.96 0.04 magnetite
1.0 Steel surface (I) 6.5 99.96 0.06 magnetite
1.0 Steel surface (II) 6.5 99.88 0.12 magnetite
1.0 Steel surface (I) 9.5 99.95 0.05 magnetite
1.0 Steel surface (II) 9.5 99.96 0.04 magnetite
1.0 Steel surface (I) 12.0 100 0 -
1.0 Steel surface (II) 12.0 100 0 -
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The analysis of the run 2 showed that silver associated with surface structures in the
range of pH values from 5.6 to 9.5 where magnetite was usually formed. The ratio of argentum
to iron reached from (0.04 : 99.96) to (0.06 : 99.94). At lower and higher pH only phases of the
oxyhydroxides such as lepidocrocite and / or goethite were obtained.

The analysis of dispersion medium was carried out after the centrifugation of the
solutions at 8¢ during 10 min and separation of the disperse phases. The result showed the
decrease of ferrous iron in the solution at the increasing initial concentration of argentum. It
changed from 1.3 - 0.8 mg/ dm3 at Cagn = 0.5 mg/ dm?; to 0.04 mg / dm? at Cagn = 3.0 mg/ dm3
and then to the full disappearance of ferrous iron in the solution at Cagn = 5.0 mg / dm?.

Fig. 4 shows SEM images of the steel surface when it contacts with argentum nitrate
solutions (Cagn = 1.0 mg/dm3, pH values 11.0) at the beginning of the process (Fig. 4a), the
nanoparticles formed in the steel surface pores (Fig. 4b), Green Rust I forming the thin layer on
the steel surface (Fig. 4c), the spinel ferrite particles (magnetite) formed on the steel surface
after 24 hours of the process (Fig. 4d).
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ﬁ
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20KV  X20,000 1pm 0684 1045 SEI W 20kV  X10,000 1pm 068241049 SEI
(c) (d)
Figure 4. The SEM images of the steel surface contacting with
AgNO:s solution in open-air system: a — the steel surface, b — the
particles in the surface pores, ¢ — Green Rust I, d — magnetite.
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® (b)
Figure 5. The TEM images of the surface structures formed when the steel contacts with
AgNOs solution in open-air system: a — lepidocrocite (Cagn = 0.5 mg / dm3); b — lepidocrocite
(Chgn = 5.0 mg / dm?); magnetite (Cagn = 1.0 mg / dm?); d — f the processes of the FeFexO:+ & Ag
nanoparticle formation and their aggregation (Cagn = 2.0 mg / dm?); g — FeFe204& Ag
nanoparticles (Cagn = 3.0 mg / dm3); h — FeFe204 & Ag nanoparticles (Cagn) = 5.0 mg / dm3).
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Fig.5 shows the TEM images of surface structures formed on the steel surface at the
concentration range of argentum from 0.5 to 10.0 mg / dm3. Lepidocrocite are usually present in
the outer layer of iron-oxygen phases formed on the steel surface, but its particle size and
morphology depend on many factors especially on the chemical composition of the dispersion
medium and its pH value. For example, the lepidocrocite needles formed at Cagn = 0.5 mg/ dm?
are shown on Fig. 5a and such kind of particles formed at Cagn =5.0 mg/dm? are shown on
Fig. 5b. Fig. 5¢c shows the magnetite particles (Chgn = 1.0 mg/ dm3). The formation process of
the FeFe:04& Ag seed structures (Fig. 5d), their aggregation (Fig. 5e) and coagulation (Fig. 5f)
are fixed for the structures obtained at Chgn=2.0 mg/dm3 Fig.5g and Fig.5h show the
FeFexO4& Ag’ aggregates formed at Cagn =3.0 mg/dm? and Chgn =5.0 mg/ dm?, respectively.
Both lepidocrocite and core & shell composite phases are obtained in the range of the argentum
concentration from 2.0 to 5.0 mg/dm3. That is very important for the interpretation of the
phase formation mechanisms realized in the steel — water solution — air system.

The most important properties of the nanoparticles for their application in biology and
medicine are aggregative and sedimentative stability as well as superparamagnetism. In our
previous work [7] we studied the aggregative stability of y-Fe203& Ag nanocomposites in
AgNOs water solution containing Chgn = 1.0 mg/dm?3. The sols were keeping their structure
during three months. The investigation of the sols at Cagn from 0.5 to 5.0 mg/ dm3 shows the
sol aggregative stability at Cagn = 0.5; 1.0 and 5.0 mg/dm?, but at Cagn = 2.0 and 3.0 mg / dm3 the
particles form aggregates as it was shown on Figs. 5d — f.

(b)

© | @
Figure 6. AFM images of the particles obtained at Cagn = 0.5 mg / dm?: a — 2D-structures;
b — 3D-structures and at Cagn = 5.0 mg / dm?: ¢ — 2D-structures; d — 3D-structures.
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The results of AFM-microscopy (2D and 3D-structures) are shown on Fig. 6. The
nanoparticles form bigger aggregates at low argentum concentration than at higher
concentration.

The MFM-microscopy is used for the studying of the magnetic properties of the
FeFe:O4& Ag® composites (Fig. 7). Probably, the magneto-sensitive structures are associated
with magnetite cores of the nanocomposites.

100

(d)
Figure 7. MFM images of the particles obtained at Cagn = 0.5 mg / dm?: a — 2D-structures;
b — 3D-structures and at Cagn = 5.0 mg / dm?: ¢ — 2D-structures; d — 3D-structures.
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Figure 8. The dependences of the magnetization of the FeFe2O4& Ag® nanocomposites
obtained at Cagn = 0.5 mg/ dm? (a) and Cagn = 5.0 mg/ dm? (b) from the magnetic field.
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The magnetization curves of the FeFe:O4& Ag’ nanocomposites are present on Fig. 8.
The absence of the hysteresis loops points to the superparamagnetic properties of such
structures at room temperature. The saturation magnetization decreases from 0.4 emu/g at
Cagn = 0.5 mg / dm3 to 0.25 emu / g at Chgn = 5.0 mg/ dm3, probably because of the influence of
the silver shell. The composites obtained in whole Cign range belong to the soft magnetic
materials, their coercitivity equals ~ 500 Oe. The values of the remnant magnetization are very
small and make up ~ 0.03 emu /g for both composites formed at Cagn=0.5 mg/dm? and at
Cagn) =5.0 mg / dm3.

Discussion

The formation of iron-oxide and iron hydroxide structures and simple core & shell
composites on the steel surface contacting with water dispersion medium and air oxygen is
determined by the electrochemical red-ox reaction that takes place on the steel surface and the
specific physicochemical conditions created in the interface area: steel — water — air. As it was
shown in our previous works [27], the products of the red-ox reaction, i.e. ferric and ferrous
cations and complexes, protons, hydroxyl, carbonates, oxygen can interact with each other and
form weak crystalline phases such as the Fe(II)-Fe(III) layered double hydroxides (Green Rust).
Depending on the anion composition of the dispersion medium, Fe(II)-Fe(III) LDH phases may
coordinate themselves as hydroxicarbonate, hydroxichloride, hydroxisulphate Green Rust of
the first or the second types, respectively [28]. When several anion species are present in the
dispersion medium they compete with each other in the Green Rust lattice. The anion species
form the row according to the preference of the coordination of the Green Rust structure
(SO4* > COs% > Cl- [29]). In our system GR(SO4*) can form only when the remains of H2SOs are
present on the steel surface after its activation, but more probable way of the Green Rust
formation is the interaction between Fe(Il), Fe(Ill), OH-, O2 and carbonate species. The
specificity of the system keeps the stable pH value (7-8) at the wide range of the initial pH
(from 2.5 to 11.5). So, in such condition ferric species can be only as hydroxide Fe(OH)s, but
ferrous species can be as ions FeZ, complexes FeOH* as well as hydroxide Fe(OH).. Carbonates
are present in the soluble forms as COs? or HCOs~. According to [30] the interaction of HCOs-
or COs? species and Fe’ by means of adsorption; the formation of the ferrous complexes and
their oxidation with appearance of the particles and aggregates containing only ferric ions; the
interaction of such structures and ferrous complexes leads to the formation of GR(COs?") on the
iron surface. The extended formula of the hydroxycarbonate Green Rust usually writes as
FellsFel',(OH)12COs - 3H20 [31] but in other work [32] the water quantity was less.

In such case the formation of GR(COs?) on the steel surface can be described according
to the reactions (1) AG%9s = — 392 k] - mole ! or (2) AG%9s = — 333 k] - mole:

2Fe(OH)s + 4Fe? + 60H- + COs* + 3H20 — FellsFe!2(OH)12COs - 3H20, (1)

2Fe(OH)s + 4Fe? + 60H- + HCOs™ + 3H20 — Fe'sFe2(OH)12COs - 3H20 + H*. (2)

The following complete oxidation of GR(COs?") led to the lepidocrocite formation and
took place in the outer layer on the steel surface, the reaction (3) (AG %9 = — 405 kJ - mole™)
describes this process:

FellyFe'>s(OH)12CO3 - 3H20 + O2 — 6y-FeOOH + H2COs + 5H20. (3)

On the one hand, in the inner (III) layer of the surface structures the access of the
oxidant is limited and on the other hand, this layer is saturated with hydroxyl and ferrous
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species. In such condition two phases, videlicet magnetite and lepidocrocite are formed
simultaneously according to the following reaction (4), AG %9 = — 202 k] - mole™":

Fe4Fell;(OH)12C0s-3H20 + 30H- — Fel'Fe™:04 + 3y-Fe"OOH + H2COs + 8H:0. (4)

As a catalyst of the Fe(II)-Fe(III) LDH transformation ferrous species were shown [33].
When the H2CO3 (COs?* or HCOs) are present among the products of the reactions, they will
probably interact with Fe® and can take part in the formation of the next GR(COs*) amount and
in our system they act as the catalyst as well. Moreover, the process of iron oxide and hydroxide
phase transformation is accompanied by electron transfer that is necessary for the process
continuity, as it was explained in [33].

Usually Green Rust transforms to the different disperse iron oxide and oxyhydroxide
phases such as lepidocrocite and magnetite. Besides ferrous species in the Green Rust lattice
give GR the strong reducing properties. So, when argentum species are present in the dispersion
medium, the process of phase formation will be different and except the ferrous ions oxidized in
the Green Rust lattice, argentum species will be reduced to the metal state (silver) on the
products of phase transformation. Depending on the oxidizing conditions two phases:
core&shell composite and lepidocrocite (4) can be formed in the system as well as the single
composite phase (5), but the reaction (4) is more likely to take place in practice.

FellsFel'5,(OH)12COs - 3H20 + 30H- + Agh + lew —

— FellFe™>04&Ag? + 3y-Fe"OOH + H.COs + 8H:0, (4)

FelsFe>(OH)12COs3 - 3H20 + Ag + 1le- — 2FelFe™>0s&Ag? + H2COs + 7H20 + 2H*.  (5)

The FeFe204& Ag® nanocomposites were tested for medical-biological investigations [34].
Such kind of particles, on the one hand, significantly decreased the intensity of luminol-
enhanced luminescence due to silver antioxidant activity. On other hand, the influence of
transition-metal ions upon lipoperoxide compounds that could be consumed by Fenton’s type
reaction is well-known. The highest concentration of nanoparticles with thin silver shell even
enhanced chemiluminescence and more compact silver shell provided antioxidant activity of
composite nanoparticles due to the ferrous iron presence in dispersion medium. So, the results
showed ability of FeFe:O4& Ag’ nanocomposites in the wide range of initial argentum
concentration as perspective therapeutic agent for target delivery and cellular oxidative damage.

Conclusions

1. The simple core & shell composites containing magnetite core and silver shell can be
obtained on the steel surface contacting with water AgNOs solution in the open-air
system. The mechanism of such process is realized due to initial electrochemical red-ox
reaction leading to collecting ferric and ferrous species, hydroxyl, oxygen and carbonates
in the steel — water — air interface. Due to the interaction of the listed compounds the
Fe(II)-Fe(III) layered double hydroxide — hydroxycarbonate Green Rust is formed on the
steel surface. Because of the ferrous species presence in the Green Rust structure it has a
strong reductive properties and ability to reduce electropositive cations such as argentum.
As a result of the phase formation process the FeFe:04& Ag® nanocomposites are formed
in the system. In the most cases lepidocrocite is formed as a second phase.

2. The chemical composition of the FeFe:Os& Ag® structures, their particle sizes,
morphology and physicochemical properties depend on several factors, especially on the
argentum concentration in the solutions and pH value. In our system the quantity of the
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argentum atoms on the magnetite surface is not big (> 0.5 %) and the filling of core
surface with Ag? is partial, but the particles obtained at Cagn = 0.5, 1.0 and 5.0 mg/ dm3
were keeping sol stability during three months. The particles size varied ~ 19 — 38 nm,
but in the most cases the average size equals ~ 22 nm. The FeFe20: & Ag® nanocomposites
have superparamagnetic properties at room temperature and they belong to the soft
magnetic materials. Their saturation magnetization decreases from 0.4 to 0.25emu/g
when the initial Cagm in the dispersion medium increases, probably due to the influence
of the silver shells on the magnetite cores.

The preliminary investigation of the core & shell composites showed their availability
for medical-biological purposes — target delivery and cellular oxidative damage due to
their antioxidant activity, magnetic and optical properties.
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Taking into account the field effect, M(¢) magnetization may be repeated by the series of
the dipole field. The portions experiencing action of n dipole fields, may have the amplitude
approximately proportional to g", where

g = Auogy M6, (1)

0 being duration of the pulse. At the first approach of the dipole field, i.e. at the first degree of g,
the local error of M(?) is of g2 order. At the growth of duration of the impulse it grows as well,
but even when § grows up to 10 m /s, for B = 9.4 T magnetic field the local error is just 1%. At
lower static field § may become greater and does not provoke great errors. Therefore solution of
the equation of the magnetization evolution [1]

d . ; 1 _.
MO F iyCetM,(t) + T_zMi(t) = FidyuoM, ()M (t)

at the approach of linear dipole field is carried out within the time of typical MRI experiment.
In the case of the dipole field of the first order the magnetization gives

My (=M (8) + M5V (),

, 2)
M,(O=M () + MP (©,
M© and M@ being solutions of the zero and the first order, respectively.
Now consider the problem for the situation, when it is possible to ignore the distant
dipole field (DDF), and receive the following equations:

LMO () = tiyCetoM® () - MO ), 3)
MO @) = 2yCle MO ) — e MO(1)). (3")
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Take into account that, if duration of the radio-frequency impulse is much less, than 7,
the transversal relaxation may be ignored, and magnetizations given by equations (3) before and
after the radio-frequency impulses will be related to each other as follows [2]:

(Mx' My, M, )next =R, (P)(Mx, My, M, )previous’ 4)
20 . 20 20 . o
cos® - + sin 2 cos2¢ sin Estcp —sm@smfp]
R(8,9) = [ sin? gsinZ(p cos? g — sin? % cos2¢  sinfcos J ©)
sinfsing —sinfcos@ cos6

In this case, the radio-frequency impulse turns the magnetization by 8 = y(t angle in
ép = cospX + singy direction. When 6 = m, then the magnetization after the radio-frequency
impulse is given as follows:

M, = _Mz,previous } (©)

— X2 _ .
Mi =e (pM+,previ0us

Equations (3") and (3”) may be transformed into linear differential equations of the
second order relative to MJ(_FO) (t), and may be solved by the diagonalization method. The initial
value of the magnetization before the impulse is given in the form of

Mio)(o) = Mio} 7)
M2 (0) = My
and the transversal magnetization of the zero order becomes
(0) _ +2ip g +igp
M7 () = CL(D)Myg + C3(D)e " Mzq £ C5(t)e™" ¥ My,. 8)
Linear magnetization of the zero order may be found placing (8) into the solution of (3”)
MO () = 22 [~ M, o — e M_o] + C,(6) My, )
Cy(t), C,(t), C3(t) and C4(t) coefficients are given as follows:
_ 1o, [ oot Gt _ 1 imp 2t
C,(t) = Se 2T, [e 2Tz 4 cosh T sinh o) (10)
_1"tary [ o=t ary — Qot | 1 inp St
C,(t) = Se 2 [e 2 — cosh o + o sinh o) (11)
; _t
C5(t) = ﬁyCTze /ZTzsinhM, (12)
21 ZTZ
C,(t) = e_t/ZTz [cosha#'t + L sinh & (13)
4 ZTZ o 1) 2T2 ’
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ao =+/1 — (2yCT,)2. (14)

In most cases

2yCT, > 1. (15)
Inserting
yCé=m (16)

in a, for 7 pulses of § duration and ignoring 0(6/T,)? terms of the second order, yields:
ay = 2iyCT,. (17)
Then, canceling 6/T2 terms of the first order, finally 7 pulses give:

1)

C1(8) = s (18)
()~ 1- 1, (19)
C3(8) = 0, (20)
Cu(8) ~ — (1 - %) 1)

Equations (8) and (9) show that it is changing of M, and M, in the same time by varying
C3(6) amplitude during one pulse. For §/T, C3(t) = 0. It means that change of My and M,
disappears at the end of m pulse. C,(t) coefficient is associated with turning (change of
orientation) of My to M,, while C; (t) — with residual amplitude of M. As to C,(t) coefficient, it
is related to transformation of M, into —M,,. It should be noted as well that for the samples with
great T, (water) [3, 4]

€, (8)~ (Ti) C,(8) (22)
and it is much less, than C,(5)
C1(8) < C,(6). (23)

Thus, when there is no T, relaxation during the impulse, M, transforms into Mz, while
M, —into —M,,. In this case
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C1(8) = C3(6) =0,
C,(8) =1, : (24)
C.(8) = 1.

When T, relaxation takes place, due to Bloch’s equations

C;—]tw = y1\71>x§ _ Bty (25)

2

Effective frequency of precession at the re-orientation of impulses decreases. As a result,
M, and M, do not transform into M3z and —M, completely and transversal relaxation is
incompletely oriented from M, into M, as it is given in the equations (8) and (9).
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Due to influence of the dipole field M(¢) the magnetization should be written down as
follows [1]:

MO F iyCe @M, (6) + - M (6) = FivuoM,(OM(0), (1)
= M, () - éyC[e‘i‘pMJr(t) — e M_(1)] =0, )
Mi(t) = M, +iM,, ®3)

Due to these expressions during the radio-frequency impulses the magnetization for
multi-spin-echo series at the first approach of the dipole field will be given in the form of

d . P — . 1
MO © = £iyCeH oMV (0 F idyuoM;” (©) - M (), (4)
2MP () = %yC[e‘i‘pMS)(t) - eiwmgﬂ(t)]. (5)

Just as it was at the zero approach [2], the expressions (4) and (5) may be transformed
into linear differential equations of the second order relative to Mf)(t), and they should be
solved by the diagonalization method. At that time the initial value of magnetization before the
radio-frequency impulses (before they start) is zero MS)(O) = 0 and Mz(l)(O) = 0, that’s why
we get: )

M(l)(t) = AyuoTo[+d; ()MyMyo £ dy ()29 Mo Myo+ds (e ™ M3, +

+d, (e3P MZ + ds(Det P M, o M_o+dq(D)e* P MZ)]. (6)

Inserting Mil)(t) into (5), yields:

Mil)(t) = AY#OTz{d7(t)Mzo [e_i(pM+0 + e_i(pM—ol + dg(t) [e_Zi(pM-zm - eszEo]}, (7)
here d; coefficients (i = 1 + 8) are given as follows:

d,(t) = — i e_t/Tz [(1 — iz) sinh % 4 o~ D(@0¥3) ooy (@0t DE

aO TZ 2(a0+1) 2T2
— (a0+1)(a0_3) Slnh (aO_l)t + t :|, (8.]_)
2(ap-1) 2T, aoT;
Y T (4 A iy %ot (@0=D(@0+3) oy (@o+DE
d,(t) = 20, [ (1 a%) sinh T, + 2(ag+1) sinh 2T,
_ (a0+1)(a0—3) . (ao—l)t _ t
2(ap-1) nh 2T, aoTz] (8.2)
]/CTZ /T _ _t i . ait _ (ao—l)t
d;(t) = 2 [ (1 Tz) + cosh== 5 o sinh T agcosh —r +
2% smh( o 1)t +agycosh (@t 240 oipp (a°+1)t], (8.3)
ag— -1 ZT ZTZ a0+1 ZTZ
VCTZ U _(1_Lt (@o-1)t _
d,(t) = 2 [ (1 Tz) + cosh== 5 o L sinh &t T s agcosh 2T
— 2% gin h(a0 vt _ ocosh (@o+DE 4 260 inp (a°+1)t], (8.4)
a0—1 ZTZ ZTZ a0+1 ZTZ
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— YT [ (1t Got _ 1 inp %ot
ds(t) = 2z @ [ (1 Tz) + cosh i sinh -t (8.5)
_t
de(t) = %e /1, [— (1 + Ti) + coshaTLt + aisinh aTLt], (8.6)
0 2 2 0 2
_t _
d,(t) = );CaTZ e /T [cosh _(a;;m +- 2+1 sinh —(a‘;l)t — cosh —(a‘;Tl)t —
0 2 0 2 2
— % _sinh (“0‘1”], (8.7)
ao—l 2’{2
_ i =ty 1\ g (ag+Dt 1Y .oy (ag-1t
dg(t) = se T [(1 ao) sinh —ar, (1 + ao) sinh o ] (8.8)

Ignoring the terms 0(8/T,)? of the second order, when t = §, yields:
di($) = dy(S) ~ 2ds(S) ~ 31

d3(S) = dy(S) = ds(S) = de(S) = d7(S) =0
Due to the action of transversal relaxation, the radio-frequency impulses cause the

)

difference between transversal and longitudinal magnetizations [3]. In any moment of the
action of the impulses, longitudinal component of magnetization affects at development
(evolution) of transversal component by means of the action of the dipole field. Transversal
magnetization of the first approach (6) points at influence of the dipole fields of two different
sources.

Under the action of the dipole field the first source is created by direct interaction
between M, and M., and this interaction is given in (6) by d4(t) and d,(t).

Another source of influence is received by the private interaction between M,, and M.
In this case M, rotates in transversal plane and this part is developed at the varying, caused by
the changing amplitude in the longitudinal direction of the dipole field.

Thus, the part of M, rotates in longitudinal direction, which influences at its residual
amplitude from the transversal plane, being under the action of the dipole field. Interaction of
M,q and M, in (6) is defined by d3(t), d4(t), ds(t) and dg(t) conditions. From the other hand,
the dipole field does not act directly at M,, but its action is revealed at the change of M, up to
M, resulting from the rotation of the radio-frequency impulse (see the formula (4)).

Therefore, consider d,(t) as the direct action on Mz(l), while dg(t) — as the private one.

Note as well that Mz(l) is independent on M., M_, and MZ((Z)), due to their ignoring in (5).

So, resulting solutions of the zero order are given by formulae (8 — 13) of [2], while of
the first order — by (6) and (7), where (8) is taken into account. As it is seen from signed
solutions, transversal and longitudinal magnetizations mix after the end of the radio-frequency
impulse. This mix causes as the transversal relaxation (C;(t)), as the effect of the dipole field
(dl-(t)). If the effect of the dipole field d;(t) = 0 for all i, and relaxation time T, exists within
the indefinite time of the impulse, then no mix of transversal and longitudinal magnetizations
occur after the end of mw impulses just in the same way, as it was shown in the formula (6) of [2].

References

1. K. G. Kapanadze. Influence of finite radio-frequency impulses at evolution of
magnetization in nuclear-magnetic resonance. Georg. Eng. News, 2012, 1, 5-10.

2. K. V. Kotetishvili, K. G. Kapanadze, G.G. Chikhladze. Magnetization during finite
radio-frequency impulses in magnetic resonance imaging. Nano Studies, 2012, 5, 41-44.

3. L. S. Bouchard, R.R. Rizi, W.S. Warren. Magnetization structure contrast based on
intermolecular multiple-quantum coherences. Magn. Reson. Med., 2002, 48, 973-976.

46



T. A. Pagava et al. Nano Studies, 2012, 5, 47-54.

M30XPOHHBIN OTXKUT OBPA3IIOB n-Si,
OBJIYYEHHBIX ITPOTOHAMU C SHEPTUEN 25 MaB

T. A. ITaraBa, M. I'. Bepupage, H. Y. Maiicypaaze

I'py3uHCKUI TEXHUYECKHH yHUBEPCUTET
Toumucu, I'pysus

tpagava@gtu.ge

nmaisuradze@gtu.ge

ITpunsara 26 anpensa 2012 roga

1. Beepenue

W3BecTHO, YTO B KpUCTAIIaX KpeMHUsA, 0OydYeHHBIX YacTuiiamMu ¢ sHeprueii £< 10 MaB
B 3aBUCHMOCTH OT IIPUMECHOTO COCTaBa IPEUMYIIEeCTBEHHO BO3HHKAeT OOJIbIIOe pasHOOOpasue
TOYeUHbIX pasuannoHHbXx gedexton (Pl). [loMuHUPYIOIIUMU U3 HUX SBIAIOTCS BAKAHCHI +
noHop (atom dochopa) VP, Bakancus + akuenrtop (atom 6opa) VB, Bakaucus + ¢GoOHOBBIE
npumecu (kuciaopon u yriepon) VO m VG, muBakancusa V2, a Takxke MYJIbTUKOMJIEKCHBIE
toueynste P/l tuma VmOn (m, n =1, 2, 3, ...) u 1.1., xKotopsie po 600 °C omnpezmensior
¢br3nyeckue CBONCTBA OOIyIeHHbBIX KpucTawios [1 — 3].

[Tpu o6rydyeHHMM KPUCTAIIOB KpeMHUsS dYacTULAMU BbBICOKUX dSHepruii (£> 10 MaB)
BO3HUKAIOT CJIOXKHBIE CTPYKTypHBIE IIOBpeXZAEHHH, T.H. pasynopamodeHHsle obimactu (PO),
KOTOpBIe COTJIIAaCHO Mogenu l'ocuka [4], ABIAI0TCA HEIPO3PAYHbIMH JJITI OCHOBHBIX HOCUTEJIEH
TOKa (DU3JIeKTpUYeCKHe BKJIIOYEeHH). B oTMX KpucTa/ulax B 06yacTy GOHOHHOTO PaCCEeSHUS
HaboaeTca yMeHblIeHre 3(pPeKTUBHOTO 3HAYeHUA ITOABIDKHOCTH OCHOBHBIX HOCHUTEJIEH TOKa
Meff 32 CYET yMeHblLIeHUs (pakTudeckoro oovema obpasua [5]. Jlokansusie PO omkurarorcs B
nnrepBase 200 —260 °C. Ilpu Gonpmux no3ax oOIydeHUs, KOIZa B KpHUCTale OOpasyloTcs
amMopdHBbIe CJIOH, CTPYKTypa KpeMHUs BoccTaHaBauBaercs mpu 570 °C [6].

B o6pasmnax n-Si, 06y4eHHBIX IpOTOHaMH C sHeprueir 25 MbaB, B obmactu doHOHHOTO
paccesHHUA HAOJIIOZAETCSA pe3Koe yBeIudeHUe 3HAYEHUS et DJIeKTPOHOB [7, 8]. Takue BrICOKHE
3HAYeHUs IIOABIDKHOCTU IIOJy4aeMble B XOJUIOBCKUX ODKCIEPUMEHTAaX, SABJIAETCS IIPU3HAKOM
o6pa3oBaHUA B 00pasiie OTHOCHUTETHHO BBICOKOIIPOBOAAIIVX (METATMYECKUX) BKIIOUEHUI C
OMUYECKUM IIepex0/loM Ha TPaHMUIle pasfiesia C MaTpuleil noxynposogauka [9]. Ilo-sugumomy,
TAKUMH BKJIIOUEHUAMHU ABIAIOTCA CKOIUIEHMS MEXY3eJIbHBIX aTOMOB, KOTOphIe 00pasyloTcsa B
KPUCTaJIAX KpeMHUSA IIPU O0IyYeHUY JIeTKUMU NOHAMHU U TepMoo6paborkax [10, 11].

B pab6ore [7] B xpucra/urax n-Si, 06ry4eHHBIX poTOHaMu ¢ dHeprueit 25 MasB mocie
omxura npu 90 °C u ecrectBennoro crapenus npu 300 K B Teuwenue 30 cyTok, Habmomaercs
pe3Koe yMeHBIIeHUe [eft. ][I0 MHeHUIO aBTopa [7], 9TO CBA3aHO DKPAaHUPOBAaHHEM CKOILIEHUI
Me>Xy3eJbHBIX aTOMOB OTPHIATEIBHO 3apsUKeHHBIMH BropuyHbiMu PJI, kKoTOpble 06pasyrorcs
BOKPYT 9THX BKJIIOYEHUH B IIPOIlecCe CTapeHUsA 00y9eHHOTO KpUCTaJLIa.

Llenplo maHHO# pabOTHI ABIAETCA C UCIOIB30BAHMEM METOLOB XOJIIa U M30XPOHHOTO
omxwura (VMO) Beracuuts: 1) Kakue medeKThI SBISIOTCA UICTOYHIKOM HEPaBHOBECHBIX BAKAHCUU B
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mporiecce MO; 2) xakoro tuma PJI ob6pasyiorca Ipum BCTyIJIeHHII STHUX BaKaHCHHM B
KBa3sUXMMUUYECKYIO PeaKIMIO C IPUMEeCHBIMU aTOMaMH BOKPYT MeTa/UIMYeCKHUX BKIIOYeHHit; 3)
Kakue u3 P/l oTBeTCTBeHHEI 33 9KpaHMPOBaHHE METAIMYECKUX BKIIOUYEHUU M COOTBETCTBEHHO
33 YMeHBIIEHHEM [leff; 4) 3aBUCHMOCTb PaZilyCca MeTa/UIMYeCKUX BKIIOYEHHH OT TeMIepaTypsl
MO u ompeneuTs TeMIepaTypy IIOJHOTO OTXKUTA STHX BKIIOYEHHUH.

2. DKCIepUMEHT

beimm  mccimemoBaHBI  M3MeHeHHMA — XapakTepa — TeMIEPAaTypHBIX  3aBHCHMOCTeit
KOHIIeHTpanuil /Vu M XOJIJIOBCKON IOJABIKHOCTH UH 3JIEKTPOHOB B OOJy4eHHBIX KPHCTAJIAX
kpeMHusA, nogseprmuxca nponeccy MO mpu pasnmuunasix Temmeparypax 7am. Mccmemyemsie
ob6pazupl ¢ pasmepamu 1 x3 X 10mMm, mpencraBaanu cob0ff  MOHOKpHMCTa/LIBI  N-Si,
neruposaHHsble pochopom P mo xonmentpamun Nre =6 - 103 cm3. Mx ob6ryvanu mpoToHaMHu C
sHeprueit 25 MaB mpu 300 K. [losa obrywenms — 8-102 cm? O6rydeHHbIe KPUCTAJLIBI
nogsepranuck MO B unrepBame 80-600°C marom 10°C. Bpemsa BblZep:kku IIpu
¢ukcupoBanHoit Temmeparype — 10 wmumu. Ilocnme kaxpgoro mukiaa MO rtemmepartypHble
3aBHCHMOCTHU XOJUIOBCKOM IOJBIDKHOCTH UH U KOHIIEHTpPAUUil /VH 3JI€KTPOHOB OBUIM CHATHI OT
TOYKH KHUIIEHHWA a30Ta BIUIOTh JO KOMHATHOH TemmepaTypsl. OMHYecKHe KOHTAKTBI JIf
M3MepeHUs CO3[aBaJIUCh ITyTeM BTHPAHUS ATIOMHHUSA B IIOBEPXHOCTH HCCIELyeMOro oOpasia.
OHEpPrUu WOHU3AIUU YpOBHeH medekToB £i OIpeneaTnuch IO HAKIOHY 3aBUCHMOCTEMH
Nu=£(1000/ T') Konuenrpauuu paznnusasix P/l mocie xaxgoro nukia MO Beraucasiucs c
IIOMOIIBI0 cTymeH4aTsix 3aBucumocteit Nu=£(1000/ 7)) u N=£(1000/ 7amn) B uHTEpBan
77 -300K u 80 - 600 °C, coorBercTBeHHO. Temmeparypa oOpasiia B MHTepBaje TeMIIepaTyp
77 — 300 K xoHTpO/IIMpOBasach MeAp—KOHCTAHTAaHOBOM TepMoImapoii, a B uHTepBane 80 — 600 °C
— xpoMesb—aioMesteBoii. [lorpeurnocts u3mMepenus sTux BenuduH He npessimana 10 %.

