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PHOTOVOLTAIC EFFECT AT SPIN RESONANCE
IN QUANTUM MAGNETIC FIELD

Subject and purpose. The article is devoted to the investigation of the photovoltaic effect in n-InSb under optical transi-
tions between the spin subbands of the Landau levels for the ultraquantum limit. The geometry is considered when the polari-
zation is perpendicular, and the current is directed along the magnetic field. The effect is due to the cubic terms in the Hamil-
tonian that exist due to the absence of an inversion center. The dependence of the current on the magnetic field has a reso-
nance character. Such an effect is associated with resonance in the intermediate state and interference of the second-order
transition amplitudes with respect to relativistic contributions to the Hamiltonian. The aim of the work is a theoretical and
experimental study of the photovoltaic effect for spin resonance.

Methods and methodology. The photovoltaic effect in optical transitions between the spin-subzones of the Landau le-
vels is considered in the article. The geometry of the system under investigation is as follows: the polarization of the electric
field is perpendicular, and the current is directed along the lines of force of the magnetic field. Calculation of the magnetic
field components and current density was carried out using the finite element method, which is implemented in the ANSYS
software. The dependence of the current density on the magnetic field strength is analyzed. This dependence has a resonance
character and contains field contributions with even and odd numbers. This effect is associated with resonance in the inter-
mediate state and interference of the amplitudes of relativistic second-order contributions to the Hamiltonian.

Results. The practical value and scientific novelty lie in the study of the photovoltaic effect at spin resonance. Since a weak-
ly absorbing medium is considered, an increase in the photovoltaic effect is observed as a result of the divergence of the mean
square electric field modulus. The practical significance of the results lies in the development of a methodology for studying
band parameters, and the terms in the Hamiltonian can lead to electrodipole transitions and photocurrents.

Conclusions. The results of the photovoltaic effect study supplement the experimental measurements of light absorption
in a weakly absorbing medium. The same components in the Hamiltonian can lead to electric dipole transitions. Fig 1. Ref.:
5 items.

Key words: photovoltaic effect, Landau levels spin, wave vector, crystal inversion, asymmetric probability, circular po-
larization, electrodipole transitions.

The phenomenon of combined resonance
(light absorption at the expense of the electric
component of a electromagnetic wave, which is
caused by election transitions with a spin-flip)
still continues being in a sphere solid state
physics shows interest. For the interference
phenomenon of magnet and electrode-pole res-
onances in the Foygt configuration in crystals
without an inversion centre. Investigating pho-
tovoltaic effect (PVE) is of special interest.
Both light absorption and PVE are calculated
by the absence of the medium central sym-
metry. The aim of the work is theoretical and ex-
perimental investigation of photovoltaic effect in
spin resonance. Practical value consists in devel-
opment of methods for the investigation of condi-
tioning parameters, because the terms in the

Hamiltonian can lead to electric-dipole transitions
and the photocurrent.
1. Light polarization. Let us consider a cur-

rent along the direction of a magnetic field H
in propaganding light along the same direction
(Faraday geometry). The light polarization and
orientation H with respect to crystallographic
axes are considered to be arbitrary. Suppose, the
conditions are met which comply with the super

quantum limit: wg =|g|lugH >>T. Is the energy
of a spin transition, EF is the Ferni level count-
ed from the bottom spin sub band, x5 is a Bohr

magneton, g is a factor, A are vector potentials
of a static uniform magnetic field and a electro-
magnetic wave [1]
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is the potential energy of interaction of elections
with chaotically distributed impurities (T is a

coordinate of the i-th impurity centre). The
Hamiltonian of the system considered takes the
foom H=Hy+H;+H,+Hy +U+F, where

H, is a Hamiltonian of a free election in para-
bolic approximation. The summands H;, H,,
Hy correspond to three possible mechanisms of
a transition with a spin-flip. The terms of Hamil-

tonian F calculate the interaction of elections.
The existence of a current along the direction of

the field H requires the address of transition
probability as a function of a longitudinal mo-
mentum P,. As we are interested in election

transitions, within the Landau level at n, we will
omit this index in all the gquantities. The part of
the distribution function, potentially odd in im-
pulse, contributing to the current, can emerge as
a result of the oddness of a generation function.
On the first order of perturbation theory the
asymmetric part of a transition probability can
appear at the expense of the interference of the
contributions F; and F,. The terms have been
analyzed that emerge due to the address of scat-
tering probability on impurities in p. At has
been found that in the super quantum limit (un-

like the case of absence H ). These terms don’t
result in PVE. The oddness of the generation
function is not either available in the parabolic
approximation for an election spectrum. With
view of the spectrum nonparabolicity the contri-
bution to the current has been found [2; 3]

3¢5 2E2

1) _ €76, Eom><

z = 4 2
m"|gleq@

B
xjdpzféo)+—(rp+u§)x )

X pz(a pz _E]P5 (A)

Here P is a delta-function, blurred on the broaden-
ing n, A is fuming out of resonance.

