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Magnetophonons in short-period superlattices
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We report the observation of magnetophonon resonances on the background of the longitudinal magneto-
conductance in short-period GaAs/AlAs semiconductor superlattices. Both the GaAs and the AlAs longitudinal
optical phonons are observed. We show how the enhancement of the magnetophonon effect with electric field
is connected to the shift of the electron distribution towards the high-velocity and low-density-of-states region
at the midpoint of the reduced Brillouin zone. The observed temperature dependence can be explained by
considering the competition between the phonon population and the electron lifetime. The two superposed
series of the GaAs and the AlAs optical phonons are shifted when hydrostatic pressure is applied and the
relative strength of each series changes ad'tmeiniband comes closer to th¢ states.
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. INTRODUCTION at the bottom and at the top of each Landau léVveéEach
time the energetic distance between two Landau levels cor-
Initially predicted by Gurevitch and Firsbin 1961, the responds to the energy of a longitudinal-opti¢aD) pho-
magnetophonon effect has been widely studied in bulk semiron, the scattering mechanisms are enhanced and the mag-
conductors. The oscillations in the magnetoresistance)etoresistance shows a local maximum.
caused by resonant scattering of electrons between Landau In this paper we present the magnetophonon effect in
levels involving an interaction with optical phonons, hasShort-period GaAs/AlAs superlattices resulting from electron

been used in order to investigate the electron properties dgteractions with both GaAs and AlAs LO phonons. Notably,
well as the lattice vibrations in many polar semiconductorVe Show how the electric field can have an influence on the

materials? At the end of the 1970s, new growth techniquesSeéngth of this effect by shifting the electron distribution
such as molecular-beam epitaxy made it possible to Obtai];pwar_ds the middle of the miniband where t_he electron drift
high-quality two-dimensional electron gas€@DEG’S and velocity reaches a maximum and the density of states pre-

superlattices. Several experimeftaland theoretic4r%pa- ~ SeNts & minimum. We show that this phenomenon is more
pers on this effect in 2DEG’s have been published, but relgPronounced for narrow minibands. The observed temperature

tively litle attention has been devoted to short-periogd€Pendence can be explained by considering the competition
superlatticed? between the thermal population of phonons and the thermal
In superlattices, the artificially induced periodicity breaksProadening of the Landau levels. Finally, we show how hy-

the conduction and the valence bands into minibands anffostatic pressure allows us to resolve unequivocally the su-
minigaps. The electron dispersion relation is strongly nonpaP€rPosed AlAs and GaAs series of magnetophonon peaks.

rabolic along the growth axi€. The vertical transport, the

so-palled_Bloch.tra.nsport, i_s .nonlinear due to the presence of Il. SAMPLE DESCRIPTION

an inflection point in the miniband. When a magnetic field is

applied along the growth axis, clearly resolvable Landau lev- The three GaAs/AlAs superlattices investigated in this pa-
els are created in the plane of the layers when the cyclotroper have been grown by molecular-beam epitaxy ¢90d)-
energy (w,) is greater than the miniband width. The mini- oriented Si-doped (210 cm~3) GaAs substrate. The
band is unchanged and the electronic system is fully quarstructures(labeledA, B, andC) consist of 22/8, 22/5, and
tized. In addition, the density of states presents singularitie39/7 monolayers of GaAs/AlAs, respectively. The superlat-
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ticesA andB are both lightly Si doped10® cm™3), while 015 —————— | | :
C is 2x 10 cm™2 Si doped. The active region, embedded
betweenn-type (2x10'® cm™3) GaAs contact layers, is 1 0.14
pm thick. Layers of graded average composition, in the form 013 0——
of short-period superlattice quasialloys, have been grown be- 014 <o —
tween thent contacts and the active region to avoid abrupt 3’;0'12 =
heterojunctions at the onset of the superlattice and to provide 201 ———
a continuous variation of the lowest conducting state be- So10L
tween the contact and the superlattice. Electrically contacted  0.13 008 —— —
mesas were fabricated using conventional processing tech- |
niques. The area of the mesa device is typically 28067, 00— 500 2000
Vertical transport measurements are performed with a Density of states (arb. units) ,/'

magnetic field applied parallel to the superlattice axis and 012
supplied by a 15-T superconducting magnet, a 25-T resistive
magnet, a 30-T hybrid magnet, and finally a 45-T pulsed
magnet. For measurements under pressure an 11-kbar liquid &
clamp cell is used. Electrical access is available via electrical 15 0.11
feedthroughs in an epoxy-sealed “passage” and the pressure

is measuredn situ by means of a calibrated InSb pressure

gauge.

