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The obscrvation of anomalous intensitics of lines in the ESR spectrum of a Fe3+ ccnter in GaAs
is reportcd. Two lines in the spectrum of the 3=512 spin system, which correspond to the
fansitions M s= - 512<+ - 3l2and M s= -312<+ - l/2, have anomalously high intensities. It is
shown that this effcct is produccd by thc elecric quadrupole excitation acting in addition
to the magneticdipole nrcchanism. The conribution of lhc oóital angular momentum from the
excitcd states, which makcs this mechanism possiblc for ions in a singlet orbial ground
state, is discusscd. @ 1996 Anerican Institute of Physics. [51063-7826(96)01206-9]

INTRODUCTION

The well-known electron spin resonance spectrum (ESR)

of a Fe3+ ion in gallium arsenide has again attracted atten-

tion in connection with the anomalous behavior of the ESR
signal in a number of GaAs samples, that contain low iron
impurity densities (/Yrc- l0l5 .*-3) at low temperatures.

The spectrum consists of five lines, coÍïesponding to tlre
ransitions LM t: t l, but two of the transitions, designated

as - 512++ - 312 and -312*+ - ll2, exhibit anomalous inten-
sities. The center has cubic symmetry and the spectrum is

described satisfactorily by the spin-Hamiltonian for a center

in the uiir2 state:

H - BpnB- S+ H r, (l)

where H,: (at6)((s:+sl+sll - ( l/s)s(s+ I X3s2+3s
-l), a:340X l0-4 cm-1, and g:2.04f^ Since the anoma-

lous behavior of the spectÍum could not be explained by
magnetic-dipole transitions, we assumed that the spectnrm of
the electric component of the microwave field in ttre cavity
was excited. An important argument in favor of this assump-

tion is that the observed effect depends only weakly on the

position of the sample in the cavity; specifically, is ttre

sample located at the center or at half radius of the cylindri-
cal cavity, where the electric field of the wave is approxi-
mately maximum? The signal intensity decreases by only a

factor of 2 when the sample is displaced from the center. In
the case where the sample is located at the center of the

cavity, the electric field of the wave has predominantly a

tangential component and for a sample displaced from the

center the electric field of the wave has predominantly a

normal component. As compared with the tangential compo-
nent, the normal component decreases by a factor of sr as

the wave crosses the boundary into the sample. This behav-
ior is therefore associated with different boundary conditions
for the components of the electric field in these positions and

with the large value of the permittivity . for CaAs
(er: 10.9). Therefore, when the paramagnetic ce.nter pos-

sesses an electric dipole or multipole monlent.s, the transi-

tions caused by the electric component of the wave should
also be observed when the sample is located at the center of
the cavity.

For impurities in a 6,5 state the etectric effects should be

very weak, since if the crystal field approximation is used,
the contribution, determined by the high-lying excited stares,

from the orbital angular momentum in the ground state
should be small. From this standpoint, the effect which we
observed requires a much larger contribution from the orbit-
ally degenerate states to the ground state. Experimentally,
the contribution of. the orbital angular momentum to the
ground state is estimated from the fine-structure pÍuameter
a and from the deviation of the g-factor from its value for a

frce elecEon. According to calculations performed in the

crystal-field approximation, with allowance for the states
oG, oF, oD, and aP (Refs. I and 2) above the ground state
and for the spin-orbit and electrostatic interactions, we have
a:0.2X t0-4 cm- I for Fe3+, which is much lower than the
value obtained experimentally. Calculations of the
g-factors3'o in this model also give smaller deviations from
g:2.0023 compared with g:2.06 for Fe3+ in GaAs.
Therefore, the values of the pÍuameters of the splitting in
raÍo field and in a static magnetic field, and also the possi-
bility of transitions with high probability under the action of
the E-wave, cannot be interpreted in the crystal-field ap-
proximation. Probably, a larger fraction of the orbital angular
momentum in the ground state is required to explain this
behavior of the spectrum. We report below the basic experi-
mental results in which the anomalous excitation of the ESR
spectrum is observed and a possible explanation of these
results is also given.

EXPERIMENTAL RESULTS

The ESR spectra were studied on X- and K-band spec-
trometers tuned to the dispersion signal. Both spectrometers
possess cylindrical TBorl cavities with radii a:22 and 9 mm
and heights d:44 and l2 mm, respectively. The investiga-
tions were performed on six semi-insulating (LEC) gallium
arsenide samples prepared under different conditions. In
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FIG. l. ESR spectra for sample 5 (a) and 6 (b). The dispenion signal was

r€corded on a K-band spectÍometer ( v:23.285 GHz) s,ith 2Gdb power

attenuarion, I= 4.2K, Blltl00l. The intensity for samplc 5 is increascd by
a factor of 5.

samples l, 4,5, and 6 iron \ryas introduced by the method of
thermal diffusion: l--650 "C, 24 h, 4 750 oC, 24 h,

