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.llammoe B.11., 3mt'leHKO C.IO. 
BapHaUIIII reoMar111rrHoro nonR 11 'lyBCTBHTenbHOCTb K HIIM 
611onont'lecK11x ofrbeKTOB 

Pl9-91-265 

B paMKax Monen11, om1cbmruo111cii emrnm1e MarHHTHoro nonR Ha 611onont'IPCK11e 
061,eKTbl, B KOTopoH npllMCCHble aTOMbl paccMaTpHBalOTCR KaK pe11enTOpbl MarH!ITllblX 
noneii, na ocHoee npoaene1111b1x Bbt'l11cnem111 11x :mepreT11'lecK11x nonypoe11ert ceepx
TOHKOH CTpyKTypbl noKa3ano, 'ITO neikTBHe reoMarHHTHoro nonR Ha npHMecHble aTOMbl, 
HaxonR1.UHeCR B 06beMax )l{HBblX KneTOK, nyTeM MarHHTO,nHnonbllblX nepexonoe cnenyeT 
paccMaTpHBaTb B 3aBHCIIMOCHI OT aemt'IIIHbl nepenana 111-1,nyKUIIH reoMarHIITHoro nonR 
t.B. 1) ITpu eenH'IHHe t.B > 10 nTn a 2P-COCTORHHRX, npH e > 10 MarHHTO,nHnOnblfhle 
nepexonbl Me)l{,ny nonypoBHRMH ceepxToHKOH cTpyKTypb1 e npenenax o.nHoro TepMa. 
2) Bo apeMR MarHHTHhlX 6ypb npH 6B > 100 HTn, Korna B03MO)l{Hb1 Bbllly)l{,ne11Hbte 
nepexonht JO 2P 312- 11 2P 112 -cocTORHlfH a 2S 112-MerncTa611nbHoe cocToRHHe a proo11a11c
HhlX 30Hax C B03MO>KHOCTblO HaKonneHHR 3Hepr1111. 

Pa6oTa 01,monHeHa a Jla6opaTop1111 nnep11b1x npo6neM O11.FIH. 

Coo6111eHHe O6benHHeHHoro IIHCTHTyTa RnepHblX HCcnenoeaHHH. ,lly611a 1991 

ITepeeon aeTopoa 

Danilov V.I., Zinchenko S.Yu. 
Geomagnetic Field Variations and Sensibility of Biological 
Objects to Them 

Pl9-91-265 

The model describing the effect of the magnetic field on biological objects, where 
impurity atoms are regarded as magnetic field receptors is developed. It is shown on the 
basis of calculations of energy sublevels of the hyperfine structure that the effect of the 
geomagnetic field upon the impurity atoms in the volume of living cells should be considered 
in relation to the value of geomagnetic field induction pulses 6B. 1) When the dielectric 
constant e;;,, 10 and 6B;;,, 10 pT, magnitodipole transitions between sublevels of the hyper
fine structure within one therm are possible in impurity atoms in their 2P-state. 2) During 
magnetic storms with 6B;;,, 100 nT magnetodipole or magnetoquadrupole forced transitions 
from 2P112 and 2P312 states to 2S112 metastable state are possible in resonant zones formed 
by intersection of hyperfine energy sublevels of the corresponding excited levels. 

The investigation has been performed at the Laboratory of Nuclear Problems, JlNR. 

Communication of the Joint Institute for Nuclear Research. Dubna 1991 



B npe.n;bI,n;yI.QHX pa6omx / l, 21 6hIJIO noKa3aHO, qTo B03,D;eHCTBHe reo

MarHHTHoro noJIH (rMII) Ha 60onor0qec1<:He o6'beI<:Tbl B03MO:>KHO B 30He, 
B KOTOpOH ::ieeMaHOBCKHe :mepreTHqec1<:He nonypoBHH npHMecHblX aTOMOB 
B COCTOHHHHX 2P112 H 2P3,12 MOryT COOTBeTCTBeHHO nepeceKaTbCH c non
ypoBHe~ 2S 1/2 ·COCTOHHHH, OHH 6hIJIH paccqHTaHbl npH yqeTe cnHH-op6H
TaJibHOrO B3aHMO,ll;eHCTBHH, qTO o6ycJIOBHJIO HX TOHKYIO CTpyKTypy. 

HaimqHe cnHHa H.n;pa y npHMeCHbIX aTOMOB npHBe.n;eT I<: Tai<: Ha3hIBae
MOH cBepxTOHKoii CTpyKType (CTC) 3eeMaHOBCKHX :mepreTHqec1<:HX non

ypoBHeii •. Oa:eHKa pa3HOCTH 3THX no,n;ypoBHeii npH CTC no3eoJI.aeT e paMKax 

pl13BHBaeMoii Mo.n;enH HaiiTH HH)KHJOIO rpaHHQY nepenana HH,n;y1<:a;HH rMII 
tJ. B, npH 1<:oTopoii B03MO)KHo B03,n;eiicTBHe B 6uoccpepe 3eMJIH rMII Ha 6Ho
norHqec1<:He o6'beKTbI. 

MarHHTHyro :meprHIO o,ru10:me1<:TpOHHoro aToMa c yqeToM CTC, Ho 6e3 
yqeTa :me1<:TpOCTaTHqec1<:oro B3aHMO,n;eiicTBH.H Me)K,l];y H,D;pOM H 3JieKTpOHHOH 
06onoq1<:oif aToMa, MO)KHO npe.n;cTaBHTh 1<:aK 

(1) 

rne wj - :meprHH TOHI<:Oro B3aHMO,D;eHCTBH.H, a W1j npe.n;CTaBJI.He'f MarHHT· 
Hyro :meprHIO B3aHMo,n;eiicTBH.a Me)K,l];y eonoponono.n;o6Hoii 06onoq1<:oii 

1 u /3/ 
H aTOMHbIM H,D;pOM C 3apH,D;OM Z = . H HMeeT cnenyrouum BH,ll; : 

(2) 

3,n;ecb A 1j - nocTo.HHHa.H CTC .rm.a eonopo.n;onono6Horo aToMa, onpenen.ae
MaH no ceoeii q>mHqec1<:o:ii cyll.UloCTH 1<:aK A Ij = µ

