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We have observed infrared cyclotron resonance i
n-type GaSb at high magnetic fields up to 500 T. We

April 1998

n the conduction band at bdthatitetheL points in
observed cyclotron resonance signals ffbemththe

L points separately for temperatures higher than 100 K. The resonancelaptiiet was observed in fields
higher than 60 T. From the photon-energy dependence of the effective mass for magnetic fields parallel to the
(100 and the(111) directions, we obtained the longitudinal and the transverse effective magsasim,, as

(1.4+0.2)my and (0.085-0.006)m, at the band edge

of the point. The magnetic-field-inducdd-L cross-

over was estimated to take place at approximately 125 T for magnetic fields paralleli®@hedirection from
the field dependence of the absorption intensity aftla@d thel points and a calculation of thé=0 Landau
levels at thd™ and theL points. The nonparabolicity at thepoint is found to be larger than that at thepoint.
For thel point, we obtained a band-edge mass of Orig#om the photon-energy dependence of the effective

mass[S0163-1828)10431-9

I. INTRODUCTION

GaSb is known to have a conduction minimum at the
point, but the minima at the point are very closely located
just above thd™ minimum [AE(L-I")~86 meV at 200 K
(Ref. 1. The effective mass at tHe point is expected to be
larger than that at th€ point. In sufficiently high magnetic
fields, we can expect that thé=0 Landau level at thé
point would become the lowest Landau level above th
crossing point ['-L crossover and the effective mass pa-
rameters at thé point would be revealed.

Recently, intersubband absorption at thieands in GaSb-
family quantum wells has been attracting much interest fo

normal incidence infrared devices, such as photodetettors,

electro-optical modulators, and second-harmonic

generatoré.For a conduction band with a spherical constant-

In this paper, we study infrared cyclotron resonafCe)
in the conduction band of GaSb both at theand theL
points in very high magnetic fields up to 500 T produced by
the single-turn coil technique and electromagnetic flux com-
pression. We observed CR signals from theand thelL
points separately. The conditian,7>1 necessary for the
observation of the CR peak is readily satisfied even for the
L-band carriers owing to the high magnetic fields. The CR

gignals from thel’ point are analyzed by the three-level

modef and the effective mass at the band edge is deter-
mined. From CR measurements for the magnetic fields par-
allel to the(100 and(111) directions,m; andm; at the band

redge of thel points are obtained.

Il. EXPERIMENTAL PROCEDURE

CR experiments were performed in high magnetic fields

energy surface, the selection rules forbid intersubband aksp to 500 T by electromagnetic flux compression and up to

sorption for normally incident light. For a conduction band
with an ellipsoidal constant-energy surface, such aslthe

band of GaSb, intersubband absorption for normally incident

light is allowed, when the growth direction is misaligned
with respect to the principal directions of an ellipsoid. The

exact values of the effective mass parameters are necessary
to design these devices. Many experiments have been made

to determine the longitudinal and the transverse massgs,
andm,, at theL point, such as the Hall effectpiezoresis-
tance(PR),® Faraday rotatiofFR) (Ref. 7), and Shubnikov—
de-Haas(SdH) effect® However, there is a large scatter
among the values. The reasons for the large scatte(aare
The former three methods are not resonant meth@ig.he
signals are a mixture of two series arising from thand the

L points. (c) The mobility of theL point is not so high
(~500cnt/Vs), so that the oscillations of SdH can be
clearly observed only in high magnetic fields.
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TABLE I. Wavelengths of the lasers and the detectors employed
n this study.

