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Electron and hole g factors measured by spin-flip Raman scattering
in CdTe/Cd ;_,Mg,Te single quantum wells
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We report resonant spin-flip Raman scattering measurements in CdTeMgl, Te single quantum wells
with x=0.15, 0.26, and 0.5 as well as in €dMg,Te alloys withx=0, 0.15, and 0.5. Effectivg factors of
electrons and heavy holes are measured as a function of the quantum well wiethq@ #) and the angle of
the magnetic field with respect to the growth axis. The electrdactors in quantum wells are between the
values for bulk CdTe ¢®= —1.644+0.005) and CggMg,sTe (g€=—0.802+0.005). We show that the
change in the energy gap induced by the quantum confinement of the carriers provides the dominant contri-
bution to the electrorg factor in quantum wells. A largg factor anisotropy for conduction electrons is
observed. It is shown that this anisotropy depends on the splitting between light- and heavy-hole states. The
experimentally determineg factors are in good agreement with theoretical predictions.
[S0163-182607)06128-9

. INTRODUCTION tron spinsti13 It has also beendirectly measured in
GaAs/AlAs QW’s by resonant spin-flip Raman scattering
Electron and holey factors are among the fundamental (SFRS.* Nevertheless, the experimental data base for elec-
properties of charge carriers in semiconductors. The effectiveecon and holeg factors in low-dimensional systems is far
electrong factor can differ strongly from its value in vacuum from complete and at present is limited predominantly to
due to the spin-orbit coupling. Thg factors are directly heterostructures based on the IlI-V semiconductors. Only
related to semiconductor band parametérsA precise very recentlyg factors in wide(80—300 A 11-VI semicon-
knowledge ofg factors is important for the interpretation of ductor QW's(CdTe/Cd, 79Mg g »5T€) have been measured by
phenomena such as magneto-optics, magnetotransport, respeans of quantum beat spectroscopy and photoluminescence
nance spectroscopy on spin-split sublevels, and lightPL).*®
scattering’* In this paper we studyg factors of excitons, electrons, and
Recently, the carrieg factors in low-dimensional systems heavy holes in CdTe/Cd ,Mg,Te single quantum wells
have attracted the interest of both theofistsand experi-  (SQW's) with the aim to determine the dominant systematics
mentalists ™ In  heterostructures and quantum  wells of their values and anisotropy. We use resonant SFRS, which
(QW's) the g factors of electrons and holes often deviatepas heen shown to be one of the most reliable experimental

from the bulk values. Several reasons can be adduced t@chniques for a direct measurement gpffactors in low-
explain these differences in zinc-blende based structures: dimensional systems such as GaAs/AlGaAs
X

(i) The band parameters are changed by the conflnemerbw.s'u,le_la submonolayer InAs/GaAs structur¥s,and

especially the energy gap. . 0
(i) The reduced symmetry of the system results in anstructures with InP/lg_,Ga,P quantum doté:

anisotropy of theelectron g factor® As a consequence it
might become important to take off-diagonal components of

the electroniog factor tensor into accourifor more details Il. EXPERIMENT
see Refs. 78

(iii ) Carrier wave functions penetrate into the barrier ma- CdTe/Cd,_,Mg,Te heterostructures with the typdsand
terial resulting in different contributions to theefactor. alignment were grown by molecular-beam epitaxy(601)-

(iv) Strain effects due to the lattice mismatch between theriented CdTe and Ggy:Zng osT€ substrategfor growth de-
dissimilar materials in heterostructures may be importanttails see Refs. 21,22 The CdTe SQW’s with widthd
Combinations of these reasons, which depend distinctly obetween 18 A and 100 A are confined between Gdg
the structure parameteftke, e.g., the QW width cause in  Te barriers withx=0.15, 0.26, and 0.5. The structures were
low-dimensional systems a rather complicated behavior oot intentionally doped. The residual concentration of shal-
the g factors on such parameters. low impurities does not exceed ¥8-10'® cm 2. The pa-

Various experimental techniques have been applied toameters of the structures are given in Table I. The SFRS
study carrierg factors in QW’s’ A remarkable anisotropy of experiments were carried out in magnetic fiehklsp to 14 T
the electrong factor has been observed in Ggln,As/InP  at a temperature of 5 K. The experimental setup allows us to
QW'’s by optically detected magnetic resonafitend in  vary the angle between the magnetic field and the growth
GaAs/Al;_,Ga,As QWSs under optical orientation of elec- axis of the structure 7 axis) from 0° to 90°. The SFRS
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The electron, exciton and heavy-holg factors and structural parameters of the