1 
< B (0) > /I j , HJIH 

B aHaJIHTHqecI<:OM npe.n;cTaBJieHHH 131 : 

ch Ry a 2gi 
A=---------ij 3 1 . 

n(f+-)j(j+l) 
2 

(3) 

3,n;ecb µ.
1 

- MarHHTHhIH MOMeHT H.n;pa, .<B(O) > - cpe,D;Hee 3HaqeHHe z -
KOMnoHeHTbl MarHHTHoro non.a :meKTpoHa B MecTe pacnoJIO)KeHHH .anpa 

( 1 napanneJibHO OCH z ) • 



➔ ➔ ➔ 

B BbIJHDKeHIIBX (2) u (3) neicrop f = j + I xapaKTenmyeT noJJHblH 
➔ ~ -;t ➔ 

MOMeHT O,IJ;Ho::meKTpOHiiOrO aTOMa, I - MOMeHT H,D;pa, j = r + s - MO-
MeHT ::meicrp0Huo11: o6onoqKH, n , e , s - rnanHoe, op6IITanbHoe, cmmo
noe KBaIITOBOe qncno COOTBeTCTBeHHO, Ry - noCTOHHHaH PII,!l;6epra, h -
noCTOHHH3.H IInaHKa, a - nOCTOHHHaH TOHKOH CTpyKTypbl aToMa, C - CKO-

me 
pOCTb CBeTa, g' = - gl - <paKTOp Jiatt,n;e ,D;JlH'H,n;pa, m - Macca 3JleKTpOHa, 

m e 
p 

mp - Macca npoTona. . 
lfa cooTHolllemrn: (2) cne,n;yeT, ~o npn j = 1/2, I :::, 1/2 nonyqaeTCH ,n;yn

neT CTC c KnauTOBhIMH qncnaMn: f = I + 1/2 H f = I - 1/2. C.u;nnru ueHTpon 

TmKecTII 3THX ,n;ynneTOD COOTBeTCTBeHiiO paBHbl A I j I /2 H AI j (I + 1) /2, 
a ,UJl.11 j > 1/2 n I > 1/2 HHTepBaJlhl Me)K,D;y TepMaMH MyJJhTHruieTa cnepx

TOIIIWll cTpyKTyphI c f = I + j , I + j - 1 , .. . I I - j I OTHOCHTCH KaK ( I + j ) : 

(f + j - 1) : ... I I - j I . 
B npnMenemm K npnMeCHhIM aToMaM ( f.:::; 25) .u;na nocToHHHOH CTC 

nonyqnM 

4 
A( = A1/E , (4) 

2 /2/ 
TaI(KaR: aE =a/En RYE =Ry/E • H . 

B Ta6n.1 ,IJ;JJH I= 1/2 n a,npa aToMa no,n;opo,na ( g
1 

.. 5,58) npnne,n;eHhI 

napaMeTpbI, xapaKTepmy10rune CTC. 
B .n;nyx mrnarnx cTpoqKax Ta6n.1 .n;ano 3Haqemie nocTOHHHOH CTC A~ 

.n;nn npuMecnoro aToMa no.n;opo.n;a npn E = 10. 
l13BCCTHO 141 , qTo B cpe.n;HeM KJleTKa opraHH3Ma qeJJOBeKa co.n;ep:>KHT 

6onec qeM no 10 14 aTOMOB no.n;opona n Kncnopo,n;a, no 10 12-10 14 aToMoB 
yrnepo.n;a H a30Ta, no 1010 -10 12 aTOMOB KpeMHHH, cpoccpopa, HaTpHH, KaJJH.II, 
Marmm, KaJihUH.11 n xnopa, no 108-10 10 aToMOB UHHKa, JJHTHH, py6n.n;n.rr, 
Me,n;n, Maprrun.ui, an10Mnu1m, :>Kene3a, 6poMa, no 106 -10 8 aToMoB onona, 

Ta6nHua 1 

18 112 2S112 2P112 2P3;2 

AH 
Ij 1420 177 59 23,6 Mru 

)!I= 1\HI 4 1,77. 10-2 -3 -3 
( . j I: 

0,142 5,9-10 2,4·10 Mru 

E = 10 6-10-10 7. 10-11 2-10-11 10...,.11 3B 

2 

I 
r..o 

ii, 

-\ 

( 

Ta6nnua 2. CnHH a.n;pa paneH Hyn10 

3neMeHT KouueHTpaum1 XnMnqecKnH 

B KJleTKe CHMBOJI 

KHcnopo.n; 101~10
14 160 

8 
-

Yrnepo.n; 101~014 12c 
6 
--

MarHHH 101C!_10 12 24,26 
12Mg 

-
KaJ1bun11 1olQ1012 40c 

20 a 

ilHHK 10~-10 lO 64,66,68 Zn 
30 

Monn6.n;eu 108-10 10 92,94,96,98, 100Mo 
42 

Cnnueu 10 8-10 lO 204 
82Pb 

CTpOHUHH 108-1010 86,88 S 
38 r 

HnKeJib 108.1010 61N. 
28 l 
-

Ka,n;MHH 108.1010 110,112,114Cd 
48 

CeneH 108.1010 76,78S 
34 e 

PTyTh 104-106 198,200,202,204H 
80 g 

THTaHa, MOJIH6,n;eHa, K06aJJhTa, 110.n;a, CBlllIUa, cepe6pa, 6opa, CTpoHUHH, 
HHKeJJH, naua,n;na, CKaH.D;HH, KMMHH, xpoMa, ceneHa, no 10 4-106 - ypatta, 
PTYTH, 6epHJIJIHH H no 102-10 4 aTOMOB erue cop~Ka 3JieMeHTOB Ta6JIHUbl 
MeH,neneena. 

B cne,n;yIOIUHX Ta6nnuax . 3JleMeHTbI, BXO,IJ;HIUHe B COCTaB )KllBblX KJle
TOK, crpynnnpoBaHbI no cmmy a.n;pa. 

