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Cyclotron resonance of conduction electrons in GaAs at very high magnetic fields
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Cyclotron resonance of conduction electrons in GaAs was measured at a photon energy of 224 meV in
magnetic fields up to 500 T produced by an electromagnetic flux compression. Cyclotron resonance and the
corresponding transitions between donor stéatesgnetodonor transitiopsvere resolved at fields of about 190
T. The free-electron cyclotron resonance was successfully described by the fiv&igvehodel of band
structure, which confirms the validity of the model up to 370 meV above the band edge. It was demonstrated
that the sping value goes through zero and changes sign as a function of magnetic field. Resonant and
nonresonant polarons were included in the theory and it was found that thiicRrpolaron coupling constant
a=0.085 gives the best fit to the data. The experimental results of the magnetodonor transitions were analyzed
and well accounted for by an effective two-le\®lp model.[S0163-1827)07120-8

[. INTRODUCTION of magnetic field. Our experiments show that this is indeed
the case.

The structure of the conduction band in GaAs has been It has been shown before that one cannot describe the
investigated for many yeats® Although GaAs is a medium- conduction electrons in GaAs without including resonant and
gap material, its conduction band exhibits pronounced nonronresonant polaron effects, related to the interaction of
parabolicity, which results in the energy dependence of thelectrons with optical phonorfs! Our paper addresses a
effective mass and the spin factor. Experiments at high- somewhat controversial issue of the strength of this interac-
magnetic fields have revealed a spin doublet in the cyclotrofion in GaAs.
resonancéCR) of conduction electrons. The doublet is due  High magnetic fields are also of importance in the inves-
to energy dependence of tyefactor, so that the spin-up and tigations of donor states since they allow one to reach large
spin-down transitions do not have the same energy. The dowalues of the parameter=% w/2 Ry*, which measures the
blet splitting is observed also for the corresponding transitelative strength of magnetic and Coulomb interactitris.
tions between donor statémagnetodonor transitiondt has ~ our experimentsy has the value of 27.3, never before at-
been shown theoreticafly® that the three-leveP-p model,  tained for GaAs.
which is valid for narrow-gap materials InSb and InAi The present experiments have become possible due to the
not sufficient for GaAs. The reason is that the fundamentafecent advances in high magnetic-field technolbt@ur pa-
gap in GaAs is not really small and, as a result, the interacper begins with a description of the experimental technique
tion of the conduction level with higher conduction levels using the electromagnetic flux compression, which generates
may not be neglected. Thus, a five-lev&lL) model is the fields up to 500 T. We then present experimental results
required® on CR in GaAs and their theoretical description. Finally the

In our previous work, we studied CR at the laser energyesults of the magnetodonor transitions are discussed.
of 130 meV(a magnetic field of about 80)and the electron
energies involved were around 185 m&\Mn this work, we
study CR spectra for the photon energy of 224 meV at a field
of about 190 T. To analyze the very-high-field data we in- High magnetic fields were produced by an electromag-
clude theP- p interaction with far bandgup to the second- netic flux compressiof?*° As shown in the inset of Fig. 1,
order perturbation which provides an adequate descriptionwe employ a single-turn primary coil and a liner, which are
not only for the conduction band of GaAs, but also for itsset coaxially. When we supply a large pulse current of the
valence band3.The very-high-field data presented in our order of 4 MA to the primary coil from a capacitor bank of 4
paper test the validity of the theoretical 5L model up to theMJ (40 kV), a secondary current is induced in the liner in the
energies of 370 meV above the conduction-band dtlye  opposite direction and the repulsive force between the two
energy of the upper Landau leyeWhereas transport experi- currents rapidly squeezes the liner. By this squeezing motion
ments and the free-carrier reflection probe the energies neff the liner we compress the initial magnetic flux and obtain
exceeding 200 meV above the edge. a very high magnetic-flux density when the diameter of the

Another interesting aspect of our studies is the behaviofiner becomes sufficiently small. Figure 1 shows typical ex-
of the sping value. At the band edge of GaAs the Lande perimental traces for the primary current and the magnetic
factor is very smallgg = —0.44. It is predicted theoretically field produced by this method. Using a liner with the initial
that it should go through zero and change sign as a functiodiameter of 150 mm, the thickness of 1.5 mm, and the length

II. EXPERIMENTS
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of 55 mm, high magnetic fields up to nearly 500 T are pro-(higher energiesare related to transitions between the asso-

duced reproducibly. Although the rise time is rather short, ofciated donor levels: (000 — (010) (in the atomic nota-

the order of severals, we can obtain clean data of the tion: 1s*—2p™). At lower temperatures only the donor

cyclotron resonance, as shown below. transitions are usually observed because of the freeze-out
We employed a CO laser as a radiation source, whiclgffect, at higher temperatures the free-electron transitions are

produces an infrared radiation at a wavelength 5.527  the dominant absorption mechanism.

