Anomalous excitation in the ESR spectrum of the Fe®* ion in GaAs
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The observation of anomalous intensities of lines in the ESR spectrum of a Fe>* center in GaAs
is reported. Two lines in the spectrum of the S=5/2 spin system, which correspond to the
transitions Mg= — 5/2— — 3/2and M 3= —3/2— — 1/2, have anomalously high intensities. It is
shown that this effect is produced by the electric quadrupole excitation acting in addition

to the magnetic-dipole mechanism. The contribution of the orbital angular momentum from the
excited states, which makes this mechanism possible for ions in a singlet orbital ground

state, is discussed. © 1996 American Institute of Physics. [S1063-7826(96)01206-9]

INTRODUCTION

The well-known electron spin resonance spectrum (ESR)
of a Fe** 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 (Ng.~10'® cm™3) at low temperatures.
The spectrum consists of five lines, corresponding to the
transitions AM g= * 1, but two of the transitions, designated
as —5/2« — 3/2 and —3/2~ — 1/2, exhibit anomalous inten-
sities. The center has cubic symmetry and the spectrum is
described satisfactorily by the spin-Hamiltonian for a center
in the 85/, state:

H=g[.LBB'S+HC, (l)

where  H.=(al6)((St+Sy+S3)—(1/5)S(S+1)(35%+35
—1), a=340X 1074 em™!, and £=2.046. Since the anoma-
lous behavior of the spectrum could not be explained by
magnetic-dipole transitions, we assumed that the spectrum of
the electric component of the microwave field in the 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 the
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 €, 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 GaAs
(£,=10.9). Therefore, when the paramagnetic center pos-
sesses an electric dipole or multipole moments, the transi-
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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 55 state the electric effects should be
very weak, since if the crystal field approximation is used,
the contribution, determined by the high-lying excited states,
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 parameter
a and from the deviation of the g-factor from its value for a
free electron. According to calculations performed in the
crystal-field approximation, with allowance for the states
4G, *F, *D, and *P (Refs. 1 and 2) above the ground state
and for the spin-orbit and electrostatic interactions, we have
a=0.2%x10"*cm™! for Fe**, which is much lower than the
value obtained experimentally. Calculations of the
g-factors®* in this model also give smaller deviations from
£=2.0023 compared with g=2.046 for Fe** in GaAs.
Therefore, the values of the parameters of the splitting in
zero 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 TE,, cavities with radii a=22 and 9 mm
and heights d=44 and 12 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. 1. ESR spectra for sample 5 (a) and 6 (b). The dispersion signal was
recorded on a K-band spectrometer (v=23.285 GHz) with 20-db power
attenuation, T=4.2 K, B||[100]. The intensity for sample S is increased by
a factor of S.

samples 1, 4, 5, and 6 iron was introduced by the method of
thermal diffusion: 1—650 °C, 24 h, 4—750°C, 24 h,
5—860 °C, 18 h, 6—1100 °C, 42 h. Sample 2 was not doped
with iron. Sample 3 was also not doped with iron, but it was
subjected to heat treatment at 1180 °C for 2 h. The iron
concentration increased from sample 1 to sample 6:
Ng~10'" cm™3 for sample 6, ~10'S cm™3 for sample 5,
and less than 10'3 cm™3 for samples 1-4.

An ESR spectrum consisting of only two lines was ob-
served for samples 2 and 3. A spectrum was not observed in
sample 1, 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.
1). An anomalous effect was 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. We see that the lines in the spectrum
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FIG. 3. Intensity of the dispersion signal for sample 5 as a function of the
microwave power. T=4.2 K, B|[100], the modulation frequency of the
magnetic field f,,=183.3 Hz. The sample is located at the center of the
cavity. I— 3/2¢+5/2, 2— 112312, 3— = 1/121/2, 4— =3/2—1/2,
5— =52+ =3/2.

follow the standard dependence for Fe** in GaAs with
S§=5/2; the lines with the anomalous intensities correspond
to the transitions —5/2¢>—3/2 and —3/2—1/2 in the
spectrum of the Fe** ion. The dependence of the intensity of
the lines in the spectrum on the microwave power in the
cavity was investigated. The dependence for sample 5 is
shown in Fig. 3. As one can see, for the transitions
—5/2—3/2 and —3/2+ —1/2 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