3. Pe3ypTaThl MCCIeZOBaHUI U X OGCYXIeHHe

Ha puc.1 mnpexncrasmensr 3aBucumoct Nu=£f(1000/ 7) B HMCXOZHOM KpHCTaIe
(xpuBas 1), mocie o6nydyeHus mnpoToHaMu C dSHeprueil 25 MsB wuHTerpasbHBIM ITOTOKOM
8 - 102 cm? (kpuBas 2), a TaK)Ke IIOCIE OTXKUTOB B MHTepBase 7an = 80 — 600 °C (xpuBsie 3 — 11).
Kpusste 2 -4 Ha pumc.1 COOTBETCTBYIOT HCTOLIEHHBIX AKIENTOPHBIX II€EHTPOB C DHepruei
nevonusanuit Ec—0.38 5B, T.e. guBakaHCcuAM. DTO O3HAYaeT, YTO BCe CBOOOAHBIE 3IEKTPOHBI
3axBaueHbI E-lleHTpaMu, AUBaKaHCUAMH U HeM3BeCTHBIMU JedekramMu ¢ ypoBHamMu Ec—0.54 u
Ec—0.57 3B, a A-11eHTpBI HAXOAATCA B HEHTPAJIBbHOM COCTOSIHUU U OIIpeZieTUTh KOHIIEHTPALIIO
oTUX IeHTpoB Na mo kpuBsIM /Nu = f(1000/ 7") HeBo3aMoxHO. [Iocie omxura ompezenreHHOM
gactu E-ueHTpoB (7amm 2100 °C) A-IieHTpHI 3apsKAlOTCI U IOSBISETCA BO3MOXXHOCTH
IIpOCIeoUTh 32 U3MeHeHNeM UX KOoHIleHTpalrei B mpomecce MO.

Kak BuzmHO u3 puc. 2, cpasy nocjue o6IydeHus B UCCIeLyeMbIX KPUCTAJUIAX HAOTIOAaeTCsI
yBeJIM4YeHHe IOJABIKHOCTH 31eKTpoHOB (kpuBaf 2). Ilocme omxura mpu 80 °C xosmoBckas
IIO/IBIDKHOCTD DJIEKTPOHOB HE3HAYHTENBHO yMeHbIIaeTcs (puc.2, KpuBadf 3) U ONIATH PacTeT
nocie omkura npu 90 °C (puc. 2, kpusas 4). Omxur xe npu 110 °C npuBoAUT K MOABIEHUIO Ha
KpuBo#l wu(7) MHHHUMyMa, B KOTOpPOM 3HAau€HUEe AH CHIDKEHO IIOYTH Ha IIOPANOK IIO
CPaBHEHUIO HCXOJHOTO 3HA4eHUA /1 (PUC. 2, KpuBad 5).
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Pucynoxk 1. 3aBUCHMOCTD KOHIIEHTPAIIUH 3IEKTPOHOB OT TEMIIEPATYPHI B 00Ty IeHHBIX
Kpucramwiax n-Si: 1 — 1o o6rydenus, 2 — mocje o6ydeHus, IOCIe OTXKUTOB IIPU TEMIIEPAType

3-80,4-90,5-110,6-120,7 - 150, 8 — 290, 9 — 300, 10 - 350, 11 — 400, 12 — 600 °C.
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Pucynox 2. 3aBuCHMOCTB XOJUIOBCKOI IOJIBMXKHOCTHU 3JIEKTPOHOB OT TeMITepaTyPhI
B 00JIy4eHHBIX KpUCTA/UIax n-Si: 1 — mo o6xyuenus, 2 — mociie o6IydeHus, Iocye
orxuroB nmpuremneparype 3 — 80, 4 — 90,5 - 110, 6 — 120, 7 — 290, 8 — 350, 9 — 400 °C.
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VYBennueHune uu cpasdy mocie oOIydeHHs IpoTOHaMu ¢ dHeprueil 25 MaB B paborax
[7,8] oOmsacHseTcs oOpa3oBaHMEeM B O0BeMe KPHCTA/UIa METAINYEeCKUX BKJIIOYEHUH C
OMHUYeCKHM IIepexoZioM ¢ MaTpuneid. TakuMu BKIIOYEHMAMM SBIAIOTCA CKOIUIEHHA
MeXXy3eJbHBIX aToMOB. IloZmo6GHO AMCIOKaUMAM OHM B KPHUCTA/UIE CO3JAIOT YIPyroe
HaIlpsDKeHWe M TeM CaMUM YMeHBHIAIOT 7ann BAaKAaHCHOHHHBIX JedeKToB, HaIpuMep,
terpaBakaHcuii — V4 [3]. IIpu Tamn = 110 °C omxuraeTcs sHaunTeIbHASA YaCTh E-11eHTPOB.

HepaBHOBecHBIE BakaHCHH, HPOAYKTHL pacmaza Vs m E-neHTpoB ycTpeMmifioTcs K
CKOIUIEHUAM MEX/yy3eJIbHbIX aTOMOB U BCTYIAIOT KBa3UXUMUYECKYIO PeaKIIUIO C IPUMECHBIMU
atomamu. Ha mauvanpnsix craguax VO E-1eHTpOB BOKPYT CKOIIEHWHM MeEXXY3eJIbHBIX aTOMOB
kpome P/l ¢ BBICOKOH TepMOCTaOMIBHOCTBIO (HampuMep, A-IIeHTPOB) 0OPa3yIoTCSA TaKKe CaMu
E-nenTpsr. B pesyibraTe, BOKpPYr BKJIIOUEHHM OOpasyeTcs HeNpO3payHas IJIg 3JIeKTPOHOB
IIPOBOAMMOCTH OTPUIIATEIBHO 3apsDKeHHas o6osouka u3 BropuuHsix P/l (A-, E-uentps:, V2 u
T.ZI.), 9YTO BBI3BIBAET HAOIIOaeMoOe yMeHblIeHue yH rmocite orxura mpu 110 °C (puc. 2, xpusa# 5).

Crnemyer oTMeruTh, 4YTO A-IIEHTPBI, KOTOpble OOpa3ylOTCI BOKPYT CKOILUIEHUH
MeXXy3eJIbHBIX aTOMOB, B obsactu MuHuMyMa npu 180 K He 3apsxeHBI M He MOTYT BBI3BIBATh
yMeHblleHrWe mozaBwkHOcTH. (OOpa3oBaHMe [JUBAKAHCHUII U3 OFZHOUMEHHO 3apsDKeHHBIX
MOHOBAaKaHCHUU MaJOBEPOATHO. TakumM 00pasoM, 3a yMeHbIIEHHEeM IIOJABIDKHOCTH B 00JacTH
180 K otBercTBenHB! E-11eHTpHI, KOTOpBle Ipu 3TO# TeMmeparype obpasyiorcs 3¢ deKTHBHee
npyrux P/l mo peakuuii: P + V=E - 2e.

HcrouyHnKOoM HepaBHOBeCHBIX BakaHcHi B mpouecce MO mo-BuguMoMy ABIAIOTCSA TaKxKe
PO BakaHCHMOHHOrO THIA, KOTOpPBlE HECOMHEHHO INPUCYTCTBYIOT B OOJYYEHHBIX IIPOTOHAMU
Kpuctasulax KpemHus. M3BectHo [7], 4YTO OHM WrpaioT OOJBIIYyI0 poib B (OPMUPOBAHUU
HEIIPO3PaYHBIX JJIA 3JIeKTPOHOB IIPOBOJUMOCTH 000I0YeK BOKPYT META/UIMYeCKUX BKIIOYEHUIH.
Kaxk usBectso [12], crenens 3amonHeHus I1y0OKUX IeHTPOB £ B aTMochepe BOKPYT CKOIIEHUI
MeXy3eJIbHBIX aTOMOB CTPEMHUTCS K eJWHHIEe, IpPUYeM OHEPrus B3aUMOJEHWCTBUA MOXET
Jocturath BeauduHsl £~ fFEo, toe Fo=e?/ ed~ 0.5 3B pna xpemHUA, e — 3aps], 3JI€KTPOHA, & —
IU3JIeKTpUYecKas IIOCTOAHHAA, d — PAaCCTOSHUE MEXIY AedeKTaMU.

ITocnre TepmooOpaboTku mpu 7Tam=110°C Kak yke OTMEYaNoCh OTXKUTAETCI
3HAYMTeTbHAA 4acTh E-1IeHTPOB ¢ KOoHIeHTpaunueii A/NVe, a KOHLIEHTpPalus BbICBOOOJVBIIMXCS
JJIEKTPOHOB ¥ 3apsKeHHBIX A-1leHTpoB Oyzer paBHO 2 ANe. Hcromenwuio A-ueHTpoB
COOTBETCTByeT HeMOHOTOHHAs KpuBasd 2 Ha puc. 2.

ODJIEKTPOCTATHYeCKOe B3aUMOJEHCTBYE MeX Iy OTPHUIATEIbHO 3apsKeHHBIMU AedeKkTamMu
MIPUBOAUT K M3MEeHeHUIO sHepruii geitonusauuit meHtpos. [lo-Bupzumomy, xorza £20.17 oB,
3JIEKTPOHBI C YPOBHS, COOTBETCTBYIOIEro A-IleHTpaM, B 30HY IPOBOJUMOCTH IEPEXOIAT IIPU
6oJlee HU3KUX TeMIIepaTypax, 4eM oOBIYHO (puc. 1, kpuBas 5).

ITonnas xonuentpauus A-meHTpoB Na=2.5-10"% cm3 (puc. 1, kpusas 7). YBenudeHue
Na pgo 3-10Bcm? (puc.1l, xpuBas8) mocie omxura OOGJIy4eHHBIX KPUCTALUIOB N-Si mpu
Tann =290 °C, cBs3aHO [JooGpasoBaHMeM A-IIeHTPOB IIPU OTXKUTE AWBAKAHCUU B HHTepBase
temneparyp 225 —-290 °C. Ilpu 7ann =300 °C HaumHaerca orTxur camux A-ueHTpoB [13] m
IIOJIHOCTBIO OTXKUTaeTCsA IpH 7 ann = 400 ° (puc. 1, xpusas 11).

B cuny 5eKTpoCTaTHYeCKOrO B3aUMOAEHCTBUS B 30HY IIPOBOZUMOCTH DJIEKTPOHBI
IIepPexXoAAT He TOJIBKO U3 A-IIeHTPOB, HO U3 OoJlee TTyOOKHX YpoBHell. B 30Hy mpoBomumocTu
3JIEKTPOHBI ITepexoaaT Takxke u3 1eHTpoB CiCs, ¢ aHeprueit nonusauuit £c—0.16 3B [14, 15]. B
pesyJbTaTe yroJ HaKJIOHAa KPUBOM 5 Ha pHC. 2 yBeIuWdyMBaeTCsd, a KOHIEHTpPAIUA 3JIeKTPOHOB
npu Temieparype 200 K mocturaer makcumyma — Nu=9-107 cm?3. Ilocne memonumsanmit
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A-TIeHTPOB ~ yYMEHBINAIOTCA  CHJIBI  3JIEKTPOCTaTUYECKOTO  B3aUMOJEHCTBUA  MEXIY
pazuanuoHHbBIMU gedektamu. IIpu 250 K smexTpoHB! 30HBI IPOBOAMMOCTH 3aXBaTBIBAIOTCS
rIyOOKMMH IleHTpaMH. B 30He IIPOBOAMMOCTU OCTAaIOTCSA 3JIEKTPOHBI C KOHIlEHTpaluei
Nu=4-102cm3, 9TO COOTBETCTBYeT 3apssKeHHBIM A-IleHTpaM IIpU OTXure E-1IieHTpoB B
obmactu  7am=110°C. Ilpu panpHeiileM yBeJIMYEHUM TEMIEPAaTyphl U3MEPeHUA
KOHIIEHTpAIuA 3JIeKTPOHOB MOHOTOHHO BO3pacTraeT. KoHIeHTpaIusa 571eKTPOHOB B OTCYTCTBUU
CHJI DJIEeKTPOCTaTUYECKOTO B3aUMOAEHCTBHA M3MeHMJICI OBl TaK, KaK B3TO IIPOBEJEHO
ITyHKTUPHO JIMHUEH Ha PUC. 2 (HAKJIOH KPUBOH 2 COOTBETCTBYeT UCTOIEHUIO A-I[€HTPOB).

B mpoumecce MO mpm Tann =120 °C omxuraercs IOYTH OFHA TpeTh E-IeHTPOB, a
KOHIIeHTpallisi BHOBb 00pasoBaBWIMXCA E-IleHTpOB HUYTOXXKHO Mana. CoOTBETCTBEHHO
yMeHBIIAeTCA JHEpPrus  3JIeKTPOCTaTUYECKOTO B3aHMMOJEHCTBHA MeXZY OTPHIATeIbHO
3apsoKeHHBIMU JedexTamu u Kpuas 3aBucuMocTy Nu = £(1000/ 7)) MOHOTOHHO BO3pacTaeT OT
TOYKM KUIIEHUS a30Ta BIJIOTh ZO KOMHATHOH TeMItepaTypsl. XapakTep U3MeHeHUs 3aBUCUMOCTH
Nu=£(1000/ T') He MeHseTcS IOCIe OTXHUTra IpU Oojee BBICOKUX TeMIIepaTypax (BILIOTH O
Tann = 600 °C).

ITpu srom mocme orxura E-meHTpoB B gedeKTHO-IpUMeCHOH armocdepe BOKPYT
MeTa/THYeCKUX BKJIIOUYEeHUH yMeHBIIaeTCsA CTeTleHb SKPaHMPOBAaHUA CKOIIEHUN MeXKy3elTbHBIX
aTOMOB, UTO IPUBOZUT K yBEeJIUYEHHIO 3HaUeHU (H (pUC. 2, KpuBad 6).

Hab6miomaemMas ocumIiAnysa BeIUYUHBI XOJUIOBCKOH ITOABIDKHOCTU DJIEKTPOHOB MOXKHO
OOBACHUTH U3MEHEHHeM CTelleHM OKPAaHUPOBAHUA CKOIUIEHWH MeXXy3eJbHBIX aTOMOB B
npouecce MO. Ilpu MO u3MeHAI0OTCA KOHLIEHTpAaLUA U 3apAfoBble cocTtoaHusa tex P/l, koTopsie
CIIOCOOHBI BO3ZeICTBOBaTh HAa CTeNleHM DSKPAaHMPOBAHHUA MeTAUIMYeCKUX BKIIOUeHHN U
COOTBETCTBEHHO Ha IOABILKHOCTh OCHOBHBIX HOCHUTe el TOKa B KpeMHUMU.

Omxur E-1leHTpOB yMeHBIIaeT COIPOTHUBIEHHE KPHUCTAJUIA, YTO II03BOJIAET IIPOBECTH
XOJIZIOBCKME M3MepeHMUsA BIJIOTh MO0 TOYKM KumeHus asora. lIpu rtemmeparype < 140K
IIOJIHOCTBIO 3apsDKAIOTCA A-IIEHTPBI, YTO HECOMHEHHO IIpUBEIEeT K YBEJIWYEHUIO CTelleHU
SKPaHUPOBAHUSA CKOIIEHUH MEeXY3€eJIbHBIX aTOMOB X COOTBETCTBEHHO K YMEHBIIEHUIO M/H, YTO U
HabmofmaeTcs B sKcuepuMeHTe (puc. 2, kxpussle 6,7). Ilocme omxura A-mentpos (350 °C)
yMeHblIeHYe Uu B o61actu 77 K He Habmomaercs (puc. 2, kpussle 8, 9).

ITocne omxura npu 7am =400 °C BoccTaHaBiuBaeTcs (M manbHeWNIeM He HU3MEHSIETCH)
XapaKTepHas /1 HeOOJy4eHHOTO KpHUCTalIJa TeMIIepaTypHas 3aBHCHUMOCTh XOJUIOBCKOM
IIO/IBYDKHOCTH DJIEKTPOHOB. Ilpu oTOi# TeMIlepaType OTXKWTra CKOILIEHHS MeXKy3eJIbHBIX aTOMOB
IIO-BUAVMOMY OKOHYATeJIbHO OTXKUTAIOTCA (pUC. 2, KpuBag 9).

IIo m3amenenuu mnoasmxHOCTH 3jekTpoHoB mpu 300 K Ham yzamocs mpociaeauTs 3a
M3MeHeHHeM painyca aTOMHBIX KiacTepos B mpoiecce VIO B o6ydeHHbIX KpucTasuiax n-Si. Kak
u3BeCTHO [8], pajiyC aTOMHBIX KJIacTepoB ompeessercs no gopmyne R=\ 3 £/ 4 & Ny, rue N:
— KOHIIeHTpaLMA aTOMHBIX KJIaCTepOB, KOTOpas II0 Halllell OlleHKe IpU 00Jy4eHUH KPHCTAJJIOB
n-Si mporoHamu ¢ dHeprueir 25 MsB gosoit 8.1-102cm?, pasHserca ~5-10Bcm3, f -
oOBeMHas  JOJMA  ATOMHBIX  KJIACTepOB, KOTOpasf  ompefendercai 1o  dopMmyie
Mett=un (1+3 1)/ (1 -61), rie pesr — XOJIOBCKAs ITOABIDKHOCTH DJIEKTPOHOB B OOJIyYEHHBIX
BBICOKODHEPreTHYeCKMMHU IIPOTOHAMH KPHUCTA/UIAX, a 4H — IO obsydeHut [9]. 3aBHUCHMOCTB
R (Tann) mokasana Ha puc. 3. OTMeTHM, YTO KOHIIEHTpauus 31eKTpoHOB nocie MO momHOCThIO
He BoccraHapiauBaercs. [lo-Bumumomy 3TO cBf3aHO oOpasoBaHueM riay6okux P/l B mpouecce
OXJIQXIeHUI KpucTaioB nocie omkura mpu 600 °C, kak 3To IPONCXOAUT NIPU TEPMOOOPaboTKe
Ie(OpMUPOBAaHHBIX 00Pa3IlOB KPEMHHUS C BBICOKOH IVIOTHOCTBIO AUCIOKamuii [12].
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Pucynoxk 3. 3aBucHMOCTb pafinyca HaHOPa3MepPHOTO aTOMHOTO KJIacTepa
OT TeMIIepaTypsl OT’KUTa B 00TyYeHHBIX IPOTOHAMYU KPUCTA/LIaX N-Si.

Ha ocHoBe mpoBefeHHBIX HCCIeOBaHUN B JAHHOW U paHee OIIyOJMKOBAaHHBIX paboTax
[7] u [8], MOXXHO TIpeAIIONOXUTH, YTO NPU OOJyYeHUU IIPOTOHaMu c dHeprueit 25 MsB B
Kpuctasulax n-Si obpasyioTcs HaHOpa3MepHble aToMHble Kiactepsl (R =80 HM), Koropsie
oTKuUraloTcsa nNpu 7ann = 400 °C. PapuycoM aTOMHBIX KJIaCTEPOB MOXHO YIIPaBJIATh U3MeHeHHEeM
sHepruu obaydeHus wmmu Temuneparypsl MO, a xoHmeHTpanueit /N: — mo30i 00Iy4eHU, T.K.
N: = Na 0+ P, roe Na — KOHIIeHTpaus aTOMOB Si, Or — cedeHre oOpa3oBaHusI CKoIteHuu, P —
no3a obsygenus [5]. B xpucramrax Si, moxydueHHBIX MeToZoM Y0XpasbCKOTO, KOHIIEHTPAIUS
aTOMOB KHCJIOpPOZa B KjacTepax OyzeT Oojblle, 4YeM B KPHUCTA/IaX, IOJYYEHHBIX 30HHOM
mraBkoi. K M3MeHeHUIO MpUMeCHOTo cOoCTaBa aTOMHOTO KJIACTepa MOTYT IIPUBECTH Pa3HBbIe, B
TOM YMCJIe JIETHPYIOLIYe IIPUMECH, OIpeZediolye TUIl IPOBOZUMOCTH 00pasla, HallpuMuep,
aToMsI ¢pocdopa mau 6opa.

C nmomoursio TepMOOOPabOTKY MOXKHO YIIPABIATH IPOBOJUMOCTBIO aTOMHBIX KJIACTEPOB.
Hampumuep, B nponecce MO mpu 7ann = 110 °C MeTannnyeckue BKIIOYEHUS NPeBpalalOTCA B
KBa3UAUDIEKTPUYECKUEe, U HA000POT, mocie omkura Ipu 7am = 120 °C, xBa3uausmeKTpudecKue
BKJIFOYEHM OILATH IIPEBPAIIAIOTCA MeTa/uIndecKue (puc. 2, Kpussle 5, 6).

Kak usBectHo [16], ecin HaHOpa3MepHble aTOMHBIE KJIACTEPHI COCTABIAIOT OCHOBHYIO
9acTh ITOJIyIIPOBOJHUKA, TO U3MEHEHHI UX Pa3MePOB U KOHIIEHTPAIIUH IPUBOJAT K U3MEHEHUIO
IIUPUHBI 3allpellleHHON 30HBI, YZEJBHOH IPOBOZVMOCTH, OJHEPrUU (QYyHAaMEHTAIBHBIX
ONTUYECKUX IIePeXO/0B U T.ZI. JTO II03BOJILET CKOHCTPYHPOBATh HOBBIX IIOJIYIPOBOJHUKOBBIX
MaTepHuajIoB, CBOMCTBA KOTOPHIX OTIMYAIOTCSA OT MCXOLHOTO MaTepHaJa.

Tak kak, KpeMHHIl sABIdeTcA  0a30BBIM  MaTepuUaJoM JJad  COBPEMEHHOI
IIOJIyIIPOBOJTHUKOBOH 3JIEKTPOHUKH, Pealn3alusd TaKUX BO3MOXKHOCTEH /IS HETO IpeJCTaBIseT
60Bp1II0I MHTEPeC U TpeOyeT AanbHeHIIero uCcieOBaHu.

4, 3axroyeHue

B paGore mokaszaHo, YTO NpH OGIydYeHNH IPOTOHAMU C dHepruei 25 MaB B kpucramrax
n-Si TpeMMyLIeCTBeHHO O00pasyloTCAd OTHOCHUTENBHO BBICOKOIIPOBOZAIIME BKJIIOUYEHUSI C
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OMUYECKHM IIepeXO/OM Ha TPaHHIE pasfieia ¢ MaTpUIlel ITOJyIPOBOJHUKA, YeM OOBACHAETC
HabyoaeMoe  yBeIWdYeHHWe IIOABIDKHOCTH 3JIEKTPOHOB uH. TaKMMH BKIIOYEHUSAMH IIO-
BUZUMOMY SBIAIOTCA CKOILIEHUA MEXY3€JIbHBIX aTOMOB, KOTOpbIe IIOJJ0OHO AMCIOKALMAM B
KpUCTaJIe CO3JaI0T yIpyrue HampsskeHusa. B mpomecce MO mpoaykTsl mucconuanuu
BakaHCHOHHBIX PJI — HepaBHOBeCHBIe BAKAaHCUU — YCTPEMIIAIOTCA K OSTUM BKJIIOUEHHUIM.
OmpepeneHHas 4YacTh BAaKaHCHII PEKOMOMHUPYET C MeXy3eJbHbIMH aToMaMu. OcCTajbHBIE
BCTyIlaf B KBA3UXUMUYECKYIO PEaKIUI0 C IPUMECHBIMU  aTOMaMU, BOKPYT CKOIIEHUH
Me>XXy3eJIbHBIX aTOMOB CO3/AI0T HEIIPO3PAauHYIO JJIA 3JIeKTPOHOB IIPOBOAMMOCTH OTPUIATEIHHO
3apsDKeHHYI0 0007104YKy u3 A-, E-IleHTpoB M Ipyrux akuentopoB (oOpa3oBaHMe IUBAaKaHCHMA
BOKPYT CKOIUIEHMH MeXXY3eJbHBIX aTOMOB II0 peakuuu V2 — V+ V' B mpouecce O — B cuy
3JIEKTPOCTATHYECKOTO OTTAJIKHBAHUA MeXJy OTPUIATENbHO 3apsKEeHHBIMH BaKaHCHUAMHU —
MaJIOBEPOATHO). DTUMU IIPOLIECCAMU OOBACHAETCS YMEHbIIeHUe OJBMXHOCTH 3JIEKTPOHOB A/H.
B mpomecce usmepenus B obnactu Bbicokux Temueparyp (200 —-300 K) za sxpanmpoBanue
MeTaJIIMYeCcKUX BKIIoueHUU orBercTBeHHHI E-meHTpsl; Hike 200 K xpome E-meHTpoB Takxke
3apsoKeHHBle  A-IIeHTpBI; Iocle OTkura E-neHTpoB, Tombko A-meHTpsl. CKoIleHUs
MeXXy3eJIbHBIX aTOMOB OKOHYATEJIBbHO OTXKUTAIOTCA IPU 7 ann = 400 °C.

Kaxk usBectHO, Bce ocHoBHbIe BropuuHslie P/l (E-menTps!, gukancuu u A-mentps) u PO
BaKaHCHOHHOTO THIA B N-Si omxkuraiorcs npu 7anm < 400 °C. B ob6pasmax n-Si, 061yueHHBIX IpH
Tir < 400 °C, sTH medexTsr He 00pa3yloTcs MWIM OOpPa3yIOTCI B OYeHb MaJOM KOJMdYecTBe. B
OGJIy4eHHBIX STHX YCJIOBUAX OOpasiax n-Si, MO-BUAMMOMY, IPEHMMYILIECTBEHHO O0pasyloTcsa
TOJIBKO HAHOpa3MepHbIe AaTOMHBIE KIaCTEPHI.
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PET'YJIAPHBIE PEIIETKY U HUTU HAHOYACTHIL]
METAJIJIOB B TEOJIMTHBIX KAHAJIAX
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Tounucu, I'pysus
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ITpunara 1 mas 2012 roza

B mocnemHee BpeMsA B CBA3M C IIOMCKAaMU HOBBIX MAaTepPHAJOB /A TBEPAOTEIbHON
9JIEKTPOHUKM OBLTa CO3ZaHa M MCCIeZOBaHA Ileas Ipynna oOBEKTOB, KOTOpble OTJIMYAIOTCA OT
CBOMCTB MaCCHBHBIX TeJI 32 CUET YBeJIMYEeHHA POJIHM IOBEPXHOCTU. TakKuMU 0ObeKTaMH, B YaCTHOCTH,
ABJIAIOTCSA HeCMaYHBaIOIIMe KUJKHe MeTaJUIbl, BHepeHHbIe B IIOJI0CTH IeonuTtoB tuna NaX, NaA u
NaM. Leonurs: Tnna NaX u NaA mpezcTaBifioT co60i aTlOMUHOCHINKATH KaPKACHOM CTPYKTYPEI,
B KOTOPBIX B TPeX HAIIPaBIE€HUIX MMEIOTCA CTPOTO OZWHAKOBEIE U peryJIIpHbIe IIOJIOCTH, pa3Mephl
xoroperx 11.4-12.0 A. BBemeHme HeCMaUMBAOMINX XUIKOCTEH B KAHAIBI CTOJIb MaJIbIX pasMepoB
IOJDKHO TpeOOBaTh SHepruu Iopsnka Teror ucuapenus, T.e. 10 — 100 xxan / rmons. B mepecuere
Ha JIaBjieHue 9TO BeIuduHa nopszaka 5 — 50 k6ap, T.e. IpakTUYeCKH BeChMa peajbHasd.

BBeseHre XUAKUX META/UIOB B KaHAJIBI IIE€OTUTa MOXXHO HAGII0OJATh KakK II0 CKayKy oObeMa
CHCTeMBI I[e0JIUT—MeTaJUI, TaK U 110 CKaYKy IIPOBOAMMOCTH I[€OJIUTHOM IIPeCCOBKY, HAaXOAAlLIeCcs B
KOHTaKTe C XXUIKuM MeTtayioM [1 —4]. IIpu xpuTudyeckoM IaBleHUHN XUAKYWE METaJJIbl IIPOHUKAIOT
B IIOJIOCTH II€OJIUTOB M OOPa3yIOT peryJApHble PelleTKH, IIOBTOPSAIOIIYe KOHPUTYPaLHIo KaHAJIOB U
IIOJIOCTeH IIe0TUTHOM MAaTpHUII — B cirydae Ieonuta NaA KyOuueckyio, a B caydae meoaura NaX —
CTPYKTYypy Tuma anmasza. OmeHKH CKayKa 0ObeMa ITOKa3bIBAIOT, YTO B KAXKAOH IIOJOCTU HAXOAUTCS
15 —-20 aromoB. B pesynbrare 3amosHEHUS XUAKUM METAJ/UIOM IIOJIOCTEH II€OJTHTHOM MaTpPHUIIBI
KPHUCTAJIBl II€OJUTAa, KapKac KOTOPOTO SABJAETCA XOPOIIMM [JUSJIeKTPUKOM THIIA KBapla,
mpuoOperaeT MeTaJIMYeCKyI0 IIPOBOJUMOCTh, YTO YyKasplBaeT Ha JOCTaTOYHO CHJIBHOE
B3aMMOZEHCTBHE MeXIy kiacrepamu. V3ydeHue TeMIepaTypHOH 3aBUCHMOCTH TaJUIUSI U PTYTH B
meoauTax mokasana, uyro Ha 80 — 100 ° HibKe TOYeK IIaBI€HMSI MACCHBHOTO METAJI/Ia IO JaBIeHUEeM
HaOJIIOJAIOTCA CKAYKKU IIPOBOJUMOCTH, KOTOpble MOXXHO IIPUIIMCATh OTBEPEBAHUIO U IIABIEHUIO
IIeOJINTHOTO MeTasuta. Ecam CHATH BHeNHee JaBjIeHHe, IIPOBOZUMOCTS ucde3aeT. IIpu sTom dacTs
MeTayla yXOOUT W3 Iojocreii. /laHHBIe IO IUIOTHOCTH CBUZETENBCTBYIOT, YTO YHCJIO aTOMOB B
nostoctu coxpamaercs 1o 10 — 15, uro, mo-BuAMMOMY, IPUBOSUT K OCTA0JI€HUIO B3aMMOZEHCTBUA
MeX/y KJIacTepaMU U MCYe3HOBEHUIO META/UTMYeCKOTO COCTOSHUA. PeHTTeHOBCKMI aHAIM3 IOKas3aJ,
YTO B KapKace IIe0JIMTa BO3HUKAIOT HAIPSKEeHHA, KOTOpble MCYe3al0T, eCIU MeTaUl M3 IIOJIOCTH
ymanuth. CTpyKTypa II€OJWTa COXpaHAeTCs, HO HAOMIOJAaTh KalelbHBIE pEelIeTKH He YAaIoCh.
OpHako M B TaKOH [AMDJIEKTPUYECKOH CHCTeMe KJIacTepoB, 3aUKCHPOBAHHOM B IIPOCTPAHCTBE
IIOJIOCTMM KapKaca IeOJIMTOB, HAOIIONAIOTCA OCTPhle NHKKM TEIIOEMKOCTH IIPH TeMIepaTypax,
COOTBETCTBYIONIUX IIABJIEHUIO LIEOTUTHOTO MeTasuta. [lo Mepe yMeHBIIeHNS cOmep:KaHUA MeTasla
STOT MK 3aKOHOMEPHO YMEHBIIAeTCsS II0 BeJIMYMHEe U CABUTAETCSA B HU3KOTEMIIEPaTypHYIO 00JIacTh,
YTO YyKa3bIBaeT HAa PAaBHOMEPHOCTb pacIlpefieleHHs MeTa/Ia B IIOJOCTAX IIeOTHTa. B Touke
IJIaBJIEHUS Pe3KO M3MEeHAeTCS TAaKKe MAarHUTHAs IIPOHUIAEMOCTh [JUITEKTPUYECKOH CUCTEeMBI
MeTa/UTH9ecKuX KiaactepoB [5]. B wactHOCTH, B Ki1actepax Hgis, MarHUTHBIM 1osteM cBblime 25 KO B
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Regular gratings and threads of metal nanoparticles in zeolite channels.

TOYKe IJIABJIEHUS BO30Y)K/JaeTCcss HOBOe CHMJIBPHO HaMarHWMYeHHOEe COCTOSHUeE, YTO YKa3bIBaeT Ha TO,
YTO KJIacTephl MOXXHO pPacCMaTpUBAaTh KaK KBA3sMATOMBI, 3aIllOJIHEHHE YPOBHEH KOTOPBIX
OCYIIECTBJIIETCA B COOTBETCTBUU CO CIIEKTPOCKOIIMYECKUMH ITPABUIAMHU.

Crexmyer OTMETHUTD, YTO PACIIONIOKEHHE aTOMOB MeTalIa B chepHUYeCcKOH IIOJOCTH LIe0JIUTOB
CYIIEeCTBEHHO OTJIMYAeTCS OT MX PACIIOJOXeHUA B KpUCTaImdecKoM MaccuBe. OmHAKO, pe3KOCTbh
IIepex0Ji0B B TOYKAX IUIABJIEHHUSA M OTBEpJeBaHUA YKa3blBaeT HA TO, YTO BO BCEX IOJIOCTAX YHCJIO
aTOMOB B KJacTepe, a TaKXKe MX KOHQUIypanusi OJMHAKOBA U OIpeZensercsi CTPOTOH
OJMHAKOBOCTBIO IOJIOCTeH meonuTa. OgHAKO, He SCHO, B YeM COCTOUT IIIaBJIeHHEe TaKUX Kallelb —
KJIaCTepOB, GUKCUPOBAHHBIX B ITOJIOCTAX MAaTPUIIBI, X KaK 5TO OTPAXKAETCA Ha IIPOBOAMMOCTH.

