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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: @y =|g|lugH >>T. Is the energy
of a spin transition, Eg is the Ferni level count-
ed from the bottom spin sub band, xg is a Bohr

magneton, g is a factor, A are vector potentials
of a static uniform magnetic field and a electro-
magnetic wave [1]

ISSN 1028-821X. Paniodizuka Ta enexrponika. 2018. T. 23. Ne 2


mailto:mykola.chernyshov@nure.ua

N. N. Chernyshov et al. / Photovoltaic effect at spin...

U(f)=zu(f—ﬁ) D)

is the potential energy of interaction of elections
with chaotically distributed impurities (f is a
coordinate of the i-th impurity centre). The
Hamiltonian of the system considered takes the
form H=Hy+H;+H,+Hy +U+F, where

H, is a Hamiltonian of a free election in para-
bolic approximation. The summands H;, H,,
H 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 quantities. 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]
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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<<A)

of input received in the form
y_ 4nas8i( 1)

a’w’

95 (A)P.
Us 9|

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 ¢ 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.
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Dependence of EMF PVE from H /[11]]

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 T§2;3). 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
4.7x107*B, 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

i
&2 =1- wé(llz)/w[a)+r}
1,2

and absorption in them is very small 7z — oo
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

() -lezlel g ®

O'l|€2/€1| +0y

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 o7, which coincides with the Dykhne

relations o.¢ =+ 0y0,. 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. ®@. AnxxaBanuex, B. M. [Tucapenko,
H. B. Poro3un

®OTOT' AJIbLBAHUYECKWM DODEKT
ITPU CITMHOBOM PE3OHAHCE
B KBAHTOBOM MAI'HUTHOM IIOJIE

Ipeamet u neabp padorsl. CTaThs MOCBAIIEHA UCCIIE-
JIoBaHUIO (hoToranbpBaHmueckoro sddexra B N-InSb mpu
OITHYECKHX IMEePEeX0JaXx MEXIy CIHHOBBIMH IOJ30HaMU
ypoBHe#l Jlanmay [ui yiabTpa KBaHTOBOro mpezaena. Pac-
CMOTPEHA TE€OMETPHsA, KOrja MOJIApU3alus IMEepPHEHANKY-
JSIpHA, @ TOK HaMpaBJIeH BJOJIb MArHUTHOTO 1OJIs. D dekt
00ycIIOBJIeH KyOWYECKMMH 4YICHAMH B TaMHJIbTOHHAHE,
CYLIECTBYIOIIMMH H3-32 OTCYTCTBUSI LIEHTpa WHBEPCHUH.
3aBHCHMOCTh TOKa OT MAarHHTHOTO IIOJISi UMEET PE30HAHC-
HBIH Xapaktep. Takoii xapakTep 3¢ ¢eKTa CBsI3aH C pe3o-

HAHCOM B IIPOMEKYTOYHOM COCTOSHUM U MHTepdepeHImen
aMIUTUTY]] TIePeX0ia BTOPOTO MOPSIIKa MO PENSITUBUCTCKAM
BKJIaflaM B TaMUJIbTOHUAHE. Llenbio paboTel sIBIsIETCS TEO-
peTHyeckoe M 3KCHEepHMEHTAIbHOEe HccienoBaHue (oro-
raJbBaHUIECKOT0 3 deKTa Mpu CIHHOBOM pe30HaHCE.

MeToanbl 1 MeTo0J10THs PadoThl. B crathe paccmar-
puBaetcst (oToranbBaHUYeCKUil d(PHEKT B ONTHYSCKHX
Hmepexosax MeXIy CIMHOBBIMH HOA30HAaMH ypOBHEI
Jlanpay. I'eomerpus uccnenyeMoil CUCTEMBI ClIEAYHOIIAs:
MOJSPU3AINS MEKTPUIECKOTO MO MEPHeHANKYISpHA, a
TOK HAalpaBlIeH BAOJIb CHUJIOBBIX JMHHUN MarHUTHOTO IMOJS.
Pacyer KOMITOHEHT MarHHTHOTO TOJIST M IUIOTHOCTH TOKa
HPOBOIMJICS C HCIIOJBb30BAHHEM METOJa KOHEUHBIX dJIe-
MEHTOB, KOTOpbIil peann3zoBad B IIO ANSYS. TIpoananusu-
pOBaHa 3aBHCHMOCTb IUIOTHOCTH TOKa OT HAMpsHKEHHOCTH
MarHUTHOTO TIOJIS. JTa 3aBUCHMOCTh MMEeT PEe30HAHCHBIH
XapakTep W COJEP)KUT MOJICBBIE BKIAALI C YETHBIMH H He-
YEeTHBIMH HOMEpaMH. DTOT 3¢ eKT CBA3aH C PE30HAHCOM B
MPOMEKYTOUHOM COCTOSHUM M HHTep(epeHnuel amIu-
TYZ PEISITUBHCTCKUX BKJIAI0B BTOPOTO HOPS/IKA K TAMHIb-
TOHHUaHY.