2. Asymmetric probability. In addition to
the considered input to the current, there are
more components associated with inputs in
asymmetric probability of a transition with spin
flip from the interaction of electrons with impuri-
ties. It may seem that transitions with spin flip,

with the participation of impurities are not reso-
nant, as it does not maintain p. However, PVE in

this case is determined by the resonance in the
intermediate state. The reason for this is similar
to the reason of occurrence of resonance PVE in
the quantum film. These inputs arise when con-
sidering the interference of transition amplitudes
of first and second order. For the case (A <<A4)

of input received in the form
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In [4] was measured PVE and the effect of an
increase of the spin transitions in InSb with
H/[111]. Analysis of experimental results
showed that the measured signals do not depend
on the angle between the vector of linear polari-
zation and crystallographic directions in the
(111) plane. Therefore, for the experimental
curves obtained in opposite directions of the
wave vector of light g photovoltaic component
of the signal, independent of the sign of the

wave vector k of the radiation, build a symmet-
rical combination of signals in opposite direc-
tions of light propagation U. In the figure bellow
shows the dependence of the PVE signals from

H for linear, and right and left relative to the
direction H of the circulating polarizations.

15
10 .
5
>
~ =0 s r) ;«o—o—o—\
) -—o——o—o—o]
— 410412 2042.24 43.0
35 -5
-10
-15
H, kGs

1 - Left circulation
2 — Linear dependence

3 — Right circulation
4 — The increase in phonon

Dependence of EMF PVE from H /[111]

The figure shows that the effect exists only for
linear and right-circular polarizations. The am-
plitude of the signal for circular polarization in
two times more than linear one. The change of

sign of H does not affect the value effect in the
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linear polarization of the radiation. The signal
contains both an even and odd inputs of configu-
ration of the resonance. From the table it is seen

that in this orientation only appear L(Z;S). From

a comparison of theoretical values with the ex-
perimental signal we will get

as =5.7x10"cm?, which agrees well with the
value of the parameter, obtained from the even
input in the orientation H/[111]. For the odd
input, we will receive a value of the signal

4.7><10‘4B, which exceeds the experimental

value 4.2x107'B. Theory of the effect is well
described, highlighting the observed polarization

dependence in the considered orientations of H
relative to the crystallographic directions [5].
Comparison of theoretical and experimental val-
ues of the signals for the even configuration
from the resonance the input allows you to de-
fine the parameters g;ag. The values of these

parameters are in good agreement with their
values, calculated in Kane model. Theoretical
value the odd input by A input is by almost
three orders higher than experimentally ob-
served expected value. This is partly due to the

fact that the heterogeneity of H in the volume
occupied by the sample, leads to the suppression
of the alternating signal and has little effect on
the value of constant value of the input. Inputs
not taken into account by the theory describing
the odd A peak are possible. Impurity peaks
behave as peak spin resonance by free carriers.
Between bound states only internal transitions are
allowed. In such transitions of free electrons ap-
pear due to the auto-ionization processes. The
input of the states in the PVE stems from the fact
that the excited impurity states are intermediate
and the final state is free.

3. Strengthening of the PVE in 2D-disor-
dered medium. Let’s consider the distribution

of E in a weakly absorbing environment. In
randomly inhomogeneous macroscopic medi-
ums constructed of non-absorbent microscopic
parts, due to the excitation of local plasmons
occurs the enhancement of the local electric
fields. In this mediums from the average values

of the even powers of a module E differ and
are crucial for different nonlinear responses of
the system, which leads to their strengthening. A
two-phase medium consisting of two statistically

mixed components &;;&, possesses an effective

dielectric transmissivity e =+/&16,. If both

media are metals described by the Drude-Lorentz
model

2 i
6'12 =1- a)p(lyz)/(()[a)‘f‘ T],
1,2

and absorption in them is very small 7 — .
Then the initial media do not have absorption. If
frequency of light « lies between the plasma
frequencies wp in the medium there is a
finite absorption. The mean values of the
square of the complex E and the square of
the modulus of the

