PHYSICAL REVIEW B VOLUME 53, NUMBER 12 15 MARCH 1996-II

Temperature and density dependence of the electron Landg factor in semiconductors
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The temperature and density dependence of spin quantum beats of electrons is measured by time-resolved
photoluminescence spectroscopy and yields the electron Lgafatetor in bulk GaAs, InP, and CdTe. In GaAs
the g factor increases linearly from-0.44 @ 4 K to —0.30 at 280 K; in InP they factor is 1.20 at 4 K,
exhibiting a very small temperature dependence up to 160 K, and in CdTeftwor follows betweem =4
K and 240 K the empirical equatiog= —1.653+4Xx 10 * T+2.8x10 8 T2, In GaAs we demonstrate the
suppression of spin quantum beats due to Fermi blocking in a degenerate electron gas and measure an increase
of the GaAsg factor from —0.44 at densities below»10'®cm™2 to —0.33 at 137 cm ™3,

I. INTRODUCTION band model that included only the coupling between the
states of the lowest conduction band and the two highest
The electron Landg factor is one of the basic parameters valence bands yielded good agreement with the experimental
in semiconductors that describes the magnitude of the Zealata of that timé? However, the measurement of tgefac-
man splitting of electronic states in magnetic fields. The tor in large band-gap semiconductors forced later the devel-
factor in semiconductors differs from the free electgpfac-  opment of a more elaborate theory—the five-bakgp
tor in vacuum,g=2.0023, due to the spin-orbit interaction. theory># Three-bandk-p theory is only suitable for narrow-
Depending on the semiconductor material, this interactiorgap semiconductors in which thep perturbation between
can change the effectivg factor to very large positive as the lowest conductionl{g) level and the two nearest valence
well as to very large negative numbers. Since various theotI's andI';) levels dominate; in large band-gap semiconduc-
retical models predict the value gf accurate experimental tors like GaAs this is a rough approximation since the fun-
measurements @f provide a sensitive test of different band- damental gap is not small compared to higher conduction
structure calculation’:° bands. Five-band-p theory fits with high precision thg
A recently introduced experimental technique enables théactor and the effective mass of most common IlI-V com-
measurement of the electrgnfactorg* with high accuracy pounds and alloys at low temperatures. However, the re-
by spin quantum beatg.The technique proved to be feasible cently discovered discrepancy of the measugethctor at
to measure various effects as the anisotropg®fin quan-  high temperatures and predictions by five-bang theory
tum wires!? the dependence ofj* on quantum well are not yet fully understood. Therefore, we present in this
thickness® and the temperature dependencegdfin bulk paper a detailed experimental study of the temperature-
GaAs™ The measurement of the temperature dependencéependent free-electrapfactor in GaAs, InP, and CdTe.
with other techniques is not possible since methods such as, In addition, we describe the carrier density dependence of
e.g., conventional electron-spin resonance and electron-sp@f in GaAs and demonstrate the suppression of spin quan-
resonance using optical excitation are difficult, in particular,tum beats at high electron densities by Fermi blocking. We
at elevated temperatures. The temperature-dependent sgihow that with increasing carrier density, the average elec-
quantum beat experiments show interesting discrepancies b#on energy increases due to band filling and the measured
tween experiment and a well-accepted five-banp theory g factor increases as a function of energy tending towards

modell* the free-electron valug= 21516
Thek-p perturbation theory is a semiempirical theory that
permits us to calculate the shape of the energy bands and the Il EXPERIMENTAL ASPECTS

g factor in the vicinity of extremum points of energy bands
from data of experimental energy gaps and matrix elements Electron spin quantum beats yield a method that allows
between various bands. In the late 1950s, a simple thre¢he direct determination af* with high accuracy and at low
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densities'! Energy levels separated by an energy difference
AE can produce oscillations of the emitted light, when both 0.2 [T T T
energy states are excited coherently. A magnetic field 1
B=Be, applied on a semiconductor produces a splitting of
the spin states, by AE=%w, with w_ being the Larmor
angular frequency,

w_ =0¢ 1B/t (1)

Excitation with circularly polarized light in the direction per-
pendicular to the direction of the magnetic field creates a
carrier distribution with unequal occupation of the spin states
X, andy, , wherez is the excitation and is opposite to the
observation direction. The spin statgs can be described as
a coherent superposition of, , provided both states are
simultaneously excited by a short laser pulse. The spatial part i . 1
of the wave function suffers a very fast phase relaxation. - .

electron g factor

Therefore, the spin part can be written separately. The time LY J S B S B S VR
evolution of the spin-state occupation in thedirection is 0 50 100 150 200 250 300
then given by! temperature (K)