TaK KaK aTOMbl 3JieMeHTOB Ta6n.2 HMeIOT HyneBOH CnHH, TO OHH ue 
6y,n;yT HMeTb KOMnoHeHT cnepxTOHKOH CTpyKTypbl, 

Ha pHc.1 npe,n;CTaBJJeua 3aBHCHMOCTb OTHOilleHHH gI pa3J1H'IHblX 3JJe
MeHTOB, BXO,lJ;HIUHX B COCTaB )KHBblX KJieTOK, K <paKTOpy g f ,lJ;JIH aToMa 
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3neMCHT 

Bo.nopo.n 

Yrnepo.n 

A30T 

KpeMHHH 

<Doccpop 

OnoBo 

CBHi1eu 

Cepe6po 

KagMHH 

3neMeHT 

HaTpnii 

Kanttw 

Xnop 

JlHTHlI 

Py6n.nnii 

Me.nh 

)Kene::io 

EpoM 

XpoM 

. PTyTb 

Eep1m11uw · 

Ta6mu.1,a 3. Cmm m:i;pa I= 1/2 

Kom1,eHTpau1m 
B KJieTKe 

1014 

1012 -10 14 

101~10 12 

101~10 12 

1010-1012 

108-10 10 

108 -10 10 

10
8
-10 10 

108-1010 

XHMH4e<:KHH 
CHMBOJI 

1 H 
1 

13c 
6 

15N 
7 

29si 14 
31P 
15 

117,119Sn 
50 

rmPb 
82 

101,109 Ag 
47 

111, 113Cd 
48 

Ta6nnua 4. CnnH Hgpa I= 3/2 

KouueHTpaum1 
B KJieTKe 

1010 -10 12 

1010 -10 12 

1010 -1012 

108 -1010 

108 -10 10 

10 8-10 10 

10 8.1010 

108-10 10 

108-10 10 

104-10
6 

104-106 

XHMH'IeCKHii 
CHMBOJI 

~?1a 
39,41K 

19 

35,37Cl 
17 

7Li 
3 

87Rb 
37 

63,65Cu 
29 

57 
26Fe 

79,82Ilr 
35 

53Cr 
24 

201Hg 
80 

9 P.e 
4 

4 

gl 

5,58552 

1,4045 

-0,56624 

-1,10984 

2,26330 

-1,9902, -2,0822 

1,1674 

-0,226028,-0,259848 

-1,1846, -1,2392 

gl 

1,47836 

0,260582, 0,14302 

0,54 787, 0,45607 

2,17089 

1,83291 

1,48419, 1,59063 

0,003 

1,40383, 1,51298 

0,31567 

0,3692 

0,78497 

,.,, 

.. 

\ 
': 

,_ 

3neMeHT KoHUeHTpaun:H 

B KJieTKe 

Kncnopo,n; 1012_1014 

UHHK 108 .1010 

8 10 
Mapratteu 10 -10 

AmoMHHIDi 108-10 10 

8 10 
Tmatt 10 -10 

Monn6,n;eH 10 8-10 10 

Ko6anbT 10 
8
-10 

10 

fio.n; 10 8.1010 

CTpOHUHH 108 -1010 

Batta,n;mi 108.1010 

CKaH,!l;HH 108 -1010 

CeneH 108 .1010 

Ypatt 104-10 6 

XnMFr'lecKntt 

CHMBOJI 

170 
8 

67 
30Zn 

55 
25Mn 

27Al 
13 

47Ti 
22 

95,97Mo 
42 

59 
27Co 

127J 
53 

12:1 
87Sr 
38 

51v 
23 

.45sc 
21 

79 
34Se 

2a5u 
92 

Crnm 
H,!l;pa 

5/2 

5/2 

5/2 

5/2 

5/2 

5/2 

7/2 

5/2 

7/2 

9/2 

7/2 

7/2 

7/2 

7/2 

Ta6mm;a 5 

gl 

0,75712 

0,349512 

1,387012 

1,45653 

0,314824 

0,36392, 0,37156 

1,325686 

1,12335 

0,7478 

0,24204 

1,470009 

1,358889 

0,2900 

0,22857 

ao,n;opo,n;a oT Maccoaoro qncna A. 3To ornoweHne ne:>KHT B ,n;narra3oHe 

-4 H -1 
5 • 10 .::;; I gljgl Is 4.10 • (5) 

Cne,n;yer OTMefHTb, IJTO HIDKHHH rpaHnua B COOTHoWeHHH (5) CBH3aHa 

C )KeJie30M (g~e = 3. 10-3
), KOTOpbIH KaK :meMeHT BXO,!l;HT B COCTaB KpOBH 

u ,llHK/5/ H KaK rrpnMecHblli aTOM - B COCTaB • 
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MxH 
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1 tµ 1 Ii . 
Na:Jle v~ 
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, ' L £'7/Fe 
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i 

R!J 

,~~. 
Rf! 150 200 250 R 

-0,f 
1( 

-0,2 Si Cd 

-0,3 

-o,4 

Pnc.1. 3aBHCllMOCTb OTHOIIIeHim q>aKTOpa JlaH,ne . gl pa3JIW!Hb!X MHKpo· 

::meMeHTOB, BXO,J:IHIIm'.X B COCTaB :>KHBbIX KJieTOK, K q>aKTOpy g~ aTOMa BO· 

,nopo,na OT MaCCOBoro "lllCJia 3THX 3JieMeHTOB A. 

Cpe,n;H 3JieMeHTOB, rrpe,n;cTaBJieHHhlX B Ta6JI.l-4, BhI,n;eJIHeTCH 21 3Jie

MeHT, KOTOpbIH BXO,D;HT B o6H3aTeJihHOM rropH,n;Ke B COCTaB mo6bIX ,KHBblX 

KJieToK 
161 . 3To rrpe,K,n;e acero KHCJiopo,n;, ao,n;opo,n;, yrJiepo,n;, a3oT, cepa, 

H3 KOTOpblX, KaK H3 CTpOHTeJibHOrO MaTepHaJia, cpopMHpyIOTCH 6eJIKOBbie 

MOJieKyJihl, 3aTeM CJie,n;yroT lllHpOKO pacrrpocTpaHeHHbie 3JieMeHTbl, TaKHe 

KaK cpoccpop, XJiop, MarHHH, KaJIHH, HaTpHii, )KeJie3o. 