FIG. 2. Angular dependence of the positions of the lines in the ESR

Magnelic field,mT

spectrum for samples 2-6: [I—3/2=5/2, 2— 1/2-3/2, 3—
= 1/21/2, 4— =326 =172, 5— =512 —3/2.
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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.’ 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
corresponding 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*, Cr° Mn° and Fe*, Fe® in Si (Ref. 6) and
(Mn?* +h) in GaAs (Ref. 7). For all of these centers only
the electric-dipole transitions were investigated. For these
transitions the perturbation Hamiltonian in the case where
the vector of the electric component E; of the wave is par-
allel to the Y axis is written as

H,=E\[bB(JH,+JH)+c(J J,+TJ)], 0]

where x,y, and z are cubic axes. The coefficients b and ¢ in
Eq. (2) depend on an admixture of the orbital angular mo-
mentum in the ground state and are much larger for centers
in which the ground state is orbitally degenerate.’ The linear
power 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 are responsible for the observed
transitions in the spectrum of the Fe’* ion in GaAs at low
iron concentrations. The perturbation Hamiltonian in this
case can be written in the form

H,=E}[b'BUH +JH)+c' (JJ,+JJ,)], 3)

where, just as in Eq. (2), b’ and ¢’ 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 *P state closest to the ground state,
which is coupled with it by the spin-orbit interaction and
which remains ~1 eV from the ground state, can give only a
very small contribution to the parameters 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.® If the experimentally determined param-
eters a and g for Fe3* in GaAs are used and if the energy of
the excited state is estimated relative to the ground state,
using the computational scheme of Refs. 1 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 P state above the S ground
state.

It can be assumed, therefore, that an admixture of the
orbital angular momentum in the ground °S state of a Fe3*
ion in GaAs, which is too small to come from the *P state,
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must come from the excited states which are located closer ip
energy to the ground state and are coupled with it by the
spin-orbit interaction. Apparently, such experimentally ob-
served excited states were discussed in Refs. 9—11. 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
correspond to states of a hole weakly bound on the transition
metal (Fe?* + k) by analogy with a (Mn?* +h) center.'? The
configurations (3d*+h) and 34° will then correspond to the
excited and ground states, if the hole filling of the 3d states
are considered, or the (3d%+h) and 34° configuration in the
case of electronic filling, and the sets of quantum numbers
J=5/2,S=3/2, L=1 and J=5/2, S=5/2, L=0, respectively.
The spin-orbit interaction operator will possess nonzero ma-
trix elements between these states, and therefore the contri-
bution of the orbital angular momentum from them will be
much larger than from the *P 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:

|7,M ))=|G,Mg)+C°0, Ms)+C'|1, Mg—1)
+C7Y -1, Mz+1), (4)

where J=5/2, M;=M+Mgs=*5/2,%3/2,*1/2, |G,Mj) is
the orbitally nondegenerate ground state without allowance
for the excited states, M is the projection of the angular
momentum L =1 of the excited state, which runs through the
values 1,0,—1, and the coefficients C° C!, and C~! have
the following values:

Cc%=0, ‘(5)
Cl=(V2I2)N[S(S+1)— M Ms—1)]"Y
[W(O,Mg5)—W(1,Ms—1)], (6)

C'=(V2I)ON[S(S+1)-My(Ms+1)]"¥
[W(O'MS)—W(—I’ MS+1)]' (7)

From these expressions it follows, specifically, that the prob-
ability of transitions with AM=1 is proportional to
A%/ (AW)2. 1t is higher than the probability of transitions
with AM =2, which is proportional to A\*/(AW)*. This ex-
plains why the lines of the transitions which we observed
with AM =2 were much weaker than in the case of transi-
tions with AM=1.

In summary, the anomalous behavior of the ESR spec-
trum of the Fe** ion in GaAs can be attributed to the electric
quadrupole excitation of the spectrum, 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 BO3BYXXJAEHHWE B CIIEKTPE 3IIP
MOHA Fe3t B GaAs
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(Honyuena 21 man 1995 r. [lpuuarta k meyatn 2 okrabpsa 1995 r.)