N (um) fhwe (MeV) Laser Detector
119 10.4
96.5 12.8 CQ pumped G&Ga)
70.5 17.6 CHOH
445 27.9
28.0 44.3
234 53.0 HO G€Cu)
16.9 734
9-11 113-138 (6{9) HgCdTe
5-6 207-248 (6{0)
4560 © 1998 The American Physical Society
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FIG. 1. Wave forms ofa) transmission andb) magnetic field
by the single-turn coil techniquéc) Transmission trace as a func- parison with a standard coil whose sensitivity is accurately
tion of the magnetic fields. known.
As far-infrared and infrared radiation sources, we em-

180 T generated by the single-turn coil technigtilectro-  ployed various molecular gas lasers. They are listed in Table
magnetic flux compression generates megagauss fields ytogether with the wavelengths employed in this study and
compression of the seed field by an imploding liteopper  detectors suitable for each wavelength.
ring) by the primary pulse current through a primary coil.  GaSb thin single crystals were grown (00 GaAs sub-
This method can generate very high fields up to 550 T, bustrates by the metal-organic vapor-phase epitaxy technique at
samples are destroyed at every shot. The single-turn cothe Clarendon Laboratory in Oxford. Selenium doping was
technique produces megagauss fields by the direct dischargged to provide conduction electrons. Electron concentration
of a 100-kJ, 40-kV very fast capacitor bank into single-turnand thickness of the samples arex30*® cm™3, 2.1 um for
copper coils with a diameter of 8—18 mm. Maximum fi6|dSsamp|e 1 and 5%10' Cm_3, 6 um for sample 2. The
are obtained before the destruction of the coil. The coil andsample temperature was controlled from 10 K to room tem-
its clamping system are enclosed in a large steel box to pr@yerature by flowing liquid helium in the cryostat. The tem-
tect the optical apparatus from the scattering pieces of thgerature was measured by a thermocouple placed near the
destroyed coil and to shield the detector from the noise gensample.
erated by the explosion of the coil. The advantage of this Figure 1 shows the wave forms of magnetic field and
method is that samples and cryostats are not damaged by th@nsmission by the single-turn coil technique. Despite the
shot, despite the violent coil destruction. The absolute fieldsiolent coil destruction, its effect is not seen in both traces.
strength was determined to an accuracy of better than 2% bgesonance peaks are observed twice in the transmission sig-
measuring the induced voltage in a pick-up coil woundnal, one corresponding to the up sweep and the other corre-
around the sample. The pick-up coil was calibrated by comsponding to the down sweep. At low fields, the third reso-

nance is observed in the reverse fields. It should be noted

rsample 1 B//<100>m that a good coincidence for the sweeps ensures the accuracy
O’ZJ >oIhm of the measurement.
X 4
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FIG. 2. CR traces for sample 1 at three different wavelengths for 0 50 100 150
the field parallel to thg100 direction. I'CR, T'ICR, LCR, and B (T)

LICR denote the CR and the impurity CR at theoint, and those
at theL points, respectively. FIG. 4. CR traces for various wavelengths at 200 K.
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FIG. 5. Field dependence of the absorption intensity fromlthe FIG. 7. Angular dependence of the effective masses at.the