K MHKp03JieMeHTaM, B OCHOBHOM HCXO,D;H H3 MaJiblX ITO BeJIHqHHe 

KOHUeHTpaUHH, OTHOCHT: BaHa,n;HH, Mapratteu, Ko6aJihT, Me,D;b, UHHK, ceJieH, 

MOJIH6,n;eH, iio,n;, ue3HH. 

Borrpoc O TOM, KaKHe H3 rrepeqHcJieHHbIX 3JieMeHTOB HJIH MHKp03JieMeH

T0B MoryT paccMaTpHBaTbCH KaK rrpHMeCHbie aTOMbl, HBJIHeTCH OTKpblTbIM. 

Bo BHelllHeM MarHHTHOM IlOJie C HH,D;yKuHeH B pacmeITJIHIOTCH ace 

TepMbl CTC rrpH KBaHTOBOM qHCJie r ' He paBHOM HYJIIO. O6blqffO pa3JIHqaroT 

·3cpcpeKT 3eeMaHa CTC B ,n;ayx rrpe,n;eJibHhIX cJiyqaHx ,D;JIH CJia6oro H CHJihHoro 

IlOJIH. 

Ilo,n; ,n;eiicTBHeM cJia6oro aHenmero MarHHTHoro rroJIH pacmeITJiettHe MaJio 

no cpaBHeHHIO C esTe<:_TB~HbIM pacmeITJieHHeM CTC Wij 'T.e. Wrn<< Wij . 
IloJIHbIH MOMeHT r = j + I rrpeueccHpyeT KaK uimoe, opHeHTHpyHCb BO BHelll-

6 

.h, 

~ 

) 

l 
I 

') 

I 

2Sv:/2fi 

r=J. 
2 

F 

mJ 

+.i I 
2 -, 

I 
I . 

I / 
mF I/ 

I/ 

fl/4 

fl/4 

C> 
CQ 

IQ 

~ 

mx 
t J_ 

2 

{ 
-2 

l~---1-✓ / oJ 
--- -I-. -------~-, -----

.._f-, ,: 
~ 

6e3 nonR 

\ 
\ 
\ co> 

~ o---~ \ o, \ 
\ \ 

,t \ tR/4 l + i.. 
-- ~ 2 

2 ,-
R/4 

f!na5oe none CunbHoe none 

,, 
-2 

Pnc.2. CxeMa CBepxToHKoro pacmennemm 2S 1/ 2 • n 2P1.12·TepM0B itnH ~pa 

c I = 1/2 BO BHeIIIHeM Mal'HITTHOM none. 

HeM MarHHTHOM IlOJie. EcJIH BBeCTH KBaHTOBOe qHCJIO m f' TO B COOTBeT

CTBHH C rrpaBHJIOM rrpocTpaHCTBeHHoro KBaHTOBaHHH m f rrpHHHMaeT ace 

ueJioqHCJieHHbie 3HaqeHHH Me,K,n;y - f H + r ' qTo ,n;aeT 2 r + 1 3HaqeHHH. 

KBaHTOBaH MeXaHHKa ,D;JIH MarHHTHOH OpHeHTauHOHHOH 3HeprHH O,D;H0-

3JieKTpOHHOro aToMa ,n;aeT 

Wm = µ6B mr gr• 

r,n;e 

gr = gj 
f(f + 1) + j( j + 1) - I (I + 1) 

2f(f + 1) 

(6) 

f(f + 1) + I(I + 1) - j(j + 1) · 
g' --------. (7) 

I 2C(f + 1) 

KaK rrpaBHJio; BTOpbIM qJieHOM a (7) MO,KHO rrpette6pe%, H6o OH no rropH,n;

KY BeJIHqHHbl B 10
3 

MeHhllle, qeM rrepBbIH. 

. Ha pHC.2 cxeMaTHqecKH IlOKa3aHO CBepxTOHI<Oe pacmeITJieHHe MH 

aToMa BO,n;opo,n;a ( j = 1/2, I = 1/2) B CJiyqae CJia6oro IlOJIH. B HyJieBOM 

7 



m1 mz 

+t-+~/4. +f/2 
ii< I 311 -

,', -(/2 

ti 
F t4L "T,11'1-1--+f/2 

,.--~m~j/ }/ -~• -f/2 

~
p' 2 .,~.,,,, -~ -- J~ I 

------ ,, I "' ~ -----¾---
!t: . v, 
~ A /\\ I 

f ___ +{J \ \ 
___ -!,--L\ ',fi +f/2 

\\ -(/2 

5e3 non11 Cna5oenone 

'\ 
t 

-f-\-L~CT illfl_1_:li 
+l/2 

-112 

Cun,HOe none 

Pnc.3. CxeMa cBepxTOHKoro pacll.lennemm 2P312 -TepMoB AnR RApa c I =-1/2 

BO BHeWHeM MarHHTHOM none. 

MarHIITHOM none pa3HOCTh 3Hepnrn CBepxTOHKHX KOMilOHeHT onp~em1eTCH 

IlOCTOHHHOH CTC A Ij , KOTOpaH 3aBHCIIT OT paCCTOHHHH Me~y TepMOM 

c r = 1 + J " rnpMoM r = 11 - J I . . 
B cnyqae CHJihHOro IlOJIH MamIITHbIH MOMeHT 3JieKTpDHHOH o60JIO'IKH 

H MarHHTHbIH MOMeHT H,D;pa npeueccnpyroT tte3aBHCHMO npyr OT npyra H HX 

o6iuaa MarttmHaH 3Heprua onp~enHeTCH B cnenyroiueM BH,D;e 
171 

: 

gl 
W8 =/.!6 Bmjgj -/.!6 Bm1 g1 +A( 8 m1mj, 

gl 

a npu npette6pruKeHHH tLJieHOM c g' BMeCTo (8) HMeeM: 
I 

(8) 

g 
W .. /.! B m. g_ + A - 1- m m.. (9) 

B 6 JJ £HIJ 
gl 

IlepBbIH 'IJieH B (8) u (9) xapaKTepmyeT 3cpcpeKT 3eeMaHa ,D;JIH ToHKOH 

CTJ)YKTYPhI TepMa c KBaHTOBblM 'IHCJIOM j , BTOpoii 'IJieH B (9) OilHCbIBaeT 

MarHJITHOe B3aHMO,D;eiicmue 3JieKTpoHHOH o60JIO'IKH " H,D;pa " OH npHBO,ll;HT 

K pa3,neneHHIO J"epMa TOHKOH CTpyKTypbl C (pHKCHpOBaHHblM mj Ha PH.ll 
3eeMaiIOBCKHX TepMOB CTC. 
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I 
'I 
!( 

j 
I 

,II 

1, 

I 

~ 
,\ 
'! 

