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Diluted magnetic semiconductors



Spin interactions in carrier - Mn spin system

laser excitation

E-H spin system) e\ AN/




Spin interactions in carrier - impurity spin
system of DMS give rise to extraordinary
magneto-optical and spin phenomena:

% Glant spin splitting of band (exciton) states (GSS)
¢ Gilant Faraday rotation

% Magnetic polaron formation

» Short spin relaxation time of electrons

% Spin glass and ferromagnetic phase fransitions



Diluted magnetic semiconductors:

|. Exchange interaction between band electrons and magnetic ions
2 - = - 2 O = =
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Here S, is spin of band electron and S; is magnetic ion spin in site J.
Band electron interacts with a large number of magnetic ions -the
mean field approximation is valid.

ay |¥(R)['S,~(s.B). Bllz  |B_.(B)>>B

AE; =aNyx(S,)S,,, AE,=BNx(S,)S,,;
(S, (B))—mean value of Mnspin

Cd_MnTe: aN,~=0.22eV, BN, =—-0.88eV
Zn_MnSe: aN,=0.26eV, N, =-1.31eV



Giant spin splitting
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a) A schematic picture of the spin splitting of the top of the valence band (I'g) and
the bofttom of the conduction band (I, for All, ,Mn,BVI alloy in a magnetic field. b)
Experimental fransition energies in a Zng osMn, osTe sample, as a function of the
applied field, in the Faraday configuration J. Furdyna, J. Appl. Phys. 64, R29 (1988)



Glant Faraday rotation
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Saturation of magnetization M=MgB:,(5p1zgB/KT)

Faraday rotation of Cd, Mn.Se by simple measurements of transmitted light
intensity vs. magnetic field. Sample is placed between two crossed polarizers

J. K. Furdyna, Diluted magnetic semiconductors
J. Appl. Phys. 64, R29-Ré64 (1988)



Il. Exchange interaction between magnetic ions

Hex :ZJij§i ‘§j
N
This inferaction is anfiferromagnetic
-
) 4

Due the disorder in the arrangement of spins, the system
undergoes a phase transition into a spin glass state

ALT >Te (Si1)=0, at T <Tg (S())#0

<§i (t)> — average spin value at the site |



CnuHoOBbIE CTEeKAQ

A Peppomazremux ;
Cnuroboe cmexno w
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CBoOoOAHAY aHEPIMA F({M:}) KOK doyHKLLAS
CMMHOBOM KOHCpUIypaumm ¢ ={m:}

CrnMHOBbIE CTEKAQ KOK MOAEAbHbBIE CUCTEMbI AAF
HEMPOHHbIX ceTen. B. KnuHueab. YPH, 152, 123 (1987



Magnetic polarons in DMS
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MP is characterized by the magnetic moment M, ~ XN,g4; B,(gy; 1B, /KT) and energy
E-=MB,,: typical values are M, ~10 -1004; , and E, ~1-100 meV



Parameters of Magnetic Polaron in DMS

Eve - energy of magnetic polaron (0.1 — 50 meV)

B., — exchange field of localized hole (0.1 — 10 Tesla)
M, - magnetic moment of polaron (1 — 400 )
Eve = M PBex
a
=a), ¥R, VRl

M, =ViB,



Magnetic polaron formation

How are the polarons formed?

I/

@ magnetic polaron formation

energy
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Exchange interactions in 2D systems

The two-dimensional nature of carrier motion leads to
various anisotropic effects. In particular, spin-orbit
Inferaction in the valence band leads to anisotropy of
spin properties:

3. =3/2(L =1, j, =1/2), JZ =+3/2

gzz >> gxx9 gyy



AHMN3OTPOMHBbIM MATHUTHBIM MOAAPOH B K4

spin-orbit interaction:  J,, =3/2, J;, =43/2, g,,, 9,, <<,

y P

W = y
/T - e . fT
N =L = Bt

“ <l hh ‘ ‘
B.,=0,B=0 B=0, B.,#0 B.=0,B#0



" S
Detection of spin dynamics
Pump - Probe Faraday rotation

Pulsed laser: duration 1 ps, repetition G- oc M
rate 75 MHz (13 ns between pulses) 2\ 7

B=23T

O o exp(—%) cos(mAt)

2
, Eleciron precession |

/ |
AAAAAAAAAAA
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0 200 400
Delay time, At (ps)

Sensitivity — 1 urad or ~ 10 pg/um3 (magnetization of ferri- and ferromagnets ~ 100 -1000
G corresponds to 1019 -10" spins/um3).