and thel points. The solid and dotted lines are guide lines forfthe points. The solid lines are the theoretically expected curves with
and theL points, respectively. The dashed line is one-thirteenth of ™ =1.4mg andm,=0.095m, .
the dotted line. The crossing point of the dotted and the dashed lines
is the field where the field-inducel-L crossover is expected to spin splitting in high-field CR at 5.58m, because the pho-
take place. ton energy is about 224 meV and is almost one-third of the
band-gap energy. The spin-minus CR was not observed, be-
IIl. RESULTS AND DISCUSSION cause the splitting of spin-plus and spin-mirNis: 0 Landau
) ) ) levels is very large due to the largg value(=—7.68 (Ref.
Figure 2 shows typical CR traces at various wavelengthg 1) and the intense magnetic fields, so that the carriers de-
absorption peak from th& point was observed at 16.9 T, (TICR) and theL points (LICR) were observed at low
which gives an effective mass of 0.0d4. A broader but temperature.
We”'deﬁ!’led peak from thE pOIntS was Observed at591 T, Temperature dependence of the CR traces is Shown in
from which we obtain the effective mass of thepoint as  Fig. 3. The peak from the points weakens at temperatures
0.156mg. At 5.53 um, two peaks from thé’ point, the in-  pelow 100 K due to the freeze-out effect to the deep donor
tensity of which is much smaller than that at 28n, were  |eye| at thel” and theL points.
Observed. The abSOI’ption intensity at the IOWer fleldS de- Figure 4 ShOWS the CR traces for Various Wave|engths at
creased with the increase of temperature, so this peak is agg K. A large photon energy dependence of the absorption
tributed to the impurity cyclotron resonan@€R), which is  intensity was found for both th& and L points. Figure 5
the transition between th@00 and the(010) states in the  shows the field dependence of the absorption intensity from
(NMN\) notation or the $—2p+ transition in the terminol-  poth thel’ andL points. The absorption intensity from tiie
ogy of hydrogen atom model. The higher field peak at 129 Tyoint hecame smaller with the increase of the resonant field,
is the spin-plus CR, which gives an effective mass ofywhereas the absorption intensity from theoints increased
0.067mg. This value is about 50% larger than that at/28,  in fields lower than 70 T. The decrease of the absorption
indicating a large nonparabolicity at tHe point. GaSb is intensity from thel points in fields higher than 70 T results
usually classified as a medium gap semiconductor Eigh  from magnetic freeze-out to the impurity level associated
~0.8 eV. However, GaSb can behave as a narrow-gap semi-
conductor and exhibit a large nonparabolicity and a large
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P SR U B FIG. 8. Field dependence of effective masses atLtip@int for
0 40 80 120 160 B||{100) and B|{111), together with the effective mass at the
B(T) point. The dashed and dotted lines are the calculated values from

the effective two level model foB||(100) and B||(111), respec-
FIG. 6. CR traces of sample 2 for various tilt angteBom the  tively. The solid line represents the calculated values from the three
(100 direction in the(110 plane. level model for thel'CR.
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FIG. 11. AE, as a function of magnetic field\E, is a differ-
ence in energy between th&CR and thel'ICR which are fitted by
suitable polynomials.
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FIG. 9. I'CR peak position of sample 1. Solid line is the calcu-
lated transition energy for spin-plus electron by the 3LM.
branch, which ensures that the absorption originates from the
with theI" and theL point. The crossover of the absorption L points. The reasons why the other two branches were not
intensity indicates the fast electron transfer fromkhi the  observed aréa) a sufficiently large number of carriers do not
L points as a result of the approach of thextrema to thd”  exist for observing the CR signals at thrg branch because
extremum. A coincidence of the spectra for the up-sweep anthe I'-L crossover does not occur at low fields) the m,
the down-sweep fields also indicates that the carrier transfdsranch has two equivalehtvalleys, whereas the, and the
is faster than the sweep time of the megagauss field, which isi; branches come from a single valley. The theoretical
of the order of severaks. The carrier transfer time from the curves are insensitive to the value rof. As shown below,
I' to theL points has already been estimated to be less thathe nonparabolicity at the points is very large, so it is not
50 fs by optical transmission-correlation spectrosctpy. appropriate to fit the data with fixed parameters. For these
Considering the four equivalent valleys of thepoint and  reasons, we use another method to determinandm,. We
the effective-mass difference, the density of states at.the measured CR foB parallel to the(100 and(111) directions.
extrema is 13 times larger than that at thextremum. Us-  The field dependence of the effective masses at_tpeint
ing this, we can estimate that the field for thiel crossover for B|(100) andB|(111) are shown in Fig. 8 together with
is about 125 T. For a more accurate evaluation, we shouléhe effective mass at thié point. By fitting the data with the
take into account the transition probability. transition energy obtained from an effective two-level
In order to separate the longitudinal and the transversenodel, we estimate the effective masses at the band edge as
massesm, andm;, at theL point, we tilted the magnetic- 0.14m, for B[(100 and 0.2, for B[(111). We compared
field direction in the(110 plane. Figure 6 shows the CR the experimental dispersion curve with the two level model,
traces for various tilt angles for 28 um. We observed a with the energy gap as an adjustable parameter. The best fit
clear shift of the peak. The observed angular dependence ef¢ vajues forB[(100 and (111 are 1.13 and 1.05 eV.
the effective masses is shown in Fig. 7. The data are fitteqhese values are nearly half of the actual energy @ap
using effective-mass parameters off =1.4m, and m{  eV) at theL point. From these effective masses, we obtain
=0.095n,. Relatively good agreement is found for thg  m,=(1.4+0.2)m, and m,=(0.085+0.006)m, at the band