Coobulaercs 0 HabJ10 AeHUM AHOMaJ/bHbIX UHTEHCUBHOCTEM TMHUMN B ClMeKTpe aJIeK-

TPOHHOI'O NapaMarHUMTHOro pe3soHaHca ueutpa Fe3t B GaAs. JBe auMHMUM B cnekTpe
ClMHOBON cncTembr S = 5/2, npunaanaexawme nepexoaam Mg = —=5/2 — =3/2 u
Mg¢ = =3/2 - —1/2, ”MelOT aHOMAaJIbHO BbICOKME MHTEHCMBHOCTH. [loKa3aHO, YTO TOT
2(¢deKT Bbi3BaH d/IeKTPMUECKMM KBaApPYNoyibHbIM BO36y)KZeHMeM, AeHCTBY IOLUMM 10-
ITOJIHUTENbLHO K MAarHUTOAMIIOJNbHOMY MexaHu3My: OG6cy)xkaeH BKJaad opbUTaabHOroO
MOMEHTa OT BO36Y>XAeHHBIX COCTOAHUM, KOTOPBI AeaeT 2TOT MeXaHU3M BO3MOXXHbIM
LA UOHOB B CMHI/IETHOM Op6UTa/IbHOM OCHOBHOM COCTOAHMM.

Bsenenue

Xopolwo U3BECTHBIN CIIEKTDP 2WMEKTPONHOrO NapaMarHMTHOTO pe30HaHCa
(DI1P) noma Fe** B apcemune rannua BHOBbL NpPMBJIEK Halle BHUMAHWe B
CB3AM C aHOMaJLHbIM noBeneHneMm curaana DIIP B psane obpa3nos GaAs
IPW HM3KUX TeMuepaTypax, COAeprKaluuX MaJible KOHTIEHTPAlMU [OpUMecH
wenesa (Npe ~ 1019 cm™3). Cnexrp COCTOAN M3 NATH JMHUIA, COOTBCTCTBY-
ounx gepexonamM AMgs = +1, onsako ¢ aHOMaJbHbBIMM MHTEHCHUBHOCTA-
MU /1A IBYX OepexonoB, 0603HaueHHLIX Kak —5/2 & —3/2, -3/2 & —1/2.
CumMerpus nenTpa Cbisia KyOUUeCcKOl U COEKTP yJOBIE€TBOPUTEIbHO OIU-
CblBa/ICsl CNMHE-TaMUNbTOBMAHOM [JIA Cly4as HeHTpa B 655/2-COCT0}{H]AMZ

H=gugB-S+ H., (1)

rne He = (a/6)((S3 + 5'; + 51~ (1/5)S(S 4+ 1)(3S2 + 35 = 1)), ¢ = 340 x
x 107" cm™! u ¢ = 2.046. IlockoabKy aHOMaJbHOe NOBeNeHUE CIEKTpa
Heb3A OblJ10 OO'bACHUTL MArHUTHO- IMIOJbHBIMU OepexonaMu, HaMu Obli1o
clleflaHO npeanoJsioxkeHue o Bo30Oy)KAeHMM ClEeKTpa 3JIEKTPUUYECKON KOMIIO-
nentoit CBY nosast B pezonatope. BaxibiM apryMenTom B 10JIL3Y 3TOrO

1039



npemiooXKeHEns ABUNOCH TO, YTo HabntonaeMblit adgdekT Toabko cnabo 3a-
BHCeJ OT MoJiokeHBUA obpa3ua B pe3oHATOpe, a UMEHHO — HAXOIMJICA /U
obpa3seln B NeHTPe MJHM Ha IOJIOBMEE PAaIMyca UMIMHBIPHYECKOrO pe30HaTO-
pa, rle aJeKTpu4ecKoe NoJjie BOJHbl MMeslo NPUGIU3UTENLHO MAaKCUMaJlb-
HOoe 3HauveHMe. IHTEHCMBHOCTHL CMIrHajla yMeHblllaJacCh JUUIb B 2 pa3a npu
cMelleEMH o6f a3na U3 meATpa. DAeKTpHUUecKoe MoJe BOJHbI B clydae, Ko-
raa obpa3sen pacoo/ioXeH B IeHTpe pe30HATOPa, MMeeT IpeUMylleCTBeHHO
TaHTeHOMAJILHYIO COCTABJAIOUIYIO, a AnA obpa3na, CMEIWEHHOTO U3 OeH-
Tpa, — HOpPMaJibHYyI cocTaBiamwouryio. [locaemusas npu nepexone uyepe3s
rpaHuIy BEYTpb oOpa3ma yMeHbIaeTcA B £, pa3 IO CPAaBHEHUIO C TAHIeH-
ouaabHO# coctaBasiole. [[oaToMy Takoe noBeneHMe CBA3aHO C pa3/Ivuy-
HbIMN 'DaBUYHBIMH YCJIOBUAMMH INNAA KOMMNOHEHTHI IJIEKTPUYECKOTO NOJA B
3TUX MOJIOXKeHUAX M OOJbWNM 3HAYEeHVMEM IUJIeKTPUYeCKoW NOCTOAHHOM!
nnsa GaAs (e, =+10.9). CaenosaTenbHo, npy HAJMYUM Yy OapaMarHATHO-
ro HeHTpa 3JeKTPHUYECKOro IOUIOOJbHOIO MU MYJIbLTHUIOJNbHLIX MOMEHTOHB
nepexodbl, Bbi3BaHHbIE 3JeKTPUYECKON KOMIOHEHTOW BOJIHDLI, JOJXKHbI Ha-
6J100aThCA ¥ TOTIa, Korxa obpa3en HAXOMOUTCA B eHTPe Pe30HATOPA.