0.10
Ill. MODEL

A. Band structure and Landau level separation

We have calculated the band structure using the eight- 0.09

band model described in Ref. 13. Figure 1 shows the band
dispersion in th¢001] and[100] directions.

This calculation allowed us to extract the miniband width
(A), the in-plane effective massn), and the nonparabo- “730 20 10 00 A 2 3 4
licity of the in-plane directionK}). The energy dependence a(d) k(1/nm)
of the g facto* (K¢) has been determined from thep
theorylS by taking into account the confinement energy of FIG. 1. Dispersion relations calculated using an eight-band
the miniband and the energy of the longitudinal optical pho-model along the growth axifd01] (left-hand sid¢ and in plane
non. These parameters are shown in Table I. The values oBlong the[100] axis (right-hand sidg The inset shows the corre-
tained for the in-plane mass are higher than the GaAs bulgPonding density of sFates for sampleat an applied magnetic field
effective mass at the same energy position due to the del@f 8-32 T corresponding to th=3 magnetophonon resonance.
calization of the electronic wave function and thus its pres-

ence in the AlAs barrier. B. Superlattice phonons
In the absence of an applied magnetic field, the in-plane |n systems such as GaAs/AlAs where the optical phonon
energy can be expressed as branches do not overlap, the phonon modes are confined in

91 2 At their own layer and are evanescent in the other I&/@his
Ry LK* A7k (1) is in analogy with the electron in a quantum well embedded
2m*mg, 2 4mFem3’ between two barriers. The optical modes are standing waves
of X-Ga-As --Ga-AsX and X-Al-As---Al-As-X finite
wherek, is the momentum in the in-plane direction. We canchains where th&’s are infinitely heavy atoms in the GaAs

E=Eo+

express the effectivg-factor as and the AlAs layers, respectively. There are as many disper-
0 2 sionless modes as there are monolayers, i.e., 22 LO modes of
9=go+K% A7k @) GaAs phonons for sample’s andB and 19 modes of GaAs
0" 0 omFmy” phonons for sample€, all distributed in the energy range

Eo(g=2m/a)<hw o<E o(g=0) and confined in the
The presence of a magnetic field will split the miniband GaAs layer®!’ (q is the phonon wave vector arais the
into Landau levelgwith indexl)

L xro 2 1o TABLE I. Calculated miniband parameters for the three samples
E(l Yo, F )= E0+ﬁwc(| +3)+ KZ f wc(l +35)°=x goCoﬁwc investigated.

2 2 1
*KgCofi*wg(l+3), ) Sample A (meV) m¥ K3 (mev™l) KECy (mev™?
with Co= ugm} /2he, wherepug is the Bohr magneton. The A 3.6 0.07469 —0.547284 0.04170
inset of Fig. 1 shows the calculated density of states under a g 13.64 0.07388 —0.552442 0.04123
magnetic field of 8.32 T. This field corresponds to the ¢ 7.7 0.07618 —0.568145 0.04250

N=3 GaAs magnetophonon transition.
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lattice parameter.In the AlAs layer, eight, five, and seven TABLE II. Calculated superlattice polaron corrections of the
confined modes are present for sample8, andC, respec- in-plane effective mass and the confinement energy for the three
tively. Raman studies show that the main contribution to thedifferent samples.

resonance spectrum comes from the first LO mode at the to
of the LO band, which corresponds to the bulk value. ThisS@MPle  Fgans  Foans  @caas  Fams  Fams  @ains
has been attributgd to the fact that the 1_©hono.n is the A 15488 03719 0.08442 15534 0.3763 0.1041
only mode for which the envelope has no node in the GaAs g 1.4980 0.3287 0.08397 1.5125 0.3407 0.1036
layer:° Moreover, this mode is symmetric with respect to the C 15278 0.3530 008526 15367 03611 0.1052
center of the quantum well, as is the electronic wave func-
tion. As a consequence, the Lphonon confined in the
GaAs layer, whose energy is 36.15 m&o1 cm- 1)3 domi-  \yhere the polaron coupling const&h& can be expressed as
nates the interaction with electrons. For the longitudinal OP<in SI units

tical phonon of AlAs!® we also use the mode corresponding

to the zone center of the bulk at 50 méX¥02 cm™?). e m* /1 1\ 1
a:% Zﬁ(ﬂ)Lo(g_("-J_rs)4-’772'307 (8)

