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Determination of the phase of magneto-intersubband scattering oscillations
in heterojunctions and quantum wells
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The oscillatory magnetoresistance of a two-dimensional electron system with two occupied subbands has
been studied in an pALGa, ;As/GaAs heterojunction and an AlGa, 7As/Ing 1:Gay ggAS/GaAs quantum well
between 4 and 100 K. As a consequence of the second populated subband, a magneto-intersubband scattering
effect is observed at low-magnetic fields in addition to the Shubnikov—de Haas effect. Due to the different
temperature damping of the two effects, the oscillatory magnetoresistance can exhibit both effects simulta-
neously at high and respectively low fields. Using the extrema positions, it is possible to clearly identify a
theoretically predicted phase difference between the Shubnikov—de Haas and the magneto-intersubband scat-
tering oscillations at temperatures higher than 4 K. This phase difference influences the power spectrum of
reciprocal-field magnetoresistance daf0163-182@08)04444-Q

I. INTRODUCTION heterojunctions belw 4 K demonstrates a more complex be-

. L havior than the transport resufts.
The Shubnlkov—_de H"?‘d§dH) effect is widely useo! to By studying the temperature range above 4 K, we are able
characterize two-dimensional electron syste(@BDES in

. . . ; . to identify the phase difference between SdH and MIS oscil-
semiconductor heterojunctions. When a single electric subgyions unambiguously in the magnetoresistance. The direct
band is populated the SdH oscillations in the magnetoresiggentification of the phase difference is possible due to the
tance have a simple mathematical fofrfror some time gifferent field and temperature damping behavior of SdH and
Alo4GayAs/GaAs and related heterojunctions have beenys oscillations. At typically 20 K the magnetoresistance is
grown, which have two populated subbantig & or above.  dominated in the low-field regime by MIS and in the high-
Typical transport experiments on such samples can be fourfkld regime by SdH oscillations. Then the phase difference
in Refs. 2 and 3. can be deduced from the extrema positions of the oscillatory
Only recently it was discovered experimentally andmagnetoresistance. The experimental results of the first
theoretically~’ that the oscillatory magnetoresistance of asample, a pseudomorphic 8a,_,As/In,Ga,_,As/GaAs
high mobility 2DES with two populated subbands contains atmodulation-doped structure, show the phase difference in
least three components: the SdH oscillations of the two subdnprocessed magnetoresistance data due to identical SdH
bands and an oscillation due to elastic scattering between tf&d MIS fundamental fields. The second sample, an
subbands. This third component was termed the magnetdxGa —xAs/GaAs heterojunction similar to that given an
intersubband  scattering(MIS) effect by Raikh and initial study above 4 K corresponds to the typical case,
Shahbazyaf. This dominates the oscillatory magnetoresis-Where the SdH_and MIS fundamental fields are dlfferent._
tance upon increasing the temperature @4\ due to its The calculation of the power spectrum of the Fourier
weak-temperature damping compared to SdH oscillationdransform is a standard tool in the analysis of experimental

. é,g—ll ..
The fundamental field of the MIS oscillations is a measure odeH mggnetoresstar}ce data of 2D S Determlmng.
; teh_e carrier concentration from the peaks in the spectra is of

great experimental importance. We show that the phase dif-

endent effective mass. . s L
P ference introduces uncertainties into the power spectrum.

Below a certain field limit the SdH and MIS oscillations
are described by a cosine function multiplied by a nonoscil-
latory damping term, which is magnetic field and tempera- Il. MAGNETO-INTERSUBBAND SCATTERING
ture dependent for the SdH oscillations and only field depen- AND SHUBNIKOV de ~HAAS THEORY

dent for the MIS oscillations. The two different theoretical  The effect of elastic-intersubband scattering on the SdH
approaches of Refs. 5 and 6 predict both a phase differencgscillations of a two-subband 2DES has been studied theo-
of A¢=m between the cosine terms of the SdH and MiISyetically, using inversion of the two-subband conductivity
oscillations. tensor*® and a Kubo formalisrfi. The two different ap-
Magnetoresistance data obtained by Leadiewl® from  proaches predict an additional oscillatory component in the
Aly:Ga /As/GaAs heterojunctions indicate¢~ 7 between magnetoresistance. This MIS effect is due to increased
SdH and MIS oscillations below 4 K. A detailed phase elastic-intersubband scattering at subband Landau-level
analysis of the thermopowkfor several A} ;Ga, As/GaAs  crossover. This crossover occurs for a parabolic subband dis-
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persion at magnetic fields given by latory magnetoresistance is split into a low- and high-field
regime, the MIS term is dominant below a certain field and
B Eqom* 2.2) the SdH terms above that field. The SdH terms Eg3
he(l,—1,)’ ) and(2.2b and the MIS term Eq(2.2d have a phase differ-