W3BectHO, 4TO (a30BEIil Ilepexof B OTAeNBHOM Kiacrepe, cocroameM u3 10 -20 aromos
MeTayia, JOJDKeH OBITh CHJIBHO pPasMBIT (UIYKTyaUMIMHU. OKCIEPUMEHTATbHO OOHAapy>KEHHbIe
Gda3oBble Iepexonbl HOCAT PE3KUM XapakTep, M MOXHO YTBEpXJaTh, 4YTO (IYKTyal[IOHHOE
yIIupeHUe, eCTeCTBEHHOe I MajblX YacCTHIl, B JAaHHOM CJIydae IIOJABJIE€HO B3aWMOJeHCTBHEM
KJIACTEpPOB JIPYT C IPYroM JIHOO HEIOCPeACTBEHHO (KIacTepHble MeTaylIsl Ipu P > Pip), 160 uepes
OUIeKTPUYECKyI0 MaTpully (KJIacTepHble IUIIEKTPUKU NpU P < Pp) M BBICOKOH CTEIeHBIO
ynopsajgodeHus cucreMmsl. [IposBieHne KOJUIEKTMBHBIX CBOMCTB B Ipolecce (asoBOTO Ilepexoja
yKa3pIBaeT Ha TO, YTO MeTa/UI B LIEOJIMTe MOXKHO PacCMAaTpPUBATh, KaK KPUCTAJLI, OOpa3OBaHHBIH
IU3IeKTPUYECKON MaTpuiei meonurta. Jucio kmactepoB B kKpuctamrte 5 - 102 cm3, mepuopn u
IIPaBWJIBHOCTD €T0 PeLIeTKU ONpeZessioTCsa AUIeKTpUdecKoil MaTpunieii. [losTroMy B 3aBUCHMOCTH
OT HANOJHUTENII W THUIA HCIOJIB30BAHHOTO IIEOJTHTA, KAaK AMIIEKTPUYECKOH MAaTPUIIBI, MOXHO
IIOJIyYUTh pa3Hble II0 CBOICTBY TpeXMepHble CBepXpeIleTKX — KJIACTepHble MeTaJUIbl WIIU
IU3IeKTPUKY Ha OCHOBE BEIIECTB B YIBTPAMENIKOSUCIEPCHOM COCTOSHUU.

[ns co3maHmsA OJHOMEPHBIX METAIIMYECKUX HHUTeH IIyTeM BAABIMBAHUA MeTalla B
TUIeKTPUYECKYI0 MaTPUILY UeaIbHbIM SABJIAIOTCA CTPYKTYPHI TUIIA MOPAEHHUTA, B KOTOPBIX KaHAJIBI
MMEIOT pa3Mepsl, [ONYyCKAalolie IIPOHMKHOBEHHWE MeTa/yIla B BHJE OFHOATOMHBIX IeIlOYek,
PAaCIIOIOTAIOIIUXCA JOCTATOYHO OJIM3KO APYT K APYTY TaK, YTOOBI MEXy HIMH MOTIJIO CyLIeCTBOBATh
B3amMogelicTBHe. B Takumx cucTeMax B3aMMOJEHCTBHE AaTOMOB MeTa/yla C JAUDJIEeKTPUYECKOH
MaTpuleil OyZeT, BepOATHO, NOCTATOYHO CIabbIM, obecreynBas TpeOyeMylo KBa3HOLHOMEPHOCTS.
Ponp ¢pusuyeckoro KOHTaKTa ¢ MaTpUIleil CBOAUTCA JIUIID K CTAOMIN3AINY METAITINIECKUX HUTEH B
npocrpaHcTBe. CuHTeTmyeckuil meoaut Na—mopzaenut (NaM) mo cBoeii CTPyKType COOTBETCTBYET
5TUM TpeOOBaHUAM. B ero xapkace OTCYTCTBYIOT IIYCTOTHI «OOJIBIINX» AUAMETPOB, MMEIOTCSA JIUIIb
ITepeceKaromiecs KaHampl guamerpoM 6.6 u 2.8 A. TloaToMy S5TOT IEOTMT MOXHO CUHTAaTh
06IaAIONIM TIPAKTUYECKU OFZHOMEPHOM cucTeMOM KaHanoB. ONBIT IOKa3ajJ, 4TO KPUTHUYECKUE
IaBJIeHUs, TIPU KOTOPHIX IIPOMCXOAUT IPOHUMKHOBEHUE METAJJIOB PTYTH M BHUCMYTa B KaHAJIBI
neonura NaM, coorBercTBeHHO paBHBI 29 u 20 K6ap, BeIWYMHBI CKadyKa 00beMa COOTBETCTBEHHO
paBusI 3.6 1 6.0 %. ITocte CHATHA BHeIIHeTrO JaBJIeHUA PTYTh, BBeJleHHAsA B KaHaJbI meoauTta NaM,
IIO-BUAMMOMY, IIOJHOCTBIO BBITEKAeT HApY)Xy, Ha YTO YKa3bIBaeT M3MepeHMe IIOTHOCTU IAHHBIX
MaTepHaoB.
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1. Introduction

We observe the phenomenon of friction, or frictional resistance, in multitude of
natural and mechanical systems, ranging, e.g. from earthquake faults to micro-
electromechanical devices wherever two surfaces move against each other. Being always in the
focus of scientific interest since the work of Amonton and Coulomb, significant advances have
been made in the understanding of the mechanisms of friction especially in the last decades.
It was established that friction could not be considered as an intrinsic material property and
that depending on internal and external conditions (e.g. sliding rate, cumulative slip, roughness
and other features of contact area, contact time, normal stress, spring stiffness, presence of
gouge, fluids, environmental conditions, etc.) different static and dynamic regimes in frictional
system may occur [1 —8]. At the same time there are still many unanswered questions. These
questions mostly are addressed to the statistical and dynamical aspects of behavior of frictional
systems in general, as well as to its dependence on sliding conditions and properties of
contacting materials.

From experimental studies of frictional movement between rock surfaces it is known
that when the static friction resistance is overcome, two main modes of sliding regime can be
observed. In the first mode, depending on system’s conditions (such as velocity of movement,
roughness, contact time of surfaces, stiffness, etc.) the two surfaces may slip steadily at a
relative velocity equal to the load point velocity [9 — 11]. This sliding mode was referred as a
stable sliding in the past [9, 12] or steady-state sliding [13 — 16] in more recent terminology, and
it is considered as an analog of fault creep in geophysics. Change of one or several
characteristics of system’s conditions will result in the appearance of the second mode, when
the frictional surfaces suddenly slip, lock and then slip again in a repetitive manner. This cyclic
unstable transition from the static friction to kinetic one is known as a stick-slip. In geophysics
this stick-slip movement mode is considered as a proxy of the earthquake occurrence along a
preexisting crustal fault [17, 18 — 21].

In opposite to the stable sliding, at stick-slip movement the sliding velocity on the
surface can be significantly higher or lower than the velocity of load point; in other words, the
dynamics of load point and moving object is different. This means that stick-slip inherently
comprises multitude of different dynamical regimes. Moreover, it is clear that the lower is the
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velocity of load point (i.e. the force applied to a driving object increases slowly), the more
complicated will be the observed movement regime(s). This is why the low velocity regime
often is characterized as an “irregular” and “chaotic” stick-slip motion.

Thus being abundant in different systems ranging from seismology, basal ice flow and
biology to microelectronic devices, the exact character of stick-slip movement may be
qualitatively and quantitatively very different depending on the frictional system’s conditions
[1,22-25].

In the past this problem of dynamical regimes of unstable stick-slip movement under
different conditions of frictional system always has been the subject of intense scientific studies.
Generally, this process is well described in the framework of large-scale molecular dynamics
simulations [26 —30], rate, and state models [10,31—-34] or the so-called minimalistic
phenomenological models [7, 35 — 37]. At the same time, revelation of features of dynamical
behavior of system at stick-slip movement, as well as the disclosure of the character of its
dependence on sliding system’s conditions, still remains a fundamental physical problem of
prime practical importance [7, 8, 10, 11, 38].

Among others the influence of stiffness in frictional system on the movement regime
during stick-slip process calls to be investigated in detail. Results of few studies known to us
for tackling this problem convince that [1, 39] special attention should be paid to the analysis
of statistical and dynamical characteristics of transitional regimes between stick-slip and
sliding and vice versa.

Importance of such analysis is caused by the mentioned above ubiquity of irregular stick-
slip behavior in nature and technique, as well as by the lack of knowledge of systems behavior
at different conditions and contacting materials [5, 35, 40, 41].

The unique combination of advantages such as low cost, positioning flexibility, simple
installation and processing, real time capability, and high sensitivity makes very popular the
application of AE technique for different technical and scientific purposes [42, 43]. For example
the distribution of noise amplitudes accompanying crack generation has been investigated for
several materials such as concrete, paper, wood, glass, etc. [44 — 46]. Experiments also show that
AE is much more efficient in revealing micro-scale fracture processes in real time than
traditional strain measurements, which are only sensitive to large enough bulk deformations
[47], namely, AE confirms nucleation of cracks in solids in the low stress (Hook) domain, where
stress—strain dependence is practically linear.

Taking into consideration close cause-effect relationship between stick slip and AE, in
the present research we aimed to investigate characteristics of acoustic emission at different
movement conditions exactly, in this work we represent results of statistical and dynamical
analysis of AE, accompanying stick slip of basalt samples, as well as the influence of spring
stiffness on its characteristics.

2. Materials and methods

In this work AE, as a signature of elastic waves that appear during stick-slip experiments
in a frictional pair composed of two basalt samples, has been registered and analyzed. AE was
recorded by specially developed laboratory setup. Commonly, experimental base to investigate
stick-slip process is presented by the physical model consisting of spring-slider systems (see, e.g.
[8]). Use of such spring—block experimental devices is one of the most popular laboratory
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approaches widely applied in different fields of science to investigate friction processes (e.g.
[18, 38, 39, 48]). This is caused by the fact that the laboratory stick-slip experiments enable us
to easily model different regimes of friction movements through variation of surface roughness,
velocity of movement, spring stiffness, normal force, etc.

Description of main principles of our stick-slip AE experimental setup is presented in
Chelidze et al. [49]. Our laboratory setup consists of supporting (fixed) and sliding plates of
roughly finished basalt samples: the sliding and fixed blocks’ length, width and thickness were
accordingly sliding — 10, 10 and 2; fixed — 25, 10 and 2 cm. The load point or “free end” of the
spring, attached by the other end to sliding block, is driven with a constant velocity
Va¥%s 2.9 mm /s. Numerous experiments have been carried out for eight different values of

stiffness of pulling spring K.
Thus eight different regimes of stick-slip movement have been investigated. The
resulting friction force F'is proportional to the deflection of the spring.

0 20 40 60 80 100 0 20 40 60 80 100
sec sec

Figure 1. Typical examples of AE recordings at different values of dragging spring
stiffness: (a) K % 78.4, (b) K ¥4 143.1, (c) K % 1068, (d) K ¥4 1705, (e) K Y4 2000
and (f) K % 2371.6 N / m. Insets show AE wave train on extended time scales.

First four of these regimes were named as soft, next one as medium and last three as stiff
spring movement conditions. The AE accompanying the consecutive slip events of stick-slip
process was amplified and then recorded on a PC sound card. The sensor for the AE was a lead
circonate—titanate unit with a natural frequency of a piezoelectric crystal 100 KHz. At lower
frequencies (from several Hz to 20 KHz) the response of crystal is much weaker, but still
measurable and almost constant. This weak LF signal was amplified by a special standard
broadband amplifier, with practically flat amplitude—frequency characteristic (deviation of the
order of 0.1 db) in the range several Hz to 20 KHz. Thus, though the maximal sensitivity of
sensor was at 100 KHz, amplification allows recording of AE signals at frequencies down to
dozens of Hz without very strong distortion. Typical examples of AE recordings at different
values of dragging spring stiffness are presented in Fig. 1. For each value of pulling spring
stiffness (X5s), ten runs of AE experiments have been carried out. In order to ensure comparable
standard roughness and avoid ageing effects of contacting surfaces [14], sliding surfaces were
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carefully sanded up by sandpaper (with grade 150) before each experimental run. Grinding was
carried out uniformly in all directions in order to ensure isotropic morphology of contacting
surfaces and thus avoid appearance of privileged directions of sliding. After this in order to
diminish influence of dust and gouge on the movement regime sliding surfaces of samples were
cleaned by a vacuum cleaner. Though exact reproduction of surface characteristics in stick-slip
experiments is practically impossible, these procedures help to maintain general reproducibility
of experimental conditions and stationarity of measured data sets.

When recording of accompanying stick-slip acoustic emission has been accomplished
we proceeded to the compilation of characteristic AE data series. This procedure consisted of
several steps. The first step we have done was eliminating background noise in recorded wave
trains. Knowing that in general filtering procedures may lead to distortion of dynamical
structure of analyzed process [50,51], we simply used background noise level between
consecutive AE bursts as a threshold value. Exactly, by the step size equal to counting one, we
moved different length sliding windows through our AE recording. When the standard
deviation of data confined in the sliding window was less than the mean value of background
noise, we equaled to zero just the first reading in the sliding window, etc. By moving the
window through the whole wave train we separated consecutive AE waveforms ensuring that
signal of interest will not be truncated or dynamically distorted. Then, for each AE burst, the
start and end time of the waveform (wave packet) has been defined as the first and the last data
above noise (zero) level.

Afterwards different AE characteristic data sets have been compiled from these wave
train series, for example sequences of start and termination times of consecutive AE bursts,
time intervals between consecutive AE bursts (waiting times), duration of consecutive
waveforms and location of AE maximum in wave-forms, max amplitude of AE in a waveform
(commonly named as amplitude of waveform), etc. We can mention here that the amplitude of
AE is a very important characteristic of acoustic emission determining the detectability of the
signal. Further data sets of energy of consecutive AE waveforms have been compiled by
calculation of a sum of squared amplitudes in each waveform or acoustic burst. Time series of
AE power also have been compiled by dividing calculated energy values to waveform’s
duration.

When compilation of AE characteristic data sets has been accomplished we proceeded
to their statistical, linear, scaling, and nonlinear analyses. Exactly, besides common statistical
and linear data analysis tests [51 — 53] we used modern data analysis tools such as detrended
fluctuation analysis (DFA) and recurrence quantitative analysis (RQA) methods, which already
have been many times used for different kinds of measured and model data sets [54 —57].
Namely, in order to quantify the extent of intrinsic self-similarity embedded in an analyzed
nonstationary time series we used DFA method. Nonlinear dynamical structure of AE data sets
recorded at stick-slip process has been evaluated by RQA, which is sensitive and effective even
for relatively short time series [56 — 60].

3. Results and discussion

Comprehensive awareness of the factors that influence friction (such as applied normal
force, velocity, stiffness, surface roughness, etc.) and especially the analysis of the character of
such influences is essential both from scientific and practical points of view.
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Thus, in order to investigate influence of one of such factors, namely stiffness on the
character of friction movement in this experimental research we have changed only spring
stiffness, keeping constant other factors such as the load point velocity, weight of sample,
normal force, surface roughness, environmental conditions, etc.

At the first glance, the increase of spring stiffness in our frictional laboratory system
seems to lead to both qualitative and quantitative changes in the stick-slip movement (see
Fig. 1). These are revealed in visible changes of features of AE waveforms and statistics of their
appearance. Exactly, the number of AE bursts straightly increases (see also Fig.2), while
waveform amplitudes markedly decrease and consecutive wave trains become partly merged
(see upper insets in Fig. 1e and f). This looks quite logical as far as according to previous results
(e.g. [14]), increase of spring stiffness should lead to the transition from stick-slip to smooth
movement (continuous sliding) regime, i.e. supposedly to the complete merging of waveforms
constituting AE wave trains.
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Figure 2. Mean number of stick-slip AE bursts in experimental runs vs. spring stiffness.
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Figure 3. Duration of stick-slip AE bursts at different spring stiffness values.
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At the same time, when the spring stiffness gradually rises (up to 30 times from K1 % 78
to Ks% 2370 N/ m), together with overwhelming amount of merged ones, well separated
individual AE waveforms in wave trains remain clearly visible. Also, though number of AE
bursts increases almost linearly with stiffness (Fig. 2), the main statistical characteristics of
acoustic emission process are subject to more complicated changes. Exactly, calcu- lated for
each Ks, mean values of AE waveforms duration times (Fig. 3) tend to decrease, though for the
stronger springs this decrease is hardly significant, statistically comparing to the softer ones. At
the same time waiting time intervals between consecutive AE bursts (Fig. 4) clearly decrease
exponentially when the driving spring stiffness increases. These differences in statistics of
waveforms duration and waiting times could be caused by the mentioned coexistence of long
(merged) and short single wave- forms in these regimes.
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Figure 4. Variation of waiting times’ sequences between stick-slip AE bursts with stiffness X

This in turn will lead to the strongly increased deviation from the calculated mean
waveforms duration times and will affect significance of the corresponding statistics. On the
other hand, clear decrease in waiting times also indicates merging tendencies in waveform
generation for stiffer springs. Strong exponential decrease was observed also for amplitudes of
emitted AE waves for stiff springs, which causes exponential decay of the amount of emitted
AEF energy (not shown here).

Further, changes were observed for the cumulative amount of emitted acoustic energy,
which for the stiffer springs decreases three times compared to soft ones, though the number of
AE bursts increases with Ks. This result, which seems logically taking into account decreased
amplitudes of AE at increased stiffness, may look not quite clear in the light of essential rise in
the number of AE events at the stiffest springs (see Figs. 1 and 2). The only reliable explanation
of this is the assumption that the smallest AE amplitudes prevail in movement regimes at the
stiffest springs used in our experiments.

The frequency content was complicated and dependent on the waveforms location in
the wave train. Seemingly, the wearing of contacting surfaces, changes in samples and ambient
temperature, appearance of dust after breaking of contact asperities, etc. affect this process.
Thus, thousands of AE waveforms in our experiments need to be carefully investigated in future
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in relation to all or at least part of these mentioned factors. This work is in progress and not yet
fulfilled. At the moment for preliminary consideration purposes we just assessed dominant
frequencies registered in waveforms, which are located approximately in the middle of
recorded AE time series. By that we keep more or less comparable conditions for different Ks
values. This preliminary analysis shows the shift of prominent spectral peaks to higher
frequencies (from about 1900 to 2400 Hz) at increased stiffness, which may point to
quantitative changes in the frequency content of AE with the increase in spring stiffness.
Unfortunately, at the moment we cannot further discuss AE waveform frequency content issue
here and should resume that the considerable future work in this area is necessary for testing
both frequency content and relation between characteristics of AE source and individual AE
events (see, e.g. Mair et al. [61 —62]). At the same time, though quantitative changes in AE
frequency content remain still unclear, we can speak about clear qualitative changes in acoustic
wave generation, mostly in the shape of waveforms. Indeed, in our experiments, for softer
springs the shapes of detected AE waveforms were similar and almost identical, in good
accordance with earlier results [63 — 65]. Contrary to this, for stronger springs, the shape of AE
waveforms recorded in the same experimental run became noticeably dissimilar and significant
merging of elastic waves of consecutive waveforms took place (see upper insets in Fig. le and f).
First a sporadic merging of waveforms was observed for strong spring with a stiffness value
KY4+1705 N/ m, which is close to medium stiffness spring (see Section 2). At stiffer springs
from several tens to hundreds of such prolonged (merged) waveforms were found among
several hundreds of detected total AE bursts.

It should be stressed that in our experiments we have not observed complete merging of
consecutive AE waveforms. Even for the stiffest used spring (K% 2300 N/ m) the discrete
character of AE wave train is mostly preserved (see lower insets in Fig. 1f). Thus the complete
transition to smooth sliding regime does not take place, and we observed sliding condition
sometimes named as episodic stable sliding [14], comprising intermittent stick-slip and sliding
movements during one experimental run.
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Figure 5. Normalized to the number of AE bursts integral waiting time vs. spring stiffness K.
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It looks from the above stick-slip generated AE time domain statistics that at stiffer
springs slip event time evolution is more irregular. To this points the increased scatter in data
sets of duration times of observed AE waveforms (Fig. 3), coefficient of variation increases
almost ten times with spring stiffness increase (not shown here). At the same time, the
coefficient of variation of waiting times’ sequences between consecutive AE bursts does not
change much (see e.g. Figs. 4 and 5).

Because AE is associated with the failure of the asperities of contacting surfaces during
stick-slip process, it is obvious that all described stiffness-related changes in AE, including ones
in time domain, should be caused by inherent properties of stick-slip movement. Therefore,
changes in the statistics of AE time evolution could be explained by increased instability of
movement in case of stiff springs, which looks logical, because in this case sequences of similar
(separate) waveforms are alternated by merged long AE bursts. So if we neglect possible
appearance of qualitative transitions in the dynamics of stick-slip process with the rise in spring
stiffness, the regimes closer to “stable sliding” should be considered as more “random like” from
statistical point of view comparing to movement regimes at softer springs.

In order to elucidate dynamical aspects of transitional stick-slip movement regime we
used data set of max amplitudes in consecutive waveforms of AE. As it was mentioned in
Section 2, max amplitudes accompanying stick-slip motion are assumed as the most important
characteristic of acoustic wave generation. Therefore, assessment of their distribution
characteristics may provide valuable information on the stick-slip motion features. Indeed, the
amplitude of the waves and thus the amount of energy released by acoustic emission are in
turn closely related to the magnitude and velocity of the source event(s), as well as to the area
of contacting surfaces and the amount of broken asperities. In this regard it should be
mentioned that though the only phenomenon that is recognized as responsible for AE
generation in stick-slip process is the slip (e.g. [15, 65]), the question about relation of separate
AE waveforms, or its parts (e.g. AE maximums), to the different stages of stick-slip movement is
not answered finally at present [65 —67]. Among other causes hampering solution of this
problem there are serious technical difficulties encountered when measuring real contac area,
high sampling rates necessary for recording fast oscillatory movements, etc.

Logically, being dependent on many uncontrollable factors, the process of pre-sliding
“wobbling” could bring uncertainty in the movement regime assessment. From the wave trains
shown in Fig. 1 and the results presented in Fig. 6, the distribution of AE maximums (which we
assume marks the onset of slip) indeed looks more regular at softer springs than for stronger
ones, when merging of bursts and episodic stable sliding occurs. Increase of coefficient of
variation of measured values of max AE amplitudes also can be considered as a statistical
signature of increased instability (or intermittency) of AE pattern at stiffer springs (Fig. 6).

As a next step in max AE amplitudes analysis we also examine their distribution features
in two ways. Exactly, distribution of AE maximums was assessed in bins of duration time of
each waveform, not with standing their different length. This enables to look whether
distribution characteristics of max AE amplitudes in waveforms depend on stiffness of spring.
As it follows from Figs. 6 and 7, the largest amplitudes of AE are closer to the onsets of
waveforms at stiffer springs. We consider this as an indication that the sliding starts earlier for
stiffer springs because in this case the time of “wobbling” is shorter due to the faster increase
of imposed pulling force. Next, we see that the character of max AE amplitudes distribution is
changed when stiffness increases. Generally in our AE experiments, we never observe clear
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regularity in features of max AE amplitude appearance inside of waveforms. Character of
observed distributions always is complicated and there is no clearly pronounced privileged
location of AE maximums in waveforms. At the same time, distributions of max AE in
waveforms differ by their shapes at different movement regimes, when dragging spring stiffness
increases. These changes in shapes of distributions may point to the qualitative changes in the
structure of acoustic waveforms. Revealed changes in AE values of Dtmax). Similar to features
of distribution of max AE amplitudes in waveforms, temporal distribution of max AE
amplitudes (Dtmax data) is also better described by normal distribution, when stiffness is small,
but at stronger springs it is better fitted by long tailed distributions. Thus in case of the
distribution of time intervals between AE maximums (or simply max AE temporal distribution)
we also observe the shift to long tailed distributions. Hence, we may guess the increase of long
range correlated features and appearance of nonlinear structure in the temporal evolution of
stick-slip AE at increased stiffness. This can be interpreted as reflection of the increased extent
of regularity in the dynamics of AE emission at stiffer springs. All these changes in distribution
characteristics of max AE amplitudes, both in waveforms and time, signify the appearance of
nonlinear intermittent effects in the stick-slip movement regimes at increased stiffness.

Thus, based on the above results and considerations we can’t exclude appearance of
qualitative changes not only in the shapes of waveforms and its amplitude contents but also in
the temporal distribution of stick slip generated AE (or in the dynamics of AE generation),
when the stiffness of frictional system increases.
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Figure 6. Location of max AE amplitudes in corresponding wave trains at different spring
stiffnesses. Frequency of occurrence of max AE amplitudes in 15 bins of each train was
calculated. Circles — avg. for soft springs (78.4, 143.1, 235.2, 555 N / m), squares —
medium spring (1068 N / m), and triangles — avg. for stiff springs (1705, 1999.2, 2371.6 N / m).
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Further, in order to test our suggestions about dynamical changes in stick-slip process
at different spring stiffnesses we proceeded to the self-similar and nonlinear properties analysis
of temporal distribution of AE bursts. Exact sequences of waiting time intervals (Dtw) between
consecutive waveforms were analyzed. As we see in Fig. 8 stick-slip process at different spring
stiffness values indeed reveals different extent of self-similarity calculated by DFA. DFA
exponent a varies in the range from about 0.4 up to 0.9. In other words, for softer spring we
observe antipersistent, close to random walk process (antipersistent process exhibits negative
long range correlations a0 0.5), while for larger stiffness values the time distribution of AE
bursts becomes increasingly persistent. Processes with such DFA exponents represent the long
range correlated process close to 1/ f type noise (a4 0.5). Thus we conclude that scaling
features of AE time distribution is changing depending on the spring stiffness. It is important to
mention that in this case, we observe differences between temporal features of AE waveforms
distribution for spring stiffness values, which we consider as belonged to the same movement
regime groups (see Section 2). For instance for soft spring group, at KsV 78.4 N/ m, the Dtw
variation looks antipersistent, at Ks% 143.1 N/ m it is close to persistence threshold, while at
KsY4 2352 N/ m and KAs %555 N/ m time evolution becomes clearly persistent. Also it was
observed that at the largest used stiffness values DFA exponents tend to decrease. Such result
possibly points that stiffness related transition mechanism between different movement regimes
may have specific fine structure that needs to be more carefully investigated in future. At this
time, in the frame of present investigation, the most important result is that measurable
quantitative differences have been detected in self-similar properties of stick-slip generated AE
patterns depending on the spring stiffness variation. These changes point to changed internal
nonlinear characteristics of stick-slip AE pattern at different movement regimes.
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Figure 9. RQA % DET variable calculated for waiting
times’ sequences for different spring stiffness values K.

Lastly, to quantify changes in dynamics of AE time distribution we used RQA method
aimed at testing of recurrence properties of investigated process based on analysis of line
segments in symmetrical recurrence plots, which in turn are obtained from phase spaces
reconstructed from the measured data sets [54,56,57]. RQA method provides valuable
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information on the systems dynamical properties because recurrence in phase space is the
hallmark of regular behavior. Analysis procedure is easy enough but needs careful selection of
the number of parameters necessary for extracting reliable quantitative features from
recurrence phase space plots [56,57]. In practice quantifications of recurrence properties are
provided through calculated recurrence variables [56, 57]. We present here results on one of
such recurrence variable, namely, the percent of determinism (% DET), which measures the
proportion of recurrent points forming diagonal line structures of recurrence plot. As it follows
from the results presented in Fig. 9, % DET of our Dtw data sets reveals quantitative changes in
recurrence characteristics of waiting times evolution at different stiffnesses. This result together
with similar results of other RQA variables (e.g. % REC and % LAM, not shown here) reveals
quantitative changes in dynamics of temporal distribution of stick-slip generated AE according
to movement regime variation. Here, as in the case of DFA analysis, we observe the fine
structure of dynamical changes in stick-slip AE process at increased stiffness of dragging spring,
which was not possible to detect by statistical analysis.

Thus, contrary to the visual inspection of AE wave trains and statistical observations
presented above, we should conclude that at increased stiffness of springs both qualitative and
quantitative changes in accompanying instable stick-slip process AE emission may occur.
Finally these changes result in the clear increase of the extent of order in time distribution of
AE bursts in “stiff regime”. Thus dependence of extent of order in the dynamics of stick-slip
process on system’s conditions was experimentally confirmed.

4. Summary

Numerous experimental data on acoustic emission that appears during stick-slip
experiments in a frictional pair composed of two basalt samples has been registered and
analyzed. It follows from our analysis that change in the stiffness in frictional system invokes
qualitative and quantitative differences both in AE waveforms and in statistics and dynamics of
AE bursts distributions. Dynamical regime of stick-slip process is not unique and depends on
stiffness of frictional system. The extent of order in time distribution of stick-slip AE bursts
increases at stiffer springs. Thus, instable stick-slip process comprises multitude of patterns of
behavior with different quantitative and qualitative characteristics.
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1. Introduction

Doping is known to be the main method of tuning the electronic properties of
semiconductors. In conventional crystalline semiconductors, like Ge, Si, GaAs, etc., the
constituting atoms placed in regular lattice sites are substituted with dopant atoms. In
beta-rhombohedral boron (3-B), which is a promising high-temperature material, an attempt to
make the substitutional doping with some non-metallic elements, faces several obstacles.

Usually real B-B crystals contain very high concentrations of intrinsic structural defects
which dominate in formation of electronic properties of undoped material. Consequently, §-B is
characterized by a low sensitivity to doping: to achieve a desired effect in general it is necessary
to introduce impurities with concentrations comparable with that of native defects. However,
an attempt to replace such high number of boron atoms in regular sites by foreign atoms leads
to lattice destruction and / or formation of phase inclusions.

On the other hand, in -B it is possible to realize a fundamentally different mechanism
of doping. The fact is that the crystalline structure of -B is characterized by a variety of
different crystallographic voids sufficiently large — they are nanosized — to accommodate metal
atoms with very slight structural distortions. We should emphasize that here we are not
discussing pores, 3D structural defects, but we mean large intersites existing in a perfect crystal.
Such a mechanism of doping has several advantages compared with the standard, i.e.
substitution, mechanism: (i) A number of metallic impurities in f-B boron crystallographic
voids can be introduced to concentrations of several atomic percents; (ii) Because of a diversity
of void types, which can accommodate atoms of the same chemical element, doping can
simultaneously affect different physical properties of material; (iii) Since atoms of various
chemical elements can be distributed in different ways between voids of different types, the
same effect can be achieved by double, triple, etc. doping of boron combining two or more
elements.

Nowadays many metallic elements have been experimentally introduced in different
crystallographic voids of the B-B lattice. Some structural and ground-state parameters are
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determined for B-B doped with sLi, 12Mg, 13Al, 21Sc, 22T, 23V, 24Cr, 2sMn, 26Fe, 27Co, 28Ni, 29Cu, 40Zr,
4uNb, »Hf, 73Ta, and 7sRe. From these studies, one can identify types of voides in the B-B
crystalline lattice preferentially filled by atoms of a metal M and make a conclusion that metal-
doping in crystallographic voids usually leads to a slight increase in the B-B unit cell volume.
The influence of same metallic elements introduced in different crystallographic voids of the
lattice, on the electron energy spectrum of -B is also studied experimentally. In addition, there
are a number of papers in which some of electronic properties of metal-doped B-B are
determined. The references of main part of these studies one can find in [1]. This problem has
received a proper attention at the 17th International Symposium on Boron, Borides and Related
Materials (e.g., see Refs. [2 —5]). Recently, the 3d-metals doping impact on the -B electronic
properties has been analyzed in [6]. It was concluded that both gap and conduction band
electron states of boron can be involved into the electron states formed by the metal dopants.
However, none of the above studies report direct measurements of the discrete electron energy
levels placed within the $-B band gap generated by the listed impurities.

At present, the dependences of the B-B conductivity and the Seebeck coefficient on the
doping level and temperature are investigated. The sign of charge carriers was determined
according to the Seebeck coefficient. In some cases (usually at sufficiently high doping levels)
separate Hall measurements of the room temperature carrier concentration and mobility also
have been carried out. As is known, most often 3-B is characterized by the hopping mechanism
of conductivity, which is unsuitable for the standard interpretation of Hall measurements: in
such case even the sign of charge carriers is not determined by the sign of the Hall constant, to
say nothing of the values of carriers’ concentrations and their drift mobility. However, the
smallness of the measured value of the Hall mobility can be regarded as an argument of the
realization of the hopping conduction in the material.

For light and intermediate elements among the above listed ones — from sLi to 2eCu
inclusive — at first doping leads to the increased conductivity of p-type, which is inherent in the
undoped -B. And the hopping mechanism of conductivity is preserved as it is evidenced by the
observation of the Mott’s law for the temperature-dependence of conductivity in 3-B samples
doped with sLi, 138Al, 23V, 2Fe and 20Cu. Therefore, it is believed that the doping with these
elements leads to a multiplication of the same hopping carriers that are responsible for the
electron transport in undoped material. As for the heavier dopant elements — from 4Zr to 7sRe
inclusive — their influence on the p-type conductivity in 3-B is weaker. In addition, the super-
linear growth of the Hall carriers’ concentration with doping (with 7sRe) level indicates that the
effect of heavy impurities in p-type B-B, at least partly, may be indirect: introducing of a large
impurity atom into a crystallographic void leads to the multiplication of the acceptor defect
centers in the adjacent regions of the B-B crystal. For sufficiently heavy doping with a number
of impurities (3Li, 22Ti, 238V, 2Cr, 2Fe, 27Co, 2sNi, 20Cu and 7.Hf) attenuation of the p-type
conductivity is observed. For most of them the further increase in the doping level leads to the
transition to the n-type conduction and the further growth in conductivity. Finally, at very
high concentrations of some impurities (23V, 24Cr, 2Fe and maybe 20Cu too) doping can lead
even to the metallization of the $-B.