C. Superlattice polaron

In the quasiparticle approximation, the eIectron—phononWith el anda_rS the relative dielectric constants at high and
w frequencies, respectively.

interaction induces a renormalization of the energy spectrurJrP 0 ) , )

of the electrong? This is called the polaron effect. The mag- __The values of" and F' for our samples are given in

nitude of this interaction is dependent on both the electrod able 1l Values between the bulk valy& and 3, respec-

and the phonon concentration. However, the carrier conceriively) and the 2DEG values3( and g) are obtained. As

trations used in sample&, B, andC are too small for the expected, the values obtained are closer to their 2D equiva-

electron-electron interactions to play a significant role. lent because the major part of the wave function is present in
Here we use the superlattice polaron model, based upadthe well.

the weak electron-phonon coupling, to introduce the The magnetophonon resonance is obtained when

electron-phonon interacticl.The polaron mass and energy

(when only the interaction between one electron and on&(l,@c,*)—E(N,0¢,*)

phonon is considergdare

=ﬁw|_o
ER=E(l,we,*)+AE, 4
=Eloc,x) @ =fiwg(I-N)[ 1= aF’' =K% Coh w,

AE=AE’+AE’, 5 +K3 (1 +N+1)]. (9)

AE®= — fi woFa, (6)  Due to the fact that the electron density is only'i6m*
and that each Landau level is highly degenerate, for mag-
£2K2 netic fields above 5 T, many electrons are in the lowest Lan-
AE' =—Fa-— Lo ~Flahw(l+1), (7)  dau level even at high temperature. For this case, the condi-

2mimg tion to have a magnetophonon resonance can be expressed as

_(Fla—1)+ YN?(1—F' a)?+4hw oN[K3 (N+1) + K& C,]
Pe™ 2N[KE (N+1) = KE Co]

: (10

In Table Ill, we have calculated the magnetic fields corre-bally shifted from the center towards the edge of the

sponding to the different resonances. Brillouin zone. In the Ohmic regime, electrons probe the
bottom of the miniband, which can be approximated by a
D. Current-voltage characteristics parabola, and their velocity is, as a consequence, directly

) ) . ) proportional to the electric field. As soon as the distribution
The vertical transport in short-period superlattices occurgf electrons approaches the inflection point of the miniband,

via the so-called Bloch transpéftin contrast with the hop- the current-voltage characteristic becomes strongly nonlin-
ping transport between Wannier-Stark quantized levels reear, passes through a maximum, and finally turns over into a
sulting from the localization in the electric field. Without any negative differential conductance region. Using Chamber’s
applied electric field, the average momentum of the distribuequatior?® it has been shown that the vertical current is pro-
tion of electrons in the lowest conduction miniband at aportional to

given temperaturd is zero. When an electric field is ap- .

plied, following the theorem of acceleration, the average mo- . F (11)
mentum increases and the distribution of electrons is glo- vertica™ 7 F¥2>
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TABLE lll. Calculated and experimental positions in the mag- 20 : : , : : ,
netic field (T) of the magnetophonon resonances. Fheand — 30
values are calculated using the in Eq. (10). .8 )
B ;\3' 20
Peak numberly) L o 15
Sample Mode Value 1 2 3 4 5 16 _5 10
A GaAs + 25.15 1244 8.26 6.185 4.944 < :
— 2524 1246 827 6.191 4.947 14 S——wrwas Sw oo
expt. 225 1215 832 625 495 .— | BT] 1B [T
AlAs + 3575 1759 1166 873 6.97 *2 12 -
c Ngaas=3 =
- 3595 1763 1168 874 698 S L\ oy oo, New™ nye ]
expt. 367 16.9 S 10L  nNgss Nans=3 Noars™! -
B GaAs + 2478 12.26 8.14 6.09 487 o, | \ ]
expt. 227 12 808 - % sl _W 1
AlAs  + 3522 17.33 1149 860 687 T [°A me _
expt. 17 N(.') 5
C GaAs + 2566 1268 842 6.31 5.04 © i 7]
expt. 125 872 6.58 -
AlAs + 365 1794 119 890 7.11 41 -
expt. 17.87 | Ac=7.7 meV ]
21 4
whereF* can be expressed as 0 _ ]
eFdr L Ag=13.64 meV
F*= , (12 -2 1 . T [ ) . ) . 1
h 0 5 10 15 20 25
with F, d, and 7 the applied electric field, the superlattice B[T]