(v ati(e 2ty + a—i(e 12)t
X2()=(xx€ T xx e : )/\E FIG. 1. Temperature dependence of the measgfeih GaAs
=X+cos(w t/2)+ix; sin(w,t/2) ) grown by molecular beam epitaxyriangles with error bajsand
z L z L grown by liquid phase epitaxfcircles with error bassand an em-

- o A _ ) .
The spin orientation hence oscillates betwegn +1/2 and ~ Pirical fit with the equatiorg® (T) ==0.44+ 5 x10°" T (solid
Jline). The different samples show different electron-spin relaxation

s,= —1/2. These oscillations can be understood in a semi-

classical picture as the Larmor precession of the spins arountﬁnes’ Le., the d_ampmg Qf the oscnlanons_ depends on the specific
. . ; . sample preparation conditions. We determined, at each temperature,
the axis of the magnetic fieldx(axis). The photolumines-

. . . . I the frequency range for which a reasonable fit of the experimentally
cence emitted i the direction after excitation by a short, observed oscillations is possible. This frequency range determines

circularly polarized laser pulse therefore shows a iMe+he error bars. The error bars represent the absolute error and are

varying circular polarization. . . therefore larger than the statistical scatter of the data. The dotted
In our experiment the luminescence is partially due tOjine is the calculated temperature dependence*ofat the direct
recombination of excitons. The magnetic field is, at least atang gap and the dashed line tf) calculated by Eq(3).

higher fields &1 T), strong enough to break up the ex-
. . . 17 .
change interaction of the order of 2BV in GaAs;” which  \ih 3 spectral and temporal resolution of 0.5 nm and 10 ps,

couples the electron and hole spins. Therefore, two OSCi”ar'espectiver by a streak camera with two-dimensid@al)
tion frequencies should be observable: one from oscillationg, 5 qout. ’

of the electron spin and another one from oscillations of the
hole spins. However, hole spin relaxation is in bulk ex-
tremely fast due to the degeneracy of light and heavy valence Ill. EXPERIMENTAL RESULTS
bands atk=0. Consequently, the oscillations of the hole
spins are not observable in our experiment. We only see the
oscillations of the electron spins. This assignment is con- Figure 1 shows the measured temperature dependence of
firmed by measurements ip-doped samples, which show the electrong factor in bulk GaAs. They factor increases
the same oscillation frequencies for the band-to-acceptor Iuinearly from —0.44 (Ref. 18 at a lattice temperature of 4 K
minescence as for the excitonic luminesceticAddition-  to about—0.3 at a lattice temperature of 280 K. Tydactor
ally, the same oscillation frequency is observed at mediunis at carrier densities of 610" cm™3 within our accuracy
excitation densities, i.e., where excitons are completelyndependent of the magnitude of the magnetic field upto 5T
screened and band-to-band recombination is observed. Thigr all temperatures. Thg factor is also independent of
method, therefore, although measuring the quantum beatample quality. Figure 1 depicts the measugediactor in
from excitonic recombination, allows the direct determina-undoped molecular beam epitaxy Ga@sangles and high-
tion of the free-electroy factor. quality liquid phase epitaxy GaAgircles, but low-quality

The undoped bulk GaAs, CdTe, and InP samples arsubstrate GaAs with high defect concentration shows the
mounted in Voigt configuration in a He gas flow cryostat in asame results. However, the sample quality determines the
superconducting magnet. The magnetic field is insxthdi-  electron-spin dephasing time and, therefore, the measure-
rection, observation and growth directions are inztdirec-  ment's accuracy and the maximum temperature where spin
tion. We excite with circularly polarized ps pulses from aquantum beats can be observed with our experimental setup.
mode-locked Ti:sapphire laser with a repetition rate of 80The measured temperature dependence of bulk GgiAs
MHz. The circular components of the photoluminescencecontradicts predictions bly-p theory as shown in Ref. 14 for
(PL) are dispersed in a 0.32 m spectrometer and detectedgmperatures up to 200 K.

A. Temperature dependence
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TABLE I. Temperature dependent band parameters in eV of GaAs and InP in the usual neetion.g.,
Refs. 4 and 14

GaAs InP
Eo (1.517-5.5)x10"* T?/(T+225) (1.629-0.217)x {1+ 2/[exp(697T) — 1]}°
Ao (1.851-3.5)x107* T?/(T+225) (1.579-0.061)x {1+ 2/[exp(370T) — 1]} — Eo°
E(TS) (4.659-4)x 1074 T2/(T+ 241 (5.112-4.259 %1074 T°
E(T?) E(r§-0.171° (4.867-0.163)x {1+ 2/[exp(775T) — 1]}P
p? 29.8 21.¢6
P? 6° 2.1°
C —0.02f —0.02

8. Lautenschlager, M. Garriga, S. Logothetidis, and M. Cardona, Phys. Raf. ®74(1987.

bp, Lautenschlager, M. Garriga, and M. Cardona, Phys. Re6,B8813(1987.