(o) ekl ey o

The value <|E|2> differs, but <I§2> remains

bounded with increasing relaxation time. The
model uses two iteration stages, one of the envi-
ronments is replaced by empty gaps. As a result,

a chain of conductivities arises Gﬂz. An endless
repetition of the procedure leads to the same
values or», which coincides with the Dykhne

relations oy =4/ 010,. For the case of direct
current &, as an imaginary value, and the re-

sulting chain converges to the result of Dykhne.
The same is true for real positive &;.,, corre-

sponding to the static . By analogy with [5],
display (3) should lead to the scenario of dy-
namic chaos for purely real &., with opposite

signs. The result is sensitive to the initial value,
and at any step isotropy of the system is not ob-

served: &) #&5. Thus, the problem reduces to a

nonlinear recurrence relation for the dielectric
transmittivities.

Conclusion. The article is devoted to the
study of PVE in optical transitions between spin
sub bands of the Landau levels. Considered ge-
ometry, when the polarization is perpendicular,

and the current is directed along H. The de-
pendence of I from H is of resoance charac-
ter, and contains both even-numbered and odd-

numbered field inputs. This character of effects
is associated with resonance in an intermediate
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state and the interference of transition ampli-
tudes of the second-order relativistic inputs to
the Hamiltonian function. Practical value and
scientific novelty is concluded in the study of
PVE at spin resonance. It can complement ex-
periments on light absorption measurement as a
method of conditioning parameters, as the same
components in the Hamiltonian function can
lead to an electric dipole transitions. The article
examines PVE in weakly absorbing medium. It
is shown that as a result of the divergence of the

average square modulus of E there is an in-
crease in effective PVE.
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H. H. Yepnsimos, A. B. benoycos,
M. A. ®. AnkxaBanzaex, B. M. Ilucapenko,
H. B. Poro3un

®OTOI' AJIbBBAHUYECKUI DODEKT
TP CIIMHOBOM PE30OHAHCE
B KBAHTOBOM MAI'HUTHOM I1OJIE

IIpenmet u neib padorsl. CTaThst MOCBAIIEHA UCCIIe-
noBaHuio (ororanpBannueckoro 3ddexra B N-InSb mpu
ONTUYECKHX TEPeXoJax MeXIy CIMHOBBIMH IOJ30HAMH
ypoBHe#t Jlanmay it yneTpa KBaHTOBOTO mnpexpena. Pac-
CMOTpEHa TI'€OMETpHs, KOIJa MOJIIpU3amus IepHEeHINKY-
JSIpHA, a TOK HAINPaBJICH BJOJIb MArHUTHOTO TOJIS. D dexr
00ycC/IOB/IEH KyOWYECKMMH YIEHAMHM B TaMHJIBTOHHAHE,
CYIECTBYIOIMMH H3-32 OTCYTCTBHS LIEHTpAa HHBEPCHU.
3aBHCUMOCTh TOKA OT MarHUTHOTO TOJIT UMEET PE30HaHC-
HBII xapakrep. Takoil xapakrep 3¢dekra CBSI3aH C pe3o-

HAHCOM B IIPOMEXKYTOYHOM COCTOSHUM U MHTep(epeHIuen
aMIUIMTY]] IepeX0/ja BTOPOTO MOPSAAKA [0 PEISTHBUCTCKUM
BKJIaJaM B raMHJIbTOHHaHE. [{enbro paboThl ABNseTCS TEO-
peTnueckoe M IKCHEPHMEHTAIbHOE HCCIENOoBaHHE (OTO-
rajgbBaHUYECcKOro 3¢ dexra Ipyu CIMHOBOM PE30HAHCE.