periodicity, and the electronic lifetime, respectively. In the
case where no Wannier Stark quantization is present, the FIG. 2. Second derivative of the magnetoconductance versus the
current peaks at the voltage corresponding~to=1. The  magnetic field for the three samplés B and C at 285 K. The
shift of this peak position with temperature gives the tem-calculated miniband width is also indicated. In&®tplots the mag-
perature dependence of the electronic lifetime, which carmetoresistance versus the magnetic field at a voltage in the nonlinear
subsequently be used to analyze the temperature dependeriegime. Inse(b) shows the resonance number versus. 1/
of the magnetophonon effect.
17 T, is observed and we attribute this to tNe=2 of the
series involving the LO phonon of AlAs. Vertical transport
experiments in pulsed magnetic field up to 45 T have been
A. Miniband dependence performed in order to verify this assumption. Figure 3 plots
The current—magnetic-field0—25 T) characteristics at the mgasured magnetoconductance _anq its'second dgrivative
different voltages, both in the Ohmic and in the nonlinearor _aflxed value of the applied electr'u.: field in the nonlinear
regime, have been measured at 285 K for the three differefE9ime at room temperature. An additional peak, correspond-
samples A, B, andC). Inset(a) of Fig. 2 plots the longitu-
dinal magnetoresistance of sample We note the presence 10
of oscillations superposed on a quadratic background. From
inset (b), it is clear that these oscillations are periodic
in 1/B with a fundamental field of 25.44 T. The second 10
derivatives of the longitudinal magnetoconductance 2o}
G=(I—1g)/ly (wherel is the intensity of the current with-
out magnetic fielfifor the three samples under investigation
is plotted in the main part of Fig. 2. The effect of the mini- 40

IV. EXPERIMENTS
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band width on the oscillations is evident. The superlattice .50 e
with the smallest minibandsampleA) shows more pro- 4 .
nounced peaks than the other two. These peaks occur around 18
4.95, 6.25, 8.32, 12.15, and 22.5 T, which correspond to the 7 i 20 3 I

magnetophonon effect involving the LO phonbnef GaAs B[T]

with electrons in thd” miniband. Each time the energy be-

tween two Landau levels corresponds to the energy of a LO FIG. 3. Magnetoconductance and related second derivative ver-
phonon, the scattering is enhanced and the magnetoresisus the magnetic field up to 45 T for an applied volt&@& V) in
tance increases drasticalffy Another peak, located around the nonlinear regime at room temperature.
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1 ity proves that this effect is purely two dimensional and that
V=05Volt 14} ' 1] the Landau quantization occurs in the plane of the layers.
T=285K T 1| =2 ) A comparison of the experimental results for sample
35 - 2 s T with the calculated values, including the nonparabolicity and
t;‘ 10t N 1 1 the polaron correction described previously, shows good
30L g s ] agreement for the high-order resonances and a non-
@ Gﬁ/ negligible discrepancy at thBl=1 resonances. This peak
L e & e - e v a shift has already been observed both in bulk semiconductors
— 25} 1/cos(9) 9=90° ] and in 2DEG’s. This apparent anomaly stems from the fact
2 810 | that for both bulk semiconductors and 2DEG's the oscilla-
5 20 L\l | tory part of the magnetoresistance can be represented by a
a 72° Fourier serie€ whose main term is an exponentially damped
i ‘ 63° | cosinus. This exponential shiftsall the peak positions and
o 15 54° - preferentially the low-order ones. In addition, in our super-
% 45° lattices the presence of a smaller AlAs series of resonances
5 1L i superposed on the GaAs series further displaces the reso-
s 1 36° nance peak positions. Experiments under hydrostatic pres-
\ f‘ 27° 1 sure, which enhances the AlAs series, confirm thee Sec.
5 \\", e IV D). On the other hand, the miniband width dependence of
w this effect, presented in Fig. 2 for a fixed voltage, demon-
oLV ) strates that when a magnetic field is applied along the growth

axis, isolated Landau levels are created in the plane of the

layers when the cyclotron energy is greater than the mini-

5L - band width. Moreover, scattering with optical modes is pos-
. ' . P P P S sible only within an energy range defined by