.I 

i: 
i' 

,I/, 

F 

m:, mz 

+-} --;L _,;.;.:._ +3/2 
/ / __ _:i-- +{/2 

mF / //// --- I -f/2 
////// -3/2 

_/ /// I 

r-
2 2.J~// i 

1 _/ / 
_// 

\ 

---- \ 

<l:IC) 

~I 

t 
f:; 
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5es nonR' Cnaooe none · Cu.nbHOe n011e 

Pnc.4. CxeMa CBepxTOHKoro pacIL1ennemm: 2S 112- H 2P
112 -

TepMOB AJIR R,llpa c I== 3/2 BO BHeWH:eM MarHHIBOM none. 

qHCJIO CBepXTOHKHX KOMilOHeHT B 'i'epMe paBHO 'IHCJiy B03MQ)KHbIX 

KOMilOHeHT rn I, T.e. paBHO (21 + 1). B o6iueM cnyt1ae CHJihHoro IlOJIH nony

qaeTCH, KaK B cnyqae cna6oro IlOJIH, (2j + 1) (21 + 1) 3eeMaHOBCKHX 

ypoBHeii CTC. Ilocn~Hee nocTaTO'IHO HarJIH,D;Ho HJIJIIOcTpHpye-rca Ha puc.2, 

3, 4 H 5 B npHMeHeHHH .K BO,D;opononono6HblM aTOMaM, HO C pa3JIH'IHbIMH 

3HatJeHHHMH anepHoro MOMeHTa I . PacnonmKettue TepMoB CTC CHMMeTpH11-

Ho OTHOCJITeJibHO UeHTpa TH)ICecTH MYJILTHilJieTa TOHKOH CTpyKTypbI H COCTOH· 

HHe aTOMa xapaKTepu3yeTCH MarHHTHblM KBaHTOBblM 'IHCJIOM ffi == mj + mI. 

TaK KaK B CHJihHbIX MarHHTHblX IlOJIHX 3HeprHH B3aHMO,D;ettcTBHH MruK,D;y 

HaJIO)ICeHHbIM noneM H MarHJITHbIM MOMeHTOM 3JieKTpOHHOH o6oJIO'IKH npe

BbIIllaeT 3HeprHIO CTC HJIH 

g 
wjB =/.! 6Bmjgj » w1j =A( 8 m1mj, 

gl 
TO ,ll;JIH 6onee KoppeKTHOH OUeHKH BeJIH'IHHbI BHelliHero MarHJITHoro IlOJIH, 

Karna ero MO)ICHQ C'IHTaTh CHJihHbIM, BOCilOJIL3yeMCH cpopMynoii BpeiiTa-Pa6H. 

3Ta cpopMyna npHMeHHMa K OCHOBHO~ 1S112 ·COCTOHHHIO BO,D;opono

nono6HbIX IlpHMecHbIX aTOMOB c pa3HbIMH I 31 . H . HMeeT BH,D;: · 
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2P1/2 

I _3 
-2 

mJ mx 
.._--,--+3/2 
0-'1112 

+f/2 3 le --
+z,1~-f/2 

11/,-+- -312 /'/I 
/~/ 
~~ 
~/ 
~l -=+-- +Jt2 

lf.1 '2 -f/2 l~1•f -- - -f/2 
F mF ~1 /t'.'-~t--t-- -J/2 

~

3-j/ C) .. , 

2J.' 1, 1/ ~ q:, 

-.---3 ~~/"' t ~ 
2, /.'' ~ 

-hJ/1 --- ---1~---~ 

~

( -h,I\ <o <0 

6e3nonn 

. 21 ~\ IO~ 

----..,.,--LI:\\ ~ ~ 
<~---~~~~ +3/2 
----o,\\\ I _+f/2 

Cna'.ioenone 

'~1r.1 ~ -- -f/2 
\11 '---+----J/2 

\ __ L:~ 
2 I'-· ----f/c 

3/2 
CunbHOe none 

Pnc.5. CxeMa caepxTOHKoro pacmennemm: 2P312-TepMa nmi 

nnpa c I ::3/2 BO BHeWHeM MarHHTHOM none. 

H . H 4m f 2 1/2 
WB ::-[A(/2(21+1)] -µ6Bg1'mr ±0,5A [1 +(---)x +x] , (10) 

( 21 + 1 

r.n;e BepXHHH 3HaK OTHOCHTCH K ypOBHIO fl "" I + 1/ 2, a HH)KHHH - K C 2 =

= I - 1/2, x ""B/B0 , B0 = A: Iµ 6 ( g1 - g j) . .UrrH npHMecHhIX aTOMOB 

npH ( ""10 B 0 .. 5. 10-6 Trr H x"' 20; no3ToMy npH B "' 10-4 Trr npHMeCHhie 

aTOMbl B rMil C nOJIHhlM npaBOM MO)KHO paccMaTpHBaTb KaK HaXO.l];.fIIUHecH 

B CHJibHOM none. 3ToT BhlBO.l]; CTaHOBHTCH 6orree CTporHM, TaK KaK MarnHT

HOe none .<B(O) >' OT 3JieKTpoHHOH o6orroqKH BO.n;opo.n;ono.n;o6HbIX aTOMOB 

10 

ill 

) ~ 
... W,M"q 0 2 8·(0, T11 

o/ ' I 

-1,fil 
2S'lz 

{ 

-f,70 

-~80 

mx 

112 
m.=+-f~ 

I 

-2 
~1/-fO /rlf4 

-f/2 
mi=-1/2 

tl/2 

Pnc.6. To'IKH nepece'leHHH CBepxTOHKHX KOMnOHeHT TepMOB 2P112 

(m j = +1/2) H 2s 112 ( mj = -1/2) nnn aToMa aonopona ( I = 1/2, 

g = 5,58, ( = 8). 
I 

Ha H.n;pe B 1S112 -COCTOHHHH npHMepHO Ha nopH.n;OK 6oJibllle noJIH B 2P112 -

H 2Ps12 -COCTOHHHHX, TaKHM o6pa30M, oueHKa pa3HOCTeH 3HeprHH 3eeMa

HOBCKHX KOMnoHeHT CTC BnOJIHe . .n;onycTHMa )];JI.fl rMn no cpopMyrre (9) 
.l];JIH Bcex Bo.n;opo.n;ono.n;o6HhlX aT~MOB C pa3JIHqHbIMH cnHHaMH H.l];pa I .. 