5-860 oC, 18 h, 6-1 100 oC, Q h. S-ample 2 was not doped

with iron. Sample 3 was also not doped with iron, but it wÍts

subjected to heat treatment at 1180 oC for 2 h. The iron
concentration incrcased from sample I to sample 6:

Np,- l0l7 cm-3 for sample 6, - l0l5 cm-3 for sample 5,

and less than l0l3 cm-3 for samples l-4.
An ESR spectnrm consisting of only two lines was ob-

served for samples 2 and 3. A spectrum was not observed in
sample l, apparently because of the low density of the cen-

ters. For samples 4 and 5 the spectrum consisted of five lines,

but two of the lines were much stronger than the others (Fig.

l). An anomalous effect wÍls not observed for sample 6. To
identify the observed center, the angular dependence of the

positions of the lines in the ESR spectrum, as shown in Fig.
2, was investigated. V/e see that the lines in the spectrum
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FIG. 3. Intensity of the dispenion signd for sample 5 as a function of the

microwavc power. T=4.2 K, Blltl00l, the modulation frcquency of the
magnetic ficld Í^= 183.3 Hz. Thc sample is located at thc center of the
cavity. I- 3l2r+5n, 2- ll2<+3f2, 3- -ll2ell2, L -312r--ln,
5- - 5t2,- -312.

follow the standard dependence for Fe3 
+ in GaAs with

3:512; the lines with the anomalous intensities correspond
to the transitions -512r-+-312 and -312<->-ll2 in the
spectrum of the Fe3 

* ion. The dependence of the intensity of
the lines in the spectrum on the microwave power in the
cavity wÍrs investigated. The dependence for sample 5 is
shown in Fig. 3. As one can s€€, for the transitions

- 512<+ - 312 and - 312*> - ll2 it is linear at low power, i.e.,
below saturation, whereas for the other transitions the inten-
sity is proportional to the square root of the power. For
samples 2 and 3 the intensity of the lines of the two observed
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FIG. 2. Angular dependencc of the positions of the lines in the ESR
spectrum for samples 2-6: I-312*512,2- ll2.'+312,3-
- ll2++ ll2, 4- - 312* - ln, 5- - 512* - 312.
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transitions depends linearly on the microwave power. The

angular dependence of the intensity of the lines for transi-

tions with anomalous behavior of the ESR spectrum differed
substantially from the dependence for the case of magnetic-
dipole transitions.S The trace of the spectra at different tem-
peratures showed that the lines corresponding to excitation
by a E-wave become weaker more rapidly than the lines
coÍresponding to the standard transitions in the temperature
range 4.2-10 K.

DISCUSSION OF THE RESULTS

The excitation of the spectrum of the electric component
of a wave in the ESR experiment is well known for the

centers Cr+, Cro, Mno and Fe+, Feo in Si (Ref. 6) and
(Mn2 * + h) in GaAs (Ref. 7). For all of these cenrers only
the electric-dipole transitions were investigated. For these

transitions the perturbation Hamiltonian in the cÍNe where

the vector of the electric component E1 of the wave is par-

allel to the Y axis is written as

.H p:E[,bÊ(I,H r+J zHx)+c(/ Jr+J J)f, (2)

where x,!, and z aÍe cubic axes. The coefficients b and c in
Eq. (2) depend on an admixturc of the orbital angular mo-
mentum in the ground state and are much larger for centers
in which the ground state is orbitally degenerate.6 The linear
porver dependence of the signal observed in our case cannot
be described satisfactorily by magnetic-dipole or electric-
dipole transitions and requires terms which are quadratic in
the field in the spin-Hamiltonian of the perturbation. It can

be assumed, therefore, that the electric quadrupole perturba-

tions of the spin system Íue responsible for the observed
transitions in the spectrum of the Fe3+ ion in GaAs at low
iron concentrations. The perturbation Hamiltonian in this
case can be written in the form

H p= n?Lu' p(J ,H z+ J zHr) * c' (J J ,* J J )J, (3)

where, just as in Eq. (2) , b' and c' are different for different
paramagnetic centers. For the case of a singlet orbital ground
state they require a contribution of the orbital angular mo-
mentum from the excited states, since the Hamiltonian (3),
just as the Hamiltonian (2),leaves the purely spin states un-
changed.

As noted above, the aP state closest to the ground state,

which is coupled with it by the spin-orbit interaction and
which remains - I eV from the ground state, can give only a
very small contribution to the parÍrmeters b,c and b' ,c' . An
admixture of the orbital angular momentum from ligands in
the case where the neutral atom is in a singlet orbital ground
state is also small.8 If the experimentally determined param-

eters a and g for Fe3 
+ in GaAs are used ancl if the energy of

the excited state is estimated relative to the ground state,

using the computational scheme of Refs. I and 2, which
would satisfy the experimental parameters a and g, then the

energy would reduce to the value -0.1 eV, which is much
lower than the energy of the aP state above the 65 ground
state.