0 2 4 6 8 10 12 14 16

B [T] ﬁwLo—A<NﬁwC<ﬁwLo+A, (13)

where A is the miniband width. The width of the magne-
FIG. 4. Angular dependence of the magnetophonon resonancgéephonon resonances is, as a consequence, better resolved as
in sampleA at T=285 K and 0.5 V. The inset plots the magnetic the miniband width decreases. The oscillations of samples
field of the different resonances of the GaAs LO phonon versus th@ and C, whose miniband widths are, respectively, 13.64
inverse of the cosinus of the angle between the magnetic field angnd 7.7 meV, are less pronounced compared to those of
the axis of the superlattice. sampleA (A=3.6 me\). We also observe the influence of
the in-plane effective mass on the position of the resonances.
ing to theN=1 of the AlAs series, is observed at 36.7 T. All the resonances of samplé are located at higher mag-
This clearly confirms the presence of two superposed serigigtic field compared to the other samples. In santl¢he
in our structures. The observation of the AlAs LO phononfirstI" miniband is 20 meV higher in energy than in the other
originates from the overlap between the electron wave funcsuperlattices and its in-plane effective mass is consequently
tion that partially penetrates into the barriers and the AlAdarger (see Table ), which causes all the resonances to be
phonon that is evanescent in the GaAs layer. A rotation ofNifted to higher magnetic fields.
the magnetic field fronB parallel toB perpendicular to the
axis of the superlattice clearly shows that this effect is two B. Electric-field dependence

dimensional. Figure 4 pIOtS the second derivative of the mag- |n this section we show the enhancement of the magne-
netoconductance versus the magnetic field for differentophonon effect with the electric field. This effect is related
angles. There are no magnetophonon oscillations when the the high-velocity and low-density-of-states region in the
magnetic field is parallel to the layerg£90°), as expected middle of the miniband and to the shift of the electron dis-
for a quasi-two dimensional system. Moreover, the mini-tribution in the miniband as the voltage increases.

mum, observed at large angles and low magnetic fields in the For all samples, we have observed that as the electric field
second derivative ofs, comes from the maximum of the across the structure increases, both the relative amplitude of
magnetoconductance occurring in the crossed-fields configuhe magnetophonon oscillations and the magnetoresistance
ration when the applied electric field is located in the non-background become more pronounced. Figure 5 shows the
linear regime of the current-voltage characteristic. This efsecond derivative of the magnetoconductance versus the
fect, induced by a magnetic field applied parallel to themagnetic field for voltages in both the Ohmic and the non-
layers of a superlattice and due to the presence of a point dihear regime up to the current peak in th®&/) characteris-
inflection in the dispersion along the growth axis, has beetics. In contrast with recent experimeritghere is no shift of
described theoretically using a semiclassical apprd&ch the resonances with the applied electric field, which indicates
and also observed experimentaifi?’ Oscillations start to that no Wannier-Stark quantization occurs in our sample,
appear around 45°, but at higher magnetic field than for theven when the voltage drop per superlattice period reaches
magnetic field along the growth axis. The inset plots thethe same order of magnitude as the miniband width. The
position of different resonances versus 1/@s(The linear- thermal broadening above 80 K is sufficient to prevent any
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20 —————— Shchamkhalov® showed that in the high-electric-field re-

b
o

T . .
@ e (2,0 0 YZIE gime and without magnetic field, the electronic temperature
18| S 5, i T, reaches a maximum
= 1.0 / E
£ oo /. & 15 R 2
815 o g ez |1 Te=T|1+ 14
8 g;/ % 05 o Nans=2 | e Ztho . ( )
0.0 [oX+]
Ll Voltage [V] g Voltage V]| From this expression, it is clear that the heating decreases
[ N4 N3 ] with decreasing miniband width. This would be in disagree-
12 Ten P Mo Nuw2 y=0.1 Vot ] ment with the experimentally observed increase in the am-
: g 1 plitude of the oscillations with the decreasing miniband
L02v T width and thus we conclude that the observed electric-field

effect cannot be due to a hot magnetophonon effect.