with a power of about 500 mW. To detect the change of the The traces shown in Fig. 3 exhibit only three pedis

transmission through the sample during the very short pulsgpite of larger level separations at higher fi¢glés compared

field we used a HgCd,_,Te detector, operated at 77 K, to- to the data of Ref. 10 due to an accidental coincidence of the

gether with a fast preamplifier. The signal was transmitted tdree electron CR peak 0-1" and the donor peak

a recorder through a fiber optics after an electro-optic con{000)—(010"), which are schematically shown in Fig. 4.

version. This conclusion is confirmed by the theoretical analysis pre-
Two GaAs samples were investigated. Samplewas  sented below. _ N
grown by molecular-beam epitaxy to a thickness of 2B, It should be noted that the spin-down transitidfts both

and it had a carrier concentration of X0 cm 3. Sample free electrons and dongrfiave stronger intensity than its
B was grown by liquid-phase epitaxy, and its thicknessSpin-up partners. This is because thdactor at very high
carrier concentration, and mobility were 1Qum, fields is positive for botm=0 andn=1 Landau levels, as
1.5x10% cm™3 and 1.0<10° cn?/V s at 77 K, respectively. shown in the theoretical section. This means that thette
Both samples have a growth direction in 0] orienta- and the corresponding donor state (OPCare the lowest
tion and we applied magnetic field in this direction. The Ones.
sample temperature was controlled from room temperature
down to abou6 K using a disposal flow-type cryostat, and it 500 —————T—T—T" 71T
was measured by a AuFe—Chromel thermocouple. The mag- C
netic field was measured by a pick-up coil wound around the 4001
sample. [
Figure 2 shows the time dependence of magnetic field
during the pulse and the corresponding optical transmission
of GaAs (sample A for the laser wavelength 5.524m [
(hw=224 meV). Although the rise time of the field is rather 200 .
short, we can resolve three peaks at the fields of around 190 r
T. Plotting the transmission at different temperatures as a 100}
function of magnetic field we obtain the traces shown in Fig. E
3 for the two samples. At higher temperatures one can see oL
three peaks. This is somewhat puzzling since at the lower ]
photon energy of Zw=130.5 meV four peaks were Time (us)
observed?® As shown schematically in Fig. 4, the two peaks
at higher magnetic fieldgorresponding to lower energies at  FIG. 2. Time dependence of magnetic field produced by the flux
a constant magnetic fieldare due to the free electron CR compressiorithe left scalgand of the optical transmission of GaAs
transitions & — 1=, whereas the two peaks at lower fields (the right scale, arbitrary unit$or sample A.
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levels are incorporated similarly to the procedure of Khe,
- ‘ 25% Pidgeon, and Browh,and Weiler, Aggarwal, and La¥.
The basis functions for the five levels in question are
LSS —— given in Ref. 8. They diagonalize the spin-orbit interaction
100 150 200 250 300 within the (Cg,T'S) and (C},T'Y) sets. Since the zinc-blende
B (T) structure does not have inversion symmetry, an off-diagonal
matrix element of the spin-orbit interaction between the
above sets has to be includetl, ~(X"[[VV,p],|Z°). A
FIG. 3. Transmission traces for two GaAs samples versus magvalue of this term,A~=—0.061 eV, has been determined
netic field at the photon energy 224 meN+£9.51 um). The tem-  from pseudopotential calculations by Gorczyca, Pfeffer, and
peratures are indicated. Lower field data of Ref. 10 are included agawadzki'® Three other interband momentum matrix ele-
a inset. ments appear in the five-level modd¥,~(S|p,|X"), P,
~(S|px|X®), andQ~(X"|p,|Z°). The element$, and P,
ll. THEORETICAL DESCRIPTION correspond to mixing ofp-type valence-band and higher-
lying conduction-band states, respectively, withype I'g
states, and they are mainly responsible for the band nonpa-