It can be assumed, therefore, that an admixture of the

orbital angular momentum in the ground óS state of a Fe3 +

ion in GaAs, which is too small to come from the 4P state,
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must come from the excited states which are located closer in
energy to the ground state and Íue coupled with it by the

spin-orbit interaction. Apparently, such experimentally ob-
served excited states were discussed in Refs. 9- I L It is pos-

sible that they are associated with a transition of a hole from
the 3d level to levels lying above the valence band, which
coÍrespond to states of a hole weakly bound on the transition
metal (Fe2+ + h) by analogy with a (Mn2* +h) center.l2 Th.
configurations Qd4+D and 3ê will then coÍrespond to the

excited and ground states, if the hole filling of the 3d states

are considered, oÍ the (3d6+ D and 3ê configuration in rhe

cÍrse of electronic filling, and the sets of quantum numbers
J:512,,5: 312, L:l and J:512, S: 512, L:O, respectively.
The spin-orbit interaction operator will possess nonzero ma-

trix elements between these states, and therefore the contri-
bution of ttre orbital angular momentum from them will be

much larger than from the 4P state. The wave functions of
the ground state, taking into account the admixture of the

excited states, can be represented in this case as follows:

It ,u,l:lc,M s)+ colo, Ms) + ctl l, M s- I )

+c-tl-t,Ms+l), (4)

where J :512, M t- M * M s: * 512,!312,+ ll2, lC,Ur) is

the orbitally nondegenerate ground state without allowance
for the excited státes, M is the projection of the angular
momentum L- I of the excited state, which runs through the

values l, 0, - l, and the coefficients Co ,Cr , and g- t have

the following values:

Co: 0, (5)

ct : t/ítzlÀ[s(s+ I )- M s(M s- r)Jr,rt

tlv(O, M i-w(t, M s- I )], (6)

g- r : (Jín)rls(s+ I ) - M s(M s* t)fr,2l

[w(0, Mr) -w(- t, M s+ I )] . (7)

From these expressions it follows, specifically, that the prob-
ability of transitions with A,M: I is proportional to
).2/( 

^W)2. 
It is higher than the probability of transitions

with LM:2, which is proportional to Àot(Lw)4. This ex-
plains why the lines of the transitions which we observed
with LM:Z were much weaker than in the case of transi-
tions with LM: l.

In summary, the anomalous behavior of the ESR spec-

trum of the Fe3 + ion in GaAs can be attributed to the electric
quadrupole excitation of the spectnrm, whose high intensity
of the lines is attributed to the large contribution of the or-
bital angular momentum of the close-lying excited states to
the ground state. At the same time, this explains the values of
the g-factor and the zero-field splitting constant a.
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AHOMAJIbHOE BO3EY}KÀEHI/,E- B CIIEKTPE sfIP
VIOHA Fe3* B GaAs

@ A A. E uceec rut*', C. 14 . K. X. M. eax lu5epzettl, K. A. LI. A uuepnaonl

' llr,rxeropollcxr,rli t'ocy,aapc'r'BeHnui,i yu14Bep€h're'r rara.li.14.Jl oóa.{eacKot'o,
(i03(i()0 tluixunii llooropo,rr, Poccul
I Varr <ier Waals - Zeeman lns[itute, University of Arnsterclam,
Valchenierstraat 65, NL-1018 XE Amsterdarn, the Nctherlands
(llo.rryvexa 2l val 1995 r. flprnaTa x neqarn 2 ox.ra6pa 1995 r.)

Coo6ulae rca o na6aroAeunh aHoMaJrbHbrx r4nTeHclrsHocrefi annmfr B cnexrpe areK-
'rl)oluroro na[)aMarHHlHoro pe3oHaHca ueHTpa Fe3+- e GaAs. X.ae .]tmnmm B cneK'r'pe
r:rrvrrr<rrr<>É cHc-neMr,r S = 5/2, npHnaanex(aulr4e n€pexoÀaw Mg = -5/2 - -3/2 u
lvl 5 : -31'2 -. -112, r,tMero'r aHoManbHo Bbrcox!4e Hr8reuc'íBnocrh.-TloxasaHo, r{To aror
aS$exr abr3BaH anexrprar{ecK}rM KBaApyno,nbxbrM aor6y>xgexraeu, AeficraytoltlxM Ao-
rrorHH'reJrbro K MarHnTo.lr,rnorbnoMy MeraHH3My: O6cyx<.qex BxJraÁ opOHTarbnoro
MoMeH'ra or co:6yx(aegHDrx cocro-Egrft, roT oprtË aeaaet aror MexaHH3M Bo3Mox(HbrM
aJl.R HoHoB B c14HrIeTHOt'l Op6UtaAbHOM OCHOBHO'T| COCTO.RHHIt,