. . Finally, our data cannot be explained by electric-field-
{04V induced elastic inter-Landau-level scatteri@UILLS).3"38

: . First, the disappearance of the oscillations on the magneto-
: conductance below 80 K proves that the phenomenon really
i o6V depends on the phonon population. Second, we observe that
i the position of the resonances measured between 1 and 8
- kV/cm is the same as that measured for an applied electric
field equal to 80 V/cnt! Thus there is no conversion from
maxima to minima as observed by Eavesal®’ for

L 0.3V

d?G/dB2 [arb. units]

0.5V

0.7V

0.8V=Vpeak ]|

VAR VAR QUILLS.
3] S R P S WP S We believe the data can be explained by the simple pic-
0 5 10 15 20 25 30 ture of Bloch transport. In semiconductor superlattices, the
B[T] electron distribution is shifted with the increasing applied

electric field from the center of the Brillouin zone where the
FIG. 5. Electric-field dependence of the magnetophonon eﬁecgepsity of Stat?s pre§ents a §trong singularity to t'he inflection
for applied voltages in both the Ohmic and the nonlinear regimes a‘?o'nt of 'Fh,e dispersion relation where the density of State§
250 K in sampleA. Inset(a) plots the corresponding current-voltage @S & minimum and the electron velocity reaches a maxi-

characteristic and inséb) plots the magnetophonon resonance am-Mum. In this region, there are fewer free states available for
plitude as a function of the voltage for the=2 peaks. scattering of the conducting electrons and the electron veloc-

ity reaches a maximum. When the possibility to absorb a LO
. — : honon occurs, the scattering is enhanced and the magne-
Wannier-Stark quantization and effectively preserves thgq egistance increases strongly, which leads to a peak. More-
miniband transport. The low amplitude of the oscillations gyer we observe that the magnetoresistance also increases
below 80 K is also not consistent with transport dominatedyith the applied voltage. This is in contrast with the bulk
by hopping between Wannier-Stark levels. Moreover, Grahiagnetophonon effect, where both the initial and the final
etal™ have shown that the drift velocity of electrons in giates jie in a high-density-of-states region. In the latter case,
samples with small miniband widtt0.5 and 1.5 meVis e would expect a better efficiency at low voltages where
well described by a Bloch transport picture for temperaturespe glectron distribution probes the singularity of the density
above 40 K. Thus we can be sure that we are not in a hopst states. In our data, the amplitude of the effect increases
ping regime. , linearly with the voltage through the Ohmic regime, saturates
Our oscillations, on the other hand, cannot be attributed t@, the nonlinear regime up to a peak, and decreases afterward
hot-electron magnetophonon resonances. These resonangese the inset of Fig.)S This behavior is similar to the

: . 16.32-34 - : the _ _
have been widely _stud|e]8, and the mechanism requires gjeciric-field dependence of the average drift velocity of the
that electrons, which are accelerated by the electric field, dgectrons.

not succeed in losing by scattering all the energy gained
from the electric field. The temperature of the electron dis-
tribution increases until the difference from the lattice tem-
perature is sufficiently large that energy relaxation via opti- The longitudinal magnetoconductance of sampléas

cal phonon emission is possible. At this threshold, anbeen measured for temperatures from 4.2 K to 285 K. Two
electron drops from a higher to a lower Landau level whiledifferent(low) electric fields were applied to confirm that the
emitting an optical phonon. The electron distribution is thenmeasurements are in the Ohmic regime of the current-voltage
cooled down to the lattice temperature. Two other hot-characteristics in the complete temperature range in order to
electron magnetophonon processes have also been reportbe: sure that the amplitude of the magnetophonon oscillations
carrier trapping in a shallow impurity level and the emissionwill remain linear in electric field for the whole temperature
of two TA phonons instead of an optical one. These effectsange. In this case, it is clear, since the amplitude of the
have mainly been observed below 40 K, where almost nanagnetophonon effect depends on the position of the elec-
oscillations are present in our d&t@ifferent models have tron distribution relative to the minimum of the density of
shown that the heating of electrons in vertical transport irstates, that this amplitude, for fixed applied voltage, will de-
superlattices is miniband width depend&ht® Suris and pend directly on the temperature dependence of the electron

C. Temperature dependence
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FIG. 6. Second derivative of the magnetoconductance versus the
magnetic field for samplé at different temperatures between 4.2
and 285 K.