We describe the conduction band of GaAs using a five

level P- p theory and incorporating all other bands within the o : . ; :
P2 approximatior? Compared to the “bare” five-level rabolicity. TheQ matrix element gives rise to anisotropy of

model® this procedure amounts mainly to adding thethe I's bgnd. In addition, the remote Ie_vels influence the
valence-band contributions, as described by the Luttinger pa2and anisotropy by the terms proportional ¥9—y;. The

rametersy; ,v,,vs, k. The P-p theory generalizes thie- p experimental energy gaps used in the calculationskye

scheme for the case of an electron in a periodic crystal po= =219 €V, E,;=2.969 eV, A,=034eV, and A,

tential subjected to an external magnetic fiBldOne should =0.171 eV? The follpwmg v_alues of the interband matrix
then replace in the multiband Hamiltonian the wave vecto€/ements are used in the five-level modeg =27.8 eV,
ik by P=p+eA, whereA is the vector potential of the Ep =2.361 eV, andEq=15.56 eV (in standard unitsEp
magnetic field. The resulting- p equations for the envelope =2P?/m,), the far-band contributions to the effective mass

functionsf,(r) are areF = —1.055(corresponding t&C/2 in Ref. 8, and to the
band-edgey value:N;=—0.010 55(corresponding taC’/2
P2 0 pi-P so. Ref. 8. These values result in a conduction-band-edge mass
zl (Z_mo+E —E|din+ Mo +ugB- oy HH mg =0.066m, (including the nonresonant polaron contribu-
tion, see below and gz =—0.44. The far-band contribu-
=0, (1)  tions to the valence bands, as described by the Luttinger

parameters, are/;=7.80, y5=2.46, y5=3.30, k-=2.03.
where indiced andl’ run over the above bandsy, is the  Quantitiesy; and x used in the calculations represent modi-
free-electron mas&(" are the band-edge energigss is the  fied Luttinger parameters, in which the p interaction of
Bohr magnetongr is the Pauli spin operator, amtf;; are the  ybgbl'} level with the I',I'S,T'S, levels has been sub-
interband matrix elements of the spin-orbit interaction. Fivetracted, since it is included explicitly in the matrix. Thus we
levels:T'g,I'S, T, Iy, Iy, are included explicitly, while far have
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The above parameters describe very well all known magne- 0 100 200
tooptical data at magnetic fields up to 24 T. B (T)

One finally deals with 14 coupled differential equatidns
for the envelope function§,. Since the conduction band is ; . )
anisotropic, solutions are found by looking for the envelope FIG.'5. The Landdactor of conduction emf:trqns in GaAs for

. . h . the two lowest Landau levels versus magnetic field, as calculated
functionsf, in the form of sums of harmonic-oscillator func- . . :
. L . ; L - . for two field orientations.
tions. An infinite-dimensional matrix is then obtained, in
which different Landau states are coupled wighand v,
matrix elements. This matrix is subsequently truncated and
diagonalized numerically. The direction of magnetic field The calculatedy value for the zeroth and the first Landau
with respect to the crystal axes is chosen by taking the apevel versus magnetic field for two field orientations is
propriate gauge. A 3835 matrix is diagonalized for shown in Fig. 5. For the experimentsB#=80 T, theg value
BI[001], and 63<63 matrix forBI[110] field directions.  for the zeroth Landau level is negative and that for the first

Although GaAs is a weakly polar material and the experi-Landau level is positivé? On the other hand, for the experi-
ments are performed at energies well beyond thenents aB~190 T theg value for the initial and final Lan-

longitudinal-optic-phonon energyfifw;=36.2 meV), reso- dau levels is positive. The level scheme for both situations is
nant and nonresonant polaron effects are included in the thghown in Figs. ) and Gb). It can be seen that &8

oretical description. The nonresonant polaron contribution is<80 T the ground state is involved in the transition with
important for theP- p theory since aB=0 the polaron mass higher energywhich occurs at a lower magnetic field for a

IV. RESULTS AND DISCUSSION

is given by fixed source energywhile atB~190 T the ground state is
involved in the lower-energy transitidioccurring at a higher
mém 1+ al? field for a fixed source energyThis theoretical result is
mi  1+al3’ ©
, . : a) b)

wheremj is the “bare” effective mass. This effect must be

accounted for when determining the bare mass from the ex- —

perimental one, i.e.m:)‘o,. The P-p calculation is first per-

formed with the “bare” parameters and then the polaron ——— + 1

contributions are included to obtain the experimental values. 1

The five-level model is fitted to the low-field datand sub-
sequently extrapolated to high fields. —

The widely accepted value of the polar constant for GaAs
is «=0.065° However, we find that we can obtain an
equally good description of the low-field data and a distinctly
better description of the megagauss data by taking the value
of @=0.085, as first suggested by Lindemaginal'° and
discussed by Pfeffer and ZawadZzki.