From the available experimental data one can make a general conclusion that metal
impurities accommodated in crystallographic voids of the -B lattice tend to behave as donor-
centers. At relatively low concentrations, they can increase the p-type hopping conductivity
intrinsically characteristic for undoped B-B. Such a specific effect has been explained by an
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increase in the concentration of hopping sites (however, it cannot be ruled out that
enhancement of the p-type hopping conductivity may simply be accounted for the formation of
acceptor-centers as a result of doping). At higher dopant concentrations, the inversion of p-type
conduction takes place and then the n-type conductivity increases. As it is, the donor-behavior
of metal impurities introduced by interstitial doping is to be expected taking into account the
electron-deficiency of a crystalline structure built up only from boron atoms, on the one hand,
and the presence of relatively weakly bonded electrons on outer shells of the metal atoms, on
the other hand. Therefore, it is important to analyze what kind of electronic energy levels the
levels, created by metal impurities in the -B, are and how deep they are.

However, the lack of theoretical studies both on the interstitial doping mechanism and
the influence of interstitial doping on the B-B electron energy spectrum largely impede the
purposeful design of the high-temperature semiconductor materials for various technical
purposes based on the solid solutions of metals in B-B. This paper is an attempt to partially fill
this gap. More precisely, it is a study, which is focused on the construction of the reliable model
allowing the calculation of the binding energy of dopant atoms localized in crystallographic
voids of a semiconductor lattice and their electron energy levels.

The key partemeters of such model are mean values of coordination numbers, N , and
the bonds lengths (voids radii), d , of atoms located in voids of certain types. In case of B-B,
these numbers of neighbors are defined by the Lundstréom criterion [7], according to which
atoms in this lattice are considered as nearest neighbors if the corresponding bond length does
not exceed 2.80 A. Taking into account that different impurity atoms placed in voids of
different types deform the host lattice structure, the values specified for the mean bonds lengths
should be treated just as indicative values. In addition, the occupancy of the interstitial
crystallographic voids depends on their size, shape and position in the unit cell.

The values of the binding energy of various interstitial dopants in a semiconductor
crystal lattice and their electron energy levels, we intend to calculate by a quasi-classical-type
method, which was developed earlier by us [8] and has been successfully used for calculating
the ground-state parameters of boron nitride BN [9 — 17] and bare boron nanotubes [18, 19], as
well as for examining of some of boron isotopic effects in solids [20 — 23]. The same method,
was applied for determining the electron energy spectrum of modifications of boron nitride
[9, 12, 24, 25].

2. Quasi-classical parameterization of the electron charge density
and electrical field potential distributions in constituent atoms

Since the advent of the Bohr model for a hydrogen atom, semiclassical models of light
atoms have been constructed to advantage. The effectiveness of this approach in describing the
periodic motion of electrons in small-sized molecules has been demonstrated as well. For many-
electron systems, a reasonable accuracy can be achieved in terms of the self-consistent-field
(SCF) approximation within which an extreme of the total energy is sought in the class of quasi-
classical wave functions. As is known, heavy atoms can be calculated in the framework of the
density functional theory (DFT) using a quasi-classical expansion of the energy functional —
local density approximation (LDA) is its initial approximation. A similar method appears to be

75



On theory of doping in nanosized crystallographic voids.

appropriate for atomic clusters and condensed phases. However, atomic, molecular, and crystal
potentials do not satisfy the standard Wentzel-Kramers—Brillouin (WKB) quasi-classical
condition due to singularities at nuclear sites and electron shell effects. The success of the above
approaches can be explained on the basis of the quasi-classical expressions obtained by Maslov
for the energies of bound electron states. It follows from these expressions that the exact and
WKB spectra are similar to each other irrespective of the potential smoothness at 2@ R; >>1,

where @, and R, are the characteristic values of the potential and its effective range,

respectively (hereafter all expressions and quantities will be given in atomic units (a.u.)).

Since atomic orbitals at long distances are characterized by an exponential decay, the use
of the modified Thomas—Fermi models makes it possible to parameterize the electron density
distribution in an atom by introducing a finite atomic radius R <oo, which is however
considerably larger than the Bohr radius, i.e., R >>1, such that, at larger distances, the electron
density is assumed to be zero. This is equivalent to the initial approximation in quasi-classical
atomic models where the partial electron densities are ignored in classically forbidden regions.
The radial potential ®,(r) of the effective field acting on the ith electron, i =1,2,3,...,Z, in the

atom with the number Z>1 can be represented by Coulomb-like potentials
®,(r)=(Z,/R)/(r/R) , where 0<r<R and 1<Z = ni\/TEi <Z are the effective charges
dependent on the principal quantum numbers n, =1,2,3,... and eigenvalues E, <0 of the energy
of the states, respectively. Consequently, we have ®,(r)~Z./R and R, ~ R, and the quasi-
classicality condition for the electron energy spectrum of an atom takes the form 2Z.R>>1.

Therefore, atoms and the molecules and crystals formed by atoms are actually quasi-classical
electronic systems in accordance with the Maslov criterion.
The potential energy of the ith electron with orbital quantum number /, =0,1,2,...,n, -1

is equal to —®,(r) . Therefore, the radii of classical turning points (/< r”)

, n—~n =1 +1)

.=

’ J-2E,

, nonl =LA+
K=
’ J-2E,
can be found as the roots of the equation

Ei :_é+l’(l’—42_1).
r 2r

Let ®,(r) be the potential of the field induced by the ith electron. Then, the potential

and

of the field induced by the electron cloud of the atom can be written as the sum of these
potentials:

B(r)=Y""d,(r).

The potential of the effective field acting on an arbitrary ith electron of the atom is
equal to the sum of the potentials of the Coulomb field of the nucleus and the field induced by

all the electrons of the atom, except for the potential of the field of the electron under
consideration:
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£=£+&>(r)—&>i(r).
.

r
Now we sum up these potentials over the electrons. As a result, the terms independent
of the number of electrons on the right-hand sides are multiplied by the total number of

electrons in the atom, Z, and the sum of the potentials d~>i(r) gives ®(r). The solution of the

obtained equation has the form
2 =7
B(r)=— L b 2 %
(Z-Dr

This relationship makes it possible to determine the potential energy Z®(r) of the
interaction between the nucleus of the atom and the electron cloud. Since in the ground state
their relative motion corresponds to a zero orbital quantum number, the radius of one classical
turning point for this system is equal to zero and the radius 7 of the other classical turning
point is the root of the equation E = Z®(r), where E is the eigenvalue of the energy associated
with the relative motion of the electron cloud and the nucleus.

If the effective fields acting on electrons are represented by Coulomb-like potentials, the
effective field of the interaction between the nucleus and the electron cloud also turns out to be
a Coulomb-like field. Then, under the assumption that the nucleus has an infinite mass and,
hence, is stationary (i.e., the reduced mass of the nucleus—electron cloud system is equal to the
total mass of electrons in the atom, Z ), the radius of the turning point for the motion of the

electron cloud with respect to the nucleus is given by the formula
2Z-1)

z\z2-3"7z)

The initial quasi-classical approximation implies that exponentially decaying partial

F=-

electron densities are neglected in the classically forbidden regions and that oscillations of these
densities are ignored in classically allowed regions r’<r <r”. As a result, the radial dependence

of the direction-averaged partial charge density of the ith electron state in the atom is
represented by a piecewise constant function, which is equal to zero in the classically forbidden
regions. A similar averaging for the motion of the electron cloud as a whole with respect to the
nucleus is equivalent to averaging the nuclear charge over a sphere of radius 7 . Summation of
all the similar contributions gives the distribution of the total density of the electric charge in
the atom in the form of a step radial function,

p(r)=p, ., <r<r, k=123,...,q,
where p, are constants determined from the radii of the classical turning points and r,
coincide with these radii. Here, 0=7, <7, <r, <---<r, <o and ¢ is the number of layers with
uniform charge densities. The parameter r, plays the role of the quasi-classical atomic radius:
the charge density is equal to zero at r >r,. This representation is equivalent to the volume
averaging in radial layers r,_ <r<r,.

Next, we calculate the fields induced by the charged layers with densities p, making use

of the Gauss’s theorem and sum these fields. Then the atomic potential can be written in the
form of a continuously differentiable piecewise analytical function. However, since the energy
of the electronic system is a single-valued functional of the electron density, it is reasonable to
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approximate the obtained potential by a step function too. This can be adequately performed by
averaging over the volume:
(p(r):(Dk ¥ SrSrk k:172’39~“’q'

3. Quasi-classical calculation of the binding energies

The required binding energy E (d) between a dopant atom (M) and N surrounding

Binding
host lattice atoms (B) placed at average distance d can be written as

E piiing(d) = = (Egi e (d) + Eypyiona (d)) » Where Eg . (d) and Ey,, ... (d) are the static energy

of interaction of the cluster (except for the non-physical self-energy contribution) and the

Static Static
energy of the dopant atom vibration relative to the surrounding lattice atoms, respectively. In
the initial quasi-classical approximation, these quantities are calculated from the following
relations (we remind that all the expressions are given in a.u.):

i=qp j=qm

N
Esuic(d) = 4 Z Z(pBi¢Mj + P @)V (d)
i1 j=

3 N =g 4y aVl (d)
Erasiona (d) = _\/ Z Z (pBi¢Mj + pMi¢Bj) . .

2\ 2M, T = ad
Here (05, ¢5,) and (py;, @y, ) are the volume averages of the electric charge density and the
electric field potential in the ith and jth radial layers of B and M atoms, respectively, g, and
gy are the numbers of layers of the quasi-classical averaging in these atoms, and M,, is the
mass of the dopant atom. V,(d) denotes the volume of the intersection of ith layer of the
boron atom with the jth layer of the metal atom. It is calculated as a linear combination of
intersection volumes of four pairs of spheres,

Vij(d) = V(rBi,er,d) +V (7, er_l,d) —V(t,, er_l,d) - V(rBi_l,er,d) .

As for the function V(#,r,,d,,), it has a geometric meaning as the volume of an
intersection of two spheres with radii 7, and r, whose centers are at the distance d,, from each
other. This is an analytic (algebraic) piece-wise continuous function. Its partial derivative
oV (r,r,,d,,)/dd,, is also continuous, but not continuously differentiable function. Explicit
forms of V(#,r,,d,,) and 9dV(r,r,,d,)/dd,, one can find in [8]. The expression under the
square root in the vibrational energy term is the frequency of the mode localized at the dopant
atom. When its value becomes negative, it is replaced by zero.

The parameters 7;; and 1, ; are the external radii of the ith and jth layers of lattice and
dopant atoms, respectively (the inner radii are 7, , and ry; ,, assuming ry, =ry, =0). The
parameters (qg, 7y, > Pp;> ¥5;) and (qy, Iy;> Py,> Pu; ) are assumed to be given. Their
numerical values have been calculated and tabulated in [26].

Intensity of binding between dopant and host atoms characterizes the binding energy
per bond E

quantity can be estimated from the expression for cluster static energy without factor N .

sinding(d)/ N . By neglecting the vibrational energy correction E; ......(d), this
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Under the equilibrium conditions, the resultant force acting on a dopant atom from
surrounding lattice atoms has to be zero. This implies that in order to find the value of the
binding energy of a dopant atom in different voids of the B-B crystal one should find extrema of
the function Ej, ;.. (d). Note that one should consider both kinds of extrema, not only the
binding energy maxima, which correspond to a stable equilibrium of the dopant atom
surrounded by a cluster of lattice atoms, but also the minima, that define the interatomic
distances in unstable equilibrium. This cluster is not a closed physical system: actually it is
embedded into the crystalline lattice. Therefore, the dopant atom localized at an unstable
equilibrium position with respect to the dopant atom surrounded by a subsystem of lattice
atoms can be kinetically incapable to reach a stable equilibrium position. Obviously, one should
take into account only the extrema, in which the binding energy is positive.

Furthermore, one should confine oneself to the extrema for which the deviations of the
average distances between the voids’ geometric centers (where the dopant atoms’ nuclei are
supposed to be located) and the surrounding lattice atoms are not too large compared with the
predicted equilibrium lengths of B — M bonds.

One should not expect that the calculated B — M mean bonds length corresponding to an
extremum must exactly coincide with the value actually realized in the crystal. It is likely to be
an equilibrium bond length to which the subsystem tends. Based on its value one can estimate
whether the crystal will expand or, on the contrary, contract due to doping. In the crystal, there
is a specific B—M mean bond length for which the loss (gain) in the binding energy of a
dopanty with the lattice associated with the deviation of the cluster, containing the dopant,
from its stable (unstable) equilibrium is compensated by the gain (loss) in the deformation
energy of the rest of the crystal due to doping. Therefore, the binding energy values at its
extrema may be well used to estimate the binding energy of a dopant atom with the crystal as a
whole. The fact is that by definition of the latter it is the difference between the total energies
of a doped, and thus locally deformed crystal, and a pure ideal crystal.

4. Quasi-classical calculation of the electron energy spectra

Finding out the electron energy levels of various dopant elements accommodated in
various types of crystallographic voids requires development of a special model of impurity
centers. The situation when a dopant atom is embedded in a crystallographic void surrounded
by already tightly bonded together atoms essentially differs from that when a constituent atom
of the lattice tightly bonded with neighbors is substituted with a foreign atom. Therefore,
standard models for impurity centers cannot be used for our purposes.

Taking into account that an impurity atom placed inside a crystallographic void should
only slightly affect the crystalline structure, within the first approximation the donor energy
level of the impurity atom can be found from the outer valence-shell ionization potential of the
same chemical element in isolated state shifting the corresponding electron energy level in the
cryatalline internal field. These shifts can be found assuming that changes in the electric field
within a dopant atom introduced in a crystallographic void are determined mainly by lattice
atoms directly surrounding the void.
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Similarly, the acceptor energy level can be obtained from the dopant electron affinity
unless the given chemical element exists in negatively charged ionic state. Then, based on the
electron energy spectrum of an impurity atom determined in this way, one can find out
whether the dopant creates a discrete energy level within the semicnductor band gap, and if so,
determine its depth, or it is donor or acceptor, etc. In this way, one will be able to predict the
character of influence of doping with a given element on the electrical conductance of the
semicondictor.

Within the proposed model, the depth of the donor level E,, formed by a dopant atom
embedded in a certain crystallographic void is determined from the relation
E,=(E,+E,)—E. , where E,, is the known ionization potential of the dopant atom in the
isolated state and E), is its shift in the crystalline field, while E,. is the conduction band edge.
If the valence band edge — electron work function E, =E,, — and band gap E, of the
semiconductor are known, then E.=E,, —E,, ie. E,=(E,+E,)—(E, —E;). When the
donor levels are too deep, E, > E,;, they are placed inside the valence band and, consequently,

virtually do not affect conductivity of the material. A detectible modification in semiconducting
properties is available unless donor levels are placed inside the band gap, 0< E,, <E.If E, <0,

i.e. donor levels are placed immediately inside the conduction band, the doping at sufficiently
high concentrations yields semiconductor-to-n-type-semimetal transition.

Thus, to find the donor level location on the energy axis it is necessary to calculate only
one quantity, E,,. It is possible to estimate its value as a quantum-mechanical mean of the
electron potential energy in the crystalline field. In the initial quasi-classical approximation we
obtain:

, 3NE 2E &
Ep=- 2 > \/ 2 - Z¢BiV1Pi(d) .
472'(4an - l[P (l]P + 1)) np— lIP (llP + 1) i=l

Here n, and [/, represent, respectively, the principal and orbital quantum numbers of the
outer valence shell electron in the dopant atom, N is the coordination number of the dopant
atom, i.e., number of nearest neighboring lattice atoms, d is the length of corresponding bonds,
@y, is the volume-averaged electric field potential within the lattice atom’s i th radial layer, and
gy is the number of such layers in atom.

In above expression, V,, (d) denotes the intersection volume of the lattice atom radial
ith (1, ,,1s) -layer with the dopant atom (r,,r;,) -layer. r, and r;, are the inner and outer

classical turning points radii for the outer valence shell electron of the dopant atom,

respectively:
o= = \/"12P —Lp(lp +1)
" \/2E1P
7= e + \/"12P —Lp(p +1) '
i \/2E1P

The quantity V,,,(d) is calculated as a linear combination of the intersection volumes of

4 pairs of spheres,
Vip () =V (15,1105, )+ V (11 11p d) =V (1, 15 d) =V (1, 10 d)
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As for the depth of the acceptor level E, formed by a dopant atom embedded in a
certain crystallographic void, it is determined from the relation E, =E, —(E,, + E,,) , i.e.
E,=E,.—(E, +E,,).Here E,, is the electron affinity of the atom in the isolated state (i.e. its
value is known unless a chemical element possesses a negative ion) and E,, is the shift of the
exited atomic level in the crystalline field. When acceptors are too deep, E, >E. , the
corresponding unoccupied electron energy levels are placed inside the conduction band and,
consequently, they practically do not affect conductivity of the material. A detectible
modification in semiconducting properties is available unless acceptor levels are placed inside
the band gap, 0<E, <E,. However, when E, <0, acceptor levels are placed immediately
inside the valence band causing the semiconductor-to-p-type-semimetal transition if
sufficiently high concentration of dopants is introduced in the semiconducting material. It is
clear that to estimate the acceptor energy level it is necessary to calculate only one quantity,
E;,. It can be done in the same way as it has been done above for E, :

, 3NE 2F ‘&
EEA = 2 = \/ 2 po Z¢BiVEAi(d) .
Ar(4ng, — 1, (U, + D)\ ng, — 1,1, +1) T

Here n,, and /., represent, respectively, the principal and orbital quantum numbers of

the first exited electron level in the dopant atom, N is the coordination number of the dopant
atom, i.e., number of nearest neighboring lattice atoms, d is the length of corresponding bonds,
@;, is the volume-averaged electric field potential within the lattice atom’s i th radial layer, and

¢y 1is the number of such layers in atom. V,,.(d) denotes the intersection volume of the lattice
atom radial i th (ry, ,,r,) -layer with the dopant atom (r,,,r, )-layer. r,, and r,, are the inner

and outer classical turning points radii for the first exited shell electron of the dopant atom,

respectively:
s = Ny — \/"; =l (g +1D)
EA \/ 2E,, >
/= Mgy + \/nA%JA =l gy +1)
EA \/ 2,

The quantity V,,,(d) is calculated as a linear combination of the intersection volumes of

4 pairs of spheres,
Vi (d) =V (g i, d) +V (1 170, d) =V (1 Ty o d) =V (13 1, )
In above relations, V(r,r,,d,,) is the same function, which has already been introduced

above. Parameters of lattice atoms ¢, are assumed to be given. As mentioned above, we have

precalculated and tabulated their values together with other quasi-classical parameters for
different chemical elements in [26].

5. Accuracy of the quasi-classical approach for the impurity center model used

The relative error of the quasi-classical method itself when determining values of energy
does not exceed a few percent. However, the model describing a cluster of a dopant atom and
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surrounding lattice atoms is based on a number of simplifications, which are necessary because
of the complexity of a semiconductor lattice with large crystallographic voids. These
simplifications act as additional sources of calculation errors.

The approximations of the model involve the determination of both the number of the
nearest neighboring lattice atoms and the bonding lengths of the dopant atom with its
neighbors: (i) even in a perfect crystal, different host lattice atoms surrounding a void are
located in crystallographically non-equivalent positions and at different distances from the
geometric center of the void; (ii) since real crystals with large unit cell are characterized by a
high concentration (up to a few at. %) of intrinsic point defects in the form of partially occupied
sites, some atomic sites, where neighboring lattice atoms are supposed to be found, actually may
be unoccupied or vice versa; (iii) the nearest neighbors of the dopant atom are counted
according to certain criterion (like the above mentioned Lundstrom criterion) and, therefore,
their number is arbitrary to some extent.

Even more, the partial occupancies of lattice sites in the semiconductor may be
correlated. Since dopant sites in form of crystallographic voids may be close to the partially
occupied sites or even coincide with them, the interference between the occupancies of
crystallographic voids by dopant atoms and the lattice sites seems plausible. Thus dopant atoms
accommodated in crystallographic voids affect occupancies of the neighboring lattice atoms and
may destabilise the structure. This is the reason why doping in semiconductor lattices
containing large crystallographi voids is limited.

The binding energy of an impurity metal atom with neighboring lattice atoms is
approximately proportional to their number N . Consequently, the maximal relative error in

calculated value E related with partial occupancies of the neighboring boron sites should

Binding
be ~1/N . Since in case of f-B N =12, for this material the error associated with the impurity
center model used is expected to be < 10 %. The calculation error for the electron energy levels
generated by the impurity atoms should be even smaller because the donor (acceptor) energy
level E,, (E,) is expressed by the sum, in which only one term — ionization potential (electron
affinity) shift E;, (E,,) depends on N (is proportional to N ). Thus, the approximations of the
model used for impurity atoms doped in a semiconductor lattice do not significantly affect
binding energies of such atoms and their electron energy levels calculated by the quasi-classical
method.

For determining the position of an impurity level in the band gap within the frame of
the proposed model, it is also necessary to know the positions of edges of both valence and

conduction bands of the semiconductor or its electron work function and band gap width. The
B-B band gap width E, is well known: 1.56 eV [27].

As for the B-B work function E,, , there are only old and to some extent contradictory

measurements of this parameter. The values of the $-B work function measured by different
(photoelectric, thermoelectric and high-energy electrons’ surface-diffraction) methods show a
fairly wide spread: 3.80 —6.13 eV and there are suggestions explaining both under- and
overestimated values. The reference book’s value of 4.45 eV [28] is placed near the midpoint of
this interval. However, we are inclined to accept the highest value proposed for the p-B work
function, 6.13 eV [29]. Such choice of the zero reference point on the energy scale yields the
location of the conduction band edge E. at 6.13 eV - 1.56 eV =4.57 eV giving quite a good

estimate for the work function of contaminated and imperfect crystals, i.e. when electrons are
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exciting in vacuum not from the valence band edge of an ideal crystal, but in the vicinity of the

conduction band edge.

In any case, evaluating the calculated energy levels we should take into account the

possible spread in values associated with the spread in input parameters, namely, the band
edges’ positions on the energy axis.
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Beegenmue

CraTucTHKa IpHU IIOMOLIM CTaTHCTUYECKHUX IIOKasaTelell XapaKTepusyeT pasMephl
M3ydaeMbIX SBIEHUN, UX OCOOEHHOCTH, 3aKOHOMEPHOCTH Pa3BUTUA M UX B3aUMOCBI3HU. Takx,
aHAJIUTUYEeCKHe II0Ka3aTeNU WKCIIOAB3YIOTCI JIA XapaKTePUCTUKU OCOOEHHOCTeH pasBUTHAL
SBJIEHUA, PACIPOCTPAaHEHHOCTH B IIPOCTPAHCTBE, COOTHOIIEHUS €ro 4YacTei, B3aMMOCBA3H C
IpYyTUMU SBJIEHUAMHU. B KadecTBe aHATUTUYECKHX IIOKa3aTejlell WCIOIB3YIOTCS CpenHIe
BEJIMYMHBI, I0Ka3aTeIu CTPYKTYPHI, BApUALUY, AUHAMUKY U IP.

Jucrepcus u cpefHee KBaZpaTudeckoe OTKJIOHEHNE — HauboJiee UIMPOKO IpUMeHsIeMble
mokasarenu Bapuauuu. OOBACHAETCS 3TO TeM, YTO OHHU BXOJAT B OOJIBIIMHCTBO TEOPEM TEOPUH
BEPOSATHOCTEH, CIyXamux (yHZaMeHTOM MaTeMaTU4YeCKOW CcTaTHCTHUKH. Ilpu 3TOM, eciau
CTATHCTUYECKass COBOKYIIHOCTh pa3bura Ha TPYIIIBI 0 KAKOMY-IM00 IPU3HAKY, TO IJIS OL€HKU
BIMSAHUA PA3IWYHBIX (PAKTOPOB, OIpeeNfiomnX KouebreMOoCTh WHIWUBUYaTbHBIX 3HAUeHUI
IIPU3HAKA, MOXXHO BOCIIOJIb30BAThCS PA3IOKeHHEM AVCIIEPCUU Ha COCTABJIAIOLINE DIeMEeHThI: Ha
MEXTPYIIIIOBYIO ¥ BHYTPUTPYIIIIOBYIO Aucnepcuu [1].

Eciu paccunTars Aucmepcuio IpU3HAaKa IO BCeil M3ydaeMoi COBOKYIIHOCTH, T.e. OOILIYIO
IUCIIEPCHIO, TO IIONTydYeHHBIH IIOKa3aTeab Oy/ZeT XapaKTepH30BaTh BapHAIlMIO IPU3HAKA KaK
pe3ysibTaT BIUSHUA BceX (GAKTOPOB, ONpeAeNflON[UX WHIUBUAYATbHbIE Pa3IUIUA eIUHMUII
COBOKYITIHOCTH.

Ecin ske IOCTaBUTH AaNbHEHIIYIO 3aZia4y — BBIZEIUTH B COCTaBe OOIIei AUCIEPCHH Ty ee
4acTh, KOTOpas OOYCJIOBIE€HA BIMSHHEM KaKOTrO-Iu0O OIpefeeHHOro (akTopa, TO CIeLyeT
pasbuTe u3y4aeMyi0 COBOKYIHOCTh Ha TPYIIB, IIOJOXUB B OCHOBY TIPYIIIHPOBKU
MHTepecyloluil Hac GakTop. 3aTeM HY)XHO M3YYUTh PasfiebHO BapHAIUIO IIPU3HAKA BHYTPHU
OJHOPOJHBIX B OTHOLIEHUM AAHHOTO (aKTOpa TPy U M3MEHEHUs B BeJIMYMHE IIPU3HAKA OT
TPYIIEI K TpyIIiie. BrInorHeHMe TaKoil IPyNINPOBKY ITO3BOJIIET PA3IOKUTh OOLIYIO SUCIIEPCUIO
IpU3HAaKa Ha JBe JUCIEPCHUU, OJHA M3 KOTOPHIX OyZeT XapaKTepu30BaTh YacTh BapHaIlUH,
OOyCJIOBIEHHYIO BIUSHHEM (aKTopa, IOJIO0KEHHOTO B OCHOBY TPYIIHPOBKH, a BTOpas —
BapHAIMIO, TPOUCXOAAILIYIO IO, BANIHUEM IIPOYUX (PaKTOPOB.
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Teopus

OJleMeHTHl AMCIIEPCHOHHOTO aHAJIMW3a YCIIEIIHO IIPUMEHAETCS B (PU3MKe MaTHUTHBIX
ABJIEHUN JJIA OLeHKU BJIUAHUA PA3INYHBIX PaKTOPOB, AeHCTBYIOUIUX HA MAaTHUTOOIITHUYECKUE
CBOMCTBA YIBTPafUCIepCHEIX cper (2, 3]. CiemyeT OTMETHTH, YTO B HACTOSAIIee BpeMs 0coboe
BHUMaHUe y/eJIAeTCsS M3YYeHWIO MarHUTOONTUYECKUX CBOMCTB YJIBTPAAMCIIEPCHBIX Cpef. JTO
CB3aHO C TeM, 4YTO YJBTPAJUCIIEpCHBIE CpeAbl, TaKhe KaK, MarHUTHBIE JKUIKOCTH,
reTeporeHHbIe CTEKJIa, OCTPOBKOBBIE IUIEHKH, YACTUI[BI MAarHUTHBIX METAJJIOB M OKHCJIOB,
IIMPOKO NIPUMEHSIOTCA B Pa3/IMYHBIX 00IaCTAX HAYKH U TEXHUKH.

VHTepec X MCCIeOBaHUIO MAarHUTOONTHYECKUX 5((}eKTOB Ha ITUX CpelaxX, pasMep
CTPYKTYDHBIX MJIM MATHHTHBIX HEOJHOPOJHOCTeH B KOTOpsIX He mpeBsimaer 1000 A,
OoOyC/IOBIEH TeM, 4YTO Yy HUX HAOMIOaeTcad pPAf WHTEPECHBIX CBOKCTB, OTIMYAIOUIVX
yABTPASUCIIEPCHYIO Cpefly OT MAacCHBHOTO MaTepuasa. lak, MpPH HCCIeIZOBAHUU
MarHUTOONTHYECKUX d(PPEeKTOB OTpaKeHUI Ha YIBTPAAUCIIEPCHBIX CpefiaX ObLIN OOHApPYXKEeHBI
HOBble 3(@deKThI, TakWe KakK, pPOCT dKBaTopuanbHOro sddexra Keppa oTHOCHUTETBPHO ero
BeJIMYWHBl HA MAaCCHBHBIX Marepuanax, nosBieHue 3ddexra Keppa Ha S-KoMIOHeHTe
IIaZalolIeTo CBeTa IIPU SKBATOPUAIbHOM HaMarHUYUBAHUU T.[. [4].

B pabore [3] mpuMeHHB MeTOJ, NUCIIEPCHOHHOTO AHAIM3a, IIOKA3aHO, YTO BIUAHUE
dakTopa ¢ (koadduieHTa OOGBEMHOTO 3allOJHEHUsS MArHUTHBIX JKHUIKOCTEH MarHUTHBIMH
YaCTHIIAMHU) Ha BapHAIUIO JUCIIEPCHOHHBIX 3aBUCHMOCTeN skBaropuanbHOro sddexra Keppa,
CJIe[OBaTeIbHO, HAa MAarHUTOOITHUYECKHe CBOMCTBA MAarHETUTOBBIX MAaTrHUTHBIX XXUIKOCTEH,
cocrasnfer 53 %. OTcioma cpenmaH BBIBOZ, YTO B PAacCMOTPEHHOM ciydae ¢ (PaKTOp HMeeT
IpeobJafaroniee BINAHUE Ha BapHaluio sgdeKTa U oIpesefieT MarHUTOONITUYECKIe CBOMCTBA
yIbTpasucrepcHsIx cper. OTMeueHO, YTO IIOJTY4YEHHBIN pe3yJIbTaT Oy[eT CIIpaBeAJIUBBIM MJI
BCEX YJIBTPAJUCIEPCHBIX Cpej, ONTHYeCKHe KOHCTAHTHI MaTepuajga KOTOPBIX yAOBJIETBOPAIOT

2 2
COOTHOLIeHUe k, <<n, .

Pesynbrarsr 1 06cyxzeHuA

Bropoit rmaBHBIM (aKTOp, [OEMCTBYIOIIMI HAa MarHUTOONITHYECKHe CBOMCTBA TaKUX
YIBTPaJUCIIEPCHBIX CPeJ, ABIAETCA NUIJIeKTPUYeCKasd IIPOHUILIAEMOCTD &, OKPY>Kalollel Cpebl

KHAKOCTh — HOcuTenb. C IeIpio OLeHKM BIMAHUA (aKTOpa £, Ha BApUAIMIO SKBaTOPHUATIBHOTO
spdexra Keppa orHOCHTEeNbHO JApyrux GaxTopoB (pasMep MAarHUTHBIX YacTHI, HX

pacIoJIOXKeHHe, KOHIIEHTPAUd MAarHUTHBIX YaCTHIL U Jp.), Mbl PElIMJU IIPUMEHUTH IIPAaBUIIO
CJIOKEHUS JUCIIepPCHil. DTOT MeToZ, onrcaH B pabore [2]. KormyecTBeHHas OlleHKa BAUAHUS &,

dakTOpa Ha MAarHUTOONTHYECKHEe CBOMCTBA MAarHUTHBIX XXUJKOCTeH JOKakeT BaXKHOCTb YxKe
o6oux (aKTOpPOB ¢ U £, Ha MArHUTOONITUYECKHeE CBOMCTBA YIbTPAJUCIEPCHBIX CPe/,.

OKCIlepUMeHTa/IbHble JaHHble MBI B3AAU M3 paboT [5,6], B KOTOPHIX HCCIEIOBAHBI
OUCIEPCUOHHBIE 3aBUCHMOCTH 3KBaTOpHagbHOro dpdexra Keppa (yron magmenus cBera Ha
obpasen; ¢ =70°) B MarHeTUTOBBIX MAarHUTHBIX JXHAKOCTAX M UX OCAJKOB Ha OCHOBE BOZBI,
KepOCHHA ¥ PasHbIX KPeMHUIOpPraHUYeCKUX COeJIMHeHMI C pa3IUYHBIMU KoddduiueHTaMu
O0BEMHOrO 3alOJHEHHA ¢ . OTH HCCIeJOBAaHUA Jald BO3MOXHOCTH  Pa3IOXKUTH
SKCIIepMMEHTAaJIbHEIe JAaHHbIe Ha TPYIIEI, IIOJOXHWB B OCHOBY TPYIIIMPOBKHM HHTEpPeCYIOUUI
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Hac (aKTop — AudJIeKTpUUecKas IIPOHHUIIAeMOCTh OKpYy»Kaiouleil cpeabl. PacueTs! mpoBoauanch
IS DOSHepruu KBAaHTOB Iaflalolllero cBeTa /@ = 23B. DxcnepuMeHTanbHBIE [JaHHBIE,
pasjIoXKeHHBIe 10 &, NpuBefeHsl B Taou. 1.