°D. E. Aspnes, C.G. Olson, and D.W. Lynch, Phys. Red 232527 (1975.

YWe use a slightly higher interband matrix elem&ft for GaAs and InP than Ref. 4. The adjustment is
necessary because of the higher accuracy of the band-edge energies and—in the case ofghPFhef
adjustments are within the specified errorRS in Ref. 4.

°See Ref. 4.

*Not eV but dimensionless.

We want to point out that at finite temperatures, the elec- Figure 2 depicts the temperature dependenag dfi InP.
tron distribution is described by a Maxwell-Boltzmann dis- In contrast to GaAs, the temperature dependenag* ofal-
tribution for low electron densities and our experimentalculated byk-p theory at the fundamental band gap in InP
technique does not detect thdactor at the conduction-band (dotted ling is small and agrees well with our experimental
minimumgy but instead an energetically averaggefactor.  results(circles. The small variation ofy* in InP compared
The averagey factor (g*) results from the dependence of to the large variation in GaAs is reasonable sincegtlfigctor
g* on the electron excess enetyf weighted by the bulk in InP is already closer tg* =-+2 of an electron in free
density of state3 (where 3D is three-dimensionaand  space or at high energié$The calculatedg* ) (dashed ling

the Maxwell-Boltzmann distribution of the electrons: are slightly larger than the measurgti; but the calculations
. of (g*) overestimate the energy dependence since excitonic
(%)= J59* (E)D®P(E)exp(—E/kgT) dE 3 effects are neglected in the density of staBY(E). The
9 [D3(E)exp(—E/kgT)dE
where, according to Ref. 20, B
[ 60 T T T T T T
g*(E)=g¥+6.3XE (eV) 4 5 sof , 1
= 40t -
and 135 7 & sof 4 n
3D, — 1 2m ¥ 1/2 g 20: :
D (E)_ﬁ(ﬁ E*< (5) 5 - [ ‘Z - o]
. . g 18[ ® O agnetic field (T) - 17
This assumes that each electron changes its energy due to 5 magne L
electron-electron scattering much faster than the spin quan- S /‘ 7
tum beat oscillation period. Landau-level quantization is ne- 5 i y )
glected since electron-electron scattering is, especially at % 1.25 1 b P ]
high temperatures, faster than the cyclotron oscillation fre- i < ¢ 130
guency. Excitonic effects are neglected since the exciton for- I %%ﬂﬁ)%% K |
mation time and the carrier cooling at low temperatures is 1.2 % i e i n
slow in bulk GaAs. The carriers are excited nonresonantly. I ]
Therefore, the lowest carrier temperature of the experiment - ]
is about 40 K(Ref. 21 and the comparison between mea- 115 T R SR B
surement and calculation for lattice temperatures below 40 K ' 0 50 100 150 200
deserves circumspection. The exact calculatiog’fat the
direct band gap at a given temperature is described in Refs. 4 temperature (K)
and 14 and the band parameters are summarized in Table I.
The calculated temperature dependencey’ofat the direct FIG. 2. Temperature dependence of the measgredcircles

band gap is depicted in Fig. 1 as a dotted line egith as a  with error bary, the calculatedy* at the band edge after Refs. 4 and
dashed line. All depicted experimentalfactors are average 14 (dotted ling, and the calculated averagé (dashed curvein

g factors. The discrepancy between theory and experiment isiP. Inset: Dependence of spin quantum beat frequency on the ap-
obvious. plied magnetic field @5 K and a carrier density of 610> cm™3.
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sured temperatures in all measured semiconductors. At high
magnetic fieldsg* depends on magnetic field as described
in Refs. 6, 10, 13, and 20.

Figure 3 depictg* (T) in CdTe. Since the temperature
dependence of the higher conduction and valence bands is, to
our knowledge, not exactly known, a comparison wktip
theory is not possible. The solid line in Fig. 3 shows an
empirical fit with the equatiog* (T)=—1.653+4x10 4T
+2.8x1078 T2,

A3 T T T T

135 [ T

B. Density dependence in GaAs

electron g factor

Figure 4 shows the temporal evolution of the circularly
analyzed bulk GaAs photoluminescerid) at two different
excitation densities at a magnetic field of 3 T. The oscilla-
tions are detected on the high-energy side of the PL. They
clearly show a faster oscillation period and, therefore, a
larger absolutg factor for lower carrier densities. The high-

0 50 100 150 200 250 density PL especially exhibits a decreasing oscillation period
temperature (K) with time due to the temporal carrier density decrease.