CdTe/Cd _,Mg,Te SQW'’s with different QW width_,,,. The heavy-holegy factor components are deter-

mined using the relationshig™= g®-+ g®. For all measured structurg§*= —g° is valid and, consequently,
gﬂh:0.00i 0.04.gg! is the excitong factor determined from the Zeeman splitting of the PL lines. Note the
difference in the error bars between SFRS and PL data. The splitting between the light- and heavy-hole states
AE ., has been measured by PLE.

Lw X Ee  AEpm of o) g o8t gf"

A) (ev) (meV)

18 015 1751 261 -—1.04:0.01 -095-0.01 271003 2.603 1.67-0.04
45 015 1.663 245 —136:001 -123:001 220:0.03 2.1+0.3 0.84:0.04
60 015 1641 20 —1.44+001 -1.32+001 2.04-0.03 1.8-0.3 0.60:0.04
100 015 1612 125 -159+001 -1.49+001 15%003 1.6:0.3 0.00-0.04
75 026 1633 165 —146+0.01 —1.37+0.01 1.46:0.03 1.6-0.3 0.00:0.04
70 050 1657 37 —1.37+001 -115:001 1.520.03 13:03 0.150.04

spectra were analyzed with a SPEX 1404 double monochranagnetic field. The linear dependenceAst(B) shows that
mator equipped with a cooled GaAs photomultiplier. A tun-the mixing between light- and heavy-hole states is weak up
able Ti-sapphire laser was used for resonant excitation ap 14 T. This is expected because the requirement
heavy-hole excitons. o A< AEn, is always fulfilled for all our samplesA®* is

~ The PL and photoluminescence excitati®?LE) spectra  about 1 meV aB=10 T, AE,,>10 meV). A nonlinear

in these CdTe/Cd ,Mg,Te QW's have been systematically pehavior for exciton Zeeman splittings was reported in Ref.
studied?®~** A high structural quality of the interfaceshe 25 for wide GaAs/AlGaAs QW's, wher&E,, is consid-
fluctuations ofLyy do not exceed one monolayeand an erably smaller. On the other hand the magnetic fields used in
effective confinement of both carrier types in the CdTe wellsoyr experiments are strong enough to break up the spin-
(the valence band offset is equal to about 30% of the totafiependent electron-hole exchange interaction. The exchange

band-gap differengehave been establishéti.The lattice  splitting of the fourfold degenerate exciton levelsBat 0 is
mismatch between zinc-blende MgTe and CdTe is 1.0%

(acare=6.4825 A andaygre=6.417 A.2' The PL spectra 12
are dominated by the heavy-hole exciton localized on QW

width fluctuations and the exciton bound to shallow
donors?* The energies of the heavy-hole exciton transition 10
E., for our samples, determined from PLE, are given in 2T TN e
Table I. The light-hole and heavy-hole states in the : :
CdTe/Cd,_,Mg,Te SQW'’s are split due to both, confine-
ment and stress caused by the lattice mismatch between thi= . ‘ N .
barrier and the well materif. These two effects act in the .8 I
same direction for our system and push the light-hole state to.S, R
higher energies. The splitting between the light- and heavy- >

hole statesAE.,, determined from PLE, is included in -
Table I.
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Ill. RESULTS AND DISCUSSION

In magnetic fields we observed narrow Stokes and anti-
Stokes SFRS lines for excitation in resonance with the
heavy-hole exciton transition. SFRS spectra were measurec I
with crossed circular polarizationso{,0~) and (¢~ ,0") Jt
for the Stokes and anti-Stokes parts of the spectra, respec 0 ! . L
tively. Here the firs{second symbol corresponds to the po- 1.654 1.655
larization of the excitingbackscatteredight. The solid line
in Fig. 1 shows the Stokes part of a SFRS spectrum for
B||z. The linesEX andE have been attributed to exciton and
electron spin-flip processes, respectiv€y’ The electron

[\
T

(o+,07)