Ha pHC,6 noKa3aHbl pe30HaHCHbie 30Hbl, B KOTOpbIX HMeeT MecTO nepe

ceqeHHe CBepxTOHKHX KOMnoHeHT :mepreTHqecKHX ypoBHeH repMOB 2P 1/2 

( mj "" +1/2) H ·2s 1,-2 ( mj = -1/2) .n;rrH npttMecHoro arnMa Bo.n;opo.n;a 

(I= 1/2, g1 = 5,58, f =8). 

Ha pHc. 7 TaK)l(e npe.n;craBrreHbI roqKH nepeceqeHHH 3HeprerHqecKHX 

ypoBHeH npHMeCHoro aToMa B COCTOHHHHX 2P3;2 (mj =-3/2)H 28112 ( m j = 

= +1/2) npH COHHe H.n;pa I= 3/2, g ""1,5 H ( =8, 

113 npe.n;CTaBJieHHblX Ha pHc.6 H 7 rpaq:>HKOB MO)KHO oueHHTb MaC

lllT3.6 oa3HOCTH ,meprHH KOMOOHeHT CTC, KOTOpbIH COCTaBJIHeT OKOJIO 

10-
2 

-10-S Mru. KaK H3BecTHO H3 KBaHTOBOH MeXaHHKH, .l);JIH CTOJib MaJIOH 

3HepreTHqecKOH pa3HOCTH, Kor.n;a 3JieKTpOHbl He CJIHlllKOM OTJIHqaIOTCH 

.n;pyr OT .n;pyra, npoHCXO.l];HT 3eeMaHOBCKoe B03MymeHHe repMOB CBepxTOH-

11 



~Hfq I 
~ o,57 qs! a.,o-:,,, 

-q101 

~1~ 
l11z /+312 

+f/2 

-q111 "~~" / 
,/_,,,,,, m,=+t/2 

-{/2 

-3/2 
I rr ,/ ,_)(\., 'Y" ,/ 

-q12 

I 
2$~ 

-q73 
I I ,/ ', ..... , ' 

-312 
-1/2 
i=-312 

+ 1/2 
+3/2 

I 
-0,1.f. 

PHc.7. TotJKH nepece<1eHW1 cnepxTOHKHX KoMnoHeHT TepMoB 

2P312 ( mj =-3/2) H 2 s112 ( mj = +1/2) 1:um aToMa, HMero

~ero MPO c I= 3/2, g
1 

= 1,5, £ = 8. 

KOH crpyKTypbl. Ilpll 3TOM Ka)K,l];oe COCTomme npno6peTaeT oco6eHHOCTll 

.n;pyroro, BCJiegCTBHe qero MoryT ll3MeHHTbCH paCCTOHHHH Me)K,l];y TepMaMH 

BHYTPH paccMaTpHBaeMoro MYJibTHnJieTa CTC. 

YllHTbIBaH, 'llTO MHHHMaJibHoe 3HalleHne nocTOHHHOH CTC npnMecHbIX 
-4 H 

aTOMOB onpegeJIHeTCH KaK A( :2::. 5·10 A( t TO .n;m1 on;eHKH pa3HOCTH 3Hep-

reTH'llecKHX KOMilOHeHT CTC, Karna COBeplllaIOTCH nepexo.n;bl B npe.n;enax 

onuoro TepMa, npn c 2:,10 HMeeM 

-15 -14 
W1J (mJ, m1) -WIJ(m1, m1 ± 1) :2:, 10 ..,. 10 sB. (11) 

12 

-15 -14 
Ifa ycnoBHH µ. 6 ~ B ;;::, 1q -10 3B cne.o;yeT, llTO MHHHMaJibHbIMH 

no BeJIH'llHHe nyJibCall;HHMH rMn MoryT 6bITb H3Menemm llH,ll;YKUHH 

~B~lOnTn. (12) 

Heo6xo.n;nMo 3aMennh, llTO reuepHpOBattne m,mynhcoe Marmrrttoro 

nonH oT e.n;mmn; no .necHTKOB nTn IIBJIHeTCH xapaKTeptton oco6emmcn,10 
' . /9/ . 

HOpMaJibHOro cpyHKll;HOHHpOBfillHH pa3JIH'llHblX oprauon lleJIODCKa II M:o-

)KeT oco6eHHO HpKO npoHDJIHTbCH y 3KCTpaceucon. 

B rn6rr.6 npuae,n;eHbI na6mo,n;arom;uecH reoMarmrrHbie napnan;uu n 6no

ccpepe 3eMJIH. KaK cne.n:yeT 113 np1me.n;eHHblX J{aHHbIX, npn:un;nnHaJibHO BO3-

MO)KHO ao3.n;eiicTBHe Ha 6nonoruqec1rne 061,e1<:Tb1 napnan;1m rMn no BCCM 

.n;nana3oue mMeneHHH ux aMnrrnTy.o; oT 3 • 10-2 no 3 • 103 uTn. 

3To B03.n;efwTBne r~n .ua 6uonorw-1ecKue ofo,eKThl no3MO)lsHo rrpn: 

YCJIOBHH, eCJIH BpeMH HapacTaHHH HJIH cna.n;a O)];HOro H3 cppOHTOD necnMMeT-

pH'IHOro DO BpeMeHH HMnyJihCa rMil y,a;OBJieTDOpHeT YCJIOBI00/1/: . 