Tabmumna 1.
g, 3,(q)
KpemHuit opranuyeckoe coefuHeHNe 0.36 0.30 0.39
Boma -0.17 -0.32 0.05
Kepocun 0.20 0.25 0.15
Bosmyx 1.10 0.28 0.80

PacquH, BBITIOJIHEHHBIE IIO O3THM [JAddHHBIM, IIOKAd3dJIM, YTO BJ/IMAHHE (I)aKTOPa 80 Ha

BapHAIUIO JUCIIEPCUOHHBIX 3aBUCUMOCTeH dKBaTOopuaabHOro a¢gdexra Keppa cocrasisger 37 %.
Otciofa MOXHO cJielaTh BBIBOJI, UTO B PACCMOTPEHHOM ciy4ae GakTOpel ¢ U &,

OKa3bIBAalOT IJIAaBHOE BIMAHME HAa Bapuanuio sddeKkTa U ONpeesIIl0oT MAarHUTOONTHUYECKHUE
CBOMCTBA YJIBTPASUCIIEPCHBIX CpeJ, TaK KakK BiausHue obeux ¢axTopoB cocraBiier 90% Ha
BapHalMIoO JUCIEePCHOHHBIX 3aBUCUMOCTel dKBaTopuanbHOro a¢dexra Keppa.

3axoyenue

MarsuroonTudyecke CBOWCTBA MAarHUTHBIX JKMAKOCTeH B caMOM oOLieM ciydae
CYILIeCTBEHHO OTJIMYAIOTCA OT CBOMCTB MAaCCHBHBIX (eppOMarHeTHMKOB, 4YTO IIPUBOIUT K
M3MEHEHUIO JUCIEePCUOHHBIX M YTJOBBIX 3aBUCHMOCTEM BEJIMYMHBI MarHUTOONTHUYECKUX
3¢ dEeKTOB 10 CPaBHEHUIO C AHAJOTUYHBIMY 3aBUCHMOCTSIMH Ha MacCHBHBIX oOpasmax. Orcioza
cuemyert, YTO 3aTpyAHAETCA pacmudpoBKa SKCIIePUMEHTAaJIbHO Ha0JII0JaeMBIX
MarHUTOONTUYECKUX CIIeKTPOB, AAOMMNX HHGOPMAIMIO, KaK O HAMAarHUYEeHHOCTH TOHKOTO
IIPUIIOBEPXHOCTHOTO CJIOS MarHUTHBIX JXKHUJKOCTeH, Tak U 00 5/IeKTPOHHOM SHepreTHYecKOH
CTPYKType MaJIbIX MarHUTHBIX YaCTHI],

B cBasu ¢ sTuMM, B paccMaTpHBaeMOM IIpUMepe JJaf CiIydasd cCaaboro IOIJIOLIeHHSI

ki << ni MaTepHaja YaCTHUI] Haﬁ,ﬂ;eHBI 1 KOJINYEeCTBEHHO OIIpeesIeHbl TJIaBHbIE @aKTOPBI

JeHCTByIOIlMe Ha MarHUTOONTHYEeCKHe CBOMCTBAa yIbTpafuCIepcHBIX cpex. lIpu aroMm,
HacToAmas paboTa TakkKe JaeT BO3MOXHOCTH IIPOTHO3MPOBATh MAarHUTOOITHYECKUE CBOMCTBA
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TaKHUX YABTPAAUCIIEPCHBIX MATrHUTHBIX CTPYKTYpP u, CJIeJOBATEJ/IbHO, IIOIyIUTDH
YABTPAAUCIIEPCHBIE MATTHUTHBIE CTPYKTYPbI HY?KHBIX IIdPAMETPOB.
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[TpoBemeHo mccaemoBaHME IPOIECCOB, IPOUCXOAANIVX IIPU HarpeBe B (POKAJIBHOM 30HE
ONITUYEeCKOH IIeYM ITOBBINIEHHON MOIIHOCTH B IIOTOKe a3ora. IlokasaHo, YTO IpeoGpasoBaHue
rpapuronogo6rHoro h-BN wrHuMIUUpyeT dopMupoBaHMe HAHOTPYOOK, BHCKEPCOB (HUTeil)
BOKPYT KpaTepa M KalleJb Ha IIOBEPXHOCTU oOpasia. Buckepcs! (HuTH) B cpefHeil o6yacTu
HMeIOT IIOBBINIEHHOE CO/lep>KaHKe a30Ta, a KaIlJIu ¥ BUCKePCHI B Hayale U KOHIle CBOe JJIMHBI —
IIOBBINIEHHOE CoZiepkaHue Gopa M kuciaopoza. [loaTBepixzmeHO, 4YTO IBIDKEHHE KHCIOPOAA
ABIAETCS TIJIABHOM JBIDKYIIEeM CHJIOHN, KOTOpas CIIOCOOCTByeT OOpasOBaHUIO HUTEBHAHBIX
crpykryp. [loxaszamo, 4TO BAaIu OT KpaTepa Ha MMOBEPXHOCTHU OCEeZAeT IOPOLIKOBBII MaTepual C
IIOBBINIEHHBIM COZlepXKaHueM 060pa, COCTOANIMI M3 HUTEBUIHBIX 00pa3oBaHUN — HAHOTPYOOK U
BUCKEPCOB (HUTeI), paBHOOCHBIX HAaHOPA3MEPHBIX KPUCTA/IUTOB, OTAEIBHBIX MOHOKPUCTAJITIOB
h-BN u rerparonansusix ¢as (BsN) u (BsiN2), a Takxe amopdroro Hutpuza 6opa. [lis atoro
MaTepuasia OIIpefieJIeHbl CjeAylollue INIMPUHBI 3ampeleHHOH 3oHB: 3.5, 3.8 u 4.83B,
orBevaromue (asam: TerparoHambHbIM BsiN2 m BN, a Taxke rekcaroHanbHoii BN
coorBeTcTBeHHO. Meton  OXe-d7€KTPOHHOH  CIIEKTPOCKOIIMM  MOXET  CIYXXUTh  IJIs
IIpe/IBAPUTEIBHOM OIleHKM IIOPOIIKOBBIX MAaTepHajoB, IIOCKOJIBKY IIOKasblBaeT pasjIndue B
5JIEKTPOHHBIX CTPYKTYpaxX YHCTHIX DJIEMEHTOB U UX COeJUHEHUH.

Beegenmue

[Tocnegnee pmecAaTwmeTMe HUTPHUA Oopa BBHI3BIBAET 3HAYUTEIBHBIM HMHTEpeC Kak
TEXHOJIOTUYECKHN BAXXHBIN MaTepHas, KOTOPHIH HMeeT HMHTepeCHOe cOodeTaHWe (HU3HMYECKUX U
xuMudeckux cBoicTB. CTpykTypsl BN MOXHO HaGIIOAATh B BHAE HECKOJBKUX MOAM(UKALIMIA,
HayuHaA OT Sp?-CBA3M rekcaroHaabHON CTPYKTypsl BN (h-BN) mau sp3-cBasu kybumdeckoit
crpykrypst BN (c-BN), mo Hanotpy6ok uau ¢ynrepenononobusix ctpykryp [1, 2]. Cosmanusie
BN HaHOTpYOKM MOIYyT HMETh CTPYKTYpPYy, NOZOOHYIO CTPYKType YIJIEPOZHBIX HAHOTPYOOK,
OJHAKO MX CBOMCTBAa OY€Hb pasHble. YIJIEPOJHBIE HAHOTPYOKU MOTYT OBITh MeTaTMYeCKIMU
WIM IOJyIPOBOJHUKOBEIMU B 3aBHUCHMOCTHM OT HAaIlpaBJI€eHWS XUPAJIbHOCTH M pazuyca, BN
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HAaHOTPYOKM ABJIAIOTCA MU30JIATOPAMU C OOJIBLION IIMPUHOI 3aIIpelleHHOH 30HbI, KOTOpast IIOYTH
He 3aBUCHUT OT XUPATbHOCTU TPyOKHU u ee Mopdororuu. Kak u B gpyrux ¢popmax HuTpHzAa 60pa,
BN HaHOTpyOKM GOJIee TepMUYECKH M XMMWYECKH CTaOMIBHBI, YeM yTJIepOJHble HaHOTPYOKH,
YTO CIIOCOOCTBYyeT HX IIMPOKOMY IIPUMEHEHMWIO, H, II09TOMY, OH TaKXXe HMeeT OOJIbLIOI
IOTeHIMaJ B O0JaCTM HaHOTexHoioruii. IloHMMaHMe MexaHH3Ma CTPYKTypOOOpasOBaHMA
HUTpuZa 60pa MMeeT Goiblnoe (yHZAMEHTATBHOE M TEXHOJIOTMYECKOe 3HAadeHUe, ITOCKOJIBKY
0COOEHHOCTH IIOJTYYE€HHOH CTPYKTYPBI UTPAIOT BAXKHYIO POJIb B (POPMUPOBAHUM DIEKTPOHHOTO
CTPOEHHS CTPYKTYPHI U, TAKUM 00pa3oM, XUMUYECKUX U PU3NKO-MexaHndeckux cBoictB BN [3].

B mesnoMm, HarpeB nmoBepxHOCcTH BN MOLTHBIM CBETOBBIM H3TydeHHEM MOKeT IIPUBECTU K
CYIIeCTBEHHBIM H3MEHEeHHAM B oO0beMe MaTepuaysa. Cpeou HUX MeCTHBIE YIUIOTHEHHS MM
IJIaBJIeHHUA, CKUMAIONIVe HANpPKeHUA WIM CO3JaHHe TOYEeUHBIX HedeKTOB, KOTOpble MOTYT
WTpaTh JOMUHUPYIOIIYIO POJIb B CBOMCTBaX KOHEYHOro Marepuana [4 —7]. MoeKyapHbIil a30T
(N2), mHampumep, w™moxer jerko ¢opmupoBatb N—-N cBasu B BN Bo BpeMsa HOHHOI
6ombaprupoBku [8, 9]. HccnenmoBaHme IOBEPXHOCTM HUTpHZA OOpa Takke HMeeT BaKHOE
3HA4YeHWe JJ1 MHOTUX OOJacTell B 3JIEKTPOHUKE, JAJA IPAMOTO IIPeoOpasoBaHUSA TEIIOBOH,
COJTHEYHOM ¥ XMMHWYECKON SHEPIUU B SJIEKTPUYECKYIO, I KaTajus3a U JPYyTUX IPUIOKEHU,
IZle YUCTOTa MATepHUaJoB M XMMHYECKOe COCTOSHHUE aTOMOB B IIOBEPXHOCTHOM CJIO€ HMeeT
ocoboe 3HaueHue. Oxe-anekTpoHHas crekrpockonus (ODC) HmOBEPXHOCTH OYEeHBH MOIIHBIMH
AQHINTUYECKUN MeTOJ, KOTOPHIH HalleJ IpUMeHeHUe BO MHOTHX O0JAaCTAX (U3UKU TBEPIOTO
Tella U XUMHUH. HeCKOJIpKO TaKuX fABIEHUH, KaK afcopOumusd, AecopOIus, IOBEPXHOCTHAS
cerperanus B MAacCHBHOM Teje, u3MepeHUs KodpdurueHntoB nudpdysuu u KaTaauTudecKast
aKTUBHOCTh IIOBepXHOCTH ObLTH wucciaemoBansl ¢ momompio OODC [10, 11]. OcuoBHBIMHU
IIPpeUMYyIIeCTBAMU JAaHHOTO METOAA ABJIAETCA €r0 BBICOKAA YyBCTBUTEIBHOCTh K XUMHYECKOMY
cocTaBy B mpegenax 5-—20 A B6mm3su moBepXHOCTH, GBHICTpPHIH COOP MAHHBIX, CIOCOGHOCTS
OOGHApY>XMBATh BCE DJIEMEHTHI BBINIE TeJUSA, U €r0 BBICOKAA IPOCTPAHCTBEHHAS pa3pellarolas
CIIOCOGHOCTh. BBICOKOe paspelleHMe AOCTHTAETCS 3a CYET TOTO 4YTO obOpasel] BO30OYXKZaeTcs
5JIEKTPOHHBIM ITyYKOM, KOTOPBIH MOXKeT OBITh CHOKyCHpOBaH B TOHKMI 30HT [12]. HuteBunusie
cTtpykrypsl BN, mosydeHHBIe B ONTHYeCKOHl Ileun B arMmocdepe asora, Oiaromaps uX
CTPYKTYPHBIM OCOOEHHOCTAM, MOTYT OTJIMYAThCA II0 XUMUYECKOMY COCTaBy He TOJIBKO OT
IIOBEPXHOCTHOTO CJIOA aTOMOB OZHOPOJZHOH IIJIOCKOH IIOBEPXHOCTH, HO M OT XUMHUYECKOTO
COCTaBa BTOPOTO M IIOCJHEAYIOIUX IIPUIIOBEPXHOCTHBIX CJIOEB, IIOCKOJIBKY HX XUMHYECKHI
COCTaB OIIpeJieIseTCs HEeCOBEPIIEHHON W HEOZHOPONHOHN CTPYKTYPOH IOTHMKPUCTAIINIECKOI
IIOBEPXHOCTH 000s1049Ky BucKepca (Hutu) BN.

Harpes wucroro rpapuronomzo6soro Hurpuza 6opa h-BN 6e3 karajmusaTopoB B IOTOKe
a30Ta MPUBOJUT K U3MEHEHUIO €T0 CTPYKTYPbI, MOP(OJIOrHuH, (pa30BOTO U 3JIEMEHTHOTO COCTaBa.
IloBepXHOCTHBIE ¥ ONITUYECKHE CBOIMCTBA CHHTE3UPOBAHHBIX HAHOTPYOOK, BUCKEPCOB (HUTEIt) U
IOPYTHUX HAaHOCTPYKTYP JaAyT IIpeJCTaBlIeHKe O IPOUCXOAIINX IIPOIeCcaX, YTO, B CBOIO OYepe.b,
IIO3BOJIUT IIONYyYaTh MaTepHaybl C Hamepes 3aJaHHBIMU CBOHCTBAMM. lakuM oOpasom,
HCCIelOBAaHNE OCOOEHHOCTeN HUTPHUAOOPHBIX COeTVHEHWH, CHHTe3MPOBAHHBIX B OITHYECKOH
ey OOJIBLION MOIHOCTH, IBJISETCSA BAXKHOH 3aadeil.

MeTopuka sxcriepuMeHTa

Hcnapenue marepuana oOpasua IPOM3BOJUIOCH IIPU IJIOTHOCTH IIOTOKA 3HEPIUU B
doxansHoM 30He ycraHoBku 7000 kBt / M2 Kamepa mpozyBaiachk OCymeHHBIM U OYUIIEHHBIM OT
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IIpuMeceil KUCIOpPOZa a30TOM. DKCIIEPUMEHT Ipogopkaaca 1 wac. JlaBieHue a3oTa B ra3oBOH
MaTrUCTpaay HOAJEeP>KUBAJIOCh HA ypPOBHe UyTh Bbimle aTMocdepHoro [8,9, 13]. Mopdororuio
MIOBEPXHOCTH MCXOJHBIX IIOPOIIKOB M TIOJYYeHHBIX MaTepuajoB MCCIeZOBaTH Ha
PEHTTEHOBCKOM MuKpoaHanusatope Superprobe 733 (Amonms, JEOL), dasoBsiit cocraB —
penrtreHorpadpuyecku Ha gudppakromerpe [Jpor—-3.0 B Koa—Cu wusmryyennum wu Ha
YHUBEpCaJIbHOM IIpOCBeuYMBaOUlell 3jaeKTpoHHOM Mukpockone IIOM -B. Mopdonorusa
IIOBEPXHOCTH IIOJTY4YEHHBIX IIOPOUIKOBBIX IIOKPBITHI HCC/IeIOBAJACh TAKXKe HAa CKAHUPYIOUIEM
5JIEKTPOHHOM MHUKPOCKOITe BBICOKOTO paspeurenus c noseBoii amuccueit JEOL (Tokio — Boeki
Ltd.). [lna wm3ydeHUS CIIEKTPAJbHOM 3aBUCHUMOCTH OITHYECKOTO IIOTJIOMEHUA H3ydaeMblIi
Marepuas B BUZe TOHKOH IUIEHKU OBLI HaHECEeH Ha IOAJIOKKY M3 aMopdHoro ksapua. O6pasusl
IJIsT OITHYEeCKUX HCCIeZOBAaHWM OTIMYAJINCh BBICOKOM IIPO3PAavyHOCTBIO B BHUIWMOM 00jacTh
cuektpa. MccmemoBanus mpoBoAwanch Ha cuekrpodoromerpe Mapku Specord UV —Vis B
uHTepBaze AjauH BoiaH 0.2 — 0.8 MxMm.

O3C ob6pasnos crpykryp BN, morydeHHBIX B ONTHYeCKOH Ileyu, OBLIa IIpOBeZieHAa B
BBICOKOM BakyyMe. Jlo Kaxmoro obpasua, Ajaf Jydlleld OIeHKH U IJII yJaJIeHUA HaBeIZeHHOTO
ITOBEPXHOCTHOTO, CTATHYECKOTO 3apA/ia, KOTOPHIil BO3HUKAJ Ha HCCIeAyeMBbIX TUDIeKTPUIeCKUX
o6BekTax, mob6aBmanu yucTeiil amomMunuil (Sigma—Aldrich, 99 %, pasmep wactun < 75 MKM).
[l cpaBHeHHSA HMCCIef0OBAINCh TaKKe MeTKO3ePHHCThIe NCXOJHbIe TIOPOIIKY IeKCarOHaIbHOTO
rpadpuronogo6uoro h-BN (Chempur, CH070802). O:xe-mpouecc 6bU1 MHUIIMUPOBAH B 00pasiax
ITyTeM BBIOMBAHUA DJIEKTPOHOB M3 BHYTPEHHHX OOOJIOYEK IIYyYKOM O3JIEKTPOHOB BBICOKOM
sHeprum: 3 kaB; Tok myuka 120, 180, 200 MxA; momynanusa 1 — 2 3B, mocTosHHas BpeMeHHU 3 C
gyBcTBuTenbHOCTh 50— 100 MxB Bpemsa cxanmpoBanma 1000 c. BsicoxosHeprerudeckue
5JIEKTPOHBI HMMEJIU JOCTaTOYHO DSHEPTUM JJI1 HOHU3ALMH HEOOXOJUMBIX DHEPreTHYeCKHUX
COCTOSHUI OoJjlee JIETKUX 3JIEMEHTOB, M MOIJIM HMOHU3UPOBAaTh OoJjiee BBICOKHE YPOBHHU
OCHOBHBIX COCTOSTHUH 60JjIee TSXKeJIBIX 3JIEMEHTOB.

PesynsraTer 1 o6cyxenue

VcciemoBaHue 1OKa3ajo, B pe3yjabTaTe HarpeBa B ONTHYECKOH IIeYd IIPU
COOTBETCTBYIOLIEM TIpafieHTe TeMIIepPaTypbl HaGIIOZAeTCs Tra3o0IlepeHoC, CIOCOOCTBYIOMIUM
bOopMUpOBaHMIO Kalleab paciilaBd U POCTy HUTEBUAHBIX CTPYKTyp BOKPYT Kparepa Ha
ITIOBEPXHOCTH KOMIIAKTHPOBAaHHBIX 00pasios (puc. 1). Ilockonsky mapsr 60pa 1 a30Ta IOBTOPHO
KOHZ,EHCUPYIOTCS ¥ BHOBB UCIIAPSIOTCS, TO TaKOH IIPOIeCC NMPUBOJSUT K YBEIHMYEHUIO 00beMa U
pa3Mepa HUTEBUHBIX CTPYKTYP.

[ToryuyenHsle BUCKepChl (HUTH) He MMeIHM IIpUMecell B CpefHeH 06JacTH, OJHAKO MX
COCTaB OTJIMYAJICA IOBBINIEHHBIM COZEp)KaHWeM a30Ta (PHUC. 2) IpU Pa3JIMYHOM COOTHOLIEHUU
KOMIIOHEHTOB 60pa u a3ora (pHC. 2), YTO MOXXHO OOBACHUTH IIOBBIIIEHHBIM JaBJIeHHEM a30Ta U
TypOyJIEHTHOCTBIO €r0 IIOTOKA B IleHTpe Kparepa. Kak mpaBusio, Buckepcs! (HUTH) He BKIIIOYAIH
KHCJIOPOJ, B CpeIHeH YacTh JAJIUHBL.

O6pasoBannsle Kamwmu uMeloT pasmeps! 1o 100 MKM, cozep:kaT MOBBIIIEHHOE KOJTHIEeCTBO
6opa M HEKOTOpOe KOJIMYeCTBO KHUCIOpoza (pHC.3), MOCKOIBKY OOpasyloTCA NP IUIABI€HUU
ucxoguoro h-BN, cogepxaiero Kucaopos B cBoeM cocrtase [14] u ucnapennu asora. Cosgaercs
BIleYaTJeHWe, 4UYTO IPUCYTCTBHE KHUCIOPOJA HACTOIBKO yBEIHMYMUBAET IIOBEPXHOCTHOE
HaTsDKeHWe pacIulaBa, 4To 06pasyioTcs ¢yJiepeHONof00He CTPYKTYpPhl, a IIOBBIIIEHHOE
CoZep)XaHWe a30Ta €ro YMeHBIIaeT U CIOCOOCTBYeT BBITATMBAHWUIO HUTEBUIHBIX CTPYKTYP.
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HPI/ICYTCTBI/IG Kuciopoza B pacIiiyiaBe O0BACHIETCSA €ro HaJIuYueM B HNCXOAHBIX ITOPOLIKAX B BUJIE
OKCHJOB 1M B Ka4YeCTBe a,ZLCOP6I/IPOBaHHOI'O, a TaKXXe€ €ro ra30II€peHOCOM M3 BHYTPEHHUX CJIOEB

KOMIIaKTUPOBAaHHOTO o00paslia IIOpOLIKa HUTpHAA Oopa BO BpeMs €ero Jerasaluu IpH
TIOBBIIIEHUY TeMIIepaTyPhI.

10kV X35 500pm 0644 1155 SEI

0857 1147 SEI

(@) (6)
Pucynox 1. Buckepcs! (HUTH) 1 KaIUIM Ha IOBEPXHOCTHU HCXOHOTO
BN, nosyueHHbIe B pe3yIbTaTe HarpeBa B ONTUYECKOM eIy 00JIbIIoi
MOIIHOCTH IIPY Pa3IuvHOM yBeandeHuu: (a) X 35 u (6) x 160.

T00MmKm ¥ BneKTPOHHOE U30GPaKeHMe 1

T T T T T T T T T AR RARRERARAR RARAS ] X ' J ! : ! J !
L 0'1 (4 04 04 o b o I'IUn: 9 WKan ?02454 [ Ea '02705.4[81UI/IMI'1 )ll5 = - k3B
lonHaa wkana 10454 uwn. Kypcop: 0.276 (380 umn.) K3l Ciwd Bine L YpOp - 2

(a (6)
PucyHoxk 2. DieMeHTHEIH coCTaB BUCKEPCOB (HHUTel)
¢ HU3KOH (a) u BbICOKOH (6) KOHLeHTpamuei 60pa
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‘CI‘IEKTp 7;:

22 27N

-~

T T T T T T T T T T T
0 01 02 03 04 05 06
NonHaa wkana 9733 uan. Kypcop: 0580 (141 umn.)

1

80MKm 3nekTpoHHoe n3obpaxeHue 1

Pucynoxk 3. IloBepxHOCTHaA CTPYKTypa U 3JIeMeHTHBII COCTaB KaIlJIu.

——— S

10kV  X10,000 1um 0653 11 55 SEI

(6)

Pucynoxk 4. CtpykTypa BepIIMHBI BUCKepcOB (HuTelr) mpu yBeaudeHuax (a) X 2500 u (6) x 10000.

10KV X2,500 Opm 0656 1147 SEI

TurarebHOE HMCCIeOBaHUE BEPIINH BICKEPCOB IIOKA3aJIH, YTO OHU IIPeCTaBIAIOT COOO0I
OTZie/IbHbIe IIepeIlIeTeHHble HHUTH, IIOJHOCTBIO IIOKPBITHIE PACIUIaBJI€HHBIMH KalleJbKaMHU C
BEpPIIMHOM, 3aKpbITOM uuIAnKoi (puc.4). MHTepecHO OTMeTHUTb, YTO 3JIEMEHTHBIN COCTaB
BepXHel M HIDKHEH dYacTell BHCKEPCOB (HWUTel) MMeeT COCTaB OJIM3KHI IIO COJEpXKaHUIO K
5JIEMEHTHOMY COCTaBy KaILTH, IIOCKOJBKY BKJIIOYAeT KHCJIOPOJ M IOBBIIIEHHOE COjep:KaHue
6opa (puc. 5). Hammaue xucioposa B HIDKHeH 4acTH BUCKepCOB (HUTeH) MOXXHO OOBACHUTD €T0
IPHUCYTCTBHEM B MCXOZHBIX Hopomkax h-BN, a B BepxHell JacTu — ero ABWXeHUEM BBepX IIPH
HarpeBe M 3aZlep>KKOM IO0J, LUIAIIKOM Ha CBOeH BepIIMHE B CBA3M C YBeJIWYeHHEM
IIOBEPXHOCTHOTO HATSDKEHWS IIpU IIOHWDKeHHH TeMileparypsl.CleKTpaabHas 3aBHCHUMOCTD
OIITUYECKOTO IOIJIONIeHHUA MCCIeZ0BaJach Ha MOPOIIKaX HUTPHAA O0pa, 0Opa3soBaBIIUXCA IIPU
OCaX/IEHNM Ha KPEeMHHUEBYIO IIOJJIOXKKY BIAIW OT KpaTepa. llpensimymue wucciemoBaHUS
IIOKa3aJIy¥, YTO IIOPOUIOK COCTOUT W3 PABHOOCHBIX, HAHOPA3MEPHBIX KPUCTALIUTOB U
HUTeBUJHBIX oOpasoBanuii (puc.6). Ilo maHHEIM peHTreHOrpadUIECKOro M 3JIeKTPOHHO-
MHUKDOCKOIIMYECKOTO aHaJM3a, B OCWKIEHHOM MaTepuaje IPHUCYTCTBYIOT HECKOJIBKO
Mopudukanuii HuTpUAa Gopa — rekcaroHanbHas ¢asa h-BN, nBe TerparonanpHble (assl C
TIOBBIIIEHHBIM cofiepkaHueM 6opa — BN u BsiN2, a taxxe amopduas dasa [13, 15]. Takoit
COCTaB CYUIECTBEHHO OTIMYAETCA OT DJIEMEHTHOIO COCTaBa BUCKEPCOB (HUTEIl), YTO MOXeT
CBUZIETEIBCTBOBATh O TOM, YTO B IIpouecce (pOPMUPOBAHUA IOKPHITUS CTPYKTYPbI, YHOCHMBIE
IIOTOKOM a30Ta, He yCIIeBAIOT 0a30TUPOBAThCA U3-3a O0JIee HU3KUX TEMIIEPATyp Ha ITOAJIOXKKE.
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N A

BnekTpoHHoe usodpaxeHue 1 BNeKTPOHHOE W30BpaKeHue 1

Cnektp 1
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L B s B LR B T
02 03 04 05 08 07 01 02 03 04 05 06 07

0.1
MonHaa wkana 10454 wn. Kypcop: 0.259 (3981 umn,) kaf  [lonHaq wkana 10454 uwin. Kypcop: 0.253 (896 wn.) K3

(a) (6)
Pucynoxk 5. CtpykTypa u s1eMeHTHBII COCTaB BUCKEPCOB
(uuTeit) B BepxHeli (a) u B HIKHei (6) yacTsx.

SEI 50KV  X40000 100nm WD 3.1mm

Pucynoxk 6. CtpykTyps! u3 HUTpuzIa 60pa,

obpasyeMble Ha TIOBEPXHOCTH KPEMHUEBOU MOJIOXKKH.
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Pucynoxk 7. 3aBucumMocTh KBafipaTa KoaddUIlrieHTa OIITUYeCKOTO IOTIOMe N
IIOKPBITHUSA C OCAKJEHHOTO HUTpUA 6opa OT dHepruu GOTOHOB IIaJAI0IIETro CBeTa.

Ha rpaduke 3aBucumocTtu KBazpara K03G(UIMEHTa OINTUYECKOrO IIOTJIOIEHUI o
TIOKPBITUSA U3 OCAKJEHHOTO IOPOLIKA HUTpUAA Oopa oT sHepruu (HOTOHOB IIAJAIOUIETO CBETa
(puc. 7) MOXHO BBIIEIUTDH TPU IPAMOJIUHEHNHBIX y49acTKa. OHU CBUETEIBCTBYIOT O TOM, YTO B
KOHJieHcaTe eCcTh TpU ¢assl, B KOTOPHIX HAOJIIOAIOTCS IIPSMbIe pa3pelleHHbIe IePeX0bl MEXIY
SKCTpEMyMaMM BaJIEHTHOH 30HBI M 30HBI IIPOBOAMMOCTH, HAXOAAIIUXCA B OJHOM TOYKe
k-tpoctpancrea. IllupuHa 3ampemieHHOH 30HBI B COOTBETCTBYIOWIMX (pazax, MOTydeHHas
SKCTpaIloJIAIuell TUHEHHOro y4acTKa Ha 3aBucuMoctu a’=f(AV) x ocu abcmucc, rae AV —
sHeprus (OTOHOB IAJIAIOUIETO CBETAa, COCTaBMJIA COOTBeTCTBeHHO 3.5, 3.8 u 4.8 3B. Benmmuuna
4.8 5B nmonazaer B nHTepBaJ 3HAYEHUH JJIA UIMPUHEI 3aIPEIeHHOM 30HBI, KOTOPbIe IIPUBOAATCS
B JIuTEpaType Kak Ay MaccuBHOro BN rexcaronansHO# Mogudukanyy, Tak 1 BN HaHOTPYOOK.
JluHe#HBIN y4YacTOK cooTBeTcTBYyIOmMii 3.8 5B, oueBUAHO, MOXXHO OOBACHUTH IIPUCYTCTBHEM
TeTparoHayJbHOM ¢as3sl BsN c IOBBIIEHHBIM cofepykaHueM 6opa, a 3.5 3B — TeTparoHaxpHOM
dazoit BsiN2. DTOT dakT moATBepKZAeT SKCIEPUMEHTATBHO BIUIHIE COOCTBEHHBIX ZedeKTOB Ha
3JIEKTPOHHYIO CTPYKTypy HHUTPHUIOOPHBIX HAHOTPYOOK, KOTOpPOE€ MCCJIeZOBATHCh METOIOM
JINHeapU30BaHHBIX IIPUCOEIVWHEHHBIX NIUINHAPUYecKHX BomH [16]. PaccmarpuBanuch
HAaHOTPYOKM C IIPOTSKEHHBIMH AedeKTaMu 3aMellleHUs aToMa 00pa Ha aToM a30Ta U, Ha00opoT,
aToMa a3oTa Ha atoM 6opa ¢ KoHIeHTpauueil mpumecu oT 1.5 mo 5 %. beuto mokasaHo, 4To
Hajou4yue TaKuxX [e(deKTOB CYIIeCTBEHHO BIMsSEeT Ha 30HHYIO CTPYKTYpPy HUTPUZOOPHBIX
HaHOTPYOOK ¥ IPUBOZUT K YMEHBIIEHUIO IINPUHBI 3aIPELIeHHOM 30HBI.
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Tabmuna 1. Kunernueckas sneprus Oxxe-371eKTPOHHOTO CIIEKTPOCKOIIMYECKOTO TIepexo/a.

N DJeMeHTHI O32C nepexop, Kunernueckas sueprus O9C nepexona , 3B
1 bop KLL 179
2 Yrnepop, KLL 272
3 Azot KLL 379
4 Kucnopop, KLL 508
5 OKcuzn aaioMIHNA LMM 68

W3BectHO, uTO MeToz Oxe-anekTpoHHO# cniekTpockonuu (ODC) ocHOBaH Ha U3MEpPEHUU
KMHETUYeCKOM SHEPTUHU, HCIyCKaeMOH 3JeKTPOHAMH, IIOITOMY KaXKAbIH djeMeHT B o0Opasle,
KOTOpPBINl M3y4YaeTcs, IIPeJCTaBUT XapPaKTEPHBIM CIIEKTP IIMKOB PA3IUYHBIX KUHETHYEeCKHUX
sHepruit. KonuuectBo BeusiBieHHBIX O’Ke-3J€KTPOHOB MEHSETCS B 3aBUCHMOCTU OT peibeda.
Tomorpaduyeckue mompaBKu MOTYT OBITH CZi€/TaHbI TOJIBKO ITyTEM CPaBHEHUS MHTEHCHUBHOCTU
Pa3IUYHBIX DJIE€MEHTOB B OJWHAKOBBIX CIIEKTPAaX, TaK KaK BIuUsHUe penbeda sBIsIETCA
ONVHAKOBBIM JJIS BCEX DJIEMEHTOB. TakuM OOpa3oM, MHTEHCHBHOCTh HAIIUX HCCJIENyeMbIX
5JIEMEHTOB, BXOAAIIUX B COCTAaB ITOPOIIKOB MOXXET OTJIMYATHCS OT JAaHHBIX TaOGauis! (Tabm. 1),
KOTOpbIe OBLIY IIOTyYeHBI IIyTeM UCCIeOBAaHUA IVIOCKUX IIOBEPXHOCTEH MaTepHUajoB B TBEPAOM
COCTOSHUH.

-500 —
s08, 0

68, C

-i000 —

Arbitrary unit, dM fDE
|

-1500 —]

Locxrton_3a

-Z000

T T T T T T T T T T T T T 1
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Energy, e’

Pucynoxk 8. Iluddepennuanpusriit Oxe-crieKTp BepXHETo CJIOS IIOBEPXHOCTH IIOPONTKa 6opa.