1.657

1.656
Energy (eV)

FIG. 1. SFRS(solid line) and PL (dashed linegsspectra of a
lect , _ ) ON 45 A CdTe/Cd gMgoicTe SQW atB=10 T (B||z). The SFRS
line is narrow and its full width at half maximu@WHM) i gpectrum has been measured in the crossed circular polarizations
limited by that of the laser linel(). The exciton line is 4+ 5-) where the firstsecond symbol corresponds to the po-
broadened due to the hole contribution. This is common fofarization of the exciting(scatteredl light. Exciton and electron
SFRS spectra in QW'ssee, e.g., Ref. 24 spin-flip lines, and laser linattenuated by a neutral density filer

As shown in Fig. 2 the spin-flip shifts of the exciton and are marked withEX, E, andL, respectively.c™ and o~ are the
electron lines A®* and A®, are directly proportional to the circular polarizations of the exciton components in the PL spectra.
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FIG. 2. Exciton and electron spin-flip shiftd®* and A®, in a FIG. 3. Dependence of the longitudinal component of the elec-
45 A CdTe/Cgq Mg, qsTe SQW vs. magnetic field applied at trong factorgﬁ on the energy of the heavy-hole exciton transition
15° to the QW axis. The dashed straight lines are guides to the eyeg,, for CdTe/Cd _,Mg,Te SQW’s. The solid line represents a

five-bandk- p calculation according to Eq1). The g factors for
supposedly small compared to Zeeman splittings and can bgilk Cd,_,Mg,Te are shown by squares.
disregarded here. Thu&™ can be considered as the Zeeman
splitting between optically allowed states of the heavy-holeaccuracy due to the narrower FWHM. This demonstrates the
exciton forB||z.'® A€ corresponds to the electron componentadvantage of SFRS in comparison with conventional PL
in the Zeeman splitting of the heavy-hole excita* and  measurements for systems where the inhomogeneous broad-
A® can be related to thabsolutevalues of the exciton and ening of the PL spectrum exceeds considerably the Zeeman
electrong factor components along the growth direction, splittings.

g andgf, by the relationshiph®*©=|gf®| 4zB, where

ug is the Bohr magnetonuzg=0.057 88 meV/J.

In the following we will first concentrate on the electron
g factor. Figure 3 shows experimental values

rvs. the

We discuss next the signs of the electron and exogon heavy-hole exciton energy for the samples with different

factors in CdTe-based QW's. positivesign of gf

*was de-

Lyw and Mg contents in the barriers. Data for bulk

termined experimentally from the selection rules for circularCd; _4Mg,Te alloys are represented by squares. The values

polarization of the corresponding Raman 1if&&° A nega-

determined forgﬁ fall in the range between the electrgn

tive sign ofgﬁ’ was determined experimentally for the samplefactor measured for bulk CdTegf= —1.644+0.005 and
with L,y=18 A, where a heavy-hole spin-flip line was also the barrier material CglggMg o :Te (g°=—0.802+0.005.
detected. The negative sign gf corresponds to a larger The increase irg‘e with E., can be understood by using the
spin-flip shift for the exciton line than for the heavy-hole line five-bandk - p model?”?®In this approximation confinement
AP A®> AP Since it is known that bulk CdTe has a nega- effects are taken into account via the changeg&iponly.

tive electrong factor?2°

we have taken amegativesign of

Relatively small variations G_f]‘?— Jo (go=2 is the free elec-

gﬁ for all QW’s studied. Thus, in our experiments the elec-tron Landefacton are expected since both, the gap and spin-
tron and excitory factors are measured directly. The heavy-orbit splitting change rather little with the confinement. For
hole g factor gﬁ‘h is determined by the relationship: the analysis ogﬁ(Eex) the value ofAE;,y is neglected in
g["=gf*+gf . Theg factor values are summarized in Table | comparison withEe, (this is valid since our samples have

for samples with different., . Similar data for wider QW’s

typical values ofAE,_pn/Ecx=0.01). The solid line in Fig.