PesyabTaTtel padothl. [IpakTHueckas IIEHHOCTh H
Hay4JHasi HOBM3HA 3aKIIIOYAIOTCS B HCCIENOBAaHUU (HOTO-
rajJbBaHHYecKoro 3¢dekra INpH CIMHOBOM pE30HAHCE.
IMockoibKy paccMaTpuBaeTcst ¢nabo HOTIomaromas cpesa,
HaOirogaeTcs yBennueHue GoTorarsBaHIIECKOro 3ddexra
B pe3ylbTaTe PacXOAUMOCTH CPEJHETr0 KBaJpaTUIHOTO
MOZYJISL AJIEKTPUYECKOTro Mois. [IpakTHdeckoe 3HaueHUE
PE3yNbTaTOB 3aKII0YACTCs B pa3pabOTKe METOJMKH HCCie-
JIOBaHUS 30HHBIX ITapaMEeTPOB, a ClIaraeMble B T'AMHIIBTO-
HHaHe MOTYT NIPUBOJUTH K 3JIEKTPOAUIIOIBHBIM IIEPEX0aaM
u pororoky.

3akarodyenne. IlomydeHHBIE pe3ydbTaThl HCCIEIOBA-
HUSL (OTOTaJbBAHMUECKOTO 3(QeKTa MOMONHSIIOT 3KCIle-
pPUMEHTaJbHBIE M3MEPeHUs] MOIJIONIEHHUs CBeTa B CIabo
noromaromei cpene. OfHU U Te K€ KOMIIOHEHTHI B ra-
MHJIBTOHHAHE MOTYT TNPHUBOIWTH K 3JIEKTPUUECKUM JH-
MOJBHBIM TTEPEX0aM.

KniwoueBble cioBa: QoToraapBaHUUeCKHA 3PQEKT,
CTIMHOBBIE ypoBHH JlaHJay, BOTHOBOH BEKTOp, WHBEPCHS
KpHCTaJlIa, aCHMMETPUYHAsl BEPOSTHOCTb, LUPKYISIHOH-
Has TOJIIPU3ALHsL, T€KTPOIUIONBHEIE TTePeXO0Ibl.

M. M. Yepuumios, A. B. benoycos,
M. A. ®@. AnxxaBanaex, B. M. [Tucapenko,
I. B. Porosin

®OTOT' AJIbBAHIYHUI EDEKT
ITPU CIITHOBOMY PE3OHAHCI
Y KBAHTOBOMY MAT'HITHOMY I10JIT

Ipeamer i meTa podoTu. CTaTTIO MPUCBIYEHO JOCTI-
XKeHHIo (oTtoransBaHiuHOTO edexty B N-InSb mpu onTHy-
HHX TIepexoaax MiX CIIIHOBMMHU IiJ30HaMH piBHIB Jlanay
JUISL yIBTPAKBAaHTOBOI MeXi. PO3rissHyTO reoMeTpito, Koin
MOJSIpH3alis TepHEeHANKYISIPHA, a CTPYM HampsIMICHHI
Y3I0BX MarHiTHOTO nois. Edexr oOymoBieHnid KyOidHU-
MH 4WICHAMH B TaMUIbTOHIaHi, ICHYFOUMMH 4Yepe3 BiJCyT-
HICTb LIEHTPY iHBepcil. 3aJIeXHICTh CTPYMY BiJl MATHITHOTO
TOJIsl Mae pe3oHaHCHUM xapakrep. Takuii xapakrep eekry
MOB'SI3aHUI 3 PE30HAHCOM Y NMPOMDKHOMY CTaHi Ta iHTep-
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(hepeHIIieio aMILTTy ] Iepexoy APYroro IMOPSAKY 3a Pels-
TUBICTCHKUMH BHECKaMHU B TaMiJIbTOHIaHi. MeTorw poboTu
€ TEOpeTUYHE Ta EKCIEePHMEHTAJbHE MOCTIIPKeHHS (OTO-
rajJbBaHiYHOTO e)eKTy B YMOBAX CIIIHOBOTO PE30HAHCY.