IIpenBapurensusle pacuersl guddepennuanbHblx  OKe-CIIEKTPOB  ITOBEPXHOCTH
IIOpOIIKOB Gopa (puc. 8) mokasanu, YTO MOBEPXHOCTH COCTOUT U3 ~ 67 % Gopa, ~ 22 % yriaepoza
u ~ 11 % xucnopoma. O3C muku ¢ y4acTheM BaJEHTHBIX DJIEKTPOHOB HECYT 3HAYUTEIBHYIO
MHQOPMALUIO O XMMHYECKOM COCTOSHUU IIOBEPXHOCTH. XWMHYECKOe BO3[IeHCTBHE MOXEeT
IIPOSABUTHCSA KaK IIPOCTHIM CABUTOM ITHKA, TAK ¥ M3MeHeHreM (OpMbI TUKA, UIN U TeM U APYTUM.
ITockosnpky 60p HCCIefyeTcs B BUie TIOPOIIKA, TO TAKOe COCTOSHMe O0pa oIpesiesiieT CMelleHue
mMKa 6opa B CTOPOHY OOJBUIMX 3HAYEHUIH SHEPTMM II0 CPaBHEHUIO C JAHHBIMU Tabx. 1 u
curHansl AuddepennuansHbix Oxe-cekTpoB (puc.9) M3 pasHBIX dYacTeil BepXHETO CJIOA
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IIOBEPXHOCTHU IIOPOIIKOB 6opa HMEIT MHOT'O ITYMOB. OTH CIIEKTPBI ACHO CBHAETEIBCTBYIOT O

IIPUCYTCTBHUHU YIJIEpOdd W KHCJIOPOJd. Wx nuku CMelIeHbl 1 MMEIOTCA M3MEHEHHUA B (1)0PM€ u

MHTEeHCHUBHOCTH, TIOCKOJIBKY CIIOCOO TIOTydYeHUs IIOpOIIKAa OIpefesifieT ero HeoJHOPOJHOCTb.

Ecnu cmemaercs muk yriaepoza, To 3to o3Havaer Hanumyue BC wmwim Al«Cs Ha moBepxHOCTH.

Kuciopog o6s3aTelbHO IPUCYTCTBYeT B af[COPOMPOBAHHOM CJIO€. DTO CBUZETEIBCTBYET O TOM,

YTO IIOPOIIKH 6opa n aJIIOMHHHA HMEIT MHOI'O KHCJIOPOId K YIJIEPOJd Hd IIOBEPXHOCTH,

KOTOpBIe MOTYT OBITH KOMIOHEHTAMHU Takux coepuHeHu#, Takux Kak BC mwimu Al«Cs, CO, CO2

Tak majee.

AbHany vt AMKSE

-1 ke
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Pucynok 9. Jludpdepennuanpasie Oxke-CreKTphI BepXHETO
CJIOSL IOBEPXHOCTH ITOPOLIKA O0pa B Pa3JIMYHBIX TOUKAX.

O’Ke-CIIeKTPOCKONUA HMCXOIZHBIX ILIACTUHYATHIX MeJIKO3epHUCTHIX mopomkoB h-BN ¢

npumecsamu B20s moaTBepAmia pe3ynbTaThl pEeHTTeHOCTPYKTYpHOTO aHanusa (8, 13] o Hamuyun

DOCTaTOYHO GOJIBLIOTO KOJIMYECTBA KMCIOPOa Ha IIOBEPXHOCTU UCXONHBIX TOpourkos (puc. 10).

HOJIYKOJII/I‘—IGCTBQHHBIG PpacdeTsl ,H;I/I(l)(i)epeHHI/Ia]IBHBIX O)Ke—Cl'IeKTPOB IIOBEPXHOCTHU IIOPOIIKOB

HUTpuZAa O60pa IPOZEeMOHCTPUPOBAIU, YTO UX BepXHUN cyoil cocrouT u3 ~ 13 % yriaepoza,

~ 17 % xucmopoga, ~ 30 % 6opa, ~ 39 % azora. Cozmepxkanue yriepoza Ha moBepxHoctu h-BN

3HAYMTEIBHO MEHbIIe II0 CPABHEHMIO C COZiepXKaHHeM YIJIepoZa Ha IIOBEPXHOCTH Oopa. JTO

MOXXeT OBITh BBI3BAaHO MeTozoM IpousBoicTBa h-BN mopourkos. Pacuersr guddepennmanrbabIx

Osxe-cnexTpoB noBepxHoctu BN BHCKepcoB (HUTell) INPOJEeMOHCTPHUPOBAIN, YTO MX BEPXHUM

cioit cocrout u3 ~ 23 % yriaepoza, 4 % xuciaopoga, 31 % 6opa, 42 % asora. B BN Buckepcax

(HuTAX) ropasmo MeHslne kuciaopoga (puc. 11). Hammume mocraroyHo 60JBIIOro KOIUdYecTBa

yriepoda Hd IIOBEPXHOCTH BHCKEPCOB (HI/ITefI), IIO0 CpaBHEHHIO C HCXOOHBIM HHUTPHUIOM 6opa

MOXXHO OOBACHUTBH C UX Oo0Jiee BBICOKOHM aKTHBHOCTBIO B azcopbuuu yrieBomoponos u CO wus
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atmocdepsl. [losgBrenune pacmerieHHoro muka 6opa B mcxozusix mopomkax h-BN u 3 BN
BHUCKepcax II0 CPaBHEHMIO C YHCTBIM HUTPUZOM OOpa YKasblBaeT Ha BJIMSIHHE a30Ta Ha
M3MeHeHue D3JIeKTPOHHOW CTPYKTyphl OOpa, T.e. Ha pacllelleHWe BHYTPeHHeH OOOJIOYKH.
IIpuuem, usameHeHue MOP(OJIOTUU CTPYKTYpPhl HUTpHAA Oopa IpuUBOZUT K Oosiee TIyOOKOMY

pacmertenuio  (puc. 11).  Oixe-crextpsl moBepxHocTH BN  BHCKepcoB (HuTe#l) Takke
IO TBEPAYUIN UX IIOBBIIIEHHOE COZIePXKAHUe a30Ta.

H

000 - X\

Arbitrary unit, dN/dE

8050

180, B

171 B ERERN

Erergy EY

Pucynox 10. /luddepeniuanpasiii Oxe-cIeKTp BepXHETo CJI0SA IOBEPXHOCTH
HCXOZHBIX TIOPOIIKOB MeJIKO3epHHUCTOro rpaduronomobuoro h-BN.
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-Z0o0o0

Arbirtrany unit, dMAE

-+000 ]
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Energy,el
Pucynox 11. luddepeniuaneaeiii Oxe-creKTp BepXHero

CJIOSL IOBEPXHOCTH BUCKepPCOB (HUTei) 13 HUTpUIa 6opa.
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Pucynoxk 12. O>xe-31eKTpOHHbIe CIIEKTPHI: 60pa (a),
BN Buckepcos (auteii) (6), ucxoguoro h-BN (B).

COen W (112)

Intensity [arb. units]

Pucynoxk 13. Oxxe-31eKTpoHHbIe CIIEKTPHI yTaepoja
B CO Ha W, W2C, B rpacdure u B anmasze [17].

99



Optical and surface properties compounds of boron nitride ... .

CpaBHenne mnoxyueHHBIX paudpdepennuanpaerx Oke CcHeKTpoB 060pa, HCXOTHOTO
mopourka h-BN u BN Buckepcos (uuteii) (puc. 12) ¢ anexrponssiMu Oxxe-ClieKTpaMu yTiepoza
B CO Ha W, W2C, rpadure u anmase [17] (puc. 13) mosBosasger oOBACHUTD COBUT, U3MEHEHUE
(bOpMBI U WHTEHCUBHOCTH TJaBHBIX NMHUKOB 60pa, h-BN mopomrkoB u BN Buckepcos (mureit).
Cmemenue nukoB 6opa B BN mopomkax u BUCKepcax ZeMOHCTPHpPyeT HaJIW4YKe B HUX ILIOTHO
YIIaKOBAaHHOM CTPYKTYPBbI, UYTO U IIPUBOAUT K CHIDKEHUIO JIEKTPOHHBIX YPOBHEHl, KaK U B aJIMase
(puc. 13). Bonee Toro, mIoTHO ymakoBaHHas cTpykTypa BN BuckepcoB (HHTei) criocoOGCTByeT
IIOABJIEHUIO PACIIeI/IeHHOTO IIMKa 6opa uepe3 6ojee TIyOOKOe pacliellyieHue 3JIeKTPOHHBIX
yposHeii (puc. 12). CriaxxeHHsIi nuk Kuciaoposa B BN Buckepcax, mozo6usrit mukam CO vHa W
(puc. 13), MOXeT CBUIETEIBCTBOBATH O TOM, YTO KHCJIOPOJ, aJCOPOUPOBAH.

BrrBoasr

Taxum 06pazoMm, HarpeB B POKaIbHOI 30HE ONTUYECKOH ITeYr ITOBBIIIEHHON MOUIHOCTH B
IIOTOKe Qa30Ta WHUIUHMPYyeT IpeoOpa3oBaHHe CTPYKTYyphl rpaduromomobuoro h-BN B
HAaHOTPYOKM, BUCKepCHI (HUTU) BOKPYT KpaTepa U B KaIUIM Ha IOBEPXHOCTH 0Opasua. Buckepcsr
(HuTH) B cpemHell 06JaCTM MMEIOT IIOBBINIEHHOE COJEp)KaHKe a30Ta, a KAIUIM M BUCKEPCH B
Hayale ¥ KOHIIe CBOeH JJIMHBI — IOBBIIIEHHOE COfepXkaHue 6opa M Kuciaopoza. Pasmmuume B
KO3 PUIMeHTaX TOBEPXHOCTHOTO HATKEHMs, 0JIarofaps COOTBETCTBYIOIIEMY 3JI€MEHTHOMY
COCTaBY, U IBIDKEHUE KMCJIOPOZA BBEPX B NPUCYTCTBUU I'PafiMieHTa TeMIIEPATyphl IPUBOAUT K
BBITATHBAHUIO KaIlJIU B TPYOKY, IIO3TOMY ABIDKEHUE KHUCJIOPOZA ABJAETCA IJIABHOM IBIDKYIIeit
CHJIOH, KOTOPas CIIOCOOCTBYeT 0Opa3s0BaHUIO HUTEBUIHBIX CTPYKTYP.

Bpanm or xpaTepa, Ha IIOBEPXHOCTM KPEMHUEBOI IOJJIOXKH, OCEJAeT IIOPOIIKOBBII
MaTepuasa C IIOBBIIIEHHBIM COZEp>KaHHeM OOpa, COCTOSIWHA M3 HUTEBUAHBIX OOPa3OBaHUI -
HAaHOTPYOOK M BUCKepCOB (HUTell), paBHOOCHBIX HAHOPA3MEPHBIX KPHUCTAJUIUTOB, OTHEIBHBIX
MoHokpuctatoB h-BN u terparonansusix ¢as (BsN) u (BsiN2), a Takke amopdHOro HUTpHzAA
6opa. Jlna sTOro MaTepHasa 3aBUCHMOCTH KBazpaTa Kod(h¢HUIMeHTa HOIJIONUeHUS OT SHEepPTUU
(bOTOHOB mIazaloIIero cBera B 00JACTH COOCTBEHHOTO IIOTJIOIEHUS OOHapyXuiaa 3 JTHUHEHHBIX
y4acTKa, COOTBETCTBYIOIIMX WIMPUH 3ampemeHHO 3oHBI: 3.5, 3.8 m 4.8 5B, oTBeuaromux
crepyomuMm (asam: TerparoHanmbHbIM BsiN2 um  B»sN, a Taxxke rekcaronamsHoit BN,
COOTBETCTBEHHO.

Meropn, O:xe-37I€KTPOHHOH CIEKTPOCKOIIMM MOXET CIYXHUTh [JI1 IIpeJBapUTeIbHOM
OLIEHKH, IIOCKOJIBKY IIOKa3bIBaeT pasjIMure B 3JIEKTPOHHBIX CTPYKTYpax YMCTOro 60pa u 6opa B
h-BN u 8 BN Buckepcax. Hanuume asora IpuBOJUT K CHIDKEHUIO 9JIEKTPOHHBIX YPOBHEH U K
pacllerIeHUIo TUKa 6opa 6yarozaps 6osee riryOOKOMY pacleIlIeHUIO DJIEKTPOHHBIX YPOBHEH,
a mpeo6pazoBanue h-BN B onTmyeckoil meym G6e3 KaTaausaTOPOB CHIDKAET COJEp>KaHUe
KHCJIOPOZA B IIOJyYeHHOM MaTepHale.
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1. Beepenue

WccnemoBanre KUHETMKH Majoi IOACHCTEMBI (YAaCTHIIBI) B3aMMOJENCTBYIOUIEH C
KBaHTOBAaHHBIM IIOJIEM (TEPMOCTAaTOM) IIpeACTaBasieT COOOM BaKHYIO IPO6eMy KBaHTOBOM
TEOpUM IONI U (PUIMKM KOHAEHCHPOBAHHOTO COCTOSHUSA. DJIEKTPOH B IIOJNSIPHOM (MOHHOM)
KpucTasUle (IOJISPOH) NpeACTaBIgieT MUPOKO U3BECTHHIN IIpUMep TaKo# cucTeMsl [1].

Yo6GHBIM CIIOCOOOM M3Yy4YeHHSI pelaKCAIMOHHBIX IIPOLIECCOB U IIOBEJEHUS YaCTHIHL,
B3aMMOJEHCTBYIOIEH C TepMOCTATOM IIOJ, BIUSHHEM IIPHJIOKEHHOTO IIONA SABJIAETCA MEeTOJ,
KOppeIAinHOHHBIX QyHKUMI 1 pyHkuuii ['puna [2].

[IByxBpeMeHHble paBHOBECHbIe KOPPEeJIAIMOHHBIE (QYHKIUU ABIAIOTCI OCHOBHBIMU
BeJIMYMHAMU B TeOpHU JnuHeiHOro nepenoca Ky6o [3]. OTa Teopus cBo60mHA OT OTpaHUYEHUH
Ha IIPOIeCChHI paccesHUs (HalpuMep, B CIydae B3aMMOJEHCTBHUSA DJIeKTPOHOB C IPUMECSIMH WU
c (GOHOHHBIM IIOJIEM B KpHUCTalje), B OTIMYMM OT IIOJXOZa, OCHOBAHHOTO HAa YpaBHEHUU
BonbiiMana, A KOTOPOTO IIPOLIECCHI PpACCesSHUS [JOJDKHBL OBITH XOPOIIO pa3feseHbl B
IIpocTpaHcTBe U BO BpeMeHU [4]. OpHAaKO, IpH BRIYMCIEHUU 3JIEKTPOIPOBOSHOCTU O(w) (w —
YacToTa IIPUJIOKEHHOTO DJJIEKTPUYeCKOro Iossg) coriacHo dopmyne Ky6o (a Taxke mpu
BBIYMCJIEHUY KOPPEJAIMOHHON (PYHKUMH TOK—TOK) BO3HHKAIOT TPYAHOCTH, OOYyCJIOBJIEHHBIE
PacXOLUMOCTBIO YJIEHOB Pa3jIoXKeHUs 0(w) 10 B3aUMOEHCTBUIO DJIEKTPOHA C PacCeUBaTeIIMU
mpu yacrore w — 0. [laxxe B ciaydyae c1aboro B3auMOEHCTBUS [JIs IIONyYeHUs IIPAaBUIBHOTO
pesyabTara /[Ajad IIPOBOZMMOCTH Ha mocTosHHOM TokKe (dc) mpm w — 0, Heobxommmo
IIPOCYMMHPOBaTh OECKOHEYHBIN PAJ, PACXOAANINXCS WIEHOB (IIPAaBUJIHBIH IOPALOK IIpe e TbHbBIX
IIePeXO/OB IIPU TAaKWUX BBIYMCIEHUAX SBIAETCS IIEPEXOf, (lzi_r}% Li)rllo [5], rme @ — sTO KOHCTaHTa

B3aMMOJIEHCTBUA DJIEKTPOHOB C ¢oHoHamu). CyurecTByeT GOJbIIOE KOJUYECTBO PaboT IIo
MOJABIDKHOCTH IIOJIIPOHA, YYMTBHIBAIOIUX pasJIMYHble aNpOKCHUMAIUM IIPU BBIYKUCIEHUH
KOppeIAUMOHHONH ¢yHKmuM TOK-TOoK (cM. [6]). OpHako, 3TH  pe3yabTaTsl  AJIA
HU3KOTEMIIEPATyPHOH ITOABIDKHOCTH IIOJAPOHA OTIMYAIOTCA OT Pe3ysIbTaToOB, HAHAEHHBIX C
IIOMOIIBIO ypaBHeHUs bospimana [6)].

BrrmreykasaHHBIE TPYZHOCTH MOXHO OOOWTH, IIOJNB3YSACh BMECTO KOPPEeIAIMOHHOMN
GYHKUMHM 5BONIOLNMOHHBIM YypaBHEHHEM M KoppeasuuoHHoU ¢yHkuuu. OO6o0imeHHbIE
ypaBHEHUA OSBOJIONMM Ui MATPHUIBl IUIOTHOCTH U [JI1 KOPPEIAIMOHHBIX QYHKIUN
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IIO/ICUCTEMBI, B3aUMOJEHCTBYIONIell ¢ KBAaHTOBAHHBIM OO30HHBIM IIOJIEM (TE€pPMOCTaTOM) OBLIH
Haiizens: B [7 — 11].

YpaBHeHue bosbllMaHa IS CTaTUCTHYECKOTO OIIEPAaTOPa, KaK M COOTBETCTBYIOIIHE
IpHUOJIIDKeHHbIe YPaBHEHUA I KOPPEIALUOHHBIX QYHKIUI IOCUCTEMBI, CIeLyIOT U3 TOYHBIX
ypaBHEHMU#l, HaliZleHHbIX B CIy4Yae C1aboro 3JeKTPOH—-(POHOHHOTO B3aMMOZEHCTBUI U CIaboro
BHEITHETO 3JIeKTPUYecKoro Ioid. IIpuGnrKeHHBle ypaBHEHMsS SBOJIOLUM OBLIU BBIBEJEHBI
taroke [10, 11] B caydae curpHOTO (IIPOM3BOJIBHOTO) 3I€KTPOH—(OHOHHOTO B3aUMOZEHCTBUS B
pamkax mozenu Qeitnmana f1s mosnsgposna [12].

EnuHCTBeHHas ampoKCHMMauusg, KOTOpas WCIONIB3YeTCs IIPU BBIBOZE OOOOIIEHHBIX
ypaBHEHUI 3BOJIOLUY, ABJseTCs npubamkenue crydaiuerx ¢as (IICP) (B mavanpHbINH MOMEHT
BpemeHu t = ( moacucTeMa M TepMOCTAaT He B3aUMOZEHCTBYIOT IPYT C APyroM MM (paKTop
I'mbcca B [JByXBpeMEeHHOIHI paBHOBECHOHM KOPPEeIALMOHHON (YHKIUKM alpOKCHMUPYETCS
IIpou3sBesieHueM pacnpezenenuii ['mbcca 1 mopcucTeMs! u TepmocTara). OfHAKO He OYeBUAHO,
YTO pe3yJIbTaThl OyLyT OZUHAKOBBIMHU IIPHU PA3IMYHbIX HAYAIbHBIX yCIOBUIX.

B Hacrosmeit paGoTe BbIBe[leHBI HOBBIE, TOYHbIE YPaBHEHUS /[ANA KOPPEISIHOHHBIX
GYHKUMA TOACHCTEMBI, B3aMMOZEHCTBYIOMEH ¢ OGO30HHBIM 1OeM (C TEepPMOCTaTOM).
[Tpubnmxenne cry4aitusix a3 (pacmpeneneHue B Bue IMPOU3BeNeHUI) He UCIIONB3YETCS TIPU
BBIBOJIE 3TUX ypaBHeHU. C MOMOLIBIO HAliJIeHHBIX YPaBHEHUN PaCcCMOTPEHBI KOPPEeJIAIUOHHBIE
bYHKIUY I 971eKTPOH—(OHOHHOM CUCTEMBI U Pa3BUTA TEOPUS DJIEKTPOIPOBOLHOCTH B paMKax
nuHeiiHO# Teopum nepenoca Ky6o [3]. B wacTHOCTM moCTpoeHa IOCIeOBaTeNbHAs TEOPHI
IIO/BYDKHOCTH TTOJIIPOHA IIPU HU3KMX TeMuepaTypax. O6cysxaeTcs TakKe BIUSHUE HadalbHbBIX
KOppeJIALMil Ha IPOIlecC peIaKCalliy U Ha IIPOBOZMMOCTb.

PaGora oprammsoBaHa ciexzyomuMm oOpa3oM. Bo BTOpoili YacTH MBI BBOAUM
KOppeJAIMOHHble  GYHKUMM  HojcucreMsl,  (yHkumit  ['puHa,  IMyBBHIITIEBCKHIT
CyllepoIepaTopHbIil (OpMaau3M, TEXHUKY IIPOEKIIMOHHOTO OIlepaTopa X BHIBOZUM TOYHBIE
ypaBHenus (ue wucnonsdys [ICD) pna  koppenainuoHHBIX (QYHKIMHE  ITOACHCTEMBI,
B3aMMOZEMCTBYIOM el ¢ 6OIBIIO paBHOBECHOM CHUCTEMOM (C KBAHTOBAHHBIM OO30HHBIM IIOJIEM).
OmnucerBaercs mpolenypa HCKIIOYEHUS ONEpPaTOpoB (aMIUIMTYZ) OO30HHOTO IONA U
paccMaTpUBAaeTCsA IIepexo], K MapKOBCKUM YpaBHEHUAM BO BTOPOM IIPHOJIIDKEHUM TEOPHUU
BO3MYLIeHUMN.

B Tperpeidi wacTH paccMaTpuBaeTCs DJIeKTPOH-(GOHOHHAsA CHUCTeMa. DBBogATcs
KOppelauyoHHble (GYHKIUM TOK—TOK (CKOPOCTh—CKOPOCTB), KOTOpBIE OIpefessioT TeH30p
5JIEKTPOIIPOBOLHOCTH B TeOpuH HuHeiiHHOTO nepeHoca Ky6o. Ha ocroBe dpopmannsma pasBuroii
BO 2-# dYacTH, B O3TOH 4YaCTM MBI BBIBOAUM YPaBHEHMS A1 KOPPEIALMOHHBIX (DyHKIMI
CKOPOCTB—CKOPOCTB /IS 3JIEKTPOHA CJab0 B3aMMOJEeHCTByIomero ¢ (GOHOHAMM M CO CJIA0BIM
OJHOPOJHBIM BHELIHUM 3JIEKTPUYECKUM IIOJeM. B ciiydae OJHO30HHOM MOJenu BBIBeJ€HHBIE
YPOBHEHUS PeIIAloTCs B KBaJpaTypax B IpubamkeHun Bpemenu pernakcauuu (IIBP) u sBasiorcs
TOYHBIMU IIPU HU3KUX TeMIepaTypax.

CoOTBETCTBEHHO, HaliZleHHOEe BBIpR)XEHUE JJI TeH30pa 3JIeKTPOIIPOBOJHOCTH IIPUTOLHO
IJIS TIPOM3BOJIBHOTO 3aKOHA [JUCIEPCHU 3JIEKTPOHOB XU (GOHOHOB M IIPU IIPOU3BOIBHBIX
TeMIleparypax. B aTo#l wactu o6Cyx[aeTcs TakXKe IIPOIECC PeaKCalluy M BKJIAJ, HadaJlbHbIX
KoppeJamuii B oot nporecc (B [ICO HavanpHbIe KOPPEJSIMH OTCYCTBYIOT).

B derBeproifi WacTHM paccMaTpUBaeTCA IIPOBOJUMOCTh MeJJIEHHO IBIDKYIIETOCs
(bpenX0OBCKOTO IONApOHa (Cay4yail HuU3KKMX TeMmeparyp). HaiimeH o6GoOIieHHBIN pe3ynbTaTr
Ocaka mna mpoBogumoctu (dopmyna [Ipyne), KOTOPBIH COZEp>KUT IIOIPABOYHBINA YJIeH OT
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HavyaJIbHBIX Koppenauuit. [loaydeHo mnpaBuibHOe BBIpaXXeHUe I HHU3KOTeMIlepaTypHOI
MO BIDKHOCTH IIOJIIPOHA.
B maToit gacTu paboTHI IPUBOAUTCA JajTbHellIee 00CyKJeHUe IOy YeHHBIX Pe3yJIbTaTOB.

2. YpaBHeHMe 11 KOPPEIALMOHHOM QyHKIIH

PaccMmoTpuM muHaMudYeckyio mogcucteMy S B3aUMOJAEHCTBYIONTYIO C G030HHBIM IOJIeM 2.
FamunbpTOHMAH BCeil cucteMsbl (S+X) BO3bMEM B BHUJIE:

H = Hs+ Hz+ H;, (1)
roe Hs, Hr m Hi cooTBeTCTBEHHO TraMW/IBTOHMAHBI IIOJACUCTEMBI, OO30HHOIO IIONI WU
B3aMMOJEHUCTBHUA MEXAY HIMHU.

Hs= 3k hw(k)by by, Hi = i [C (S)by + C¢ (S)by 1. 2)
3meck hw(k) oHeprusa xBaHTa GO30HHOTO IIOJIA, XapaKTEPHU3YIONUIASACA KBAHTOBBIMU YUCIAMU K;
by; bi — 6ose-omepaTopsr yHUUTOXEHHMS M POXAeHHsa GosoHa B cocrosuuu k; Ci(S) u Cif (S)
OllepaTopsl INpUHAAJIEXalue IoacucreMe S DBo3oHHas cucremMa paccMaTpuBaeTcs Kak
TEpMOCTAT.

OmnpenenuM NBYyXBpeMEeHHYIO KOppersiuuoHHyo ¢pyukumio F(t) u dyukuuu I'puna G (t),
G? (t), G° (t) (3amas3zpIBAIOINyIO, OIEPEXAIONUIYI0 U TNPUYMHHYIO), OT omepaTtopoB As u B
IIOZCUCTEMSI B Buje (cM., Hampumep [2]):

F(t) = <As(t), Bs(0)>,

G™(t) = 6(t)<[ As(t), B«(0)]n>,

G(t) =—06(—1)< [As(t), B(0)].>,

GS(t) = < Tn{As(t)Bs(0)} >. 3)

3mech As(t)= e%HtAs(O) e?lHt, < +++ > - ycpeJHeHUe II0 paBHOBECHOMY aHCaMOJIIo:

< >=Tr{e P .. }Z7,

Z=Tre P g = $

0(t) =1mpu t>0wu 0(t) = Omput<O0,

[A«(t), B{0)]n = A{t)B«(0) — nB:(0)As(t),

Tr{As(D)Bs(0)} = B()A{t)B«(0) + n6(—1t)B{0)A«(1),
n=1 ecnu Asu Bs 603e oneparopst u 1 =—1 gng Oepmu-omnepaTopos.

3amuureM KoppeafinuoHHYyIo dyHkuuio F(t) B cremytomenm Buze:

< As(t)Bs(0)>= Z'Trsx[Bs(0) e PHellt A (0)]. (4)
37ech MBI BBEJIH JINYBHJUIEBCKUH cylieponeparop L, mefiCTBYIOUMI Ha IIPOMU3BOIBHBII OIIepaTop
Do npaBuiy

1
LD=-[H, D],

etiltp (0) = efsHtD (0) e Wt = D(+1)
(L = Ls+ Lz+ Li— coorBercTBeHHO wieHam ramuibToHuaHa (1)), Tress — cien mo cocTosHuaM Beeit
cuctemsbl (S+X).

W3 sBeipaxenus (4) BHAHO, YTO AMHAMHUKY KOPPEJAIUMOHHOM (QYHKIUN yZOOHO
paccMaTpuBaTh C IOMOIIBIO CIEAYIOUIUX CyIepoIlepaTopoB, NeHMCTBYIOIIUX Ha omepatop LD,

KaK:
R(t)D =Z'Tr [ e PHeilPD],
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I(t)D =Z'Tr o[ e PHeiiQD], (5)
rme P - mnpoekiuounsiit omepatop (P> =P ) ycpemHeHHs MO COCTOSHMAM TePMOCTATa
(6030HHOTrO MMOJIA):

PD=Tre)(p=D)=< D >3, ps=Z'we PHz, Z= Troe Pz, Q=1-P. (6)
Brrpaxxenwue (3) gy KoppenauuoHHOH ¢yHKuuit F(t) MoXXHO 3amucaTs B BUze:

< A{(t)B{0)>=< A{0)Bs(-t)>=Tr[Bs(0)R(t)As(0)]. (7)
HeTpyzaHo mosry4uTs ToOuHbIe ypaBHeHHA AJig cyneponeparopos R(t) u I(t). Mmeem:

= R(t)=iR(t) PLP+il(t) QLP, 8)

2 1(t)=il(r) QLQ +R(H)PLQ.

Wurerpupys ypaBHeHue (8) mns cymeponeparopa I(t) Mbl HaXoAuM cieAyiollee BRIpaKEHNUE:

I(t)=1(0) Mo(t)+if, dTR(t)PLQMq(t — 1) , 9)
rae

1(0)= Z'Tr e PHzQ (10)
— Hava/;bHOe 3HaYeHMe cyTepornepatopa I(t) u

Mg (t)=exp(iQLQt)

— “MaccoBsIif” cymeponepaTop.

Iloxpcranas Beipaxenue (9) g cymepomeparopa [(t) B mepBoe ypaBHenme (8), MBI
HaXOJ VM TOYHOE HEeOJHOPOLHOEe JBOJIIOIMOHHOE ypaBHeHMe I CyllepolepaTopa:

%R(t)ziR(t) PLP +lI(0)Mq(DQLP — fot dtR(7)PLQMq(t — 7) QLP (11)
IloryyeHHOe ypaBHeHHe oOIpezenseT YpaBHeHUEe [ KOppelAnuoHHOW ¢yHkumil (7).
Wcnons3ys ompegnenenve (5) ¥ BO3MOXKHOCTh I[UKJIMYECKOM II€PECTaHOBKU OIIEPATOPOB IIOZ
3HaKOM omepauuii Tr(ss) MbI Haxogum u3 BelpakeHui (7) u (11) crexmytomee ypaBHeHHe As
KOppPeJAIMOHHON (PYHKIIH:

2 < A()B(-t)>= i < [PLPA(0)]B:(-t)> +

QMq (t)QLPAs(0)]Bs(0) > — fot dt < [PLQMq(t — 7) QLPA(0)] Bs(-7) > . (12)

Vpasuenus (11) u (12) ABIAIOTCA TOYHBIMU HEMAapKOBCKUMHU YPAaBHEHUAMHU DBOJIOIUU
o1 cyneporneparopa R(t) u xoppensmuonHnoit dyukumii (3). HeomHopomHsle 4uineHSI B 3THX
ypOBHeHUsX (BTOpble WwieHbI B IpaBbix dacTsax (11) u (12)) ommchiBaioT BIMsSHME HAaYaIbHBIX
(TIpeACTaTKHOBUTEIBHBIX) KOPPEIALMIl BO BpeMeH!, KOTOpble 00yCIOBIEHBI B3aNMOIeHCTBHEM
MEeXIy IOACHUCTeMOI S U TepMocTaToM X (6030HHOTO II0JIA) B HAYaJIbHBIH MOMEHT BpEMEHH t =
0. IlosTomy mpu pemenvu HavanpHOM 3azaun (3amauu Komw) s ypasuenus (11) (u, Takum
06pasoM, [ HaXOX[eHUs KOPPeISIMOHHON QYHKIMN) HaM IIOHAZOOUTCSA 3HAHUE He TOJBKO
R(0), vHo u taxxke I1(0). Eciu mamaTe o HavaapHBIX KOPPEISAIUIX CO BpeMEHEeM MCYe3aeT, TO
TOTZIa B BOJIIOLMY JOMUHUPYeT BIUSHUE CTOIKHOBeHMH. OZHaKO, B IPUHITUIE, IPUCYTCTBUE
IIPeICTOJIKHOBUTEIBHOTO 4ieHa Koppesalnuu, cBsazaHHoro ¢ [(0), Biuser Ha pesraKkCalMOHHBIH
IIPOIIeCC, OIMCHIBAEMBIM C IIOMOLIBIO KOppensiuoHHO# ¢ynkuuit F(t) maxe mpu cirabom
B3aMMOJEHMCTBUY NOACUCTEMBI ¢ TepMocTaroM. Kak OyzeT BUZHO M3 JaJbHENIIEro U3JI0XKEHU,
HavyajJbHBlE KOPpEeJAIUU [AlOT BKJIAJ, B KHWHETUYeCKHH KoadduiueHT IepeHoca (B
IIPOBOJMIMOCTH) ITOACUCTEMBI S’ (3/IeKTpPOHA).