OnTnyeckm MHAYUMPOBAHHAI HOMATHUMYEHHOCTD!
2 doekT Keppa B K4 CdMnTe/CdMgTe pa3HOM LLUMPUHDI
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Anisofropic magnetic polaron in 2D

— — .
‘1’ r N and Mn - spins, S,
- T - : —
/ \ J h B Hole spin, J,, B, #0, M, # 0
—
— E(¢)=—E, cos” ¢
\\/V/ W I\ seafreransasanshs
\\ éz - / E, \
0 180 Angle ¢
QW, no carrier QW, localized hole

B,=0,M,=0  Polaron: B, # 0, Mp#0




3ABMCUMOCTb BDEMEHU PEAAKCALLNM
HOMAOTHMYEHHOCTM MOAAPOHOB OT TEMMEPATYPbI
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Mechanism of optical orientation of hole
magnetic polarons: B=0

—1/2
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Magnetic field dependence
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Zhukov et al, PRB 93, 245305 (2016



3ABMCUMOCTb OT MATHMUTHOTO MOAS

B B*

X

E,(B,8)=—1Gy,! (B, sin @+ Bcos )

The activation energy

B> ¢ ]
AE=E_(0)|1+—+>+|-—E,(B\1+B*/B;
p BZ g 2 e

Therefore, the field dependence of the polaron relaxation time has the form

7(B) _ eXp[AE(B)j

KgT

1~10ns (AE~0.5 meV, B, ~1 T, kgT~0.15 meV)



OTpULLAOTEAbHAS LUPKYASIPHAA NoAspusaums PA
B KBAHTOBbIX iMax CdMnTe/CdMgTe

HabAloAeHME LMPKYAIPHOM MOAIPU3ALMM UIAYHEHMS, MPOTUBOMOAOXHOM MO
OTHOLLIEHMIO K 3HAKY MOAAPU3ALLMM BO3DY>XKAQIOLLLETO CBETA YKA3bIBAET HO
HAAMYME HEODBLIYHOTO MEXAHU3IMA OOPMUPOBAHMA MOAFPUIALUMN.

10

\B=O, =1.8K

polarization

Circular polarization degree (%)

1.7 1.71 1.7 1.73
Energy (eV)

CnekTp PA (HepPHAN AMHUA) 1 CMEKTPbI BO3OY>XAEHMSA LLUPKYAIPHOM
NOAIPU3IALIMM U3AYHEHMS (TOYKM)
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MoAeAb BOSHUKHOBEHUS OTPULLATEABHOM
LLUPKYASSPHOMU NoAsipusaumum PA

Resident holes in QW form magnetic polarons (HMP). Resonant o+ excitation
creates directly X+ trion with §;=-1/2

+1/2

resident hole is Excitation of the singlet Final state after
split in the B, trion by o* and emission ¢ - recombination

This process is spin selective: Optical excitation by o+ light excites trion state
(=1/2). After that electron undergoes relaxation and spin flip into the s,=-+1/2
state and recombines with the resident hole emitting o~



PL circular polarization degree on the transverse
magnetic field
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Pcrp ~ <Sz> =S5, c0s 6 ~

®  Experiment
Formula (2)
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Polaron magnetic moment in
external magnetic field B.



Pa3®aBA€HHblIe MATHUTHbBbIE MOAYNPOBOAHUKHU
Ha ocHoBe AlBV!

BbiCOKQOS PACTBOPUMOCTb MATHUTHBIX ATOMOB (B HOCTHOCTHM MN)
B NOAYMpoBoaHMKaxX ABVI (A0 100%)

COXPAHAOTCA (XOPOLLIMEY MOAYNPOOBOAHMKOBbBIE M ONTUYECKME
CBOMCTBA BMAOTb AO BbICOKMX KOHLLEHTPALMM MN

Mn B MOAYNPOoBOAHMKAOX AlBY! aBAgEeTCH M30IAEKTPOHHOM
NPOUMECHIO M HE AQET AOMOAHUTEABHBIX HOCUTEAEN 3APIAQ

OTCIOAQ BO3MOXHOCTb HE3ABMCUMO KOHTPOAMPOBATH
KOHLLEHTPALMIO MATHUTHBIX MPUMECEN U HOCUTEAEM

Huskaa temneparypa Kiopu (~1 K)
KopoTtkoe BpemMa CMMHOBOM PEAAKCALIMM HOCUTEAEMN (~1 MNC)