) . enceA¢=, i.e., have a different sign as the amplitude
where E;,=E;—E; is the subband spacing, theare the  faciorsa, | A,, andB,, are positive. It is interesting to con-
Lan_dau-level indices of f[he Iowesu_%l) and thg first-  sider the cas8; sqni~Bi wis in Egs.(2.2a and(2.2d. At a
excited (second subband (=2). The indices; fulfill the  certain fieldB,,, . the amplitude of the SdH and MIS terms
relationl; —1,>0 as thelth Landau level of the lower sub- \yjj| pe equal and due to the phase difference destructive
band can never cross the corresponding Landau level of th@ierference should occur. Above and bel®y, 4. the am-
second subband. For the experiment, it is convenient t0 dgsjitudes are different and therefore the extinction of the os-
fine By vis=Ei,m*/fe, the MIS fundamental field. Note jjation will be incomplete. Nevertheless a clear node in the
that Eq.(2.1) is identical to the relation between the Fermi yqijjation envelope is expected. FBi squ17 B wis the
energyEr ; and the magnetoresistance extrema positions dugsge will become weaker as the difference between the two
to the SdH effect, when replacingi, by Eri=Er—E;i  fyndamental fields increases.

(i=1,2) and the differencé; 1, by the filling factor v. The phase difference can be understood by simple argu-
Using the relation betweeB ; and the carrier densitys; of  ments. If the Fermi level is exactly between Landau levels an
each subband of the 2DES, the SdH fundamental field ifhteger numben of Landau levels is filled, corresponding to
defined asBy sqni=hns;/2e. : (Er—E;)/hw,=n with n>0 and assuming spin degen-
Leadley etal. and Coleridgé® extended the energy- eracy. At these fields the resistance caused by elata-
dependent conductivity tensor suggested in Ref. 1 to twqyphandscattering has a minimum due to a minimum in the
subbands. After inverting this tensor and averaging with tthenSity of final states. This corresponds to the phgser in
Fermi-Dirac function, the following equation is obtained, the cosine of the SdH terms. At subband Landau-level cross-
which is strictly applicable at low-magnetic fields and low gyer, je., aE,/f w.=n, the elastidntersubbandscattering
temperatures: channel opens up and the resistance has a local maximum.
Therefore, the phase is zero in the cosine of the MIS term.

APXX_ZAl X od - )cos 2m(Be—Ey) . In a thorough theoretical treatment, Raikh and
Po sinhX WcTy I hoc ] Shahbazyéh calculate the oscillatory magnetoconductivity
(2.29  of a two-subband 2DES for the case of delta function scat-
i ] terers and a highly populated second subband. Besides the
2A, exd — ™ )cos 2m(Ep—E) o usual SdH terms for each subband, terms similar to Egs.
inhX WeTy hw (2.29 and (2.2d are obtained. Additionally, a temperature-

(2:2b) independent prefactor of the MIS term is derived in Ref. 6.
Unfortunately, this theory is not applicable in our experimen-

2X (1 1 tal situation as the second subband is not highly populated.
2Brgnax ] "ol T 1
c\’1 2
2m(2E—E;—E,) Ill. EXPERIMENTAL PROCEDURE
X co (2.20 . . . .
hw The transport experiments described in this paper were
performed on two samples grown by molecular-beam epi-
(1 1 27E, taxy at Philips(Redhill, UK), which were processed into
+2Bexpg — Y T_1+ 1% Fw, | standard Hall bars by photolithography. Sample

(2.2 ~Was a modulation-doped pseudomorphic o Ma, As/
Ing 1:Ga gsAS/GaAs heterojunction with a well width of 15