Ilns npumeceii B  §-cocTosEny anexTprueckne ¢ GpeKThl JOKED NI
c/1ab0 NpOABAATHCA, TAK KaK, €C/IM NOAb30BAaThCA NPUOIMKEeENEeM KpUCTa-
JVMYEeCKOro moJis, BKJal OpOMTAIBLHONO MOMEHATa B OCHOBHOM COCTOSHHH,
KOTOpPBIA ompenesisieTcAs BLICOKO JEXAMUMU BO3OYKIEHHLIMM COCTOSHMA-
MU, NOJKeH ObITb MaibiM. (C 2ToW TOYKM 3peEMA, HabnawonaeMmblit Ha-
MU adpdeKT TpebyeT cyumecTBeEHO OoJiblIero BKJada OpOUTalbHO BbIPO-
’KIOEHABIX COCTOSJHMA B OCHOBHOE. IJKCIOEPUMEHTAJBHO BKJIaX OpOHUTaIb-
HOI'O MOMEHTa B OCHOBHO€ COCTOAHHE ONEeHMBaeTCs OO mNapaMeTpy TOHKOM
CTPYKTYPBbI G-JI OTKJIOHEHHIO ¢-PaAKTOpa OT ero 3HaueHUA s cBobomHOrO
anekTpona. CornacHo pacyeTraM, CAe/IaHHEBIM B IPUOAMIKEANH KPUCTATH-
yeckoro moJs c¢ yderoM coctosmuit ‘G, ‘F, 4D, *P ['?] nan ocrOBHbBIM,
a TaKXe COUH-OPOMTANBHOTO M 3JEKTPOCTATUYECKOTO B3auUMONEWCTBUM,
a=0.2-10"*cm~! ana Fet, uTo cymecTBeHRO HMXKe 3HAUEHMA, N0y YEeHHO-
ro skcoepuMeATanbEO. Pacuersl g-dakTopos [>*] B pamkax »10#t Moneau
OaloT TakXe MeHblUMe OTKJOHeHMA oT ¢ = 2.0023 mo cpaBHeHuto c g = 2.046
ana Felt B GaAs. TakuM o6pa3om, 3HauUeHMA DapaMeTPOB paclielJeHMs
B HYJIEBOM II0Jle U B CTATUUECKOM MAarHMTHOM [0Jie, a TaKXe BO3MOXKHOCTb
OepexoloB C BBLICOKON BepOATHOCTbIO moAd AeHcTBueM E-BONHBI He MOryT
ObITb MHTEPOPETHPOBAHbl B NPUOGIMKEHMU KpHUCTalaudeckoro mons. Be-
posATHO, 6oJee cyllecTBeEHAsA NOJA opOMTaIbLHOIO MOMEHTa B OCHOBHOM
COCTOAHMM HeoOXomMMa aA 06bCHEHNA TAaKOro HOBeleHUA cneKTpa. B ma-
crosiel paboTe NpUBOIOATCA OCHOBHbIE 9KCOEPUMEHTAJbHbIE pe3y/NbTaThl,
B KOTOPBIX NPOABJAETCA aHOMaJbHOe Bo36ykneHue cuektpa DIIP, a Takxke
nlaeTcs BO3MOXHAA UX METeprnepTanus.