sample 1 300
574um 150 K x6 B//<100>
45 250}
g 30 > 200}
2 E
é R 0 °>.D 150 N=OLpoiny e
= : I'CR 5 1 N =0+(-point)
8 |102pm 26K £ 100f ..
= 30° I
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: O 1 1 (]
in L | 0 50 100 150 200
0 50 100 150 200 B(T)

B (T
M FIG. 12. The calculated values of the=0 Landau level at the
FIG. 10. CR traces of sample 1 for different tilt angles at 5.74T (solid line) and theL points(dotted ling for B||(100). The values
and 10.2um. The magnetic field is tilted from thH@00) directionin  for the I" point are obtained from the 3LM, whereas the values for
the (110 plane. the L points are derived from the effective two-level model.
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TABLE Il. Effective masses as the point.

N (um) hw, (MeV) m*/m, Methods Reference
Band edge 0.0390.001 CR Present work
28.0 44.3 0.0440.001 CR Present work
10.6 117 0.05€:0.001 CR Present work
5.53 224 0.06%0.001 CR Present work
88 14.1 0.0412 CR Ref. 15

0.041 Shubnikov—de Haas Ref. 11

edge. It should be noted that the nonparabolicity atlthe angle, indicating a spherical effective mass at theoint.
point is much larger than at thE point, contrary to the For 5.74 um, the CR peak at approximately 120 T fér
expectation from simpl&- p theory. A large nonparabolicity =45° was at about 3% higher fields than fé=0°. It is
at theL point has been also reported for Geef. 13 and the  possible that this anisotropy of the effective mass atlthe
reason is not clear at this moment. point might be caused by the interaction of the wave function
The photon energy dependence I6ER is plotted as a at theI point with the anisotropic wave function at the
function of the magnetic fields in Fig. 9. By fitting the CR point.
data with the transition energy obtained from the three-level Figure 11 shows the difference in energy betwé&&R
model (3LM), we estimate the effective mass for the bandand I'ICR, AE,, as a function of magnetic field. We ob-
edge of thd” point as 0.038,. This value is in good agree- tainedAE, by fitting the experimental data of tiéCR and
ment with the previously reported value by CRValues the TICR to suitable polynomials, respectivelyAE, is
employed in the calculation areEy=0.762 eVl equal to the difference in the binding energy between the
A=0.78 eV (spin-orbit splitting,'* gf =—7.68 In fields (000 and the(010) states, associated with the=0 andN
lower than 60 T, the calculated values are in good agreement 1 Landau levels, respectively. The steep increasa B
with the experiment, but a disagreement becomes promineannot be explained by the hydrogenic atom model in the
at approximately 125 T. We deduce two reasons for the dispresence oB even including the effect of the band nonpa-
agreement. One is that in high magnetic fields, the 3LMrabolicity, which explains well ICR in InSkRef. 18 and
analysis is not sufficient and we have to take into account th&aAs?!® This indicates that we have to include the effect of
higher conduction band$g. andI';.. In the case of GaAs, the chemical shift. In the simplest model, the chemical shift
which has relatively wide gafl.5 eV), the CR positions at is proportional to the possibility of finding an electron
high magnetic fields were compared with the five-levelaround the impurity atom and is important only for the bind-
model and a reasonable agreement was fdfihBAnother  ing energy of thé000) state. For th¢010) state that consists
reason is that the wave function at thepoint is influenced of much more extendeplike wave functions, the chemical
by the wave function at the points and the effective mass shift is small. So we can attribute the field dependence of
becomes resonantly larger at theL crossover field of 125 AE, to the field dependence of the chemical shift of the
T. The influence of thel points on thel’ point was also (000 state. If we take into account only the effect of the
found in the angular dependenceIo€R at around 125 T. wave function shrinkage around the impurity atom in the
Figure 10 shows the CR traces for various tilt angbefor  plane perpendicular B, the increase of the chemical shift of
5.74 um and 10.2um. Thel'ICR peaks at 50 T for 10.2zm  the (000) state should be roughly proportional B> We de-
and at 90 T for 5.74um were almost independent of the tilt duce that one of the reasons for the stronger dependence of