The amplitude factor#\;, A,, andB,, are related to the nm and a spacer width of 7.5 nm, sample B was a
intrasubband and intersubband scattering probabilitgs ~modulation-doped Al{Ga As/GaAs heterojunction with a
(i,j=1,2) andX=27?KgT/hw.. The first two terms Eqgs. spacer width of 2.5 nm. At 4 K, samplé had a carrier
(2.2a and(2.2b) are the typical SdH terms in the presence ofconcentrationng=1.41x10?cm 2 and a mobility ©=6
two subbands. The third term, E(.20, contains the tem- m?/Vs. Sample B had ng=1.13x10%cm 2 and u
perature damping factorXsinh(2X), which leads to a tem- =16n¥/V's. The densities were determined fr@nggy 1 Of
perature damping much stronger than that of the SdH termghe extrema-index plots given in Table | and the mobilities
The fourth term, Eq(2.2d, is the MIS term. It does not from the Hall effect and the zero-field resistivity. The density
contain the thermal damping fact®/sinh(X) and the funda- of the second subband for samplB is about 1.0
mental field is proportional to the subband spacifg,. x 10'cm™2 and it has been neglected together with the re-

Using the relatiom;> B, (Ref. 5 and assuming that the sulting uncertainty in the Hall factor in determinimg and
amplitude factors in Eq$2.2) do not differ by several orders . Prior to the measurements the samples were cooled in the
of magnitude, it can be easily verified that the different ther-dark to 4 K, briefly illuminated with infrared radiation, and
mal damping behavior of the SdH and MIS terms leads tdhen left in the dark to reach equilibrium as monitored by the
three temperature regimes in the magnetoresistance. At lovesistancé. Then a series of magnetoresistance traces was
temperatures, the SdH terms dominate and at high tempertaken at successively higher temperatures.
tures the MIS term. At intermediate temperatures the oscil- Experimental magnetoresistance data are usually a combi-
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TABLE I. Comparison between the fundamental field valBes  consists of three terms due to the three factdBsinh@/B),
determined from the power spectra and the extrema-index plots. exp(—b/B), and cos¢/B+m) WhereaszZKBm* T/he. b
=mm*/er,, andc=2nw(Ez—E;)m*/#e. As can be easily
verified the dominant term in the derivative is determined by
T(K) Brsani (M Brwis(M  Brsana(M  Brwis(M the relative magnitude of the parameterso c. One finds

Power spectrum Extrema-index plot

SampleA a~T using m*=0.06Mn, for GaAs, b~12 using 7,
4 29.2 293 =0.1ps. This quantum lifetime value is a lower bound esti-
20 28.0 30.7 28.9 29.2 mated from the mobility values given above using the typical
30 275 312 279 28.9 ratio of 10 between the transport and the quantum lifefifne.
50 275 28.9 One obtaine~70 usir_lgEF— E_l=20 meV as a reasonable
100 29.7 28.9 lower bound for our high-carrier density samples. Therefore
even at high temperatures the derivative of E;j29 is es-
SampleB sentially (c/B?)[a/Bsinh@B)]lexp(—b/B)sin(c/B+m). The
4 234 21.2 23.6 result for Eq.(2.2d is similar, although without the damping
10 23.4 21.2 23.7 21.5 term. As the derivatives of Eq$2.29 and(2.2d are domi-
20 21.4 21.4 nated by sine terms the extrema in the first derivative are
50 23.3 shifted by approximatelyr/2 compared to the undifferenti-
90 222 ated expressions, nevertheless, the phase differtgce

between MIS and SdH term is essentially preserved. The
factor 1B? in the first derivative enhances the oscillations at

nation of a slowly varying background and an oscillatorylow fields and the (;bservation Qf '\r/1”8f oscillationsI is eafsier.
component. In our samples the background resistance is /& Use two methods to obtain the fundamental figjd

caused by parallel conduction due to the high doping levelsoScillatory magnetoresistance data periodic with respect to
To facilitate the analysis of the oscillatory component, welnVerse _f|eld. The first uses directly the positions of the mag-
calculate the first derivative of the experimental data as iSi€loresistance extrema, in an extrema-index plot. Equa-
shown in Fig. 1. We compare these data with the theoryion (2.1 can be rewritten ad=B;/By+ ¢/, whereN
discussed above and therefore the derivatives of the theoret:!1 12, Bn is the magnetic field position of a resistance
ical expressions Eqg2.2a and (2.2d, the SdH and MIS Mmaximum, andg/ 7 is the phase in cycles. The slope of this

terms, have to be considered. The derivative of &4 linear relationship is dire_c;ly the value 8f; . Therejore, the
measurement of the positions of the MIS or equivalently the