In order to compare the theory with experiment one has to 0 {_
define the observable quantities. The cyclotron nra%sis
defined by relatiorE; —Ey =#eB/m* =#w, whereE, is
the energy of thenth Landau state with the corresponding
ProJeCt_'O” _Of the spm—ang_ular mpmer_ltum on the magnetiCy, gaas atB~80 T. The transition originating from the lowest
field direction. The effective Landeéspin) g factor for the  giate has a higher energy than its spin partf@The same as ife)
Landau level n is defined by the relationE, —E, but for B~190 T. The transition originating from the lowest state
= g: MmgB. has a lower energy than its spin partner.

L o<

FIG. 6. (a) Schematic diagram of spin-conserving CR transitions
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FIG. 7. Experimental and theoretical cyclotron masses of con- B(T)
duction electrons in GaA&pin-up and spin-down transitionger-
sus magnetic field for two-field orientations. The points Bat o o
<20 T are after Sigg, Perenboom, and Wy(Ref. 3 and Hopkins FIG. 8. Cyclotron energies in GaAs versus magnetic field.
et al. (Ref. 5, the points aB~80 T are after Najdat al. (Ref. 19, ~ Dashed lines, two-level model without polaron contributions; solid
those atB~190 T are from the data shown in Fig. 3. lines, five-level model with polaron contributions. The experimental

data are also indicated.

confirmed by the observed transition intensities at low tem- ) ) ]
peratures: aB~80T the lower field transition is more Strated in experiments on GaAs quantum wedfs Zawadzki

intense'® while at B~190 T the higher field transition is ©t al,*® and the references thergithat the nonparabolicity
more intense. This effect would be more pronounced at stilPf the.conducuon band in GaAs is considerably stronger than
lower temperatures, but it is already visible in our data forthat given by the 2L model.

both samplegct. experimental traces faF= 100 and 87 K in In Fig. 9 we plot the experimental and theoretical differ-
Fig. 3. ences of resonant magnetic fields for spin-up and spin-down

A plot of the cyclotron masses for the two spin directionsCR transitions(spin-doublet splittings These differences
versus magnetic field is shown in Fig. 7. The discontinuity is2€ directly related to the fact that tgevalues for=0 and
due to the resonant polaron effect at fields of about 23 T. Th8=1 Landau levels are different as shown in Fig. 6. It can be
experimental mass anisotropy ®&~80T is somewhat S€€N that the des_cr|pt|on. of the sp_ln—.doubley sphttmg; is ex-
higher than that predicted theoretically. On the other handCellent up to the highest fields, testifying again the validity of
the experimental mass value Bt=190 T agrees very well the the_ory at hlgh—el_ec_:tron energies. It should be noted that
with the theory. ForB~186 T we calculateE; =367 meV the sp|2n-doublet splltyngs opey very well the dependence
above the conduction-band edge. The agreement between tﬁ.«;BwB up to _the hlghest f|eld_‘§,.We cannot offer any
experiment and the theory at this field indicates that our de§|mple explanation of this behavior.
scription of the conduction band of GaAs is valid at such
high energies. At cyclotron energi#s.># w; , which is the ——

case in our experiments, one deals with almost bare electron i GaAs ]
mass(the latter increases at higher fields due to band’s non- 15 a=0.085 /Z
parabolicity. When the bare band-edge effective mass is cal- = L N /]
culated using the polar constaat=0.065, the theoretical B °— — Bll[110] /
masses at megagauss fields are somewhat higher than the < [ nae Bj|[001] /

experimental ones.

The experimental CR energies Bi{[ 100] are relatively
well described by the simple two-levéPL) model of the
band structure. This is illustrated in Fig. 8, where the dashed
lines are calculated for the experimental band-edge mass
mg =0.066m,, the Landefactor g5 =—0.44, and the real
energy gap 1.519 eV, using the two-level formg# with
(V)=0 and(K)=2y(n+3). However, the coincidence of
CR energies calculated according to the 2L formula with
those given by the full 5L descriptiofincluding the polaron
effects for Bl 100] is fortuitous. As follows from Fig. 7, for FIG. 9. Experimental and theoretical spin-doublet splittings of
BI[110] the CR masses are higher than thoseBr100],  the cyclotron resonance in GaAs versus magnetic field for two field
which would correspond to lower CR energies for that fieldorientations. The points &< 20 T are after Hopkinst al. (Ref. 5),
direction in Fig. 8. On the other hand, the 2L model givesthe points aB~80 T are after Najdat al. (Ref. 10, those atB
spherical CR energies. It has been unambiguously demon=190 T are from the data shown in Fig. 3.
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We now turn to the description of the magnetodonor
(MD) data. As follows from our analysis of the free-electron
properties, the conduction band of GaAs exhibits a pro-
nounced nonparabolicity. This has to be accounted for in the
analysis of impurity states. However, there exists at present
no MD theory within the framework of the five-level model.
Such a calculation would be laborious and would require
numerous approximations. There exists a description of MD
energies for narrow-gap semiconductors within a three-level
model?>?2 but it is not directly applicable to medium-gap
materials. In view of this we treat the problem using an ef-
fective two-level modef? This is done by fitting the calcu-
lated and experimentally confirmed dispersion relation
E(k) for the conduction band of GaAs into an effective two-

e BJ|[110]

level k- p formula,

$2k?