Bne,qexre

X opouro H3Bec'rEbrfi cnexrp anexrporHoro napaMarIrI4TBoto pe3ouauca
(3tlP) noaa lie3t B apcenrrÀe raJrJrr4fl BEoBb upr4Bnex Eaure BEHMaEHe B
cB3.8H c aEoMaJrF,HbrM noBeÀeHHeM cLÍrEaJra SIIP s p.sÀe o6pa3qoB GaAs
n I)h ilh3KHx TeM rrepaTypax, coÀepxautHx Marble KoHueHTparlI4H n pHMecfi
)+icJt(rlit (Nn, - l0l5 ctut-3). Cnex'r[) coc'to.flJt 

'n3 
nflTH nnnufr,, cooruercrt y-

roÍuHx OepcxollaM LM5 = il, oanaxo c aHoMaIbEbrMI/t t4ETeEcHBEocT-tr-
MV atfl.u.Byx trepexoÀoB, o6osnaqesnbrx KaK -512 <- -912, -312 *. -I12.
Cnvuerpnr uenrpa 6traa xy6rvecxofi n cnex'rp yÀoBJr€TBopHTenbEo ou!Í-
cr,rBaJlcJr cnHE-raMrÍJrbToEr4aaoM Anfl cnyqa.s qeHTpa n 6.s572-cocToflEr{I4:

H = gtLRB.S + II ,. (l)

rÁe //" = (o/6)((5i+ Si + S:)- (l/5)S(S+ 1X352 + 35 - l)), o = 340 x
x l0-a crra-l u g = 2.046. flocxoar,Ky aHoManbgoe rroBeÀegrre ctreKTpa
ser b3n 6lrr o o6rsc snrr MarsHTHo-À!ÍuonbHbrMH trepexoÀ auw ) EaMn 6rrr o
cleJr aHo n peÁ.uonoxeHl4e o eo:oyx,4ennn ctreKTpa sneKTplÍqecxoÉ xouno-
rrenroË CBV norrr B pe3orrarope. Baxrrupr apFyMelrloM n norb3.y 3Toro

r039



nperuoroxewvs r.awnocb ro, .rro:Ea6rrcÀa€Mblfi a$$exr roJIbKo cna6o sa-
BlrceJr or rrotoxexn.a o6pa:ua B pe3onarope, a HMeHrIo - Eaxo.u,Í ncÁ ru
o6paae[ B qeETpe l,l;ÍLlEa uoJroBr{tre pa4r^yca uunxnÀp}Ít{ecxono pe3osaro-
pa, r.rte aneKTprqecxoe IIoJre Bo.ltEbI IlMeJIo upn6au:uteJrbno MaKcnMaJrb-
soe 3gaqegne. l,fnrescrggocrb clrrgaJla yMesbuanacb Jl?Írub n 2 pa-ea npu
cMerrIeHHH o6f,asua n3 It€HTpa. Slexrpnvecxoe noJle BoJIHsI B cJlyr{aer Ko-
nÀa o6pa:eq pacuono)I{en B qegTpe pe3ogaropa, IaMeer npeI,IMyuIecrBeHHo
Tanl'eutrr{anbnyro cocraaJltto[I]F, a rnn o6pa:ua, cMelrlennoro H3 rren-
Tpa, - HopManbuyto cocraBrÍIou.tyrc. flocle.&t-nr rIpH nepexore qepe3
npaurÍrly BEyrpb o6pasua yMerbluir€Tc.fl B €r pa3 uo cpaBaeurlrc c rasren-
qraaarnofi cocraBJrÍIouef,. Iloanorf,y raKoe rroBeÀexl{e cBr3aso c pa3nuq-
EbTMIA tpaErIqEbIMI/í yCnORÍdflI|/Í,I tI,|f, KOMnOEeETbI SneKTpHqeCKOrO IrOJr-A B

3THX troJrox<egnÍx n 6oarurrv 3gar{egueM l|4?retTpvtqecxofi nocto.ssnofi
aas GaAs (e" =, 10.9). CreÀosateJrbgo, nprl Eanl4quu y uapaMarnr4Trro-
ro ueHTpa sIeKTpHqecKoro ÀruIoJIbEoFo unu uynbTl4nonbHbrx MoMeHTort
nepexorbl, Bbr3BaEEbIe aneKTpxqecxolï xounoaegrofi Bortrbr, aoJrxubl rra-
61rcÀarsc.r H TorÀa, KorÀa o6paaeu Eírxo.qt{Tcs B rIeETpe pe3ouaropa.