SdH maxima is sufficient to obtai®; from a linear fit to the
(N,1/By) data set®'* A phase¢ was not included in Eq.
(2.1) as it is ideally zero for MIS oscillations. Now it is
100K nonzero asp= /2 or — /2 is expected in the derivative of
MIS and SdH oscillations. Using the value Bf determined
from the extrema-index plot it is possible to determine the
phaseg in a residual-phase plot, whegf m=N—B; /By is
plotted as a function of B . For the correcB; this plot
350K gives a constant value and the phase can be determined by
extrapolation to zero. For simple sine-wave oscillations both
30K maxima and minima can be used to deternie the slope
is then B;. An example of an extrema-index and a residual-
phase plot using all extrema is shown in Fig. 2. The second
method is the Fast Fourier transform algoriffinand the
subsequent calculation of the power spectral density. It
shows all the harmonic content in a single curve, but the
phase information is lost. Examples of power spectra can be
seen in Fig. 3.

"
- —o.vul,\l\,‘\l“[ \

+10 20K

MIS [

dR,,/dB (scaled, displaced)

42K

IV. RESULTS AND DISCUSSION

A. Magnetoresistance of sampleA

1 ' 3

5

~

‘B T We will now discuss the experimental results for sample
M A, the Al Ga, As/In 1:Ga ssAS/GaAs quantum well. This
FIG. 1. The first derivative of the magnetoresistance of sampl§a@mple has only one occupied subband upon cooling in the

A as a function of temperature. Note the nodasows and the dark as deduced from SdH oscillations. After cooling, the

alignment of the minima and maxima as a function of temperaturé&arrier concentration of the sample was slowly increased by

(vertical dotted lines A best approximation to the data at 30 K Stepwise illumination until the special conditidf: ;~E;,

using Egs(2.29 and(2.2d is shown as the dashed line. The curveswas achieved, i.eB¢ sqn1~B; mis. Only the data set cor-

are scaled as indicated. responding to this condition is discussed. It enables the iden-
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FIG. 3. The normalized power spectra for sampleThe verti-

05r 5o Oooooqo09505QC';?‘QD'QWQQB@]D T cal line was added to show the relative position of the peaks, note
2 :. ED@ ] the double peak at 30 K. The dashed line shows a spectrum of the
=2 ' oo I 30 K. data for a field range limited t8<4.5T. A single peak
05} @ﬁ'mm.ﬂmﬂfﬂpm-u'. e remains.
means the fundamental field is the same at 4 and 50 K,
o oz o3 or s 0.6 although the phase has changed7ySuch a phase differ-
1/B(1/T) ence and the occurrence of nodes cannot be explained by

single subband SdH oscillations.

FIG. 2. The extrema-indeta) and residual-phasé) plots for Interpreting the data at 30 K in Fig. 1 at low fields as MIS
sampleA. The slope in(a), i.e., the fundamental field, is almost and at high fields as SdH oscillations we approximated the
independent of temperature. Well-pronounced discontinuities occugxperimental data using the appropriate theoretical curve,
in the plots at 20 and 30 K. The fundamental fields derived from theyhich is the derivative of Eqg<€2.29 and(2.2d with a vari-
slopes are given in Table I. Itb) a phase shift ofr is observed  gple phaseS¢~nm, wheren=0,1,2,.... This approxima-
occurring at the positions of the discontinuities(@ as indicated  tjgn is the dashed curve and it indeed reproduces the mea-
by the dashed-vertical line. sured data very well. The values for the MIS term E2j2d

tification of the phase differenck¢ between MIS and SgH  dominant at low fields areB;=29.0T and 5¢=6.13,