~B 
~t=---.<r , 

a B/at - n2. 2 (13) 

r.n;e n - rrraBHoe KBaHTOBoe 'llHCJIO, T n > 2 - BpeMH :lKll3Hll D036y:w..o;eHIIblX 

2P112 -.H 2P312 -COCTOHHHH. -

IlpaBHJia OT6opa n o6m;eM cnyqae )];JIH MarHHTO,ll;HnOJibllbIX nepexOJJ;OD 

HMCIOT BH,ll;: 

~mJ 0, 

~ml= 0, 

~m 1 =±1; 

~m.::±1. 
J 

(H) 

BepoHTHOCTb cnoHTaHHblX nepexo.n;oB, CDH3aIIHbIX C MarIIIITilI,IM ,ll;H

IlOJibHbIM HJIH KBa.n;pynOJibHbIM H3JIYllCHHCM, IIH11TO:WJIO Mana, nO3TOMY 

npn -ocymeCTBJiemrn BhIHy)K,l];eHHbIX MarHHTHblX TUIIlOJlbHbIX rum Irnanpy

IlOJibHbIX nepexo.n:on KOMnOHCHTbI TepMOB CTC npHMCCHbIX aToMOB OCTa

IOTCH CTporo neH3MCHHbIMH. Hx npeMH J!m3HH onpe,n;errmrrcH npeMeneM 

)KH3HH 2P 1/2 - H 2P 3/2 -COCTOHHHH. 

f'oBopH O BO3MO,KHOCTH B3aHMO,ll;eHCTBHH nyJibCall;Hll rMil, y IWTOpbIX 

AB :::. 10 nTn, neo6xo,a;HMO Oll;CHHTb BO3MO,KHyIO IIIHpHHy 3HepreTHIICCKHX 

yponueii cnepxTOHKHX KOMnOHCHT. 

lfaBecTno, llTO npeMH :>I(ll3HH cao6onHbIX aToMon no nopnnKY nerru

'IHHhI COCTaDJIHeT t 0 - 10-8 c. BpeMH :JKH3HH npHMecnoro aToMa C YTICTOM 

CBH3H ero B 3OHe 3anpeTa npn TCMnepaType "T" MO)ICHO on;eHHTb C IIOMOill;blO 

Bbipa,KCI-IHH/2/. 
5 

t .. t
0

c exp (W /kT), 
( np.aT. (15) 
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Ta6n11ua 6. reoMarHIITHhie aapHaUHH a 611occpepe 3eMnH 

T11n aapHaQHH 

BeKOBhie 

O603HatJeaHe Ilep11on 
Kone6aaHH 

Me.n;neHHhie Kone6aaHH 
V .[{ecHTKH H 

COTHH neT 

C 11 neT UHKnH'lecKHe 
IlepHo,n;HtJecKHe (cnoKoHHbie) aap11au1111 

ro,n;OBbie 

JlyHHO-CYTO'IHbie 
ConHetJHo-cyTO'IHbie 

AnepHO,l.l;H'lecKHe 
r naBHa.JI cpa3a 

HatJano cpa3bI 
BOCCTaHOBneHH.JI 
<f>a3a BOCCTaHOBneHH.JI 
ConaetJHo-cyTo'IHbie 

EyxToo6pa3Hhie 
l1pperynHpHb1e 

Y CTOH'IHBhie 

11pperynHpHbie 

J 1 ron 
L 24tJ50MHH 

sq 24 'I 
Bo3MymeHHbie BapHaUHH 

10-200 q 

Sd 
B 
I . 

3-10 'I 

6-12 q 

1-7 CYT 
24 q 

0,5-3 q 

5-60 MHH 

KopoTKonepHO,l.l;Hbie aapHaQHH 
Pel 0,2-0,5 c 
Pc2 0,5-10 c 
Pc3 10-45 c 
Pc5 150-600 c 

Pc6 600 C 

Pl 1-40 C 

P2 40-150 C 

P3 150-400 C 

P4 400-600 

AMnnIITy.n;a, 
aTn · 

10-150 

1-20 

3-30 

1-7 
10-70 

10-400 
10-400 

10-400 

100-10 

10-400 
300-1000 

10-3000 

0,01-1 
0,1-10 
0,4-20 

0,5-40 
1-100 
0,03-2 
1-20 
5-100 
10-300 

rne W np.BT. - 3Hepnrn noKam,aoro ypoBHH npHMecaoro aToMa oTHOCH
TenhHO rpaHHl.(bl BaneHTHOH HnH 30Hbl npoBO,l.l;HMOCTH. 

IlpH Wnp.u.-0,l5 7 0,203B,_f ~10, kT=2,5•10-
2 

3B, t(- 0,4.,.3c, 
T.e. BpeM.JI iKH3HH noKanhHblX npHMecHbIX aTOMOB MOiKHO OTHeCTH K ceKyH.n;
HOMY ,l.l;Hana30HY H COOTBeTCTBeHHO C 3HepreTH'lecKoH IIIHpHHOH KOMnoHeHT 

-15 -16 
TepMoB CTCy .. 10 -10 3B, T.e. aa o.n;HH-,n;Ba nop.lI,l.l;Ka MeHhIIIe no cpaa-
Hemuo C pa3HOCTblO 3Hepnrn COOTBeTCTBYlOI.UHX KOMnOHeHT CTC B npenenax 

o.n;aoro TepMa. 
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0 cnpaBe,l.l;JIHBOCTH TaKOH Ol.(eHKH CBH,l.l;eTenbCTByIOT HalIIH 3Kcnepa
MeHTanhHhie nccne.n;oBaHHH no BnHHHHIO HMrrynhCOB MarHHTHOro IT0JIH. 
TpaneueH,n:aJihHoii cpopMhI c nepena,n;oM nonH tiB = 10-3 Tn Ha 3neKTpn-

1101 
qecKyro aKTHBH0CTb (3A) HeHpOHOB M0JinI0CKa . 

B 3THX 0nbITax noKa3aH0, l!T0 ,n;nHTenbH0CTb nJiaTo L'1 t ~ 10 c, npn K0-
TOpOH 3A HeiipOHOB MOJinlOCKa npaKTH'lecKn He Memmacb, M0iKeT CJiyiKIITb 
oueHKOH BpeMeHH iKH3HH rrpHMeCHh!X aT0M0B, uaxo,n:HI.l.(HXCH B 2P112 - HJirt 
2PS/2 -C0CT0HHHHX. 