Figure 5 shows the temporal high excitation PL of Fig. 4
at three different detection wavelengttial above the elec-
tron Fermi energy(b) approximately at the Fermi energy,
and(c) at the direct band gap. The oscillation frequencies at
the different detection energié¢a) and (b) are the same be-

cause we again measure an avergdactor as discussed in

Inset O.f Fig. 2 demonstrates the linear relation _between Ma%ec. 1 A. Far below the Fermi level at the conduction-band
netic field and spin quantum beat frequency in InP at low

magnetic fields and a carrier density ok 50! cm ™3, This  1nimum [Fig. 5(c)] the spin quantum beats are suppressed

linear behavior at low magnetic fields is observed at all meague to Fern_1| blockm_g. Fermi blockm_g of spin quantum beats
occurs at high densities because spin-up and spin-down elec-
tron levels are, at the conduction-band minimum, both satu-

rated and are therefore equally populated; the spin-up and

FIG. 3. Temperature dependence of the measgfedcircles
with error bar$ and an empirical fit by the equatiog* (T)
=—1.653+4%x10* T +2.8x10 %% T2 (solid curve.

(a)

(b)

PL intensity (arb. units)

(©

photoluminescence (arb. units)

J 0.3lo

0 100 200 300 400 500 0.0 100.0 200.0 300.0
time (ps) time (ps)

FIG. 4. Circularly polarized detected PL in bulk GaAs at two  FIG. 5. Circularly polarized detected PL at an excitation density
different excitation densitied §,0.3,) after circularly polarized ex-  of 8 X 10 cm™2 at three different detection energi¢a) above the
citation in the continuum at a magnetic field of 3 T. The different Fermi level,(b) at the Fermi level, andc) at the conduction-band
oscillation periods of the PL directly demonstrate the density deminimum. Far below the Fermi level, spin quantum beats are
pendence of the averagg . The vertical solid lines are guides to strongly suppressed. We attribute the remaining weak oscillations at
the eye to illustrate the phase shifting. The excitation densityiat  the band edge to regions with low electron densities due to density
8x 10 cm~3, inhomogeneities.
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photonenergy (eV) FIG. 7. Dependence aj* on the excitation density. The open

circles are measured and the solid line is the calculgteat the

FIG. 6. Right and left circularly detected PL spectra. The spectra €M €dge. The experimental densities are determined by a line-
are measured one spin quantum beat oscillation period after excitghaPe analysis of the transient spectra.
tion at a lattice temperature of 20 K and demonstrate two different
Fermi-Dirac distributions for spin-up and spin-down electrons. A
line-shape analysis yields the two different carrier densities.

For CdTe, a comparison between theory and experiment is
not possible because the temperature dependence of the con-
duction and valence bands is for this semiconductor not ac-

spin-down electron distributions are accurately described b)gur'lz'irt](zydlfar;\os\?tl;.dependent measurements in GaAs show a

Fermi-Dirac distributions with two different Fermi levels. small density dependence af at densities below % 10
The difference in spin-up and spin-down electron populatior. "3 ty dep ; 9
, confirming earlier measuremerifsand an enhanced

. . o cm™
ields two different PL ra for ite circularl lar- . o :
?/zgt;j?jétec::t?oneaes ;hOWipiiC::% % opposite circularly pola g* for higher densities—demonstrating the need for rela-

Figure 7 showsy* in dependence on excitation density ilvely .IOW ca_:_rkl]erfdetnsn!esdforhmgaSL:'remertltjgjf .?.t theb
(circles with error bansand calculations of* at the Fermi 10[';'”'”1“3m- N tas fspltn epnasing lmte atl) ensiies at ove
edge (solid line) assuming an energy dependentfactor cm - préventsg-actor measurements by spin quantum

_ beats at very high densities. The Fermi blocking of spin
*(E)=—0.44+6.3XE (eV) (Refs. 10, 16, and 20and a . .
ge&m)i—Dirac distribution ithT =0 K.?2 At excitation densi- dUaNtum beats demonstrates that two different Fermi

ties above 18 cm™2 no spin quantum beats are observabledlsm!D'Jt.'ons_one for spin up and one for spin down—can
oexist in a degenerated electron gas.

because spin dephasing is faster than one oscillation perioa. Note added in proofMeasurements at a lattice tempera-