peaks in the magnetoresistance without further manipulatioﬁfz.zs'z-r ang6¢53.53 belong to the SdH_term E(®.23

and forA ¢= 1 a strong interference node is expected in the ominant at high fields. The fundamental fields are close to

oscillation envelope each other and A »=6.13—3.53=2.60 closer torr than to
The first derivativé of the magnetoresistance for sample Zero s foynd in agreement W.ith the simple analysis using the

after controlled illumination is shown in Fig. 1. The solid pO'EtS?{ir?]fa'tri]rt]er?ﬁgt'&ne?r;gl'edgnmesml tgfst.he SdH oscillations

lines are measured data, the dashed line is an approximati 9 ping

to be discussed later. The curves at 4, 20, and 30 K are scal ou.n(sitiztLtjrfg]gst:iﬁa%:]a?rﬁt?iﬁ(fési(r:\ulfis edl It?eﬁ)v%(taﬁé Irlllogelz
with the factors given. At 4 K, SdH oscillations typical of a is far too larae for the SdH e?fect The m%vement of the node
single subband are observed. This is not a contradiction t g :

the conditionE ;~Ey,, which is equivalent to a weakly o higher fields with increasing temperature can be explained

populated second subband at 4 K. For reference the Iocatiol%y the stronger temperature damping of SdH In comparison
of the filling factorv=5 of the lowest subband is indicated with MIS oscillations. We conclu_de tha; the oscillatory mag-
Its position has to be between a minimum and a maximum. netoresistance at 20 and 30 K is dominated below the node

. L al%y MIS and above the node by the SdH effect.4AK only
first derivative data are shown. SdH and at 50 K only MIS oscillations occur in the field
At 20 and 30 K, nodes are observedBa,4.—=3 and 4.5 range considered
T as indicated by the arrows. To study the phase relation '
between the extrema positions as a function of temperature
three vertical dotted lines, labeled 1 to 3, are drawn on the
graph. The positions of all three lines are chosen to intersect To determine the fundamental fields and phases of the
a minimum of the curve at 4 K. Already at 20 K the situation curves in Fig. 1, the corresponding extrema-index and
has changed as line 1 intersects a maximum and the noderissidual-phase plots are shown in Fig. 2, which does not
between line 1 and 2. At 30 K the node is between line 2 andnclude the extrema positions observed at the lowest and
3 and they intersect a maximum and a minimum, respechighest fields to emphasize the middle section. The data sets
tively. At 50 K all three lines intersect a maximum. The are vertically displaced for clarity.
number of minima between line 1 and 84K is seven, as is At 4 K all points are on a straight line as indicated by the
the number of maxima at 50 K between the two lines. Thidinear fit in Fig. 2a) and the slope giveB; sq44. At 20 K the

B. Fundamental fields and phases of sampla



13860 SANDER, HOLMES, HARRIS, MAUDE, AND PORTAL PRB 58

data set shows a discontinuity aB%0.35 T *. This dis- 5 258 (M 466 125 1
continuity is not caused by the random omission of an ex- 50— ! ' " "
trema, care was taken to include all extrema of the magne-(a) - [Sample BI
toresistance curve. The discontinuity coincides vt} 4. at
20 K in the magnetoresistance data in Fig(since 1/0.35
=2.86 T). The regions below and above the discontinuity
show linear behavior and have almost the same slope. Agair x 30
we assign the low-field oscillations below the nodes to the
MIS effect and therefore the slope at larg8 1¢ associated
with B¢ s and at small B with Bs gqpy1. At 30 K the
behavior is similar, although slightly different fundamental
fields are observed below and above the discontinuity. The
position of the discontinuity has moved to loweBl¢om-
pared to the plot at 20 K in agreement wil} 4 in the
curve at 30 K in Fig. 1. At 50 K, only a few extrema do not Y=l
fit onto the straight line. These extrema are outside the field
range of Fig. 1 and the node is not visible. At 100 K all
points are on a straight line. The resulting values are given in
Table I. R
Figure 2b) shows the residual-phase plots between 4 and &
50 K using theBs-values obtained in Fig.(d), B sqn1 iS 051 -®. 00 e o
used &4 K andB;g s above that. At 4 K, the phase i - o* : o
= — /2 as expected for the first derivative of SdH oscilla-  -0.5 -9-9-%%%%%%0.0@--%---; vvvvvvvvvvvv -...1
tions. At 20 and 30 K, the phase jumps frof/2 to /2 at aari i - .t
the same positions, where discontinuities occur in the ex- 10
trema plots as indicated by the dashed vertical lines. At 50 K
the valug¢=w/2 is observed. Th'?’ shows that there 'S_a FIG. 4. The extrema-indeta) and residual-phasgb) plots for
phase shift ofr between the oscillations at 4 and 50 K. This sampjeB. In (a) two fundamental fields are observed at 10 K. From
is naturally the same phase difference as observed in Fig. ) a phase shift ofr between the oscillations at 4 and 20 K can be
The magnetoresistance at 20 and 30 K shows this phase shiféduced. At 10 K the phase shift occurs between the low- and