IIna npvuecefi s 6S-cocr'srÁlrrtn aJreÍTpr[qecrre aQQeKTbr Àonx€br Jr]Írrrb
cra6o upoÍBr.flTbc.fl, TaK Karq ecnlÍ notb3oBamca upn6aux(enl4eM Kpr{cra-
ÍIr4r{ecxoro troJlf, BKnaÀ op6rraaruot'o MoMeHTa B ocBoBsoM cocro'.H.yllÁ,
xoropsrfi otrpeÀenÍercÍ Bblcot(o nex{au(ruu ros6yx.IIeHEbIMH cocrofnr,Ír-
MH, ,rloJrxeu 6urr MaJrbrM. C aroË Toqxn 3peuríf, Ra6rrc"qaeurrfi sa-
uu aS$exr rpebyer cyulecrB€suo boauuero BxJralla op6ura.nruo Bbrpo-
xÀennbrx coctossufi B ocEoBuoe. SxcnepnuexTaJrbEo BKnaÀ op6nrarr-
Horo MoMeHTa B ocEOBIIoe cocTO.fIIHe oIIeEI/ÍBaeTcÍ tro UapaMeTpy roSxoË
crpyKTypbt o-n o:tnntogeur{xl g-Qaxtopa <rr ero 3saqerlr.a .&rs cso6o.&roro
a n eKTpoH a. Corrac go pacqeraM, cÀerauxsru n npu6n v*<eguw Kpr,rcran JÍH-
qecxoro noJIfl c yr{eroM cocro-RslÍfi 'G,1F, 

oD,4P 
[t'2J HaÀ ocHoBHbIM.

a raKxe cuNn-op6uraJrbHoro 11Í aneKTpocrarr/rqecKoro B3ataMoÀeËcraurï,
a = 0.2.10-a cu-l ,qla Fe3+, qro cyulecrBexgo Er/rx(e 3naqelvrfl,) uonyqerrno-
ro aKcuepHMeETaJrbEo. Pacqets g-Qaxropo" [t'n] B paMxax arofi uoreau
Àalor raKx(e Mesburge orKJIoEeEI,rÍ or g = 2.0023 no cpaBËesnw c g = 2.046
Àls Fe3+ s GaAs. Tarru o6paaou, 3nar{eulr.s napaMerpoB pacrueuneHnfl
B EyneBoM noJle H B CTaTHqeCKOM ManEI4THOM nOJIe, a TaKXe BO3MOXBOCTb
uepexoÀoB c sbrcoxofi BeporrHocrbÍo uoÀ ÀefictsueM O-sorurr Ee Moryr
6uts nstepnperr,ÍpoBanbr B upu6aux<eulÍlr KplÍcraJrJrr,Íqecxoro troJrÍ. Be-
po.flTno, 6oaee cyulecrBeEraÍ Àon-Í op6nraarxono MoMeETa B ocEoBEoM
cocro.fxlÍH seo6xo.E{Ma lrlrg, o6rcsegnn raxoro uoBeÀeEI,Í-Í clrexTpa. B aa-
crosruefi pa6ore nprÍBo]I,arcfl ocHoBEbre aKcuepr{MeuTaJrbubre pe3yJlbrarbl,
B Koropbrx npo.fBJrÍerc.Í anoMaJrbuoe aos6yxÀenlre cuexTpa 3nP, a raKx{e
ÀaeTc-fl Bo3Mox{E4.Í r4x r4BTeptrepTaqH.n.

3xcneprrMextaJrbxble pe3ynbrarll

3[IP cuempbr r43yqanxcb Ea.cneKrpoMerpax X- n I(-wtata3ouoB, sa-
crpoeHHbrx Ha crarnar n$cnepc:r.vt. O6a cueKTpoMerpa r4Menu lrnnvt.aplz,-
LrecKHe TEon - pe3osaropbl c pa,ulycaMH a = 22 n 9 uu H BblcoraMtÍ
d = 44 u 12 uu cooraercrBeEgo. 14ccaeÀosanxfl npoBofr4lnvlct, IIa luecrr4
o6p a:uax tronyu3onr{pyrcuero ( L E C ) ap ceHtÍÀa I'aJI JIr.íÍ, upl4roroB neEHbIX
npr4 pa3nr{r{sbrx ycnoB}í.fix. B o6pa:uu 1,4,5,6 xeJle3o BBoJII,rJIocb MeroÀoM
TepMr.recKofi arrQ$ysran: / - 650oC, 24 u, 4 - 750"C, 24 u, 5 - 860oC,
l8 q,6-- 1100oC,42u. O1pazeu 2 He nerupoBaÍc-fl )I(erle:or'4. O6paseu, I
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Prac. l. Crre x'rpr,r 3fl P ,rr.rra o6parqa 5 (o) n 6 (ó). 3arlr,rcb cnruaJra Ancnegcuu
ÍrJ)oh3aeAeHa Ha cneKTpoMerpe K-Ananazona (v = 23.285 l.lu) npvt ocaaóter.uu
Mor.r.lHocrH 20 a6, T - 4.2 K, B ll [100]. I,íurencr,raxocTb Ánr oópasUa 5 yaeauvena n
5 pae.

6url raxxe He nerr,tpoBan )KeJre3oM, Ho [oÁDepr.anc.E TepMr,Íqecxofi o6pa-
6orxe npl4 1180oC,2 q. Konueurpaun.n xeJre3a Bo3pacrana or o6pa3qa 1

x rl6pa:uy d: .{Vpu - l0l7 cu-3 Àl.a o6pa3qa 6, - 10ls ctl-3 Àl.s o6pasua 5
t,t Menbtue qeu l0l3 cM-3 Àa-n o6pasUoa /-/.