(100-300 A) have been obtained from spin quantum 3 corresponds to the following expressibh:

beats!®

The excitong factor can also be obtained from the Zee- Epl 1 1
man splittingd E of the optically allowed circularly polarized 97 (Eex)~0o| 1 - ?(E_ TE AL
(o* ando~) components in the PL spectrisuch as those ex Text 70
shown by the dashed lines in Fig. 1. We measuwté&dfor EL

Bz and determined the excitory factor gg| from
dE=E’ —E° = gp 4gB. The excitorg factors determined

3

+C’

1
(E(r%—EeX_ E(TS) — Eex

by SFRS agree within the experimental accuracy with the 2 VEREpA™ [ 1 2
ones measured from the PL line splitting for all our samples + ) E(TS)_E (E—+ E Al 1
(see Table )l However, the SFRS data have a much higher 7 ex' & —ex' 20
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2.0 1.5 1.0 0.5 0.0 FIG. 5. Exciton and electrog factors,g®* andg®, vs. the angle
Spin-ﬂip shift (meV) ¢ between the magnetic field and the structure axis for the 45 A

CdTe/Cd, gMgg 15Te SQW. The solid lines are fits using E¢8)
and (3). The angular dependence of the heavy-twiactor g™ is

FIG. 4. SFRS spectra for a 45 A CdTe/GaMg, =Te SQW at taken as a sum @™ andg® (dashed ling

B=10 T and different angleg betweerB andz. The notation used
for the spin-flip lines is the same as in Fig. 1.

for gﬁ’"fh are listed in Table I. For all measured structures we
where the band parametéf$®Ep=21.0 eV,A0=0.93 eV,  foundg®*= —g° and, thereforeg""=0.00=0.04.
Ep=5.1 eV,E(I'5)=5.6 eV,E(I'7)=5.3 eV,C'=—0.02, The anisotropy of the electrog factor in a 60-A-thick
and A”=—0.16 eV are taken to be the same as for bulkQw is shown in more detail in the inset of Fig. 6, where the
CdTe. The good agreement between the experimental daffashed line is calculated from E@®) with parameters given
and the calculation leads to the conclusion that the variatiofy, Taple |. Note that the anisotropies of the electron and
of the electrong factor in CdTe/Cd_,Mg,Te QW's with  heavy-holeg factors have different reasons. That gff is
changing structural parametel@W width and barrier con-  getermined by the reduction of the point symmetry frog
teny is determined by the confinement effect on the energypyik) to D,y (QW’s) resulting in a splitting between light-
gap, i.e., byEey. L .. and heavy-hole statésyhereas the anisotropy of the heavy-
~ Letus consider next the situation when the magnetic fieltygle ¢ factor corresponds to the symmetry of the periodic
is tilted by an anglep with respect to the QW growth axis. part of the Bloch functions of the heavy-hole state, which are
SFRS spectra taken for different valueseofire presented in - expected to be nearly the same in QW’s and in bulk zinc-
Fig. 4. Note that the e_Iectrqn lire depend; orjl_y weakly on  piende semiconductor$gﬁ‘h|>|gﬂh|~O.29 The splitting be-
¢, whereas the exciton lin€X shifts significantly and yeen light- and heavy-hole states correlates with the elec-
reaches the position d at ¢ = 90°. Figure 5 shows the tron g factor anisotropyAg, defined as\g=g¢ — g¢. Figure
experimental values af®* andg® as a function of cas for 6 shows the dependence Afj on AE, . inl theHdifferent

the sample witf.y=45 f‘ Tze lines represent ;itslusing the a;ructuresAg is positivein all SQW’s studied and becomes
common expressions for the components of electron anf,qqr \ith increasing\E;,, . This is illustrated by the val-

heavy-holeg factor tensors: ues of Ag observed for two samples with close values of
Lw (75 A and 70 A but with a different Mg content in the
9%(¢) = — (gfcosp)+ (gf sing)?, (2 barrier materialsX=0.26 and 0.5, respectivelyDue to the
different strain of the QW-layer the values &fg,, ., are
e - e 21 (a%sino)2 16.5 and 37 meV, respectively. Consequently, the anisotropy
g(e) \/(g” cosp)™+(g; sine) of the electrong factor is also different: 0.09 and 0.22, re-
+/(g]"cosp)?+(g]"sing)?, (3)  spectively(see the open symbols in Fig). @his trend in the

dependence oAg on AE,_,, can be illustrated using a
with the parametergj=—1.36+0.01, g7 =—1.23-0.01, simple two-bandk-p approximation for thel's and I'y
gﬁ‘h= 0.84+0.04, andgﬂh=0t0.04, which are the longitudi- bands, by analogy with the case of a uniaxial cry&aihe
nal (B||z) and transvers¢Bl z) components of the electron contribution to the electrorg factor from other bands
and the heavy-holg factors, respectively. The dotted line, (I'y,T'S,T's) should be almost isotropic and can be neglected
corresponding to the heavy-holg factor, is the sum of here. The solid line in Fig. 6 corresponds to the following
0%(¢) andg®(¢) calculated from Eqs(2) and (3). Values  qualitative expression:
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FIG. 6. Correlation between the electrgnfactor anisotropy FIG. 7. Dependence of the longitudinal component of the