even in a single residual-phase plot. high-field oscillations as demonstrated by the phase plots for the
It is surprising that MIS oscillations occur, although only two different fundamental fields.

a single subband is observetl4aK in the SdHoscillations.

Converting the fundamental fields in Table | to energies us3( K including only the data points up to 4.5 T is shown as
ing Eq. (2.1, Efy=E, is found, i.e., the Fermi level is the dashed line. It has only a single peak aligned with the
below although close to the second subband energy. Thgotted vertical line. This shows that the split peak in the
population of the second subband4aK is then very small  power spectrum of the full data set is due to the two regimes

and cannot be measured accurately. However, at 30 K thig the oscillatory magnetoresistance having a sinBlawith
broadening of the Fermi-Dirac distribution is an order of A g~ 7.

magnitude larger thant @ K and a significant thermal popu-
lation exists in the second subband. As a consequence MIS
oscillations can occur. A self-consistent calculation solving
the coupled Poisson-Scliinger equations using the mea-  After the specific case of sampke we discuss data ob-
suredng gives an agreement within 10% between experimentained from a standard AkGa,;As/GaAs heterojunction
tal and theoreticaE;,. The subband spacirig;, determined  with two populated subbands at 4 K. The magnetoresistance
from B¢ y s is temperature independent between 20 and 100ata of sampléB can be found in Ref. 7 together with pre-
K, as it is expected for the squarelike potential of this type ofliminary analysis. The SdH oscillations show clearly two oc-
heterojunction. cupied subbands after illumination at 4 K. Upon increasing
Figure 3 shows the normalized power spectra of thehe temperature the magnetoresistance shows a temperature-
curves in Fig. 1 using the full measured data sets rangingependent node similar to sampheand oscillations persist
from B=0.5 to 15T. A single peak and its harmonics arein the magnetoresistance above 100 K.
observed at 4 K. An asymmetric peak is observed at 20 K, it Two linear regions with different slopes corresponding to
splits into two peaks at 30 and 50 K and again a single peatwo differentB; values are resolved at 10 K in the extrema-
is observed at 100 K. The dotted vertical line is a guide tandex plots in Fig. 4a). The value in the high-field range is
the eye to assess the positions of the peaks in relation to easimilar to the value observed 4 K as can beseen in Table
other. The absolute peak positions are given in Table I. Théand it is associated with the SdH oscillations. The low field
fundamental-field values at 30 K are about 7% below andB; is interpreted as the MIS effect. The relati®y ys
above the value at 4 K. One of the fields at 30 K has to be<Bs g4 COrresponds té&,,<Eg ;. This relation is consis-
due to the SdH oscillations observed at high fields in theent with the second subband population observed in the SdH
magnetoresistance in Fig. 1. A power spectrum of the data affect at 4 K. At 50 and O K a singleB; is observed, the

40

extrema inde
N
Q

0.2 0.4 0.6 0.8
1/B (1/T)

