PHYSICAL REVIEW B VOLUME 54, NUMBER 19 15 NOVEMBER 1996-I

Spin resonance in Iy 5458, 4AS under hydrostatic pressure
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Using a far-infrared photoconductivity technique, we made direct spin-resonance measurements on bulk
Ings48G& 4AS under hydrostatic pressure up to 10 kbar. Results are analyzed through an eight-pand
formalism to extract the effective electronig factor g and the Kane interband matrix elemeff as a
function of pressure. These are found to be given by the following best-fit relafigrs24.13+ 0.06P (eV)
andg? = —4.089+0.102P — 1.2x 10 P2, whereP is expressed in kbafS0163-1826)01040-5

Owing to its high electron mobility and its relatively nar-  In principle, one can expect that an experimental study of
row gap, the In_,Ga,As family of ternary alloys is of great g* as a function of energgor equivalently, as a function of
interest for optoelectronic applications. A precise knowledganagnetic fieldl can lead to a determination of the pair of
of the band structure of these compounds is therefore mogtarameter&, andN, through a best-fit comparison with the
relevant for device designing and optimization purposesmodel. However, because of the experimental uncertainty
Furthermore, the use of strained-layer heterostructures in dénd the limited magnetic field range where the spin reso-
vice fabrication brings the need for the study of the pressur@ance could be observed, this procedure does not provide
dependence of the band structure. For these applicatiomnique values for this pair of parametérne way to cir-
related reasons, as well as from a fundamental point of viengumvent this problem consists in taking into accoboth
the Kane interband matrix elemerf) is a band structure g* andm* dependence on energy in the fitting procedure, a
parameter of particular importance, since it plays a centrainethod that leads to an unamblguo_us determln.atlor) of the
role in the description of interband optical processes. Thidree parameter,, F, andN,. Experimentally, this brings
parameter can be obtained with a high degree of precisioﬂeed to conduct both cyclotron- and spin-resonance experi-
from a knowledge of the electronic effectigefactor value: ments on the same sample and under the same pressure con-

which can be determined directly from the observationd't'.lqﬂz' measurements were made on a square shapd (4
of spin resonanceor the spin-flip transition In bulk g

2 _ _ . . . . _
Ing s4Ga 4AS, the observation of the spin-flip transition . ) S-pm-thick Inos4Gag 4AS epitaxial layer, not inten

. L tionally doped, grown on a InP substrate by a low-pressure
through far-infrared photoconductivitPC) measurements y Copet, g y P

. . . . > metal organic chemical-vapor deposition technique. Far-
was reported recentf/A brief review of previous studies is infrared radiation generated by a G@umped molecular la-
also given in Ref. 2.

. . ser was used to observe the spin-resonance photoconductiv-
In this paper, we report a study of the electron-spin reso

d | i bul d ity signal using a lock-in detection technique. Other details
nance and cyclotron resonance in bullg lGag ;As under o erming the sample or the experimental technique can be

hydrostatic pressure up to 10 kbar, based on a far—infraref;j)und in Ref. 2.

photoconductivity technique. Our experimental results al- The hydrostatic pressure was produced using a liquid
lowed us to make a determination of the conduction-electror(yamp cell technique. Arin situ calibrated InSb pressure
effectiveg factorg:_ and of the Kane interband _matrix ele- gauge was used to measure the pressure when at low tem-
mentE, as a function of pressure. The analysis of the €xperature. Optical access to the sample was provided by a
perimental results was made following the same lines as idapphire window. At each pressure, we obtained a complete
Ref. 2. Both cyclotron and spin resonance data were simulset of measurements including cyclotron resonance and spin
taneously fitted within the same theoretical framework,resonance on the sample. Interband magnetophotoconductiv-
which is based on a model developed by Weiler, Aggarwality, spectra were also obtained under the same experimental
and Lax- In this approach, the interaction between theconditions, providing the value of the band-gap energy, but
s-like conduction bandI(g) and thep—bonding-like valence  will not be discussed in this paper. All measurements were
bands {'7 andI'g) for both spin configurations are explicitly made at liquid-helium temperatures.