In a degenerate electron gas we mainly measurgaetor " t'1 'k ‘and carrier densities below@m? yield a

at the Fermi edge of the electron gas because the exchange ol . yield
Ilpear dependence @* in bulk GaAs on the magnetic field

electrons at the Fermi edge with electrons at the fundament
band gap is weak at low temperatures. The discrepancy bg_etween 2 and 12 T. The change gf amounts to 0.005

tween measurement and theory indicates that theory undets" T'dA I]lnear extrapolgnon todO T_ylelds %‘* IOf —0.47 .
estimates the energy dependenceybf mstea 0 —O..44 at moderate en_smes and low magnetic
f|eld§. The spin quantum beats vanish at densities beldfv 10

cm

IV. CONCLUSION

We have measured the temperature dependence of the ACKNOWLEDGMENTS

electron Landey factor in CdTe and InP and extended the  We gratefully acknowledge the expert technical assistance
temperature range in GaAs from 200 K to 280 K. The resultsf K. Rother and H. Klann, the critical and helpful discus-
in bulk GaAs verify the discrepancy between simple five-sions with U. Rasler, E. L. lvchenko, and T. Ruf, and the
bandk-p theory calculations and the experimengafactor.  financial support of the Bundesministeriunt fildung und
The theoretical energy dependencegdf in a thermalized Wissenschaft of the Federal Republic of Germany. M. O.

electron gas does not explain this discrepancy. expresses gratitude to the NATO Science Committee for fi-
In InP, the temperature dependencegbfis small because nancial support and to the DAAD. M.O. and K.H.S. would
the low-temperaturg® is large compared tg* in GaAs; like to thank the Alexander von Humboldt-Stiftung for the

and the agreement between theory and experiment is goofinancial support by Feodor-Lynen grants.




7916 M. OESTREICHet al. 53

1L.M. Roth, B. Lax, and S. Zwerdling, Phys. Redi4, 90 (1959.

2M. Cardona, J. Phys. Chem. Solid4, 104 (1963.

3C. Weisbuch and C. Hermann, Phys. RevlB 816 (1977.

4C. Hermann and C. Weisbuch, Phys. Revi® 823 (1977.

SM. Cardona, N.E. Christensen, and G. Fasol, Phys. Re88B
1806(1988.

6p. pfeffer and W. Zawadzki, Phys. Rev.4B, 1561(1990.

M. Dobers, K. v. Klitizing, and G. Weimann, Phys. Rev.3B,
5453(1988.

8E.L. Ivchenko and A.A. Kiselev, Fiz. Tekh. Poluprovod®6,
1471(1992 [Sov. Phys. Semicon@6, 827 (1992].

5w, zawadzki, Phys. Lett4, 190 (1963.

16MLA. Hopkins, R.J. Nicholas, P. Pfeffer, W. Zawadzki, D.
Gauthier, J.C. Portal, and M.A. DiForte-Poisson, Semicond. Sci.
Technol.2, 568 (1987).

"W, Ekhard, K. Lsch, and D. Bimberg, Phys. Rev. &), 3303
(1979.

80our experiment does not yield the sign @f. However, many
experiments and theories confirmed the negative valug ais
first determined by Whitet al. (Ref. 19.

19A.M. White, 1. Hinchliffe, P.J. Dean, and P.D. Greene, Solid State
Commun.10, 497 (1972.

M.J. Snelling, G.P. Flinn, A.S. Plaut, R.T. Harley, A.C. Tropper, 2003, Yang, R.J. Wagner, B.V. Shanabrook, J.R. Waterman, and

R. Eccleston, and C.C. Phillips, Phys. Rew8 11 345(1991).

104, Mayer and U. Rssler, Phys. Rev. B4, 9048(1991).

A.P. Heberle, W.W. Rule, and K. Ploog, Phys. Rev. Leff2,
3887(1994.

12\, Oestreich, A.P. Heberle, W.W. Rle, R. Ndzel, and K. Ploog,
Europhys. Lett31, 399 (1995.

BR.M. Hannak, M. Oestreich, A.P. Heberle, W.W. e, and K.
Kohler, Solid State Commur@3, 313 (1995.

M. Oestreich and W.W. Fhle, Phys. Rev. Letf74, 2315(1995.

W.J. Moore, Phys. Rev. B7, 6807(1993.

2'W.W. Rihle, K. Leo, and E. Bauser, Phys. Rev. 4, 1756
(1989.

22\We can neglect the finite carrier temperature of the degenerated
electron gas. With increasing carrier temperature electrons are
transfered from below the Fermi energy to energies above the
Fermi energy reducing the Fermi blocking. We measure an av-
erageg*, which corresponds tg* at the Fermi energy since
g* (E) increases linearly with energy.