Mertoas! u MeTon0I0rusi padoThl. B cratbe paccmat-
puBaercst (oToranbBaHuYecKuii dPGEKT B ONTHYECKUX
nepexofax MeXIy CIMHOBBIMH IIOJ30HAMH YpOBHEH
Jlannay. I'eomerpust uccieqyeMol CHCTEMBI CIIEAYIOMIas:
HOJIIPU3ALUS HIEKTPUYECKOTO MOJI HNEepHEeHIUKYIApHa, a
TOK HAIIPaBJICH BJOJb CHJIOBBIX JIMHUH MarHUTHOTO IOJIS.
PacyeT KOMIOHEHT MAarHUTHOTO TOJS M IUIOTHOCTH TOKa
MPOBOJMIICS C KCIIOJb30BAaHHEM METO/Ia KOHEYHBIX 3JIe-
MEHTOB, KOTOpbIil peann3zoBad B [I0 ANSYS. IIpoananusu-
pOBaHa 3aBUCUMOCTb IUIOTHOCTH TOKAa OT HANpPsXKEHHOCTH
MAarHUTHOTO TOJIL. DTa 3aBHCHMOCTh UMEET PE30HAHCHBIH
XapaKkTep U COJEPIKUT TOJIEBBIC BKJIAJbI C YSTHBIMU W He-
YETHBIMH HOMepaMH. ITOT 3(EKT CBA3aH C PE30OHAHCOM B
MPOMEXYTOYHOM COCTOSIHUM M HMHTepdepeHIeil amMIu-
TY/L PENSATUBUCTCKUAX BKJIAJOB BTOPOTO MOPSIKA K FAMHIIb-
TOHHAHY.

PesyabTaTbl paborThl. [IpakTnueckas LEHHOCTh U
Hay4Hasi HOBHM3HA 3aKIIOYAIOTCA B HCCIEAOBaHUH (OTO-
rajbBaHU4ecKoro 3G{QexTa Npu CIMHOBOM pPE30HAHCE.
TTockonbKy paccMaTpuBaeTcs ¢1abo MOTJIONIAoNIas cpesa,
HaOo1aeTcs yBenuueHnue GpororaippaHnueckoro spdexra
B pe3yjbTaTe pacXOJUMOCTH CPEIHEro KBaJIpaTUYHOTO
MOJYJISL 3JEKTPUYECKOro mnoiist. IIpakTHyeckoe 3HA4YCHHUE
PE3yJIbTaTOB 3aKJII0YACTCs B pa3paboTKe METOJMKH HCCIIe-
JI0BaHUA 30HHBIX IMapaME€TpoB, a Cjllara€MbI€ B IraMHJIbBTO-
HHUAHE MOT'YT IPUBOJUTDH K DJICKTPOAUIIOJIBHBIM IIEPEX0JaM
H POTOTOKY.

3akirodenne. IlosyuyeHHble pe3yibTaThl UCCIENOBaA-
HUsL (OTOraIbBAaHMUECKOTO 3(PQeKTa MOMONHAIOT IKCIie-
pHUMEHTAJIbHbIE W3MEPEHHs MOIVIOLICHUS CBeTa B Ci1abo
norsowmatomnieit cpexe. OfHM U Te Ke KOMIIOHCHTHI B Ta-
MHJIBTOHHAHE MOTYT INPUBOIUTH K OJIEKTPUYECKHM JH-
IIOJIBHBIM IIEPEXOAaM.

KmioueBbie cioBa: ¢ororaneBanuueckuii sddexr,
CNIMHOBBIE ypoBHM JlaHIay, BOJHOBOH BEKTOp, WHBEPCHS
KpHCTaJlla, aCHMMETPUYHAsI BEPOSTHOCTb, LUPKYJISILHOH-
Hasl TIOJISIPU3aLUsL, SIEKTPOANUIIONBHEIE TEPEXO0/Ibl.

M. M. Yepnuios, A. B. Benoycos,
M. A. ®. AnkxaBanzaex, B. M. Ilucapenko,
I. B. Porozin

®OTOI' AJIbBBAHIYHUI EGEKT
[TPU CITTHOBOMY PE30OHAHCI
Y KBAHTOBOMY MATHITHOMY I10JII

ITpeamer i MeTa po6oT. CTaTTIO IPHUCBSIYCHO AOCTI /-
JKEeHHIO (hoToranbBaHiqHOro edekry B N-InSb mpu onrmu-
HUX IepexoJiaXx MK CIHIHOBUMHM Mifg30HamHu piBHIB Jlannay
JUISL yIBTPAKBAaHTOBOI Mexi. Po3rissnyTo reomerpiro, Koin
HOJISIpU3allis NEepHEeHAUKY/IApHa, a CTPYM HanpsMIICHHI
y310BXK MarHiTHoro moiisi. Edexkr o6ymoBneHuii KyOiuHH-
MH 4JICHAMHU B IaMiJIbTOHIaHi, ICHYIOUMMH 4epe3 BiACyT-
HICTb IIEHTPY iHBepcii. 3aeKHICTh CTPYMY BiJl MarHITHOTO
TI0JII Ma€ Pe30HAHCHUH xapakrep. Takuil xapakrep edexry
TIOB'SI3aHUI 3 PE30HAHCOM y MPOMDKHOMY CTaHi Ta iHTep-
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(epeHIieio aMILITy ] IepexoLy APYTroro HOPSAKY 3a pems-
TUBICTCHKUMH BHECKaMHU B TaMiUIbTOHIaHi. MeTorw poboTu
€ TEOPETUYHE Ta EKCIEPHMEHTAJbHE MOCITIKeHHS (hOTO-
rajJbBaHiYHOrO e()eKTy B YMOBaX CIIHOBOTO PE30HAHCY.