Temperature [K]

FIG. 7. Temperature dependence of the amplitude of both

lifeti Th d derivati fth d N=2 and 3 resonances of the GaAs series in sarApl€he inset
ltetime. The secon erlvatlvg 0 ,t € measurec MAagnetoconsy,q s the electron lifetime derived from the current-voltage char-
ductance versus the magnetic figke Fig. 6 is used t0  ,cteristics. This lifetime is used in the calculation of the expected
extract the magnetophonon oscillations. Figure 7 plots thgsmperature dependence.

amplitude as a function of temperature for tNe=2 and 3

resonances of the GaAs series. At low temperature, the amhe magnetophonon resonances with increasing temperature
plitude of the magnetophonon oscillations is small andand no oscillatory structure below 155 K. We do not under-
mixed with Shubnikov—de Haas-like oscillations that resultsiand the reason for this strange temperature dependence re-
from a modulation of the electron injection from tme"  ported by Noguchet al. However, as we will see below, our
GaAs contact. Above 80 K, the magnetophonon effect domiresyits are in good agreement with theory.

nates. The amplitude of the oscillations increases strongly up Gurevitch and Firsovderived an approximate relation for

to a maximum around 125 K, after which it decreases slowlthe temperature dependence of the amplitude of the oscilla-
as the temperature increases further. The temperature dep&gry term in bulk materials. Since the essential physics is the

dence of the magnetophonon effect reflects the competitiogame, it should be applicable for superlattices. This relation
between the thermal population of phonons and the transpogan be expressed s

lifetime of the electron. The amplitude of these oscillations
decreases at high temperature because the linewidth of the Ap®C [ho o 312 ho o kT
oc( ) wg(T)exp{ — )In( ) ,

Landau levels increases progressively due to thermal broad- KT KT 7T(T)
ening and due to the fact that the shift of the electron distri- (15)
bution towards the center of the brillouin zone is reduced for

shorter electron lifetimes. Moreover, the distribution func-where r(T) is the electronic lifetime, which depends on the
tion around the quasi Fermi level favors intraminiband scattemperature. This dependence has been extracted, as ex-
tering rather than inter-Landau-level scattering when theplained above, from the variation of the voltage position of
temperature increases. These three reasons lead to a dimthe vertical current peak with the temperatuisee inset of
ished interaction with optical phonons even though the phoFig. 7). The calculated temperature dependence of the mag-
non population increases at high temperatures. In contrast, aetophonon effect is plotted in Fig. 7 to enable a comparison
low temperature, the Landau levels are well resolved, buwith our experimental results. Qualitative agreement is found
there is a lack of optical modes whose typical temperature igven though the calculated maximum is shifted to higher
around 417 K for GaAs and 580 K for AlAs. This depen- temperature and is not as sharp as obtained experimentally.
dence contrasts with previous results obtained by Noguchtquation(15) does not take into account the width of the

et al,** who observed a monotonic increase in amplitude ofminiband, which is possibly responsible for this discrepancy.
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FIG. 8. Second derivative of the magnetoconductance of sample FIG. 9. Second derivative of the magnetoconductance of sample
A under hydrostatic pressure up to 10.65 kbar, for a fixed value of\ under hydrostatic pressure up to 9.14 kbar at 150 K. In the inset,
the applied voltage in the nonlinear regime at 285 K. the splitting of theN=3 resonance of AlAs and the=2 reso-
nance of GaAs at pressures of 7.76 and 9.14 kbar is clearly ob-
Moreover, the maximum of the temperature dependence aferved.
these oscillations for voltages in the nonlinear regime shifts

to r_ngher temperature, prqbably due to the fact that, as XAlAs. In addition, we observe the disappearance of the mag-
plained above, this effect is no longer linearly dependent on