Y0o6HO HCXOAWTHh W3 TOYHOTO OJHOPOJHOTO YpaBHEHUS SBOJIOIUU, B KOTOPOM
HavaJbHbIe KOPPENALIUM COJEPXKATCA B HeABHOM Buze. [IIf HaXOXZEHWS TAaKOTO ypaBHEHH
BOCIIOJIB3YeMCs U3BeCTHBIM MHTETPaJIbHBIM OII€PaTOPHBIM TOXKZ,ECTBOM:

e PH —g=FHo _ ff dhe PHeMH, e~AHo (13)
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rie H = Hs + H:. Torma HeTpyZzHO mOKa3aTh, YTO MMeeT MECTO CHCTeMAa YpaBHEHUH [
cyneporteparopos I(t) u 1(0), BerTexaromas u3 ypasHenus (9) u ypaBHeHHS

1(0) = ~R(Lq(t6) — I()Lo(t.B), (14)
kxoropoe cienyet u3 (13) u mawansHOro yciaosus (10) mms I(t). 3mecs MBI BBeIM MHTETpaIBHBIN
CyIlepoIiepaTop, OnpezeiseMblii paBeHCTBOM

Lo(tp)= [F dhe MM H, e MHog, (15)
Pemus ypaBuenusa (9) u (14) ormocurensno I(0) um moxcrasus B (11), MBI Halimem
HMCKOMO€e TOYHOe OZHOPOJHOe 3aMKHYTO€e ypaBHeHHUe 11 cyneporeparopa R(t):

%R(t)ziR(t) PLP-iR(t)PLqo(t, B)[1 + Mq(D)Lg(t, ﬁ)]_lMQ(t)QLP +

+ [ dTR(1)PLQMq (t — 7) Lo (t, B)[1 + Mo(D)Lo(t, B)] "Mo(DQLP —

— [ dTR(1)PLQMq(¢t — 7)QLP. (16)

3amMeTHM, YTO  BBIBeJleHHBIE  YpPaBHEHMS  MOXXHO  VIPOCTUTH,  IIOJIB3YsCh
HIDKeCIeAYIOUUMYU OOIMMY COOTHONIEHUSMHU:

L:P=0, PLsQ = QLsP = 0, PLP = 0. (17)

Haxownern, ucnomnssys (16) u (17), umeem Bmecro (12) crenyromee TOYHOe ypaBHEHUE I
KOPPeJAIMOHHON (PYHKIIHIL:

2 < A(0)B(-t)>= i < [PL;PA(0)|B:(-t)> —
. -1
—i {pLQ(t, B)[1 + Mo(DLo(t,B)] MQ(t)QLiPAS(O)} Bo(-t) > +
t -1
+ [ dt < {PLiQMq(t = D)Lq(t B)[1 + Mq(O)Lo(t,B)] Mo(t)QLiPA,(0)} Bi(-7) -
t
— fo dt < [PL;QMq(t — T)QL;PA;(0)]Bs(-7)>. (18)
VpaBuenus (16) m (18) ABIAIOTCA FOCTATOYHO CJIOXKHBIMH. OBOJIOLMSA HAYaJIbHBIX
KODpeJAlyii ONMCHIBATCA WHTerpajbHBIM cymepomepaTopoM Lq(t,B) (15) u Bxomur B
ypaBHEeHMsI KaK B MapKOBCKOI, TaKk M B HEMapKOBCKOM ¢opmax (BTOpOil M TpeTHil 4YJIeHHI B
mpasbix vactax (16) u (18 )). B IIC®, xorza M1 Gepem B KopperaruoHHo# bynkiuii (4) e PHo
smecto e PH, 1(0)=0, xax ato Buamo u3 (5) u (6) (PQ = 0), uTo BefieT K PaBeTCTBY HyJIIO Lo(t,p) m
K ucye3HoBeHuio wieHoB B (16) u (18), cBA3aHHBIX C HavYaJbHBIMU Koppeianuamu. Kaxk
CJIeICTBHE, MBI ITOJTy4aeM ypaBHEHUe IJI1 KOPPeIaluoHHOM QyHKIuY, HafimeHHoe B [9, 11].

Vpasuenus pas ¢yukuuit I'puna (3) cremyror u3 ypaBHenmusa (18). Tak, mna
3amasfbIBaloueil GyHKuuu ['prHa MBI IMeeM:

2 GM(1) = 8(1) < [A(DB(0)], > +6(£) = < As(0) Bs(-t)> —1b(D)= < Bs(0) A, () >
U ypaBHeHUe [ KoppesannoHHoil pyukiuit < As(0) Bs(t)> moxxno Hantu u3 (18), ucnonassys
IIO/ICTAHOBKY t > — t.

Cymneponepatops! B ypaBHeHuu (18) moxxHO pasnoxurs B pazasl mo Li(Hi) ¢ momomsio
CJIe IyIONUIUX Pa3IOKeHUI:

[1+MoOLe(t. )] = oo~ D)* Mo(OLe(t BT, Mo(D) = Eizo M™(0),

MQ(O)(t) :eiLOt’

t t th— i _ . ] _ . . i _ . .
Mq®™(t) = [ dty [)*dt, ... [ dt, etotiQLj eMro(i=R)iQL... eMo(n-1-t)jQLjellotn,

n=1,23,...,
e Lt —e~ilot T exp [—ifot Li(E)dE]; eM = eMoT exp [fg\Hi(y)dy],
Li(€) = e'totLie™Mo¢, H;(y) = e ™HoH;eMo, Lo=Ls + L, (19)

rme T u T' o3nauaror YIopAAO4YHBdHYNE OIIEPATOPOB COOTBETCTBEHHO IIO0 IIEPEMEHHBIM E uny.
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ITpu crabom S - X BaumogeticTBuu pasioxenus (19) moxxHo paccmaTpuBars GopMagIbHO
KaK psAbl TEOPUU BO3MYINEHUN U BRIYHMCIIATH WIEHB! B IIPaBBIX YacTAx ypaBHeHuit (16) u (18) ¢
TpeOyeMOoii TOYHOCTBIO. HeTpyZHO BUAETH, YTO IIPU TAaKOM Pa3JIOKeHUH IIO B3aUMOJENUCTBUIO B
crydae Hr u Hi Buga (2) B ypaBuenuu (18) orruynsiMu OT HyJIA OYLyT TOJIBKO cpefHue < -+ >y,
cozep>Kaliie OJMHAKOBOE KOJIMYECTBO OIEPATOPOB POXKIEHUA U YHUYTOXXEHUS OO30HOB U
CBOZATCSA K BeJIWYMHAM, IIPOIOPIUOHAJBHBIM IIPOU3BEIEHUAM CPeJHHX YHUCeJ 3allOJHeHUT
6030H0B. Takum oOpasom, 6030HHEIe ((POHOHHEIE) OIEPATOPHI IIOJHOCTHIO HCKIIOYAIOTCA U3
ypaBHeHus (18).

JomycTtum, 4TO M3-3a (BCIeACTBUM) €1a00OTO B3aUMOJEHCTBUA MEXAY HMOACHUCTEMON S U
TEpPMOCTAaTOM X UMeeT MeCTO U3PapXUsd BpeMeH:

Trel >> to= max (ts,tz), (20)
IZle Ty — XapaKTepHOe BpeMs peJaKCallMH IIOACHCTEMBI, ts — BpeMs CTOJIKHOBEHMH i1
IIO/ICUCTEMSBI U ty — BpeMs Kopperanuyu GIyKTyalluy B TepMOCTare.

Hepagencrso (20) mo3BossgeT HaM COBEpPIIUTHh MapKOBCKOe IPUOIIDKEHNEe B yPaBHEHUAX
(16) u (18). OrpammvuBasice BTOpPHIM IpubOMIKeHHeM Teopunu Bo3mymeHwil mo Hi(Li) u
HCII0IB3ys pasnoxkenus (19), coBepunm crefyomne arpoKCUMaI[UH:

-1
[1+ ML B] " =>1,
Mo(0) => Mg” (1) = ellot,
LQ(t; B) => L((g) (t’ B) — fOB dleiLOte}\HOHie_}\HOQ,
Bs(-1)=> eiLO(t_T)Bs(—t).
Torza (18) mpurMMaeT ciesyrommuii, 60j1ee IPOCTOI BUJ, MAPKOBCKOTO YPaBHEHIA:

d p . .
5 < Ag(0)Bg(—t) >=i < [LgAg(0)]Bg(—t) > —i f d\ < [PeiloteMoH e Moeilot, A (0)]Bg(—t) > —
0

- fOth < [PLieoDLAg(0)] eflotDBg(—t) >. (21)
Wcnonb3ys sBubil Bup (2) ramunsroHunanoB Hy u Hi u uckmiovas us (21) 6o3onHse

OIepaTophl C IIOMOWIBIO IPOUEAYyphl ONMCAaHHOM BBIIE, HAXOJWM YpaBHEHHE JId
KOppeAlMOHHON GYHKINY B OKOHYAaTeIbHOM BU/IE:

2 < As(0)Bs(—t) >= —1 < [As, Hs]_Bs(~t) >

— 3 [ d€ Difel @My < [[AsCE (9)]-Ci(S, —D)]-wa(k)Bs(—t) > +eME(1 + Ny) <

[[As, Ck(S)]_Cit (S, —D)]+@(k)Bg(—t) >} +% ff dA Y {elee®EHNN < CF (S, —t —

ihA) [Ag, Ci(S)]_Bg(—t) > 4elec®t+ith g 4 N, ) <

< Ci(S,—t — ihN)[Ag, Cf (SP]_Bs(—t) >}, (22)
rge Ny = [eﬁhm“’(k) - 1]_1— CpeJHee YHCJIO 3al0THeHUs 6030HOB (POHOHOB),

Ck(S, £Z) = e*s2C(S); Ci (S £ Z) = ets2C(9);
[E, D] +pnx) = ED — e Pho(DE — zna mpomssomsmsix omeparopos E u D. As = As(0).

ITpu BhIBOZE ypaBHeHU (22) MBI IIOIH30BAIUCH TAK)KE CAEYIOMUMU COOTHOMIEHUAMU:
etlsth, = eFioolty, etlitht_etioolthl P(ht b )= Ny:Spe, P(bk, by )= (1 + Ni)8y, P(biby)=P(by, by) = 0.

Jlerko HaWTH TaKXXe ypaBHeHHe [ KoppessuuoHHOW ¢(yukiuun < Ag(0)Bg(t) > c
ITOMOIIBIO IIOZICTAHOBKY t — —t B ypaBHeHue (22).

YpaBHeHue (22) oTiMYaeTCcs OT paHee ITOJyYeHHOro mozmo6Horo ypaBHeHus B IICD

[9,11], TpeTbuM UJIeHOM B IIpaBOM 4YACTH, KOTOPHIM OIIMCHIBAET BIUAHHE HAYATBHBIX
KOppeJIALUil.
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3. DneKTpoH—(OHHOHAA CHUCTEMA

Paccmorpum cienyromuii, 60ee crienududecKUi Caydail B3aMMOJAEHCTBUA YaCTUIIBL C
KBaHTOBAaHHBIM II0JIEM, KOTOPBIH ONUCHIBAaeTCA raMmITOHHAHOM (1 —2) ¢

Hs=T(P), C(S) = Vgel*T, (23)
rae T(P) - xuHeTHIecKas SHEPTUsA YaCTHUIBI C UMITYIbCOM B, t- panyc-BeKTOP JacTUIbL, Vi —
SHEePrus B3aUMOZEHCTBUA YaCTHUIIBI C II0JIeM, COOTBECTBYIONAS KBAHTY hw(K), XapaKTepu3yeMoe
BOJIHOBBIM BEKTOPOM K (8 (2) k MBI paccmoTpuBaeM Kak BEKTOP).

[ns mnonspona ®Ppenuxa (2/1eKTPOH, ABIXKYIIMICEI B MOHHOM KpHUCTaUle U
B3aUMO/IeICTBYIONIMI C (POHOHAMM) UMeeM:

— p2 K
T(P) :%, VE _ how(k) A4na

( 1, e%u
T T kui/z Ny

= 24
&’ howk)’ (24)
rie a — Oe3pasMepHas KOHCTAaHTa CBA3U DJIEKTPOH-(QOHOHHOTO B3aMMOJeHWCTBUSI, M U e-

1/2 p_2mee®y1s 1,1
Y12, U=(22 2, g = = (-

s¢pdekTUBHAS Macca 3JeKTPOHA B KPHUCTAIle U 3apsAf 9JeKTpoHa, V — 00beM CHCTEMSI,
wm(E) = ®Wy — €CJU PACCMATPUBAETCS B3AMMOZENCTBHE 3JE€KTPOHA TOJBKO C OITHYECKOM
MOZOH KOJeOaHUI NOHOB.

Benuuwnna, mpexcTaBifionias WHTEpPEC C TOYKH 3peHHA (USHKM — 3TO TEH30p
mpoBOAMMOCTH. Ilpu caGoM TPUIOKEHHOM 3JIEKTPUYECKOM II0JIe YaCcTOThl ) TEH30p
5JIEKTPOIIPOBOLHOCTH MOXXHO BBIPAsUTh Yepe3 KOpperalHoHHyI0 QYHKIIHUIO TOK-TOK. CorjacHo
dopmyne Ky6o [3] guccumaruBHyio 4acTs TeH30pa IPOBOAMMOCTH MOYKHO IIPEJICTABUTH B BUJE:

S _ 1 oo S _ hco_m Bhoo
Rec;, (0) = Byoo) fo dtcos(mo)t)tppv(t), Eg(0a) = ——cth(—-), (25)
rae wa(w@) u Ll)fw(t) ~ CHMMeTpUYecKWe YacTH TeH30pa HPOBOAMMOCTH Oy, (0®) u

KOppeJIAIMOHHON PyHKINU leV(t) COOTBETCTBEHHO,
wa(coco) = %[apv(wco) + avp(coco)],
S () =1 1 —
00 =3[v, O+, 0]=3[v, O+, 0]
1 1
b, (0 5]|< v, @y, > +<y ©,0) > = 3[< v, 0y, O > +<y, )y, (-0 >|.26)
y]u(t) = eiLtyp(O) - JTO mpexcTraBieHue [aiiseHOepra | KOMIIOHEHTHI OIlepaTopa

5JIEKTPUIECKOTO TOKa Y.

PaccmoTtpuMm o6miuii ciaydaii, KOrza 3JIeKTPOH MMeeT KMHETHYECKYIO DHEPTUIO T(P) u
B3auMoOjelcTBYyeT ¢ (GoHOHaMu. TakuM o0OpasoM, mjId HaXOXIeHus mpoBogumoctu (25)
HeO0OXOZVIMO BBIYUCIUTE KOPPEIAINOHHYIO QyHKIIUIO:

2

¥, (0 =5 [V (0v,(® + v, (0, (D), (27)
U’ - IZie OlepaTop CKOPOCTH 3JIEKTPOHA.

[nsa  BeIMMCIEHWS KOppeIAnuOHHOM ¢yHKuuu (27), BOCHOIB3yeMCS IOLXOZAOM,
PasBUTBIM IO BTOpOil wactu. Mcmons3ys ypasHeHme (22) paa paccMaTpUBaeMOM

3JIeKTpOH—(OHOHHOM cucteMsl u BbipaxeHus (2) u (23) gna Hs, Hs, Hi, Haxomum ciexpyromee
YPaBHEHHE [JI1 KOPPeIALUOHHON QYyHKIMU CKOPOCTh — CKOPOCTh (As=V,, Bs=v,).

2 <V (0)vu(®) =1 < |v,, T(F) v, (©) > (28)
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b L dE el {Jem o @ 4 oo BE(1 4 )| < [, o] v 0>
_ [em(z)g N + e~iwa(®E(1 4 N%)J < iFF(® [VW eiEFJ_VH(t) >} _

_é foﬁ da Zz|vz|2 lei@w(ﬁ)(t—il‘u’l)N% n e—iw@(ﬁ)(t—im)(l n NE)J < ikF(t=ihd) lvweiwl_vp(t) >.

iHt —iHt ) iT(P)E —iT(P)E )
3mech v (t) =ebver = elLtvp, T(@)=e n e n = ellst - rpaexTopus cBOGOIHOTO ABIDKEHUS
9JIEKTPOHA.
[Tpu BBIBOZE (28) MBI ITOTB30BANKCH TAKXKE COOTHOUIEHUSIMHU: w(—E) = (x)(E), Vo= Vi
Ypasnenue nna xopperauuonnoit dymxmuu < v,(0)v,(—t) > MoxHO momyuuTh U3 (28),

HCIIONB3Ys CIeAYIOLIYe MOACTAHOBKH: t = —t, L <> V.
B pmanpHeiimeM orpaHuMYMMCH ciaydaeM (IpuUOIMKeHMEM) OZHOM 30HBI JAJIA 3JI€KTPOHA,
KOTZIa OIIepaTop CKOPOCTH 3JIEKTPOHA [UArOHaIeH B UMIIYIbCHOM IIPe/ICTaBIeHUH U

— 0 — — —
WP = @), [vu(P). )] =0 (n=xy,2)
MBI IIOJIB3yeMCsS 00O3HauYeHHEM Vp(f))) IJIsI MaTPUYHOTO DJIEMEHTa OT OIlepaTopa CKOPOCTH

P P P
9JIeKTpOHa < P|VH|P > Ha COOCTBEHHBIX QYHKIHIX OIlepaToOpa HMITYJIbCA dJIeKTPOHA |P >,

Y mo6HO BBeCTH CleLyIOLIVi BCIIOMOTATeIbHEIH omeparop (cp. ¢ (5)):

Gu(t,B) = Z7 Tr(g)[v, (e ] (29)
C HAYaJIbHBIM 3HAYEHHUEM l'IpI/I t= O
S
GH(B) =v _zZ®B (30)

HrglzSB)]”
roe Z5(B) = Tr(s) (e_BH) — npuBefieHHasd (peLylVpOBaHHAfA) IIPOM3BOAANIAS (YHKLIMS I
paccMaTpuBaeMoi 51eKTPOH—(OHOHHOMN CUCTEMBI.
BBegensrii oneparop (29) mos3BosgeT HaM BBIPAa3UTh KOppeailnuoHHble GyHKuuu (27) u
yPaBHEHUA AJIA HUX CJIeYIOIMKUM 00pa3oM:
< vy(0)v, (1) > =Tr(5 [vy (0)G, (£t, )],
d d
2 <V (O)Vu(ED) >= Trisy [ (0) 2 Gu(t, B)] = +T75) [y (DN, (£, BG, (2, B)]. (31)
3mecs omeparop [, (t, B) ompezenen HemmocpencTBeHHO U3 ypoBHeHU (28) 1 nMeeT BUA;
Lt B)=
1t 2 (| —iow(®
— = Jy dg Xg|vi | {|emo @y +
eimw(k)f(l n N%)Jv\jl [Vweier_ o lRF() _ [e—imw(k)fN% n
, _ T .3 i ﬁ . i .
+elw®(7c)f(1 + N%)]V\, 1 —ik7(§) lVV' elkTJ_} _ %fo d/12§|V|2 lelmw(k)(t lhA)NE +

e-iwa(B)(-hd) (1 4 N E)Jv‘jle—ik'?(t—ihl) lv‘“ ei%?] , (32)

rae vy 'v, = v,vy ! = 1. To ecTh 3T OIepaTOPHI ABIAIOTCA B3AUMHO OGPaTHBIMH.

Cren 1m0 COCTOSHUAM 2JIeKTPOHA (IOACHCTEMSBI) B ypaBHeHUAX (31) OyzeM BEIYHCIATH Ha
COOCTBEHHBIX (YHKIMIAX |}_5 > omepatopa uMIyJnbca diaekTpoHa. CiemoBaTenrbHO, OTHU
yPaBHEHMS MOXHO 3aIIUCAaTh B CJIeYIOLIEM BUE:

< v, (0)v, (1) >=[ dPv,(P)G,(+t, B, P),

[ dPv, ()= Gy(+t,8,F) = + [ dPv,(P)L, (4, B, P)G,(+t,B,B). (33)

3mech MBI Y4IH, YTO OIIEpaTOpP CKOPOCTH DJEKTPOHA [AHWAroHajJeH B WMITYJIbCHOM
IIpe/ICTAaBJIeHUH U IIO9TOMY [IJI CIydas IPOCTPAaHCTBEHHOHW OZHOPOLHOCTH, pacCMaTpHUBaeMOM
HaM¥, TOJIBKO AMAarOHaIbHBIE MATPUIHBIE dy1eMeHThI omeparopa [, (t, B):
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I,(+t,B,P) =< P|L,(t, B)|P >
OTJIMYHBI OT HYJIA (CMOTPI/I HI/I}Ke). I/ICHOJII)BY}I COOTHOIIIEHUA
<P, |eii§? P, >= §(P, + hk — B,),
et®'f(P) = f(P F hk)et™,
f(l‘)’)eiiﬁ? - eiii?f(l—)’ + hﬁ),

rue f(P) — NIpOU3BOJBHAA (QYHKUIMSI HMITYJIbCA 1_5 HaxoAuM C momolrsio (32) mjas MaTpUIHOTO
anemenrta I, (¢, B, P) omeparopa [, (t, B) Bepakenue:

r,(tB,P) =
- = — . E e~
FZZ:E|VK|2 VV(P+hk)—VV(P) {N% Sln[hA (k'P)]

sin[%A*‘(Eﬁ)] i —itA‘(E,ﬁ) e—ﬁA'(KF)_l
vo(P) wwm TN i Py Vee A’ (<)
——tA+(k p) e (E F) 1]
+(1+ Ny)e —A+ Rt (34)
3pecs A*(k,P) = T(P + hk) — T(P) + how(Kk).
[na pemeHus ypaBHeHUA g KoppensuuoHHod ¢yHkumun (33) paccMoTpuM
M30TPOIIHBIN CIy4ai, KOIraa

uv(w(D) = US(wCD) uvr lpﬁ,v(t) = lps(t)auv
u OyZieM IT0Ih30BaThCA MIPUOIIKEHHBIM YpaBHeHUEM, KOTopoe ciexnyeT u3 (33)

2 G,u(t,B,P) = £T,(£t, B, F)G, (£, B, B). (35)

Ypasuenue (35) npezcrasisger coboii anpokcumanuio Buza [IBP. Herpyzawso Buzets, 4T0
mpubIKeHHOe ypaBHeHue (35) CTAaHOBUTCA TOYHBIM, KOIZA l"u(+t B 1_5) He B3aBUCHUT OT

umnyiasca P. Takoit ciayuail peanusyercs Hampumep, Ajus (GpPeIUXOBCKOTO IIOJNSPOHA IIPU
HU3KUX TeMIepaTypax (CM. Y4eTBEpPTYIO 4acTh).

Ypasuenwue (35) cBOAUTCSA K CIEAYIOMIEMY BIPRKEHHUIO

Gu (2t B, P) =exp[F, (2, B, P)G, (B, P)].

rIe

(36)
I.(xt,B,F) = [ dT, (v, 8,P) (37)
W HA4YaJIbHOE YCJIOBI/Ie
>\ = . v, (P)Z3(B,P)
Gu(B.P) =< FlG,(B)[F > = DD 39)
Z5(B,P) =< P|Z5(B)|P >

crenyet u3 ycaosus (30).

[ToxcraBuB BeipakeH ue (34) mis Fu(t, B, 1_3)) B (37) HaxomuM B pe3yJbTaTe HMHTETPALNU
BBIpOKEHUeE:

(¢, B,P) = Rel,(t,B,P) + In[L(t, B, P),

Rel} (¢, B, 1_5) =
Selvel” —V“(ﬂf()ﬁ_)v“(ﬁ){ [1 + ehak P)] i s CA"S(kA(; P + (14 Ny) [1 +ehr(Kk P)] ey D) P)]},

[a+(k P)]
i (087) == D bl W4 H0) =0 (F)

vy (F)
1_~BA(KP

¥ (5) )
X{NEW sm[ A~ (k P)]+(1+N )WSLTI,[ A (k P)]}

(39)
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3amMeTuM, dYTO Reﬁ,(t, B,l_j)) yeTHas (yHKUMA t, TOrJa Kak Imﬁ,(t, B, 1_5) HeYeTHas
byHKIIHA t.

Brerpaxenus (36), (38) m (39) 3amaroT BpeMeHHYIO 3aBHCHUMOCTH KOPPEIAIMOHHBIX
¢byukuuit (33) ¥ TO3BOJMAIOT B INPUHIUIE BBYNUCIUTH TEH30P IIPOBOAMMOCTH COTJIACHO
dopmynam (25 -27). Tak Kak MBI OTPaHMYMBAEMCS BTOPHIM IPUOIIDKEHUWEM IO TEOPUHU
Bosmymenuii mo Hi (Vi) B ypasHenusax (22) u (28), To mna mociemoBaTebHOCTH COBEPUIAM
AIPOKCUMAIIHIO

e BH —=> o=BHo — p—BHso~BHzy
B BoipaxeHuax (30) u (38) pmaa HavYagbHBIX 3HAYEHUH KOPPEIAIMOHHBIX (QYHKIIUM.
CremoBaTeIbHO, MBI TIOJIATAEM:

u(B) Tre——ﬁﬁs p u(B P) : B_éT)(p) u( ) (40)

Hanee, ypouenus (33), (36) u (40) IIPUBOJAT K CJEAYIOIIeMYy BBIPDOKEHUIO MJIs
KOPPeIALMOHHOM QyHKIMM:

Zf dPeFT(P) v (B) v, (Plexp[ Ty (£,8.P)]+exp[Fu(-t.6.P)]}
lpuv( ) = [ dPe- BT(P)
rue Fv(t, B, P) U Fu(—t, B, I_))) ompeziesieHs! ¢ moMoIbio (39).

, (41)

Coracuo (41) u (39), xoppenauuonusle QyHKIUY (IIOACUCTEMBI) JIEKTPOHA 3aTyXaloOT C
OCHWIIALMIMYU BCJIEACTBUHM TOTO, YTO (PaKTOp peraKcanuu ﬁ,(t, B, ﬁ) SIBJIIETCSI KOMILIEKCHOM
BEJIMYMHOM U Kak Oy/eT BUJHO B JajTbHeMIIeM 5TH OCHUJUIALMY BBDKHUBAIOT ACUMIITOYNYECKH
mpu t > ty 1 JalOT BKJIAJ B KHHETHYECKUH K03 PuIreHT (B IPOBOSUMOCTE). TO yTBEPXKIEHUE
clenyeT u3-3a TOYHOTO yd4eTa pacupefeneHus lubcca B ompenenreHUH KOPpeIAMOHHOMN
byuxnuit (4). B IIC® wmummas wdactp f‘:,(t, B, ﬁ), Kak ¥ BO3MOXXHOCTH BBIIIEYKA3aHHBIX
OCHMIIALM OTCyTCTBYIOT [9, 11].

Hamo oTMeruTs, 4YTO paccMaTpuBaeMble pPacCyXOeHUsS CIPaBeIJIMBBL B CIydae
cobmonmenus wuepapxuu BpemeH (20). Kax Bumuo u3 (39) B paccmarpuBaeMoM cirydae
B3aUMOJIeHCTBUA dJIeKTpoHa ¢ ¢oHOHamMu ts ~hf u t22~%, IZle W XapaKTepHas dYacToTa

¢donoHoB. bomee Toro, m3 BepaxeHus (39) ciemyeT dYTO, 3aKOH COXpaHEHUsS OSHEPTUHU
CIIpaBeZJINB B IIPOIleCCe PacCesHU 3JIeKTPOHA Ha (OHOHAX TP OOJIBIINX BpeMeHaxX

t > ty, to=max (ts, ty ).
PaccmarpuBas Bpemena t > t,, MbI MOXXeM coBepuruth B (39) mpenenpHBIN Iepexof t — © u
HaliZileM KaK pe3yJsIbTaT:

lim Refy (¢, 8,F) = ~/(B, P) It] = — s e,
(B, F) = — 2 plvi| 2B o [a- (K F)] + (1 + Nps[ar (& P)])

limly, (¢, B, B) =g z§|v§|2%()ﬁ‘)“(”{1v 5[a~(k,B)] + (1 + N;)8[a* (K, P)]}sign t, (42)

. 1-cos (u)t)
rge GBUIM  WCIONB30BAHBL  CeAyolue COOTHoweHus: limg,, ———— = T|t| §(w) ;
. sin (wt) . .
limg_, o =T §(w)sign t. OTMeTnM, YTO HO BBHIYMCIEHUS MPEJENBHOTO Iepexoza t11_>r£1o , MBI

IOJDKHBI cOBepIUTSD B (39) TepMogMHAMIYeCKUIl Ipeie/IbHBIN IIepexo/,

zﬁ:(.“) = (zz)3fd§(...)_
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Msr Bugum u3 (42), uto Ha 60pmKUX MacmTabax BpemeHHU (t > ty, t — 00) cooTHOUIEHME
(42) mpuHKMaeT BUZ;

liml, (¢, 8, P) Lryel(p,P)sign t. (43)

CorsacHO BBINIEU3JIOKEHHOTO, ﬁ,(t, B, }_3)) MOXXHO WHTEPIPETHPOBAaTh KaK YaCTOTY
peJlaKCaliy V-KOMIIOHEHTHI CKOPOCTH V,, (1_5) 9JIEKTPOHA, a (‘tf,el(ﬁ, 1_5) — KaK COOTBETCTBYIOIIee
BpeMs peJIaKCallyin).

[Mome3ysace (25-27) u (41 —42), HakoHel, HAXOAWM /IS [JUCCUIATUBHON YacTH
TIPOBOMMOCTH TIpu @ K to ! BeIpaXkeHwMe:

O-;fv (w) =
e dBos(B P (v, (F) {cos [£2 50 (8, )] + cos [ 13215, B)] ﬁ}
(w < tgh), (44)

rme pS(B, 1_5) = ¢ BT / f d Pe PT® ObLiIa BBeJleHa IIOTHOCTH (KOHIIEHTPALVsA) 3JI€KTPOHOB 71

KaK MHOXUTeJb B (44) 11 ydeTa KOJIHMYeCTBA DJI€KTPOHOB CyIIECTBYIOUIETO B CUCTEME.
Kax BuzgHo wu3 BbIpakeHHMAa And mpoBoguMocTH (44), HadajbHBIE KOPpeIAIuU

., h B
5JIEKTPOHOB C (POHOHAMU IIPUCYTCTBYIOT B BUJe MHOXUTeIeH COS [ﬁ? Iy el(B, P)] Opnaxko, BBULY

yemosust (20), BhITe! (B, P) « 1; (7€~

1
(5’ ts~Bh). 3amernm, 4TO 3THM KOppeNiuUU He
v »
BJIMSIOT ACHMITTOTHYECKH Ha Bpems penakcaruu T2 (B, P).
B IIC® pna xoppensunonusix GyHKiui (4) Mpl mpeHeGperaem B3aumogeiicteuem Hi B

1
daxrope T'mGeca e PH (coxpansa ux B (akropax e™n'') [9,11]. Dro mpubIIKEHHe CBOZHUT
Beipakenue (44) ans Reoy, (w) X BUAy, B KOTOPOM COBEPLIEHBI I0/ICTAHOBKH:

cos[% FMFEI(B, 1_5)] =>1, cos[% FVFEI(B, 1_3))] =>1
(cm. Takke [11]).

Takum o6paszom, HaiifieHHble BBIPKEHUS IJI1 KOPPEIUOHHBIX (YHKINI CKOPOCTH—
CKOPOCTH ¥ MIPOBOJUMOCTH SIBJIAIOTCS Harbosiee OOIIMMY B PAMKAX PAaCCMATPUBAEMO MOJEH U
COBEPIIEHHBIX TPUOIVKEHUIA.

3
4. TlogswxHOCTH nospona Ppennxa («IIpobrema Zihas
0

B HU3KOTEMIIEPAaTyPHO#H IOABIKHOCTH IOJIIPOHA)

PaccMoTpuM Temeph 3/I€KTPOH, ABIKYIIMICS B MOHHOM KPHUCTaUle B PaMKaX MOJENIU
®pemxa, omMCHIBaeMOM ¢ IOMOILIBIO raMiIbTOHMAHOB (1), (2), (23) u (24).

Kpome Toro, MBI MMeeM B BUIY B3aUMOJEHCTBHE DJIEKTPOHOB TOJBKO C OINTHYECKUMU
6e3mKUCIIepCHOHHBIMU (DOHOHAMM [T KOTOPBIX w(ﬁ) = wq . [leficTBUTENBHO, PAaCCMOTPUM

M30TPOIIHBIN CIIy4ail, Korga
— ]_52 —. _ Pu
T(P) = —, vu(P) =%, (45)
Kak BuzmnO u3 Beipaxenuit (41), (42) u (44), mpoGemMa COCTOUT B BBIYMC/IEHUN 9aCTOTHI

— —
peslaKcaluu Flfel(B, P), B 00IIeM ciaydae 3aBHCAILIeH OoT uMmysbca P anexTpona.
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-

Jina ompenenensoctu pacemorpuM [7¢(B,P), Tak Kak cumraercs, UTO 3MEKTPHYECKOE
Iojle TIPUJIOXKEHO BRonb ocu z. CoBepuias TepMOAMHAMUYECKUN IIpeZie/IbHBIM IIepexof u

—
WHTErpupys 1o nepeMenHoit |k|, u3 Berpasenwuit (24) u (42) MBI HaXOAMM:
= awg 1
rrel(B,P) = —=2=x
z (B' ) 21 Py

Pcosd

P2cos2d+1
zPcos® }

[1+ No(y)] fozn de f; dBsinBcosh ——
cos -
(P%cos?d » 1). (46)

3mech MBI BBeJIX Oe3pasMepHBIN UMITYJIbC JIEKTPOHA:
= P; . -
P=7=—= (i=xy,2), No(y) = (e = D7,

2hwom*

x {No(y) fozn de fon dBsinBcos

— -
Y = fhwyu © - yron mexny Bekropamu K u P, cBa3anHsIi ¢ yriamu 6 u ¢, onpeensionnii
-
HaIpaBieHUe K, COOTHoOuIeHuEeM:
Pcos® = sinBcos@Py + sinBsin@Py + cosOP,.
[l BeIamcieHUA BeIpakeHUs (46), OTpaHUYKUMCSA CIyYaeM HU3KHUX TeMIIEPATyp

y > 1, (47)
KOrZia KoppessaiuonHsle pyHKiuu (41) onpeseneHsr 067aCThIO MaIbIX 3HAY€HUI UMITYJIbCA
P? « 1. (48)

B pmanHOM ciiy4ae, MeJIeHHO IBIDKYLIUICS 3JIEKTPOH He MOXKET H3/IydaTh (OHOHOB, B
BUZY TOTO, YTO He OYZAYT BBIIIOJHEHBI 3aKOHBI COXpAaHEHWs JHEPrMH U HMIIYJIbCa B TaKUX
mpoueccax (cM. (42) u (46)).