Cuextp e[IP, cocro-sulilfi ToJrbr(o r{3 lByx JrrÁErÁi\ Ea6rpÀanc<r Ànff
o6pa:uoa 2 u 3. B o6parue 1, no-auwrMoMy, n33a Manofr KoEqesrpa-
rrr4H ueBTpoB cueKTp Ee 6brn oouapyxeu. n nn o6pa3[oB 4 u 5 cueKTp
cocro-q, n3 flsTu rIu'J:'/riI, Eo HHTeHCHBIIOCTb nDyX r,Í3 HHX 6bura 3HaqUTeJrb-
uo nr,Íue ocraJrbabrx (prac. l). Asoua.llsr,rË a{Qexr Be Ea6nrcÀarcs, l..nr
cr6pa:rra 6. .Lar uaearu$uxau:uu na6rpÀaeuoro qenTpa HccJreÀoBaJracb
yrnoBa^R 3aBr4crÍMocrb troJroxenfin nnnvtfi. B cnexrpe e[IP, uor{aBaBE:M Ea
pr4c, 2. Bn.Go, vrro rlvtn*tu B crreKTpe cne.(yror xopouo IBBecrEofi 3a-
BAcAMocru a,rn Fe3* o GaAs, c .9 = 5f 2; nunuu c auoMaJrbEbrMlr ÍrETeH-
cr,íBrrocr.flMl4 coorBercrByror trepexoÀoM -512 *" -312 u -312.. -ll2 a

cnex'rpe nosa Fe3*. Bslna Hccne.u.oaaua 3aBncnMocrb HHTeEcwllrocrv rrvt-
wh v crreK'rpe or Moulnoc'rr,r CBV noa.s B pe3onarope. 3aaucuMoiTb Ànr
cr6pir:uir 5 soxasaua Ha pl,rc. 3. Kax Br/ÍÀÉto, Àns uepexonou -512 * -312 u
-J12 - -L12 oua nr{EefiEa npu srarKofi Moulnocr}r, T.e. Enxe EacbrrueE}rs,
a .lJlr ocTaJrbHbrx uepexoÀoB r4ETeEclÍBHocTb trpouopq]ÍoBanbEa KBaApaT-
HoMy KopHro rí3 Mor[HocTlr. .I[aa oopa:rhoï 2 n 3 usTeacr4BHocTb rrr4&uit
rra6lnÁaeublx ,@yx nepexoÀoB TaKxe 3alÍ4cr4't nrlseËEo or Mr4KpoBoJrEo-
rroil r,ror[rrrrr:'r'u. Yr.lronaÍ 3anrÍcr4Moc'ft, t,tu'rerlcLrulrocru nly.Huil nnn nepexo-
lr()rJ (' aHoMa,[brrbrM [oae/Leur4eM cuexTpa SIIP cyulecrBenlro'orJl]ÍqaJlacb
o't' 3aB14cr,ÍMocrrá Àn.fi cnyqafl Mr,rFEnrEo-ÀfinoJrbEbrx rlepexoÀoB [s]. 3auncu
cneKTpoB npH pa3nl,ÍqHblx TeMtrepaTypax IIaKa3aJIa, qTO JIIrÍlIlIH, OTBeqaIO-

qeM Jrr4HI4Lí, OTlreqaroulr4e ooblqHbrM lepexoÀaM, r] HHTepBaJre TeMnepaTyp
.4.2 - l0 K.

650 750 850
Mqgnetic f teld,mT
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O6cyxgexne pe3ynbTarc,B

Elo:6yxaenne ctrexrpa anexTpl,r.recxofi KoMuoEeETofi sorsu a 3tIP
aKctrepr4MegTe Ír3Becrgo À.aa qeHTpoB Cr+, Cro, Mno u Fe+, Feo a Si [6] ra

(Muz+ +h.) a GaAs [7]. .[fl.s ecex npr,íBeÀesHbrx trenrpoB paccMarpuBalrvlcb
ToJlbKo 3JIeKTpoÀtÍnOJIbHbIe UepeXOJIbI, ÀJï.8 KOTOphIX raMI,ÍJIbTOEI/ÍaB BO3My-
uear{r B cJryqae, KorAa BeKTop aneKTpnqecxoft xol,ruonenTbl uoJIÍ BoÍIHbI
e1 6ur trapannenea ocl4 Y, :anucuBaJlct KaK

He

o?lb' a(J,H,+ J,H,)+ c' (J,J,+ J,J)),

J,H") + c(J,J,+ J,J)), (2)