taken into account in &-p formalism, and the influence of Figure Xa) shows a typical photoconductivity spectrum
remote conduction band§ antibonding,T'S and I'g) is  exhibiting both spin and cyclotron resonances at a wave-
treated as a perturbation. The theoretical model uses six véength of 570.6um. The behavior of the spin-resonance peak
lence band parameters, which were taken to have the followposition as a function of pressure is illustrated in Figh)1

ing valuest A=036 eV, y,=0.62, y,=—1.02, Variations inthe general shape and amplitude of the different
v3=—0.36,k=—1.91, andq=0. peaks seen in Fig.(h) can be attributed to changes in the
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FIG. 1. (a) Typical photoconductivity spectrum obtained at 4.2 K with a wavelength of 5Zth6The pressure was 9.85 kbar. The peak
at 12.8 T is the spin resonance, while the larger structure at low magnetic field is associated with cyclotron resonance and impurity-related
transitions.(b) Spin resonance peak at several hydrostatic pressures, for a wavelength oft5%6.9

intensity and uniformity of the incident light from one pres- pressure is similar, as far as the band structure neaf the
sure condition to the other. As conduction processes are irpoint is concerned, to an increase of about 1% in the gallium
volved in the photoconductivity, the pressure dependence afontent of the alloy. The spin- and cyclotron-resonance mag-
the carrier concentration and of the magnetoresistance couftttic fields are therefore both expected to rise under pressure,
also modify the background shape of the signal. In our exas confirmed by the data shown in Fig. 2.
periments, we have not observed impurity-related spin reso- At each pressure, we performed a fit of the cyclotron- and
nance peaks such as those observed in ffSkhis is pre-  spin-resonance data with the theoretical model to extract the
sumably due to the lower electron mobility in our sample,values ofN;, F, andE,. The band-gap value was taken
that prevents such small structures from being detected. from a relation, given in Table I, which was established from
In Fig. 2, the energy of the resonances is plotted as anterband photoconductivity measuremeft®t shown on
function of their magnetic field position, for representativeour sample. Theoretical curves are illustrated in Fig. 2 to-
values of hydrostatic pressure. Since the pressure causes thether with the experimental data, while Fig. 3 shows the
gap to increase, one can think, in a qualitative manner, of theariation of the fitting parameters with pressure. Best fits
effect of hydrostatic pressure as bringing the band structurevere obtained with values df; close to zero, on the posi-
of Ing54Gay 47/AS closer to that of GaAs, which has a larger tive side (N;=0.02). Such positive values being unaccept-
gap, a larger effective mass and a smaller magnitude of ele@ble from a theoretical basis, we chose to fdigeto zero in
tronic g factor than In s4Gag 4AS. Since the gap of GaAs the analysis, which caused only an insignificant reduction on
and InAs differ by about 1 eV, and since a pressure of 1 kbathe overall quality of the fit. Within experimental accuracy,
increases the gap by approximately 10 meV, we can say, in; was found to remain equal to zero throughout the pres-
rough but useful analogy, that the application of 1 kbar ofsure range used. The effective-mas$, E,, andF param-

20.0 T T T

T T T

30~ (@ ?é (b)
= + Okbar o + Okbar
£ 3 _
@ [ ¢ 429kbar < * 4.29 kbar
@]
b ® 935 Kbar 5 ® 985 kbar
< 1771
5 251 &
A > 100 —
a4
& e
£ 5
£ L
€ S
O L _
@)
20 | i | | 1 | i
8 10 12 14 2 4 6 8

MAGNETIC FIELD (Tesla) MAGNETIC FIELD (Tesla)

FIG. 2. (a) Spin-resonance energy as a function of magnetic field for several hydrostatic pressure conditions. Symbols correspond to
measured values. Curves are obtained with the theoretical model described in tlfle) t€ke analog ofa) for cyclotron resonance.
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TABLE I. Band parameters of §s{Ga, 4/As and their pressure
dependencet, was determined from interband photoconductivity 0.045
measurementsm; , g¥ E,, andF were obtained through the fit- ’ N (a)
ting procedure described in the text. The indicated error ranges are
related to the mathematical fit on data that were all obtained on the 0.0441
same sample. Fluctuations in the alloy composition from one~

sample to another were not considered in these error estimates. E 0.043

b L
Eq 0.8117+9.45x 10 3P+0.0005 (eV) 0.042—

m¥ 0.0410+4.0x 10 *P+0.0002 me) B

g* —4.089+0.10P— 1.2 107 3P2+0.01 0.041—

Ep 24.13+0.06P+0.04 (eV) 0.040 [, . ) . .
F —1.64-0.014+0.03 !