Taxum oGpasom, npu cobiaomenun ycnosuii (47) u (48), BTOpoii ujieH B IIpaBoOil 4acTH
BhIpakeHus (46) obpamaercs B Hymb. YuuThiBag, uTo P2c0s’® « 1, BeipaxeHue (46) MOXKHO
IIPUBECTH K BULY:

Fzrel(B: 15) =Tgel(y) = gawoNo(Y) , (PP« (49)

CrenoBareIpHO, YacToTa (BpeMs) pesaKCallud CKOPOCTH [JII MEeIJIEHHO IBIDKYIIETOCs
5JIEKTPOHA He 3aBHCHUT OT HMIIyJIbCAa DJEKTPOHAa U OOYCJIOBJI€HAa TOJBKO IIPOIeCCaMU
IOTJIONIeHUA (POHOHOB DJIEKTPOHOM.

Hcnonssys (49), mbr Haxomum u3 (41):

: .
<VOV0 > = e[ - Wld]ewp [£ -1 W] o> 1> 5. 60
IZle UCIIOJIb30BAJIM XOPOIIO U3BeCTHBIE (POPMYJIBL:

U 3/2
-yP2p2 _ 1 (T
[ dPe "B, ?/Z(V) ,
[dPe VP = (g) . (51)
Taxum o6pasom, kak BugHO u3 (50), KoppenauuoHHbIe QYHKIIUN CKOPOCTh CKOPOCTH JIJIs

m*y

5JIEKTPOHA 3aTyXalOT OSKCIIOHEHIMaJbHO BO BpeMEHM B PacCMaTpUBAEMOM CJIy4ae HU3KHX
tremnepatyp. Cornacuo (50), A1 BpeMeHU pelakcaliiy UMeeM BBIpaXKeHHUe:

rel — [rrel -1

() = [TW)]

IloryyeHHsIii pesyygbTaT HaMu ObUI HaileH 0e3 MCIIONAB30BAaHUA KaKOMH-TMOO
anpokcumanuu Buga IICO. Bripaxenme (50) ornmuaercs or pesysibrara, HaWJEeHHOTO IIPU

nomou IICP dakropom exp[i %rge‘ (y)] (em. [117).
0
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Beruucnum — Telleph  HM3KOTEMIIEPAaTypHYIO  IIPOBOAMMOCTD M IIOJBIDKHOCTD
bpeIuXOBCKOTO IONAPOHA, B pacCMaTpUBaeMOM CiIydae ¢j1aboro 3eKTPOH—(OHOHHOTO
B3aMMO/IEICTBUS. y‘II/ITLIBaH (45) (49 —51) u3 (44) py1s TPOBOZUMOCTY IMeEEM:

Reo(w) = Zsmz(— FO(]/))] ;fﬁz)(y) (a<1, y>»1, oy<K1), (52)

m* [On) ]/(1)

£ 0(6) = 030 () = (@) = 030 (@) . = /0y To(y) = 07 T) = ZaNy(y).
Beipaxxenue (52) MOXHO paccmMarpuBaTh Kak 00oGumienHsiii pesyiasrar Ocaxa [13] B
crydae ci1aboro 5yneKTpOH—(hOHOHHOTO B3aUMOJEHCTBUA, U IPEACTaBIsgeT (QaKTUIeCKU
dopmyny [pyze njid HU3KOTEMIIEPAaTypHOH IIPOBOZMMOCTH, KOTOpAas COMEPKUT IIOIPABKY,
00yCJIOBIEHHYIO HAaYaJabHOHM KOppedluell 5IeKTPOHOB C (oHOHaMu (BTOpoit wieH B (52)).
Ilepssiit wren B (52) coorBercryer ampoxcumarnuu IICPO (cm. [11]). Tak xak, @y < 1 (uro

ciepyet u3 ycaosus t> to) u yIH(y) < 1 (cm. yerosue (20)), MBI MOXKEM Pa3IOKUTH y% th(?) u

2Y
sin® (E Io(v)) B Berpaxkennu (52). [losromy momnpaska, CBSI3aHHASA C HAYaTbHBIMU KOPPEIALUIMHI

ABIIAETCS MaJIOH BeIMYWHOM, 1 paccmarpuBaemoro ciaydas (No(y)=e™7,y > 1).

W3 Beipakenus (52) u (49) misa HU3KOTeMIIepaTypHOM ITOABIDKHOCTH IIOJISPOHA U =
Reo(0)/ne msr umeem:

p=——eV (v » 1), (53)

2m*woa
TZle MBI IIpeHeOperIu IOIPaBKO# OT HaYaIbHBIX KOPPEJIALHH.

Hatinennoe Bripaxkenue (53) mpexcraBifeT cOOOM ITOC/IeNOBAaTEeNbHBIM U ITPABUJIHBIN
pe3yiabTaT s HU3KOTEMIIepaTypHOM IIOABIDKHOCTH TIIOJISIPOHAa B  CiIydae cjaaboro

Blaumogeiicteug (@ < 1). MbI HazeeMcs, 9YTO OHO JaeT pelIeHUe « mpobiemMsl» (cM.,

Zﬁ'hwo
Hampumep, [5]).

5. 3axsrouyeHnue

B HacTosmeilt paboTe MBI BBIBEIM TOYHOE 3aMKHYTO€ ypaBHEHUE IJIA COOTBETCTBYIOLIETO
(BcrmomMoraTesnbHOTO) cymepornepatopa (cM. ypaBHeHue (16)), KOTOphIii OIpezenseT TOYHOE
ypaBHeHHUe [ KOPPEeIAIMOHHON (QYHKIUMU IOACHCTEMbI, B3aMMOJAEHUCTBYIOmEei ¢ GO30HHBIM
II0JIeM, pacCMaTpUBaeMbIM Kak TepmocTar (ypaBHenue (18)). [Ipu sTrom HUTrzZe He MCIIONIB30BAICA
[1CD.

PasBuBaemsIii mogxos OBLI  IIpUMeHEH K  2JIeKTPOH—(OHOHHOH cucreMe H
IIOCJIeloOBaTe/IbHASA TEOPHA IIPOBOJUMOCTH ObLIa IIOCTPOEHA [JIA CIy4as OZHO30HHONW MOJeTH
5JIEKTPOHA, C1ab0 B3aUMOJEHCTByIome ¢ ¢GOHOHAMH M CO CJIa0BIM IIPHJIOKEHHBIM
9JIEKTPUYeCKMM IojeM. B  dwactHocTHm  OBlTa  pa3BUTa  IIOCJAENOBATENIbHAA  TEOPUA
HU3KOTEeMIIePaTyPHOH IOABIDKHOCTU (penuxoBcKkoro moixgporHa. Ormerum, uto dpopmyra (50)
ONMCHIBAT (IEMOHCTPHUPYeT) eprofgudecKue CBOMCTBA PAacCMATPUBAEMON MOJENU YaCTHILBI,
B3aMMO/IeHICTBYIOLEeH ¢ GO30HHBIM TEPMOCTATOM.

Ilpenmaraemslii popMansu3M MOXKHO KCIIOIB30BATh [JI BBIYHUCIEHHSI BKJIAZOB BBICOKUX
MOPAJKOB II0 B3aMMOZEHUCTBHUIO IOACHUCTEMBI C TEPMOCTAaTOM B KOPPEJIAIMOHHBIX QYHKIUAX U,
CBA3aHHBIX C HUMH BeJn4uH. C IIOMOIIBIO STOTO METOZA MOXKHO TAaK)XXe PAacCMOTPeTh CIydaid
CHJIBHOTO (IIPOM3BOJIBHOTO) 3JIEKTPOH—(OHOHHOTO B3aUMOZEHCTBUA B paMKaxX MOJeNIu
Qeitnmana st mossipona [12] wau B 0606umenHo# Mogenu Peitnmana ays mostpona [14].
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OueBuzHO, YTO IpezjaraeMblii IOAXOJ MOXXHO IIPUMEHUTb [JIf BHIBOJA ypaBHEHUMH
MaTpULBl IUIOTHOCTY IIOJCUCTEMBI, B3aUMOJEHUCTBYIOUIEHl C OO30HHBIM TEPMOCTAaTOM IIpH
CMeIIaHHOM (T.e. KOTOpOe He IIpe/ICTaBJIAeTCA B BUe IPOU3BEIeHHIT) HA4aIbHOM yCIOBUH.
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1. Introduction

Due to their interesting less studied and sometimes controversial properties, rare earth
(RE) antimonides represent an interest as a group of electronic materials [1 —4]. Within the
framework of the given study, for the first time there has been developed the technology for
preparation of DySb thin films, powders, ceramics and single-crystals. The X-ray and
electronographical analysis of obtained samples were carried out.

For the DySb thin films and single-crystals, the temperature dependence of the specific
resistivity and Hall constant in the temperature interval from 95 to 700 K were measured.

2. Experimental details

Single-phase DySb thin films were prepared by thermal vacuum evaporation from two
independent sources Dy and Sb in the vacuum 1.3 - 10 Pa on fused sapphire, polycrystalline
pyroceramic and single-crystalline silicon substrates using the modernized device UN — 2. The
components used in the compounds contained 99.9 % Dy and 99.999 % Sb of the basic materials.
The films were prepared at the substrate temperature 1050 — 1110 K. The angles between the
perpendicular to the substrate and evaporator were similar and made up 35 °. The distance of
Dy and Sb evaporators from the substrate were 42 and 56 mm, respectively. The thickness of
the films was from 1.2 to 2.1 pm, the rate of evaporation was ~ 68 A / s.

The X-ray microanalysis revealed that the films contained 49/8 at. % Dy and
52.2 at. % Sb. Phase composition of the films was defined by X-ray method, roentgenograms
were taken using Cu K« irradiation and nickel filter, in conditions of the constant regime at the
0.5 — 1 degree / min rate. Identification of the roentgenograms was performed by comparing the
obtained X-ray diffractogramm with the relevant diagram for the bulk DySb crystal built
according to the reference data. The substrate material does not have any significant effect on
the phase composition and crystallinity of the films. Keeping the samples in the open air for
4 - 6 days results in changes in their color, while on the roentgenogram occur additional
maximums, which are no relation to DySb. All points to DySb thin films instability in the air.

It is known that, the DySb bulk crystal have NaCl type cubic lattice with parameters
a=6.150 A [1]. The lattice parameter calculated from experimental roentgenogram for DySb
thin films made up 2= 6.14 A which corresponds to the value for bulk crystals.
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The powder of DySb was prepared by two methods: direct interaction of initial
component and hydride method. For realization direction interaction method, initial
components (Dy and Sb) was placed in tantalum ampoule and heated to 860 K with rate
~ 42 degree / min. Hydride method yields in reaction

2DyHs+2 Sb =2 DySb + 3 Hz
at temperature 1045 K during 12 - 16 hours.

DySb ceramics were prepared by sintering powder pills at 2400 K in tantalum ampoule.
Single-crystals were grown by Bridjmen method. X-ray investigation and microanalysis showed
that single-crystals of PrSb were low quality containing 2 — 3 crystals which grew in parallel.

In the films and single-crystals of PrSb, the temperature dependence of the resistivity
and the Hall constant were studied. The study interval was from 95 to 700 K. In order to
measure the resistivity by means of compensation method, the Hall effect — using direct current
and magnetic field (18 kOe). Two-layered islands were deposited on the samples. For the lower
layer Cr (to improve adhesion) and for upper layer Cu was used.

3. Results and discussion

The temperature dependences of the obtained electro-physical parameters are shown in
Figs.1 and 2.
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Figure 1. Resistivity of DySb single-crystals
and thin films (X — single-crystal, ® — thin film).
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Figure 2. Temperature-dependence of the Hall constant of
DySb single-crystals and thin films (X — single-crystal, ® — thin film).
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In the interval 95 — 700 K, the resistivity is linear with positive temperature coefficient.
The dependence is week. The magnitude of the resistivity and the character of its temperature-
dependence are similar to those observed in TmSb, YbSb2, SmSb2, SmSb and PrSb films [2, 3].

As shown in Fig. 2, in the whole temperature interval the Hall constant is negative. The
absolute value of the Hall constant decreases non-linearly.

The measurement results were used for one-band-approximation evaluation the basic
parameters such as the carriers’ mobility and concentration (see Figs. 3 and 4).
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Figure 3. Temperature-dependence of the carriers’ mobility of
DySb single-crystals and thin films (X — single-crystal, ® — thin film)
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Figure 4. Temperature-dependence of the electron concentration of
DySb single-crystals and thin films (X — single-crystal, ® — thin film).

When the temperature increases the mobility decreases (Fig. 3), while the concentration
increases too (Fig.4). The character of the temperature-dependence of the electro-physical
parameters and their absolute values enable us to assume that DySb is a semi-metal like other
RE monoantimonides.

We should emphasize that in contrast to SmSb and TmSb [4] in the DySb samples no
anomalies are observed in the temperature-dependence of the Hall constant related to the
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intermediate valence phenomenon of Sm and Tm ions. It points to the fact that in DySb the Dy
ion does not show the intermediate valence.

4. Conclusion

The technology for preparation DySb thin films, powders, ceramics and single-crystals
was developed. For these samples, the temperature-dependences of the resistivity and Hall
constant were measured in the temperature interval from 95 to 700 K. On the basis of
measurements, in the one-band approximation there were assessed the basic electro-physical
parameters: carriers’ mobility and concentration.
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Introduction

“Imagination is more important than knowledge”, is a statement attributed to Albert
Einstein (1879 — 1955). This is certainly true. From ancient times imagination of researchers and
scholars played an important role in the history of our civilizations.

The fantastic idea of measuring the size of our planet Earth was achieved by the ancient
Greek mathematician Eratosthenes (Fig. 1) in the year 235 BC. He was able to calculate the
radius of the Earth by an ingenious experiment. He measured the shadow of an obelisk in
Alexandria at noon at the same time when there was no shadow in a well at Syene (present day
Aswan). Knowing the height of the obelisk, it was possible to compute the angle that equalled
that at the center of the Earth (Fig. 2). Knowing the distance between Alexandria and Syene
(780 km), it was possible to compute the radius of the Earth (6320 km) hence its volume. The
value he obtained was very near to the actual value.

No
Shadow

Figure 1. Greek mathematician Figure 2. Eratosthenes calculation
Eratosthenes. of the radius of the Earth.

In 1798, the British scientist Henry Cavendish (1731 — 1810) (Fig. 3) measured the mass
of the Earth by another ingenious experiment (Fig. 4). He used a torsion balance to which two
balls were attached and housed in a large wooden shed to prevent air currents. Once the system
was stable, two large, known masses were positioned near the masses on the rod. The tiny
gravitational attraction between the pairs of masses twists the wire slightly, and the force was
calculated from the new equilibrium position. In practice, the deflection may be very small, but
can be measured by mounting a mirror on the rod and measuring the deflection of a beam of
light projected onto a distant screen.
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Figure 3. British scientist Figure 4. A sketch illustrating
Henry Cavendish (1731 - 1810). Cavendish experiment.

Cavendish then used the following equations to calculate the gravitation constant G':
F=Gm M/R? where Fis the force of attraction between the two masses m and A/ placed at
distance R apart. He found: G'=6.67 - 10-® when the masses were expressed in grams, distance
in centimetres, and the force in dynes. The weight of the Earth was then determined using the
relation: F'= G m M/R? = m a, where a is the acceleration imparted to a falling body m on the
surface of the Earth of mass M, and R is the radius of the Earth (determined by Eratosthenes).
Therefore: M= R?a/ G.

Figure 5. The layered structure of the Earth.

Scientists were able not only to estimate the weight of the Earth to be 6.6 - 10*! tonnes
but they also devoted some thought to its structure. Knowing the weight and the volume then
the density was calculated as 5.5. Since the density of the crust is 2.8 while that of the Earth as a
whole is 5.5. Therefore the Earth must contain a more dense part. The eruption of volcanoes is a
reminder that the Earth has not completely cooled down. The Earth rotates around the Sun,
once a year. It was thought that a molten mass separated from the Sun 4.9 billion years ago and
formed the Earth on cooling. It must be composed of different layers surrounding an inner core
(Fig. 5). The core must be a metal with a high abundance in the crust. This can be satisfied only
by iron.
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The fact that metallic meteorites which come from other planets are essentially iron is in
favour of the iron core hypothesis.

The spectrum of the Sun is dominated by the lines of iron.

An analysis of the propagation of earthquakes shows that at three levels inside the Earth
there is discontinuous changes in the density, the compressibility, and the solidity.

The composition of the crust was found to be mainly silicates. Hence, the formation of
the Earth is similar to a metallurgical smelting process in which the metal is formed at the
bottom of the furnace while the silicate slag forms at the top.

Alchemy

The alchemists of the 9th and 10th centuries (Fig. 6) found no reason why a base metal
like iron cannot be transmuted into the noble metal gold. All observations did not negate this
hypothesis. For example, when a piece of iron was immersed in a solution of copper vitriol
(copper sulfate) the iron was transformed into copper. When a piece of lead was heated at high
temperature it was reduced into a small piece of silver. When a copper ore was mixed with
another ore obtained from a certain locality and smelted, a gold-like metal was obtained.

Figure 6. An alchemist in his laboratory.

Of course these arguments were fallacious because we know now that iron displaces
copper from solution by an electrochemical reaction, that practically all lead ores contain silver
and when these are smelted and the lead obtained is heated at high temperature, lead forms a
molten oxide while silver remains intact. We also know that copper ore and zinc ores when
reduced together they yield a copper-zinc alloy that has the appearance of gold and is known as
brass. Although the imagination of the alchemists of this era did not yield the gold sought, yet
many acids and alkalies were prepared for the first time and that helped the progress
technology.
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Figure 7. A 19th century painting by Joseph Nicolas Robert-Fleury
(1797 — 1890) entitled Galileo before the Holy Office.

Galilio and Church

From antiquity, the majority of educated people subscribed to the Aristotelian view that
the earth was the center of the universe and that all heavenly bodies revolved around the Earth
which agreed with the Scripture. Further, since it was believed that in the incarnation the Son
of God had descended to the earth and become man, it seemed fitting that the Earth be the
center around which all other celestial bodies moved. The problem started around 1610, during
which Galileo Galilei (1570 — 1612) came into conflict with the view of the universe supported
by the Catholic Church. Galileo published his surprising observations that he had made with
the new telescope, namely the phases of Venus and the moons of Jupiter. He went on to
propose in 1616 that the tides were evidence for the motion of the Earth, and promoted the
heliocentric theory of Copernicus published in 1543. These ideas created conflicts with other
scientists and Catholic scholars. Galileo’s part in the controversies over theology, astronomy,
and philosophy culminated in his trial and sentencing by the Roman Inquisition in 1633 on a
grave suspicion of heresy (Fig. 7).

Medicine

Ignaz Semmelweis (1818 —1865) was a Hungarian physician a pioneer of antiseptic
procedures. He discovered that the incidence of puerperal fever could be drastically cut by the
use of hand disinfection in obstetrical clinics. Puerperal fever was common in mid-19th century
hospitals and often fatal. Semmelweis postulated the theory of washing with chlorinated lime
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solutions in 1847 while working in Vienna General Hospital’s First Obstetrical Clinic, where
high mortality was observed. He came to this conclusion in 1847, following the death of a
person who had been accidentally poked with a student's scalpel while performing a
postmortem examination. The autopsy showed a pathology similar to that of the women who
were dying from puerperal fever. Semmelweis immediately proposed a connection between
cadaveric contamination and puerperal fever. He concluded that he and the medical students
carried “cadaverous particles” on their hands from the autopsy room to the patients they
examined in the First Obstetrical Clinic. This explained why the student midwives in the
Second Clinic, who were not engaged in autopsies and had no contact with corpses, saw a much
lower mortality rate.

Figure 8. Monument to Ignaz Semmelweis in Budapest.

The germ theory of disease had not yet been developed. Thus, Semmelweis concluded
some unknown “cadaverous material” caused childbed fever. He found that the chlorinated
solution worked best to remove the putrid smell of infected autopsy tissue, and thus perhaps
destroying the causal “poisonous” or contaminating “cadaveric” agent hypothetically being
transmitted by this material. Despite various publications of results where hand-washing
reduced mortality Semmelweis’s ideas were rejected by the medical community. Semmelweis’s
practice earned widespread acceptance only years after his death, when Pasteur confirmed the
germ theory. In 1865, Semmelweis was committed to a mental asylum, where he died two
weeks later at the young age of 47. In 1904 a monument was erected in Budapest in his honor

(Fig. 8).
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Carbon atoms in space

In 1874 Jacobus Henricus van’t Hoff (1852-1911) (Fig.9) accounted for the
phenomenon of optical activity by assuming that the chemical bonds between carbon atoms
and their neighbors were directed towards the corners of a regular tetrahedron. This three-
dimensional structure accounted for the isomers found in nature (He shares credit for this with
the French chemist Joseph le Bel (1847 — 1930) in Paris, who independently came up with the
same idea.). At that time van’t Hoff was only 22 years old lecturing chemistry and physics at the
Veterinary College in Utrecht. He published his work on stereochemistry in his book Za chimie
dans l'espace in 1874 (He published in French because he studied in Paris under Adolphe Wurtz
(1817 — 1884) at the Faculty of Medicine in Paris.). His theory was considered revolutionary and
was strongly rediculed by the scientific community. One such critic was the renowned editor of
the German Journal fiir praktische Chemie, Adolph Kolbe (1818 — 1884).

Figure 9. Jacobus Henricus van’t Hoff (1852 — 1911).

Van’t Hoff laid the foundation for physical chemistry through his discoveries in
chemical kinetics, osmotic pressure, and other fields. He was awarded the first Nobel Prize in
Chemistry in 1901. He died of tuberculosis at the early age of 58.

Predicting undiscovered elements

In 1869, the Russian chemist Dimitri Mendeleev (1834 — 1907) (Fig. 10) and in 1870 the
German chemist Lothar Meyer (1830 — 1895) (Fig. 11) independently published data in which
the elements were arranged in such a way to show certain regularities in most of the physical
and chemical properties of the elements, e.g., specific gravity, melting point, hardness, thermal
conductivity, etc. Both Mendeleev and Meyer considered it necessary to leave gaps in their
Tables in order to keep certain related elements in the same vertical group.
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Figure 10. Russian chemist Figure 11. German chemist
Dimitri Mendeleev (1834 — 1907). Lothar Meyer (1830 — 1895).

But Mendeleev went a step further by prophesying that the missing elements would be
discovered later and in some cases even he predicted their properties in considerable detail.
Fig. 12 shows the 62 elements known to Mendeleev and the space left for undiscovered
elements (Helium was discovered in 1868 in the Sun and was not included by Mendeleev.).
When gallium, scandium, and germanium were discovered between 1875 and 1886 showing the
exact fit for these elements as predicted by Mendeleev, the Periodic Table became an important
tool for chemists and many started looking for the other missing elements.

H
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Figure 12. The 62 elements known to Mendeleev and the elements he
predicted between 1869 and 1891 (shaded), shown here in a modern version.

In predicting the properties of the missing elements Mendeleev estimated the density,
melting and boiling points to be somewhere between those of the neighbouring elements while
the valency should be similar to the elements in the same vertical group. In the case of the
elements below manganese he was unable to make prediction in chemical properties because he
could not interpolate the properties. He called them eka- and dwi-manganese, respectively.
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In 1921 Ida Tacke (1896 -1978) (Fig.13), a young chemistry graduate from the
Technical University in Berlin, decided to investigate the mystery of these two missing
elements with Walter Noddack, head of the chemical laboratory at the Physico-Technical
Research Agency in Berlin. They made a systematic study of properties of the elements near
these two gaps. They found that, although usually there was a gradual change in properties in
the vertical groups, there were also sharp changes. From comparisons with other groups, they
concluded that such sharp changes would occur between manganese and the two elements
below it. For example, they believed that the sulfides of the missing elements would be
insoluble in dilute acid in contrast to manganese disulfide which is acid-soluble.

Figure 13. Ida Tacke (became Ida Noddack after marriage with Walter Noddack).

They also predicted that the eka- and dwi-manganese should be relatively less abundant
than ruthenium and osmium. Certainly, they would not be so abundant as manganese which is
nearly of the same order of magnitude as iron, its horizontal neighbor. This explained why
previous investigators failed to discover the missing elements — they were searching for them in
manganese ores on the assumption that the missing elements would resemble manganese in
chemical properties. Tacke and Noddack did not make this assumption.

Their search for the missing elements centered on ores containing minerals of the metals
molybdenum, tungsten, ruthenium, and osmium - the horizontal neighbors of eka- and dwi-
manganese. Tacke and Noddack prepared more than 400 enriched products from different ores
according to the above criteria and examined their X-ray spectra. Then, in June 1925, with the
help of Otto Berg, an X-ray specialist at Siemens-Halske in Berlin, they identified in a
Norwegian columbite new spectral lines which they assigned to a new element they called
rhenium in honor of the river Rhein. A year later, they prepared the first gram of rhenium from
660 kg molybdenite ore.

The fission of uranium atom

In 1934, Enrico Fermi in Rome discovered that neutrons may, be captured by atoms and
was able to produce atoms of higher atomic weights than those bombarded. For example, on
bombarding cobalt with neutrons he was able to produce nickel

¥97Co +lon — ©27Co — 02 Ni + e~
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When, however, he and his co-workers bombarded uranium with neutrons, they obtained
more than one radioactive product. Following the same line of thought as in their previous
experiments they suggested that one of these products was formed by neutron capture, i.e., that
it was a trans-uranium element or element number 93. Fermi put the new element under
rhenium in the Periodic Table and called it eka-rhenium (Fig. 14).
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Figure 14. The Periodic Table in the 1930s.
Element 93 was referred to as eka-rhenium by Fermi.

The publication of Fermi’s paper on eka-rhenium naturally attracted the attention of Ida
Noddack one of the discoverers of rhenium. After reading Fermi’s paper she published a
comment criticising his conclusions. In this comment, entitled “The Periodic System of the
Elements and its Gaps”, she showed that Fermi’s experimental evidence was incomplete and his
conclusions were unjustified. She interpreted his results by saying that “When heavy nuclei are
bombarded by neutrons, it would be reasonable to conceive that they break down into
numerous large fragments which are isotopes of known elements but are not neighbours of the
bombarded element (in the Periodic Table)” (Es wire denkbar, dafd bei der BeschiefSung
schwerer Kerne mit Neutronen diese Kerne in mehrere grofiere Bruchstiicke zerfallen, die zwar
Isotope bekannter Elemente, aber nicht Nachbarn der bestrahlten Elemente sind — English
translation by the writer). In this statement, Ida Noddack conceived, before anyone else, the
idea of nuclear fission. Her argument was as follows: when atoms are bombarded by protons or
alpha particles, the nuclear reactions that take place involve the emission of an electron, a
proton, or a helium nucleus and the mass of the bombarded atom suffers little change. When,
however, neutrons are used, new types of nuclear reaction should take place that are
completely different from those previously known.

Nobody paid attention to this statement. Otto Hahn (in 1966) in his autobiography
wrote a single phrase referring to Noddack’s idea: “Her suggestion was so out-of-line with the
then-accepted ideas about the atomic nucleus that it was never seriously discussed”. Dieter
Hahn, in his biography of his grandfather, wrote in 1979 that Lise Meitner rejected Noddack’s
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hypothesis describing it as a “free fantasy” — and there was no support for this hypothesis.
Further, Meitner argued that there was nothing theoretically or experimentally wrong with the
transuranium explanation.

Fermi’s experiments were repeated by Otto Hahn (Fig. 15) and his co-workers in Berlin.
They agreed with his conclusions and published a series of twenty papers on the complex
radiochemical separations of the so-called trans-uranium elements. The results, however,
became so conflicting that after four years of intensive research and extensive publication the
concept of trans-uranium elements became doubtful. This doubt arose when experiments by
Hahn’s co-worker, Fritz Strassmann, showed that BaCOs, which was added as a carrier in the
radiochemical separation of the products of bombardment, could not be separated from these
products by dissolution in HBr and fractional crystallization of the bromides.

Figure 15. Otto Hahn (1879 — 1968) and his co-worker
Lise Meitner (1878 — 1968) in their laboratory in Berlin.

This observation eliminated the possibility that radium was present in the products and
it became evident that barium itself must be one of the products. This conclusion could not be
reconciled with the physics of the day because barium had an atomic weight of only 137 while
that of uranium was 238. Hahn communicated these astonishing results to his former co-worker,
Lise Meitner, in Stockholm.

In December 1938, physicist Otto Frisch was spending the Christmas holiday with his
aunt, Lise Meitner in Sweden. She discussed with him the letter she had received from Otto
Hahn in which he stated that the bombardment of uranium with neutrons had resulted in the
production of isotopes of barium. They came to the conclusion that the uranium atom must
have split into two nearly equal fragments — a process they called “fission” in analogy to the
biological process of cell division. The process must have been accompanied by the release of a
large amount of energy which Frisch calculated and verified experimentally. The results were
so thrilling that Meitner sent a telegram in January 1939 to Niels Bohr who was in the USA
attending a physics conference; he announced this news at the conference.
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With the discovery of fission, the gap between chemistry and physics was closed. In
their paper dated January 6, 1939, Hahn and Strassmann wrote in Die Naturwissenschaften, “As
chemists we must actually say that the new particles do not behave like radium but in fact like
barium; as nuclear physicists we cannot make this conclusion which is in conflict with all
experience in nuclear physics” (Als Chemiker miissen wir tatsidchlich sagen, daf} die neuen
Korper sich nicht wie Radium verhalten, sondern eher wie Barium; als Kern-Physiker kénnen
wir uns nicht dazu entschliefSen, diesen aller Erfahrung der Kern physikwiderspechenden
Schritt zu tun — English translation by the writer).

After reading Hahn’s article in Die Naturwissenschaften, 1da Noddack wrote a short
article in the same journal in March 1939, in which she reminded Hahn of her suggestion five
years earlier that the uranium atom might have undergone splitting, and ended by telling him
regretfully that he never cited her paper on this matter although she had once explained her
views to him personally. The editor of the journal apparently asked Hahn to comment, but he
refused. As a result, the editor added a note to the article that read as follows.

Editor’s remark: Otto Hahn and Fritz Strassmann informed us that they have neither the
time nor the interest to answer the preceding note. They think that they would rather renounce
commenting, as the possibility of breaking down a heavy atom into smaller fragments — an idea
already expressed by many others — cannot be concluded without experimental evidence. They
leave the judgment of the correctness of the views of Frau Ida Noddack and the way she
expressed them to the peers.

The atomic bomb

It is remarkable that in 1913, the British writer H. G. Wells (1866 — 1946) wrote a novel
entitled 7he World Set Free, in which he envisaged the possibility of quickening radioactive
decay of uranium, thereby releasing its immense energy and starting a new chapter in the
history of mankind. He even predicted that in 1933 a young scientist will succeed in inducing
artificial radioactivity — the first step in the tapping of atomic energy, and in 1956 “atomic
bombs”, as Wells called them, will be dropped from airplanes in the world’s full-scale atomic
war. Strangely enough, these predictions were fulfilled. In 1934, Frédéric Joliot and his wife
Iréene Curie did exactly this by bombarding aluminum with beta particles, in the same year
Enrico Fermi achieved similar results by bombarding fluorine and other elements by neutrons,
and in 1945 bombs were dropped from airplanes on Japan.

In a similar but more mature vision, Oliver Lodge (1851 —1940), Principal of the
University of Birmingham and President of the British Association for the Advancement of
Science, wrote in 1920: “The time will come when atomic energy will take the place of coal as a
source of power... I hope that the human race will not discover how to use this energy until it
has brains enough to use it properly...” Leo Szilard (1898 — 1964), the Hungarian physicist who
went to Berlin to study under Albert Einstein and Max Planck but left to London in 1933 when
the Nazis came to power, read Well’s novel and was greatly impressed by it. In 1938 he
immigrated to USA and was one of the first scientists to recognize the military consequences of
the uranium fission discovered in the same year and was largely responsible for the letter which
Einstein sent to President Roosevelt in 1939 advising him of the feasibility of the atomic bomb
and the danger of Germany getting it first (Fig. 16).
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Figure 16. Leo Szilard (1898 — 1964), was largely responsible for the letter which
Einstein sent to President Roosevelt in October 1939, shown here with Einstein.
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