the electron lifetime. To our knowledge, no reliable theory';(?tOphonon resonances due t_o fhe( transfer of electrons.
for superlattices is available. igure 8 pIot_s the second_ derlvatlve_ of the magnetoconduc-
tance for a fixed voltage in the nonlinear regime, under hy-
drostatic pressure from ambient pressure to 10.65 kbar. Al-
though the magnetoresistance decreases with increasing
In 111-V semiconductors, the effect of hydrostatic pressurepressure, we observe that the relative amplitude of the reso-
is to increase the direct gap and thus theeffective mass nances also decreases, which reflects the fact that the prob-
while decreasing thE-X energy separation. When this sepa- ability of transfer fromI" to Xz increases with increasing
ration is small enough for the thermal activation to be effi-pressure. This means that electrons in the first Landau level
cient, electrons can be transferred from theto the X preferentially undergo an interband scattering rather than op-
band?® (Most experiments are done at temperatures wherécal phonon scattering, due to the high density of states of
the thermally activated transfer to th€ band is non- the final X band. Furthermore, the magnetophonon reso-
negligible) For GaAs/AlAs short-period superlattices, the nances are all shifted to higher magnetic field as the pressure
effect of increasing hydrostatic pressure, observed througicreases. Both the in-plane effective mass and the optical
the Bloch transport, is to reduce the miniband widtwith ~ phonon energy increase with hydrostatic pressure. The shift
the increasing pressure. In addition, hydrostatic pressuref the different resonance positions extracted from the sec-
modifies the relative energy separation betweenlthmini-  ond derivative is plotted in the inset of Fig. 8. We note that
band, originating from the GaAE-band edge, and the low- the two series have a different pressure dependence. From
estXz states, coming from the AIAX-band edge. The result the N=2 positions of the AlAs series we have extracted a
is a thermally activated transfer of electrbh&om a high-  pressure coefficient for the peak shift of 0.3 T kbar
mobility (low density of statesI” region to a low-mobility ~whereas the corresponding value for GaAs is between 0.21
(high density of statgsXz region. and 0.22 T kbar®. As the electrons involved in the scatter-
The longitudinal magnetoconductance of sampléhas ing mechanisms have the saién-plane effective mass, the
been measured under hydrostatic pressure at 285 and 150 #ifference must originate from the pressure dependence of
The change of the relative strengths of the two series unddghe LO phonon energy. This difference is consistent with the
hydrostatic pressure allows us to demonstrate the superpogiressure dependence of phonon modes in GaAs/AlAs
tion of the two series involving the LO phonon of GaAs and superlattice$” From Brillouin and Raman scattering mea-

D. Pressure dependence
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surements, it has been established that up to 150 kbar the LO V. CONCLUSION

Srgsnszr;eegsergy of GaAs increases linearly with the applied The magnetophonon effect has been investigated in the

vertical magnetoconductance of short-period semiconductor
—Aa superlattices. The presence of two superposed series of os-
Awo=r——, (16)  cillations originating from the GaAs and the AlAs LO
0 phonons has been demonstrated. The observed enhancement

where r=120 meV for GaAs and 159 meV for AlAs. of the magnetophonon effect with the electric field is related
Aala is the relative variation of the bulk lattice parameter g the high-velocity and low-density-of-states region in the
under hydrostatic pressure, which is nearly the same for bothiddle of the Brillouin zone. The temperature dependence of

materials because their elastic constants are almost identicghe resonance confirms that our measurements are not in a
We have performed similar measurements at lower tempot-electron magnetophonon regime. The data are well ex-
perature(150 K) in order to reduce the effect of the ther- plained by considering the competition between the phonon
mally activated carrier transfer to thestates. Figure 9 plots population and the electron lifetime. Hydrostatic pressure
the second derivative of the magnetoconductance for a fixedas been shown to be useful for separating the GaAs and
voltage in the nonlinear regime. As observed for the experia|As series of oscillations by changing the relative strengths

ment at 285 K, the amplitude of the oscillations is reduce%f each series as the energy of theminiband approaches
by theI'-X transfer at high pressures and the resonances afge X states.

shifted to higher magnetic field. The main feature is the
broadening of the peak corresponding to the superposition of
the N=2 resonance of the GaAs phonon and e 3 reso-
nance of the AlAs phonon at 7.76 kbar and the clear splitting
observed at 9.14 kbar. Due to the different pressure depen- We are grateful to Dr. J.C. Vallier for assistance with the
dences of the phonons, the different order of the resonancédwgybrid magnet, to H. Jones and his team for technical help
of the two series leads to a different shift in the magneticwith the pulsed magnet, and to Michel Rabary for technical
field position with pressure, but above all the strength of thesupport for the pressure measurements. We would like to
AlAs series increases, as the energy difference between thbkank also F. Mollot for the growth of some of the samples
I' miniband and theX states decreases due to the fact that sstudied and also J.C. Esnault and S. Vuye for technical as-
larger part of thd™ wave function penetrates into the AlAs sistance in device processing. This work has been supported
barrier. As a consequence, the strength of the GaAs seridwyy Centre National de la Recherche Scientifique and by the
decreases. Centre National d’Etudes des [éeommunications.
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