Metoau i Meronosorisas podoTu. Y cTarTi po3risga-
€TbCst (OTOTATbBAHIUYHUI ePEeKT B ONTUYHHX IMEPexoaax
MDK CHIHOBMMH mim3oHamu piBHIB Jlanmay. I'eomerpis
JOCIIKYBaHOI CHCTEMH TaKa: IOJSIPU3alisl eIeKTPHIHOTO
HOJSL TIePIEHANKYISIPHA, a CTPYM CIPSIMOBAaHHH Y3IOBXK
CHJIOBHX JIiHIH MarHiTHOro moisi. Po3paxyHOK KOMITOHEHT
MarHiTHOTO TI0JIS 1 I'YCTHHH CTPYMY IIPOBOAMBCS 3 BUKOPHC-
TaHHAM METOJy CKIHYEHHHMX €JIeMEHTIB, KUl peaizoBa-
Hui 3 BukopuctanssaM [13 ANSYS. TIpoananizoBaHo 3amex-
HICTh TYCTHHH CTPYMY BiJ HaNpy>KEHOCTI MarHiTHOTO IT0-
mst. L{g 3anmexHICTh Mae pe30HaHCHHMIT XapakTep i MICTHUTBH
MOJIbOB1 BHECKU 3 MAPHUMH 1 HEMapHUMH HoMepamu. Lleit
e(eKT MoB'sI3aHUI 3 PE30HAHCOM Yy MPOMDKHOMY CTaHi Ta
IHTepEPEHLIEI0 aMIUTITYA PEISITUBICTCEKUX BHECKIB JIpYy-
TOro MOPSIKY 10 TaMiTBTOHIAHA.

PesyabTaTn podorn. IIpakTnuHa LiHHICTH I HayKOBa
HOBHM3HA IIOJIITAIOTH B JIOCII/PKEHHI (DOTOTaIBBAHIIHOIO
e(eKTy B yMOBax CIiHOBOTO pe30HaHCY. OCKIIBKH PO3IIIs-
JTa€ThCsl c1abo MOTIIMHAIYE CEPEOBHILE, CIIOCTEPITaeThes
301bIIeHHS (POTOraNbBaHIYHOTO €EKTY B pe3yabTaTi po3-
XOJDKEHHSI CepeIHBOTO KBaJAPATHIYHOTO MOMYJS EJIEKTPHI-
Horo mnoys. [IpakTWdHe 3HaYeHHS pe3yJbTaTiB IOJATAE B
pO3poOIl METOAMKH AOCTIKEHHS 30HHUX MapaMeTpiB, a
CKJIAJIOBI B TAMUIBTOHIAHI MOXKYTh IPU3BOJUTH JI0 €IEKTPO-
JTUTIOJTEHUX MEPEXO/iB 1 POTOCTpyMYy.

BucnoBok. OtprMaHi pe3yIbTaTd JOCIDKEHHS (POTOraib-
BaHIYHOTO €(eKTy NONOBHIOIOTH EKCIEPUMEHTAJbHI BUMi-
PIOBaHHA MOTJIMHAHHS CBITJIA B €/1a00 MOTJIMHAIOUOMY cepe-
mosuimi. Ol ¥ Ti caMi KOMIIOHEHTH B raMiJIGTOHIaHI MO-
JKYTB IPH3BOJUTH [0 €JIEKTPHUYHUX AUTIOJIBHHUX TEPEXO/iB.

KmrouoBi cioBa: dororansBaHiuHUH e(exT, CHIHOBI
piBHi Jlanmay, XBHIBOBUII BEKTOp, iHBEpcis KpHCTaia,
acHMeTpUYHa WMOBIPHICTh, LUPKYJALIMHA IMOJIApHU3aLis,
CNICKTPOAUIIONBHHUIT TTepexis.
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