DKCIepMMeHTaJIbHbIEe Pe3yJIbTAaThl

OIIP coewtpbl M3ydanuch Ha cnekrpoMmerpax X- v K-rmnana3oBOB, Ha-
CTPOEHHbIX Ha cursas micnepcuu. O6a coekTpoMeTpa MMeau UMJIMHAPYU-
yeckune T Fyyy — pe3oHaTopbl ¢ paaMycamMu a = 22 U1 9 MM 4 BbICOTaMH

= 44 u 12 MM cooTBercTBerrO. HMccnenoBamua npoBomanch Ha IIeCTH
obpa3suax monyusonupyiouero (LEC) apceruna rajaus, 0puroToBeHHbIX
Npy pa3jnyHbIX ycaoBuAX. B obpa3nsl /,4,5,6 »ene3o BBOIMIOCH METOIOM
TepMuUeckoit muopoysuu: | — 650°C, 24 4, 4 — 750°C, 24 4, 5 — 860°C,
18 u, 6 — 1100°C, 42 y. O6pa3eu 2 e nserupoBaJcs xeseszom. Obpasen 3
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Puc. 1. Coexrpur DIP unn obpasua § (a) m 6 (b). 3anuce curiada aMcrnepcuu
npomiseneHa Ha cnexkrpomeTrpe K-auanasona (v = 23.285 I'T'u) npm ocnabaenum

mowHocTHn 20 a6, T = 4.2 K, B | [100]. UuTeHcuBHOCTD a4 o6pa3ua § yBeiauyeHa B
5 pa3s.

Oblyl TaKKe He JlerMpoBaH >kejle30M, HO NOJABepraJica TepMUYecKkod obpa-
Gorke opu 1180°C, 2 u. KorneaTpauusa »enesa Boszpactasa oT obpasna [
K 06pa3uny 6: Npe ~ 1017 em™3 s obpa3sna 6, ~ 10" cM™3 m1s obpasma 5
1 meubiue dem 103 cM™3 nna o6pasmos [-4.

Coexktp IIIP, cocroAammii Tonpbko U3 HByX JMHMIA, Habaiogaacd mis
obpasuoB 2 u 3. B obpasme I, mo-BmmMMoMy, M3-3a MaJlofi KOHIEHTpa-
UMM OeHTPOB cOeKTp He Obln ob6HapyxeH. [lna obpa3mos 4 U 5 coekTp
COCTOAN U3 NATH JIUBUHA, BO MHTEHCUBHOCTb ABYX M3 HMX Ohljla 3HAYMUTEJb-
HO Bbille OCTAaJAbHBIX (puUc. 1). AHOMaJbHLIA 3¢ dekT He HabaomaNCA A
ob6pa3ua 6. lna vneaTudukanmm HabalomaeMoro OeHTpa MccC/enoBaJach
yrijoBas 3aBMCUMOCTDb HOJIOXKeHUs JuHUHA B cuektpe DIIP, mokaszasHasa Ha
puc. 2. Bummo, 4TO JMHMM B CIHEKTpe CIENyIOT XOpOUIO HM3BECTHOH 3a-
sucumoctr ana Fe*t B GaAs, ¢ § = 5/2; NMAEMM ¢ aHOMAaJbLEBIMM MHTeEH-
CMBHOCTAMM COOTBETCTBYIOT OepexodaoM —5/2 < —-3/2 n -3/2 < —-1/2 B
creKkTpe MOHa F‘9.3+. Bblﬂa ncci1enoBsaHa 3aBUCUMOCTL MHTEHCUBHOCTH JIU-
umnit 8 cuekrpe ot mowHoct CBY nons B pesoHaTtope. 3aBUCUMOCTD A4
0bpa3ua § nokasana Ha puc. 3. Kak Buaso, a1 nepexonoB —5/2 « —3/2 u
—3/2 — —1/2 oBa nNUBeliHA IpU HEU3KOWU MOIIHOCTH, T.e. HMKe HACHIUIEHUA,
a U1t OCTaJ/IbHBIX epexol0B METEHCMBHOCTh NPONOPIMOHAbHA KBAIpAT-
HOMY KOpHiO M3 MowHOCTH. Ilna obpa3uos 2 U & MHTEHCUBHOCTb JMHMIA
HabniolaeMblX [BYX NepeXodoB TaKXe 3aBUCHUT JUHEHHO OT MUKPOBOJHO-
BOU MOILHOCTHA. yl“]lOliéLfl 3aBUCHMMOCTb MHTEHCUBHOCTH JMHUN J1s1 [1epexo-
OB ¢ aHOMaJbHbIM noBeneHMeM coekTpa IIIP cywecTBeRHO oTnMYanach
OT 3ABUCHMOCTH IUI CAy4as MUTHATHO- IMIOJbHBIX Hepexonos [*]. 3annch
CHeKTPOB NPH pa3jMYHBbIX TeMIepaTypaxX IakKa3aJa, YTO JUHUM, OTBeYalo-
e Bo30y»kaesuto F-BonHON, yMeHblaOTCA 0 MHTEHCUBHOCTHU ObICTpee,
yeM JIMHUM, OTHevalolMe OObIYHBIM Nepexo/laM, B MHTepBaJle TeMIepaTyp
1.2-10 K.