(3)

rÀe r, A,z - xy6uvecrne ocu. KoaQsuuues'rH b fi c B (2) saaucxr or
npuMecu op6ntaalaoro MoMeETa B ocEoBHoM cocroflrlnu rÍ cyu{ecrBeu-
so 6olrrue D,iln ueHTpoB, y Koropbrx ocuoBHoe cocro.anlte -op6ntarl-
Ho Br,rpoxaeno [6]. Ha6rrcaaeMa,ff B rraureM cnyqae nnr'efrra,fl. 3an'vrcn-
Mocrb cr,rraaJra or MouLHocrI4 Ee Moxer 6nts yÀoanerBopl,lTenbEo oulÍcaEa
MarH!{TAO-.{ITUOJIbEbIM'{ UflU 3neKTptíqeCK!íMU,[lÍUOnbEbIMI,Í UepeXOÀAMil Vt

lpe6yer qJIeEoB KBaÀparl,Iqnbrx rro noJrro B cnrIEoBoM raMl,ÍJlbroErÍage Bo3-
Myuenut. Taxnu o6pa:ou, Moxgo rrpe,@onox(nrb, rITo aneKTprlrrecxl4e
xBaÁpynonbnble Bo3Myuesn.s cursonofi cncreMbr sBJrrrorc.E upNvnaofi aa-
6.rrpnaer'rux trepexoÀoB B cuexTpe r{oga Fe3+ s GaAs upu ErasKrÍx KoEq,eE-
TpaqíÍx xeJre3a. lauulrroulraE Bo3MyueErÍg B aroM cnyqae Moxao 3a-
nr4caTb B cne,(ytolueM BHÀe:

Hp=

r',{e, 'r'aK )+(e KaK n o (2), b' n c' pa3rtríqubl Ànr pa3lrhtx uapaMarEI,ÍTEbIx qex-
lporl. Lhn clyuan cunrJrerHoro op6nranbnoro ocEoBEoFo cocroffEuÍ oElt
'rpe6yror BX.rIarLa op6u'raaiaoFo MoMeara or nor6yxaeuxnx coc'ronauii,
lax KaK raMnJlbronr,reu (3), TaK rxe KaK H (2), oc'raaaser 6e: H3MeEeHr4t
LIHCl'O CII.}{EOBble COCTOÍEI/Í.8.

Kax yxe orMeqaJlocb Bblure, 6rrxaÉrree K ocHoBEoMy 4P-cocroRnrae,
crrjr3ar{Hoe c Hr/rM cuna-op6uTaJrblrblM ssan}ÍoÀeficTBHeM 

'I 
oacToÍt[ee Ea

- I aB or ocrroBnoro, Mox{er Àarb n[rrrb He3tlaqldreatsblË BKnaÀ B ga-
paMerpbr b, c tt b', c'. Ilpnuecl op6llra.nraono MoMeBTa or JlrÍraÍrÀcB B

cJryqae, Kor'Àa rlesrpanburrfi arou saxo.{I,rrcÍ B cÍ[ErJlerBou op6uraJlbuoM
ocrïoBríoM cocrorurÍI4, Taxxe IIe BerrKa [6]. Ecar l4cnoJrb3oBarb eKcllepr4-
NreHTaJIbHo gafiÀesuHe napaMerpbr a u g Àln Fe3* s GaAs u norrbrrarb-
cr oueHHTb 3HaqeEI,Ie 3Heprfi,r aos6yxÀexHoro cocroÍEu.a orEoclíTeJlbBo
()clrorJuolo, uonb3yflcu cxeuofi pacqera [l'2], xotopoe 6u yÀoBnerBopfno
3KcirepHMeHTaJrbEIIM rrapaMerpau a u g, To aneprrl,r pe.uysl4ponanacr 6rt
ri 3Har{errurc - 0.1 aB, r{To cyuecrBeglro Hrdxe ageprwu4P-cocroíHur Har,
u(: norJ riblM 6 5- coclorrrueu.

'laxnv o6pa:ou, Mo>xuo npeÀlonoxl4Tb, r{To npnMecb op6uransno-
r'() MoMert'r'a B ocgoasov 65-cocro,xnlvl uoHa Fe3* n GaAs, EeÁocraroq-
Hir.r o'l' 4 P-coc'loRrrnl, aoJrx<Ha npoHcxoÀ,trb or aos6yxÀegEbrx cocrofl-
ruufi, xo'ropble HaxoÀÁTc.a Ha 6olee 6nnsxou aneprerxqecKoM paccroÍ-
E Íh o^r ocEoBuoro H cBfl3aHbr c EHM cnrn-op6r,rraJlbuhrM ssanlÍoÁeficrBvl-
(.M. []o-sn.rtNuoMy, TaKHe aKcnepHMeHTaJrbHo sa6rroÀaet'írre aos6yx.u,eu-
ur,rc (:()c'r'olunrr o6cyxÀarncb n pa6otax [9-tt]. Bos]roxno, ou]t cBt3aHbI c
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nepexo.[oM .&JpKH c 3d-yponafl Ba ypoBu]Í, flaxo,ututtrecÍ naÀ aaneHrnoÉ
:onofi, coornercrByroruue cocrofiEr,r.flu caa6o cg.flsassoË Ea llepexoluloM
Merarrre ,Grpxr,r (F"2+ + à.) uo auan orwu c qenrpoM (Mnz+ + à) [t']. Tor.aa
ao:6yx4ennoMy H ocEoBEoMy cocroÍHuÍu 6y4yr orBeqarb xon$urypannu
(3d{ + h) n3d,6 r ecJrr/r paccMarp}íBarb Jlbrpoqnoe 3atroJrnenue 3d-cocrogsilfi,
utu (3d6 * h) uSds - B anexrposuoM 3anoJrnelytyr, u ua6oprr KBaHToBbrx
qr,Ícerr J = 512, S = 312, L = | n J = 512, S = 512, L = 0 coorBer-
crBeEEo. Oueparop cuun-op6nraJÍbnoro ssarrr{oÀeficrr.vrfl 6yaer }rMerb
oTJIKqEbIe OT Eyttt MarpuqELle aJIeMeHTbr Mex,(y ?T*tMvt cocTotElttM9t, IIo-
sToMY BKnaÀ op6nraaraoto MoMeHTa oT nnx 6yÀer 3nat{n'reJlbso 6oluue.
qeM or { P-cocto.gura.g. Bongonue $yxxuxr ocnoarïoro cocroflEnr c yr{eroM
[pI,IMecI4 ao:6yxÀeuHbrx Moxuo upeÀcraBl4Tb B aroM cnyqae KaK