XoTH rrpaBHJia OT6opa n03B0JIHIOT ocymecTBJIHTb nepexo.IJ;hl MeiK,n:y 
TepMaMH 0,l.l;Horo MynhTHrrJieTa CTC, 0,l.l;HaKo TaKHe rrepexo,n:hI HeB03M0iKHhl, 

TaK KaK mm 0T,n;eneHhl 3HepreTmlecKHM 3a3opoM (µ 5Bo), 3HallHTeJibH0 
npeBbIIIIaIOI.UHM B03M0iKHYIO 3JieKTpoMarHHTHYlO 3HeprHIO BHeIIIHeii cpe,n:hI, 
nepenauaeMy10 6noJionwecKnM 061,eKTaM ( -•µ 

6
~B), n6o B 6noc¢epe 

3eMJIH B 0 » ~-
O,n:HaKo Han6onee 3cpq>.eKTHBHhIM ao3,n:eiicTuue rMn Ha 6nonorwm-

c1<ne 061>eKThI M0iKeT 6hITb B proyJibTaTe BhIHYiK,l.l;eHHhIX MarHHT0,l.l;HIT0Jib
HhIX H MarHHT0KBanpynoJibHhIX rrepexo,!J;0B B rrpHMOCHh!X aT0Max H3 2P112 -
n 2P3.12 -COCTOHHHH B 2S1.12 -C0CTQfIHHe B prooHaHCHhIX HqeuKax, noJiyqaIO
I.UHXCH B pe3yJibTaTe nepeceqeHHH C00TBeTCTByromux 3HepreTnqecKHX K0M
rroHeHT BO.n;opo,n:ono,n:o6HhlX aT0M0B. 

KaK un.n;Ho H3 rrpIIBe,n;eHHbIX pacnpeneneHHH 3Hepnm 2 S u 2 , 2P112 
n 2P 312 -cocToHHnii Ha pnc.6, 7, 3Hepren1qec1<aii: IIInpmrn o.n;Hoii pe30HaHCHOH 

-2 -80 0-11 
HlleHKH C0CTaBJIHeT ~ W pea.$ 10 Mru "' 6,6· 10 .[{iK (4· 1 3B), 
'ITO COOTBeTCTByeT HHiKHett rpaHHl.(e nyJibCal.(Hll rMil 

L\B > 100 nTn. (16) 

CnenyeT o6paTlITb BHHMaHHe Ha llaCTOTY B03HHKH0Hemm nyJibcaum1 
TaKoro Tnrra, rrpH KoTophIX i:'\B > 100 HTn B 6noccpepe 3eMnn. TaK, B pa-
6oTe181 coo6maeTcH, 'ITO a TetJemrn 53 neT (c 1875 no 1927 rr.) 6hm>:1 

3apernCTpHp0BaHbl 343 MarHHTHbIX 6ypn, BO BpeMH KOT0pbIX KOJie6aHHH 
BepTHKaJihHOH H ropH30HTanbHOll C0CTaBJIHIOI.UHX rMJ1 6hIJIH B .IJ;Hana30He 
OT 150 no 300 HTJI . .[{orrOJIHHTenbHO K 3TOMY 6hIJIH 3apernCTpHp0Ba.HbI eme 
60 MarHUTHhlX 6ypb, rrpH KOTOpbIX KOMilOHeHTbI rMil H3MCHHJIHCb Ha 300 
n 6onee HTn. TaKHM o6pa3oM, ecnn roaopHTb o cpe.n;Hnx 'IHCnax, TO a roJJ; 
M0)KeT na6nro,n:aTbCH 7-8 6ypr,, BO BpeMH KOTOpbIX B03M0iKH0 B03,l.l;ettCTBUe 
rMn na 6nonorH'lecKne 061>eKThI, Haxo.n:HmnecH a 6noccpepe 3eMnH, 

11TaK, ao3,n:ei:icTBHe rMn Ha 6J.mnon1qec1<ne 061,eKThI, ocymecTBJIHe
Moe C IlOMOI.UblO npnMeCHbIX aTOMOB, naxo.n:HI.UIIXC.II BHyTpH 061,eMa )KHBhIX 
KJieToK B 2P112 - H 2P 3/2 -COCTOHHHHX, M0iKeT paCCMaTp1maTbCH B nayx 
cnytJaHx. 
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B nepaoM cnyqae, Koni;a nepena.u; llli.D.YKUHH ~B. ~10 nTn, nyTeM 

BbIHY,K.IJ.eHHbIX MarHHTO.D.HilOJibHbIX nepexo.n.oB Me,K.IJ.y) 3HepreTHqecKHM-H 

no.n.ypoBH.HMH CTC B npe.n.enax o.n.Horo TepMa. 

Bo BTOpOM cnyqae BO BpeM.H MarHHTHbIX 6ypb npH ~B ~ 100 HTJI 

BhIHY,K.IJ.eHHbie MarHHTO.D.HilOJibHbie HJIH KBa.n.pynoJibHhie nepeXO.IJ.bl MoryT 

ppo11cxo.n.11Tb H3 2P 1; 2 - H 2P 3; 2 -cocro.HHHH, a 2Su2 -Merncrn6HJibHoe co

CTOHHHe B pe3oHaHCHblX 3OHax, o6pa30BaHHblX nepeceqeHHeM 3HepreTHqe

CKHX no.n.ypoBHett CTC. Ta:irne nepexo.n.h1 npe.n.cTaBJI.HIOT HaH6oJihlllHH HHTe

pec, TaK KaK OHH MOryT 6hITb CB.fI3aHbl C HaKOilJieHHeM 3JieKTpoMarnHTHOH 

3HeprHH BHelllHeH cpe.D.bl B CHJIY Toro, qTo BpeM.H )KH3HH 2 s 11:z-COCTO.HHH.H 

Ha MHoro nop.H.IJ.KOB 60Jibllle BpeMeHH )KH3HH 2P1/2 - H 2Pa12 ·COCTO.HHHH 

npHMeCHblX aTOMOB. 
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