G Pusuka 1 rexnumka nogyuposouaHmkos, Nt 6, 1996 r. 1041
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Puc. 2. Yraosaa 3aBMCUMOCTb MOJIOXKeHWMA JAUHUNA crnektpa IDIIP ans ob6pasuos
2-+6,

I —3/2 = 5/2, 2 —1/23/2, 8 — =1/2 = 1/2, 4 — =3/2 e+ —=1/2, § — —=5/2 = —3/2.
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Puc. 3. 3aBMCMMOCTL MHTEHCMBHOCTM CMTHada Jauciiepcuu anasa obpasua 5 oT
MukpoBoaHoBoit MowHocTn. T = 4.2 K, B || [100], yacToTa MoAyAAUMM MArHMTHOTO
noaa fm = 183.3 T'u. O6pa3seu pacnosioxeH B LUeHTPe pe3oHaTopa.

I —3/2e5/2,2—1/23/2, 83— —1/2 = 1/2, 4 — =3/2 & —1/2, § — =5/2 — —3/2.
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OOcyxaeHue pe3yJbTaToB

Bo3bysxieHEne cOeKTpa aJeKTpUYeCcKoil KommoHeHToM BoJEBI B IIIP
skcnepumenTe n3pectro aan nentpos Crt, Cr® Mn® u Fet, Fe 8 Si ] n

(Mn?* +h) B GaAs ["]. lns Bcex npMBeNeHHBLIX NEETPOB PACCMATPUBAIMUCEH
TOJIbKO 2JIEKTPOAMIIO/IbHBIE IepPexXO0abl, 1/ KOTOPbIX FaMU/IbTOHMAH BO3MY-
eHMsl B Cllydae, KOT4a BEKTOp 2/1eKTPUYECKONM KOMIOHEHTbI MOJIs BOJIHbI
E, 6bin napannesned ocu Y, 3a0UCBIBAJICA Kak

Hy = By [0(J2H. + J.H) + (el + 0 05)) (2)

rue r,y,z — Kybudeckume ocu. Koadboummerntsl b u ¢ B (2) 3aBUCAT OT
npumecu Op6HTa.JIbHOFO MOMEHTa B OCHOBHOM COCTOAHMM M CYyLIECTBEH-
Ho OoJsiblle ONA UEHTPOB, Y KOTOPbIX OCHOBHOE COCTOSIHME OpPOHIadb-
Ho sblpoxkaero (). Habaonmaemas B HaweM cnydae NMHeAHas 3aBUCH-
MOCTb CUTHAJIa OT MOUIHOCTH HE MOXKeT ObITh yIOBJIETBOPUTENHHO ONMCAHA
MarHUTHO- IMOOJbHBIMUA M/ 3JIEKTPUUYECKMMH OUNOJIbHBIMM IepeXonaMy U
TpebyeT 4/eHOB KBaAPaTUYHLIX [IO [I0J0 B CIMHOBOM IaMUJIbTOHMAHE BO3-
myuwenua. Takum obpa3oM, MOXKHO IpPeINONONKHUTH, YTO BJIEKTPUYECKUe
KBapYNoJbHble BO3MYILIEHNs COIMHOBON CUCTEMbl ABJIAIOTCA OIPUYMHON Ha-
6J110/1aeMbIX DepexoaoB B cuekTpe uoHa Fe’? B GaAs npu HM3KMX KOHIEH-
TpaouAx »keje3a. ['aMHUIbTOHMAH BO3MYLIEHUA B 3TOM clly4yae MOXHO 3a-
nucaTh B CledylolleM BUIe:

Hy = EXVB(JH, + J Hy) + ¢ (Jads + J.J2)] (3)

/e, TaKk Ke Kak U B (2), b' 1 ¢’ pa3nnyHEbl 414 pa3HbIX DapaMarHUTHBIX IeH-
Tpos. asa caydas cMHr/eTHOro opbuTalbHOrO OCHOBHOI'O COCTOSHUSA OHM
TpebytoT BKI1ana opbKHTAILACFO MOMEHTa OT BO3DY)KIEHHBIX COCTOSHUMH,
TaK Kak raMuabTOBMAH (3), Tak »ke Kak u (2), octaBaser 6e3 M3MeHeHUA
YUCTO CIMBOBbIE COCTOAHMA.

Kak y»e oTMeualoch Bbllle, 6amkaiilnee Kk ocEOBHOMY * P-cocTosnue,
CBjA3aHHOe C HMM COMB-OpOMTAJbHBIM B3aUMOLEHCTBHMEM M OTCTOAULIEE HA
~1 2B or ocnoBHOro, MoxeTr AaTh JHUIIb He3HAYUTEJbHBII BKJIad B Da-
pameTpbl b, ¢ 1 b', ¢’. [IpuMech opOHUTANBLHOrO MOMEHTa OT JMUIaHIOB B
cjiyyae, KOrja HeHTpaJIbHbIA aTOM HaXOOUTCA B CMHIJIETHOM OpOXTaIbHOM
OCHOBHOM COCTOSIHMM, Takxke He Beauka [8]. Ecnu mcmonb3osaTh akcmepu-
MeHTaJlbHO HaliZeHHble napaMeTpbl a ¥ ¢ ana Felt B GaAs u mombiTaThb-
¢Sl OUEHUTHb 3HaUYeHVe d2Hepruy Bo3OYKIEHHOrO COCTOSAHUA OTHOCHUTEJNbHO
OCHOBHOIO, 110Jb3yAcb cXxeMOi pacyera [1'%], koTopoe 6bl yIOBIETBOPAIIO
9KCllepMMeHTallbHbIM TapaMeTpaM a 4 ¢, TO 93Heprus peIymMpoBaJjach Obl
k 3savenuio ~ 0.1 3B, uTo cymecTBerHo HMke sHepruy 4 P-cocTosHMA Han
ocHoBHbIM 8 S-cocTosAnMEM.

TakuM 0OPA3OM, MOXHO [PEAUONOXWUThL, YTO NpHUMech opOUTaIbLHO-
O MOMeHTa B OCHOBHOM °S-cocTosiuum mona Felt B GaAs, menocratou-
Hast 01 1 P-cocToANMA, NOJKHA NPOMCXOAMTHL OT BO36YXKIEHHBIX COCTOSA-
HUA, KOTOpble HaXOAATCA Ha OoJiee BIM3KOM 3HepreTHMYECKOM paccCToOd-
HUM OT OCHOBHOT'O U CBA3aHbl C HUM CIUH-OPOMTAJBHBIM B3aWMOLEMCTBY-
em. llo-BnavMoMy, Takue akcoepuMeHTaibHO HabaronaeMmble BO3Oy»kIeH-
Hble cocTosnns obeyskaannch B pabotax ('], Bosmoxno, oHM cBA3aHbI ¢
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nepexoaoM IbipKku ¢ 3d-ypoOBHA Ha YPOBHM, HaXOAAUMECA Hal BaJleHTHOM
30HOH, COOTBETCTBYIOUIME COCTOAHMAM cNabo cBA3AHHOW Ha DepexoHOM