C. Experimental results for sampleB
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value at 50 K is very close to the SdH value at 4 K. Due tophase difference is estimated directly from the extrema po-
the thermal damping of the SdH effect over the entiresitions in the oscillatory magnetoresistance and from residual
magnetic-field range, the oscillations at 50 K can only be thghase plots. It is found that the phase difference can lead to
MIS effect. The relation Bs ys(T=50K)>B; us(T  a split peak in the power spectrum of oscillatory data. The
=10K), i.e.,, a temperature-dependent subband spacingvo samples studied correspond to the casgs<E;, and
E12(50K)>E;,(10K), can be explained by the thermal re- Eg ;>E;, at 4 K. Nevertheless, the MIS oscillations ob-
distribution of carriers in a heterojunction with an approxi- served at higher temperatures show similar behavior for both
mately triangular potential and two populated subbands. Theamples due to the thermal redistribution of the carriers.
B; value at 90 K is close to the magneto phonon resonance Other systems reported in the literature with ti@o sev-
(MPR) value in this system® The MPR effect is strong in era) populated subbands, which seem suitable to investigate
this system and it can be observed above 58 Rhe peak further the MIS effect, include WxGa sAS/INP
positions observed in power spectra are given in Table | foheterojunction$? Alg sJdng 4gAs/INg 55Ga 4AS/INP quantum
comparison. wells**®and Al 1INy ,As/Ing :Ga, -As heterojunctions?
Figure 4b) shows the residual-phase plots for sample Our work is relevant to low-temperature magnetoresis-
between 4 and 20 K. ¥4 K the phase is slightly undulating tance data published some years’dg8and more recentl§*
around— 7r/2. This is probably due to the complex nature of Nodes in the oscillatory magnetoresistance as shown in Fig.
the magnetoresistance in the presence of a second populatedare observed in AkJdng 46As/IN,Ga _,As quantum wells
subband, where all components of Eg.2) are expected to at temperatures below 4 K. These have been attributed to
be present. At 10 K twd; values are observed in the low zero-field spin splitting* From the magnetoresistance data
and high-field regionBs ;s and B¢ 54y, respectively, and given in the reference the absolute population of the second
for each the corresponding phase plot is shown. These twsubband was estimated to be as high Bs,~4.5
plots are constant only in the mutually exclusive low- andx 10*cm™2. From earlier worR it is known that the MIS
high-field region. The point of deviation from constant phaseeffect is present at 0.55 K in an £AGa, ;As/GaAs hetero-
coincides with the change in slope in Figajas indicated junction with two populated subbands and it seems possible
by the dashed vertical line. The phase in the high-field regionthat the data in Ref. 21 is influenced by the MIS effect. Any
(low 1/B) is ¢=—=/2 and in the low-field regionr/2. At  effect related to spin-splitting should exhibit the same tem-
20 K the phase isr/2 with some deviations in the high-field perature damping and the same phase as the SdH oscilla-
region. ThereforeA ¢= 7 is observed in samplB between tions.
the SdH at 4 K and the MIS oscillations at higher tempera- The power spectra of the oscillatory magnetoresistance in
tures similar to samplé, the only difference to sampleis  InAs/GaSb quantum wells with two subbands show clear

a differentB; value of the two effects. evidence of the MIS effed® The MIS effect and a finite
zero magnetic-field spin-splitting due to the spin-orbit
V. CONCLUSIONS tern?>?*both lead to beating in the low-field Shubnikov—de

. ) ] Haas oscillations in this material combination. The domi-

By studying the magnetoresistance in  anpance of the spin-orbit coupling can be critical for spin-
Alo4Gay 7As/GaAs  heterojunction and an AG&7As/  electronic devices and understanding the regime where the
INg 1:G & g-AS/GaAs quantum well with high carrier concen- S effect can dominate the low-field magnetoresistance is
trations at temperatures above 4 K, we have isolated unanmportant in this field of electronics.
biguously a phase differende¢~ 7 between SdH and MIS
oscillations in strong support of the theory. The phase differ-
ence is best observed between 10 and 50 K, where the oscil-
latory magnetoresistance shows a node separating the MIS
oscillations at low fields from the SdH oscillations at high We thank Professor R. A. Stradling for helpful discus-
fields. This node is a consequence of the interplay betweesions. T.H.S. acknowledges the support of the EPSRC/UK
the temperature damping of the SdH oscillations and théGrant No. GR/J 97540and of the EU under its “Access to
phase difference between SdH and MIS oscillations. Thdarge scale facilities” scheme.
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