Metonu i MeTomosorisi po6oru. Y crarti po3risija-
€TbCsl (OTOTATBBAHIYHMI €PEeKT B ONTUYHHMX IMepexoiax
MDK CIIHOBUMHM mig3oHamu piBHIB Jlanmay. I'eomerpis
JOCIIKYBAaHOI CHCTEMH TaKa: HOJSIPU3ALis eIeKTPHIHOTO
oISl MEPIICHANKYJISIPHA, a CTPYM CIPSIMOBAaHHIl Y3HOBXK
CHJIOBHX JIiHI MarHiTHOro moiisi. Po3paxyHOK KOMIOHEHT
MarHiTHOTO TI0JIS 1 TYCTHHH CTPYMY IIPOBOAMBCS 3 BUKOPHC-
TaHHSIM METOJy CKiHUSHHUX €JIeMEHTIB, SIKMi peasi3oBa-
Huii 3 BukopucTaHasaM [13 ANSYS. IIpoananizoBaHo 3aex-
HICTh TYCTHHHU CTPYMY BiJl HAalpy»XEHOCTI MarHiTHOTO IIO-
as. s 3anexHiCTh Mae pe30HAHCHUH XapakTep i MIiCTHTb
HOJIbOBI BHECKH 3 MApPHUMM 1 HemapHuMH HoMepamu. Lleit
edeKT MoB'A3aHUI 3 PE30HAHCOM Y NPOMDKHOMY CTaHi Ta
iHTep(epeHIIi€l0 aMIUTTy ] PEeIATUBICTCHKUX BHECKIB IpY-
TOT0 TOPSIKY 10 TaMiTbTOHIAHA.

Pe3yabtratn po6orn. IlpakTuyHa LiHHICTH 1 HayKoBa
HOBHM3HA IOJIITAIOTH B JIOCIIDKEHHI (DOTOTATHBAHIIHOTO
e(eKTy B yMOBax CIIiHOBOTO pe30HaHCY. OCKIIBKH PO3TIIsi-
JIAEThCS C1a00 MOTTIMHAIYE CEePEOBHUILE, CIIOCTEPIraeThes
30inbIeHHsT poTOraapBaHIYHOTO eeKTy B pe3yibTaTi po3-
XOJDKEHHSI CEePEeJHROTO KBAJPATHYHOTO MOJYJS €JIEKTpUY-
Horo moJs. IlpakTu4He 3HAUCHHs pe3yJbTaTiB IOJArae B
pO3po0Ii METOIUKH JOCHTIPKEHHsSI 30HHUX IapamMeTpiB, a
CKJIAJIOBI B raMUIbTOHIaHI MOXKYTb TIPU3BOAUTH JI0 €JIEKTPO-
JIUIIOJIEHHX MEPEX0/iB 1 POTOCTpyMYy.

BucnoBok. OTpyMaHi pe3ysibTaTi T0CHiPKEHHs (hoTorasb-
BAaHIYHOTO €()eKTy JOIOBHIOIOTH CKCIEPUMCHTAIbHI BHUMi-
PIOBaHHSI MOTJIMHAHHSI CBITJIa B €J1a00 MOITIMHAIOUOMY cepe-
nosumy. OxHi ¥ Ti caMi KOMIIOHEHTH B aMUJIBTOHIaHI MO-
JKYTh IPU3BOAUTH JI0 SIEKTPUYHHX IUIOJIBHUAX HEPEXO/IiB.

Kuarouosi cioBa: QotoranpBaHiuHMiA edekT, CHiHOBI
piBui JlaHnay, XBUJIBOBHH BEKTOp, iHBEpCis KpucTaia,
aCHMETpUYHa HMOBIPHICTh, LMPKYISIIMHA HONSpU3aLis,
CJICKTPOIUIIONBHUM TIePexif.
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