metanne mupku (Fe’* + h) no amanoruu c nentpom (Mn?* + k) ['2]. Torna
B030Y)K1€BHOMY ¥ OCHOBHOMY COCTOAHMAM OyqyT oTBeYaTb KOHQUIYpalUn
(3d* 4+ h) u 3d°, ecnu paccMaTpUBaTh ObIPOYHOE 3aNoJ/HeEUE 3d-COCTOAHMH,
uian (3d® + h) u 3d® — B a1ekTPOHHOM 3am0NHEHMM, 1 HaBOPBI KBAHTOBBIX
yucen J = 5/2, 8 =3/2, L =1uJ =5/2,§ =5/2, L = 0 coorer-
ctBeHHO. OmnepaTop cOouB-op6HUTANLHOrO B3auMOAeHCTBUA GyneT MMeTh
OTJIMYHEbIE OT HYJIA MATPHUYHKIE 3JIEMEHTbl MeXKIy 9TUMU COCTOAHUAMH, IO-
3TOMY BKJIal OpOGUTAaILEOrO MOMEHTa OT HMX ByneT 3HAUYMTENbHO Bosbue,
4eM oT  P-cocTosiaua. Bo/HOBbIe ¢yHKIMH OCROBHOTO COCTOAHMUA C yUeTOM
npuMecy Bo3OY>KIeHHbIX MOXXHO NPEACTABUThL B 3TOM Cllydae Kak

IJa MJ> = |GvMS>+ ColoaMS> +Cll11M5— 1>+C'_l| - laM5+ 1>7 (4)

rone J =5/2uM; =M+ Mg = +5/2,£3/2,+£1/2,|G, Ms) — opburanbuo
HEBbLIPDOXKIAEHHOE€ OCHOBHOE COCTOsAHME be3 y4yeTa BO36y)KﬂeHHbIX COCTOA-
HUIl; M — npoekuuu yrnoBoro MmomesTa L = | Bo36y»IeBHOr0O COCTOAHMA,
npoberatoiero 3ravenua 1, 0, —1; koadounvestor C°, C' u C~! umeror
clenyoWMe IHAYCHNA:

Cc? =0, (5)

cl = (\/2‘/2)A[5(5+1)—MS(MS-1)]”2 / [W(O,Ms)—W(l,Mg—l)], (6)

c'= (\/5/2)A[5(5+1)—M5(M5+1)]’/2/ [W(O,MS)—W(—I,M5+1)].
(7)

M3 aTuxX BhIpa)keHMIt B YaCTHOCTM c/eldyeT, YTO BEPOATHOCTb HEPEXOoaoB
¢ AM = 1 nponopmmoranbga A2/(AW)?. OHa Bbillle BEPOATHOCTH Iepexo-

noB ¢ AM = 2, nponopuuoraabBoit A /(AW)!. D10 06bACHAET, mOUEMY
AMEUY HabronaeMbIX HaMU DepexonoB ¢ AM = 2 obnanany 3HaUYUTENbHO
MeHbllle MBTeHCMBHOCTbHIO 0O CpaBHEHMIO C mepexondaMu ¢ AM = 1.

Takum obpa3oM, aHOManbHOe moBeldeHMe cuekTpa DIIP wmoma Felt B
GaAs MOXHO CBSA3aTb C 3JIEKTPUUECKUM KBAAPYTOJbHBIM BO30YyXKIeHMEM
CNeKTpa, BbICOKasA MHTEHCHUBHOCTb JIUEUN KOTOpOro obbsACHAETCA 3HAUM-
TeJIbHbIM BKJ1adOM Op6VlTa.IIbHOFO MOMEHTa B OCHOBHOE COCTOsAHME OT Dan3-
KO JIeXXallnXx BOB6)’)‘K11€HHLIX COCTOSAHUM. BMeCTe C TeM 3TO naetT obbscHe-
HUe BeJIMUYMHAM ¢-GaKTOpa ¥ KOHCTAHTbLI paclienieAUs B HYJ1eBOM HoJe a.
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Anomalous excitation in the EPR spectrum of the Fe®t ion in
GaAs

A.A.Ezhevskii*, S.J.H.M. van Gisbergen!, C.A.J. Ammerlaan!

* Lobachevsky State University, 603600 Nizhny Novgorod, Russia
' Van der Waals — Zeeman Institute, University of Amsterdam, Valckenierstraat 35,
NL-1018 XE Amsterdam, the Netherlands

The observation of anomalous intensities in the electron paramagnetic resonance spec-
trum of the Fe®* centre in GaAs is reported. Two lines of this S = 5/2 spin system,
belonging to the Mg = —5/2 — —3/2 and Mg = -3/2 — —1/2 transitions, respectiveli’,
show anomalously large intensities. It is argued that this effect is due to electric-quadrupole
excitation, which process is effective in addition to the magnetic-dipole excitation mecha-
nism. The contribution of the orbital momentum from the excited states, which makes this
mechanism possible for iones in orbital singlet ground states, is discussed.
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