ES— + R

2mg E\ 1T er) @
in which the gap takes an adjusted val 0.98 evV® We

want to solve the MD problem variationally. Formu(4)

oav BJ[[001]
AB=B—Ban

150 200 250

AE(meV)

OL. .
100

must then be generalized in order to account for the presence

of magnetic field and the Coulomb potential. It is convenient

FIG. 10. Experimental and theoretical differences of resonance

to take the symmetric gauge for the vector potential of Maggie|ds hetween the donor-shifted and free-electron cyclotron reso-
netic field, A=[—By/2,+Bx/2,0] and to express the ener- pances in GaAgspin-up and spin-down transitionsersus reso-

gies in the effective Rydbergs, Ry m* e*/2«?%2, and the
lengths in the effective Bohr radii, = k% %/m* e?, wherex

is the dielectric constant. The variational MD energies are

8* *\ 2 m; 1/2
E.=— 2 4+{| 2] +e*|(K)xty— *—2)]
+ 2 2 g < > yzmo (go )
* Mo U 5
—Ym—0+< ) (5)
where
J ¥2p?
= — 2—. E— _—
K \Y Iy&qo+ 1 (6)
and
h(l)c a*B 2

is the characteristic parameter for the MD probfémnd L
=(h/eB)Y? is the magnetic radius. The brackeis) and
(U) denote the variational averages of the kinetic enééyy
and the potential energy = —2/(p?+ z%) 2. Expression5)
follows from Eq.(11) of Ref. 22 in the limit 0fE—U<s§

+ 2A, whereA is the spin-orbit energy. In addition, the free-

electron Pauli term witlg=2 is explicitly retained(in Ry*

units). This term is not negligible in the medium-gap mate-
rials, in contrast to the narrow-gap case. It can be easil

checked that expanding the square r@atthe limit of K

<s§) one obtains from Eq(5) the standard expression for

the orbital and spin quantization.

nance energy. The data arouh&~ 125 meV are after Najdet al.
(Ref. 10. The points aAE=224 meV are from the present work
(Fig. 3. The theory neglects band nonsphericity.

The corresponding free-electron energies are calculated
within the same model by putting in E@5) the energies
(U)=0 and(K)=2y(n+3).

In Fig. 10 we show the observed differenceB between
the resonance fields for the free-electron and MD-shifted cy-
clotron resonances, plotted as a function of the resonance
(source energy. The binding energy of the ground MD state
(belonging to the zeroth Landau leyés larger than that of
the excited statéelonging to the first Landau leyeko that
the MD-shifted transition has a higher energy. Consequently,
for a fixed transition energy the MD-shifted resonance occurs
at a lower magnetic field. The solid lines are theoretical,
calculated for spin-up and spin-down CR transitigas il-
lustrated in Fig. & Taking into account the uncertainties of
the experimental readings and the approximations of the
theory, the overall agreement between the two should be
considered good. The theory employs the effective two-level
model, neglecting thereby the nonsphericity of the band. Ex-
perimentally, as can be seen in Fig. 3, the free-electron
0"—1" CR transition coincides with the MD-shifted
0~ —1" transition, so that their readings are not precise and
they differ somewhat for the two investigated samples. The
discrepancy between the experiment and the theory at the
highest field is within the uncertainty of the effective Ryd-
¥)erg value 5.8 meV, which does not exceed 10%. The values
of transition energies plotted on the abscissa of Fig. 10 indi-
cate explicitly that our experiments reach quite high into the
conduction band of GaAs.

Thus, the calculation of MD energies amounts to separate

evaluations of the trial averagéek) and(U) and a minimi-

zation of the energy5). This is done with the use of atomic-

V. SUMMARY

magnetic trial functions, first introduced by Pokatilov and Our experiments confirm the theoretical prediction that

Rusano?* and described in some detail by Zawadekial 12

the g value of conduction electrons in GaAs changes sign
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from negative to positive in the megagauss range of magror shift of the cyclotron resonance at magnetic fields up to
netic fields. The problem of the electranvalue in GaAs 2 MG.

going through zero has recently acquired a great significance

in relation to the fractional quantum Hall efféttand
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