lJ,Mt) =lG,Msl + C010, usl+Ctlt,Ms - 1)+ C-tl- I,Ms* l), (4)

r.ae J = 512 u Mt * M * Ms = *.512,*312,+l12,lG, Msl - op6nra.rruuo
EeBbrpox(Àexxoe ocuoBnoe cocro.faue 6es yvera aos6yxaexnbrx cocror-
aufi; M - npoeKqrlr{ yrrloBoro MoMeHTa L = I so:6y)KÀennono cocrornn.fl,
npo6erarcuteno 3HaqeHr.R 1,0, -1; xoaQSuuueuTbr C0, Ct u C-r nMeror
cireÀy rcul4e 3HaqeEI4t :

Co = 0, (5)

ct = ({ip)À[.r(.e+ t)-Ms(Ms-,)] '' / [*ro,Ms)-w(t,Ms-r)], tol

c-l - jnp)À[tt.s+ l)- M5(Ms+ 1)l "' I lw(o,Ms) -w( -l ,Ms* r)]

(7)
l4z atwx Bblpaxeurrfi n qacrnocrlr cneAyer, qro BepoÍTnocrb rrepexoÀoB
c AM = 1 npouopqlÍosarbga 

^2 
l(AW)2. Osa shrrue Bepo.srgocrr{ trepexo-

ÀoB c AM = 2, upouopunosaarsofi 
^41(LW)4. 

3ro o6r-scgrer, tror{eMy
nvtruu ua6lroÀaeMbrx saMn nepexoÀoB c AM = 2 oónaraJru 3xaqureJrbuo
uenrrueË HETeEcHBEocrbro uo cpaBaenuto c trepexoÀaMu c AM = L

Taxuu o6pa:ou, auoMaJrbnoe rroBeÀegue cuexTpa SIIP raoaa Fe3+ s
GaAs lntoxno cB.B3arb c aJreKTpHr{ecKr/ÍM KBaÀpynonbgbrM ao:6yxÀenueu
cnexTpa, BblcoKaf HHTeEcHBEocrb JIHHI,Ifi xotoporo o6'r,RcnRercs 3Haqr4-
'reJrbnbrM BKnaÀoM op6uraaunoro MoMelrra B ocnoBaoe cocroÍHre or 6rns-
Ko Jlexalulax nos6yx<gennbrx cocro-annfi. Buecre c reM aro Àaer o6tscae-
gl4e Benl/Ír{uuau g-QaKTopa H Ko[IcTaHTbr pacuenneHH.S B HyneBoM trone a.
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Pe.uaxrop B. B . LlanÀbu.ueB

Anomalous excitation in the EPR spectrum of the Fe3+ ion in
GaAs

A . A. E zheuskii', S. J . H. M . uan G isberg ent, C. A. J . Amrnerlaanl

' Lobachevsky Srate University, 603600 Nizhny Novgorod, Russia
I Van der Waals - Zeeman Institute, University of Amsterdam, Vdckenieretraat 65,
NL-1018 XE Amsterdam, the Netherlands

The observation oÍ anomalous intensities in 3he electron paramagnetic resonance spec-
trum oí the Fe3+ centre in GaAs is reported. Two lines of this S = 5/2 spin system,
l>elorrging to the M5 = -5/2 * -3/2 and M5 = -3/2 * -l/2 transitions, respectively,
show anomalously large intensities. It is argued that this effect is due !o electric-quadrupole
excitation, which process is effective in addition to the magnetic-dipole eicitation mecha-
nism. The contribution of the orbital momentum írom the excited rtates, which makes this
mechanism possible for iones in orbital singlet ground states, is discussed,
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