N, 0+0.02

eters are found to vary linearly with pressure, while the
factor varies quadratically wit®. The polynomial expres- %8 -3.6
sions describing these results are listed in Table I.

The effective-mass was deduced from the cyclotron- -38
resonance data by considering the transition between Landau

levelsn=0 and 1, and taking into account the magnetopo- 40

laron effect within the theoretical framework of Lindemann 42

etal’ and Beevent al® The contribution of both LO- |
phonon modes present in JgdGag 47AS, with their proper 248 ©
coupling parametefor Frohlich constant® were included in )

the calculation of the corrections due to the magnetopolaron 246 N

effect. The obtained variation oh* is in agreement with <
previous result§;the small differences between the two sets 3;
of results are attributable to the fact that in Ref. 8, the influ- = 244~
ence of the InAs-like LO-phonon mode was neglected in the -

magneto-polaron corrections. 2421~
The Kane interband matrix element is found to increase L
with pressure, which is consistent with the fact tigt is uobt—o L ! ! I
larger in GaAs than in InAs (28.9 eV compared to 22.2 eV, L
respectively). Using the simple analogy mentioned above, a  -1.60}- @
pressure of 10 kbar would correspond to a 10% increase in -
the gallium content of the sample. Assuming a linear varia-  -1.65
tion of E, between InAs and GaAs, this would translate into n
a 3% increase in the Kane matrix element, a value very close™ -1-701~
to what is actually obtained experimentally 2.9% increase 175 -
in E, at 9.85 kbax. Such reasoning can be used to grasp the el
magnitude of the variation of all other conduction-band pa- 180
rameters with pressure. L
ConcerningF, we can first note that the best-fit value we I, N N N TS AN OO TN SR S
obtained at ambient pressurE € —1.64) compares with a 0 2 4 6 8 10
simple estimation based on a linear interpolation between HYDROSTATIC PRESSURE (kbar)
known values for GaAs and InAg-= —1.97 and—1.02,
respectivelf;), which gives F=—1.47 for Inys4Gag 47AS. FIG. 3. Behavior of band parametery , g; E,, andF as a

The increasing magnitude & with pressure indicates an f_unction of pressure. The curves are optained thrpugh_aleast square
increasing contribution to the nonparabolicity from higherf't method; their mathematical expressions are given in Table .
conduction bands, which is due to a decreasing gap between
theI'§ band and the remof} andI'§ conduction bands, and resonant magnetopolaron effect therefore had a non-
from an increasing coupling between these bands. The dewegligible influence in the analysis of our cyclotron reso-
crease in this gap is expected from the fact that the deformayance data. On the other hand, we have neglected the varia-
tion potential of the remot€ andI'g bands is smaller than tion with pressure of valence-band parameters v,, ya,
that of thel'§ band, as shown by pseudopotential theSry. &, andqg. We checked that a change of 25% in any one of
In our conditions, magnetopolaron interaction was foundthese parameters would not change our results significantly.
to bring a correction of less than 2% to the cyclotron reso-This insensitivity is due to the fact that the transitions we
nance energy. However, this represents a contribution of upbserve occur between states lying close to the bottom of the
to 20% to the nonparabolic terms of the effective mass. Theonduction band, where nonparabolic corrections depend



54 BRIEF REPORTS 13 459

only very weakly on the details of the valence band structurewere able to observe the electronic spin-resonance transition
The validity of this approximation would have to be reexam-in bulk Ings4Gag 47As under hydrostatic pressure up to 10
ined when interpreting data obtained in interband photoconkbar. The analysis of our spin and cyclotron resonance data,
ductivity, where states lying far above the conduction-bandising an eight-bané- p model, led to the determination of
edge can be probed. the electronicg factor and Kane interband matrix element
Using a far-infrared photoconductivity technique, we E, in Ings4Gag 47As as a function of hydrostatic pressure.
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