Ag and the splitting between light-hole and heavy-hole statedieavy-holeg factorgﬁ‘h on the QW widthL,y . The solid line shows

AE ., for the structures with different QW widths and Mg content results of the calculations from Ref. 6 for CdTe/zWg,sTe

in the barriersx. The solid line represents a two-bakep calcula-  SQW's with the valence band parameter —1.57.

tion according to Eq(4) with the band parametéf, of bulk CdTe

and with a fixed energy of the heavy-hole exciton transition:Wave function in the barrier is not significant. The measured

E.=1.65 eV. The inset depicts the anisotropic behavior of thetransverse components of the heavy-hglfactor are negli-

electrong factor in a 60 A SQW. The dashed line shows a fit with gibly small for all samplesig""<0.04. In zinc-blende semi-

Eq. (2) which yieldsgj= —1.44 andg} = —1.32. conductors this value is determined by the valence band pa-
rameterq which is usually close to zer8:3!

Ep
Ag~ E_ZAEIh-hh: (4) IV. CONCLUSIONS

calculated with a fixed value d,=1.65 eV and the band We have _measured the electron, exciton, and heavy-hole
parametetEp=21.0 eV of bulk CdTe. It can be seen from 9 factors in CdTe/Cd_,Mg,Te SQW's and some
Eq. (4) that the sign ofAg is determined by the relative C91-xMgxTe alloys with a high accuracy by resonant SFRS.
position of the light- and heavy hole subbands is posi-  1he variations ofg® in SQW's are basicaly determined by
tive if the ground state in the valence band is the heavy-holdl€ changes in the energy gap due to confinement. The an-
Now we turn our attention to the strongly anisotropic isotropy of_ the electromg factor correlgtes with the splitting
heavy-holeg factor. The longitudinal component of the P€tween light- and heavy-hole exciton states. The results
heavy-holeg factor increases while,, decreases. This de- @dree with simple expressions derived frdmp theory.

pendence is shown in Figure 7. In the first approximation'v'or""’I_‘alab‘()jrate calculat]ior;]s @E t?_king”int(? accotl)mtdthe g
o' is determined by the valence band parameter complicated structure of the “confined” valence-band an

(gﬁ‘h~—6x), which in turn depends on the energy gap Ofthe penetration of the electron wavefunction into the barrier,

zinc-blende semiconductofsee Eq.(9) in Ref. 30, This should give a still better description of the experimentally

. o . S observed dependences. The values of the heavyghfaetor
e>_<p|a|ns quall'Fanver the te_nd_ency in the variation are in good agreement with the calculations of Ref. 6 using a
with Ly, but gives no quantitative agreement. We thus COMy,-lue of the valence-band parameter — 1.57.
pare our experimental data with the result of precise calcu-
lations from Ref. 6 performed in a multiband envelope-
function appoximation for CdTe/GdMgysTe QW’'s. The
theoretical dependence is shown by the solid line in Fig. 7. The authors are grateful to E. L. lvchenko, A. A. Kiselev,
The good agreement between this result and the experimeand M. Oestreich for valuable discussions, and to V. I. Bel-
tal data is obtained for the the value of the valence bangtsky and R. Henn for a careful reading of the manuscript.
parameter«=—1.57 and renormalized for QW's from its Thanks are due to S. Birtel, P. Hie H. Hirt, and M. Siem-
value in bulk CdTe £=0.35)3! The difference in the Mg ers for their help. A. A. Sirenko would like to thank the
content in the barriersx=0.3 in the calculations and Alexander von Humboldt Foundation for financial support.
x=0.15, 0.26, and 0.5 for our sampleshould not strongly This work has been supported in part by the Deutsche Fors-
affect the results since the penetration of the heavy-holehungsgemeinschaft through SFB 410.
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