TABLE lll. Effective masses at the point.

N (um) fiw. (meV) m*/mq Methods Reference
m* (100 Band edge 0.1#40.01 CR Present work
28.0 44.3 0.156:0.002 CR Present work
10.6 117 0.176:0.002 CR Present work
m*(111) Band edge 0.2t£0.01 CR Present work
16.9 73.4 0.2430.002 CR Present work
m, Band edge 0.0850.006 CR Present work
m, Band edge 140.2 CR Present work
m; 0.14 FR Ref. 7
m, 1.2 FR Ref. 7
my 0.12 PR Ref. 6
m 1.3 PR Ref. 6
my 0.285 SdH Ref. 8

m, 2.8 SdH Ref. 8
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AEy on the magnetic fields is the shrinkage of the wave IV. CONCLUSION
function along the direction of the magnetic field. It is very

difficult to find a numerical agreement between the experi- e have observed infrare3—-119 um) CR in the con-
menta}IIy obtlainedAEb and the galculated valyes of the ?oug(l)%nﬁa\r/]\?eIr:t-)tsyepr\e/e(éaCS:Fizﬁfero?; Trli%harr?(?ﬁn;t)li%tzelsispgfa
chemical shift, becauses) there is no calculation of the \4ely The resonant field dependence of the absorption in-
chemical shift in magnetic fields for tHe00) state that has a tensity from thel’ and L points revealed that the field-
large chemical shift comparable to the effective Rydberg eninduced I'-L crossover takes place at around 125 T for
ergy such as Se in GaSb a) there is no report of the B|{100. We observed CR from the points withB parallel
shallow donor state connected with tliepoint in GaSh. to the (100 and (111) directions and obtainedn = (1.4
However, the steep increase ®E, indicates a large chemi- *0-2)mg and m;=(0.085+0.006)m, at the band edge. A

; ; ; large nonparabolicity was found in tHe points. We com-
gﬁgirdmbgf|23222(2a5:6::;c::ﬁiitilceegysd%evrv;Igrr:evrvgeydo?‘dé;gﬁared the CR data for thié point with the values calculated
) ) om the 3LM and estimated the band-edge mass to be
(2.2 meV) and be the dominant factor &fE,,. The effective (0.039+0.001)m,. In fields lower than 60 T, we obtained a
masses obtained in the present study at various wavelengtgry good agreement between experiment and theory. How-
are listed in Table Il and Table Ill together with the valuesever, at approximately 125 T, a small disagreement was

reported in previous papers for comparison. found. We deduce that the disagreement comes from the in-

The calculated values of tHé=0 Landau level at th&  fluence of the higher conduction bandsgf andI';;) and
and thel points for B|(100) are shown in Fig. 12. The the L points that are expected to be close to theoint at

. . 125 T. The influence of thé& points was also seen in the
values for thel” point are obtamed.from the 3LM, whergas angular dependence of the CR position from theoint.
the values for theL point are derived from the effective

’ AE, was found to increase steeply, indicating a large chemi-
two-level model. Adopting the value &fE(L-I") as 86 meV 3| shift of the(000) state of Se in GaSb. Calculation of the
at 200 K the I'-L crossover takes place at 123 T. This N=0 Landau level at th& andL point also led to a value of

value is in good agreement with the field obtained from thel23 T for the I'-L crossover, assumingAE (L-TI')

field dependence of the absorption intensity. =86 meV.
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