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Positive magnetoresistance and hole-hole scattering in GaAsiAGa, sAS heterostructures
under uniaxial compression
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Resistance, magnetoresistance, and their temperature dependencies have been investigated in the two-
dimensional hole gas at[@01] p-type GaAs/A} sGa, sAs heterointerface und¢t10] uniaxial compression in
the range of low and intermediate magnetic fields. Analysis performed in the frame of hole-hole scattering
between carriers in the two subbands of the spin split ground heavy hole state indicates that hole-hole scatter-
ing is strongly suppressed by uniaxial compression. The value of the parametieich determines the mutual
hole-hole friction coefficienty=aT? reveals three times decrease under uniaxial compression 1.3 kbar.
[S0163-182698)04948-7

I. INTRODUCTION where the emphasis was put on the range of high magnetic
fields, and where uniaxial pressure dependence of the effec-
In the middle of the eighties, when a successful growth oftive massm, as well as the carrier concentratiomgandn,
perfect modulation-dopep-type GaAs/AlGa _,As hetero- in the two spin subbands “0” and “1” were obtained from
structures initiated an intensive study of two-dimensionalSdH and quantum Hall effects. The wafer is a modulation-
(2D) hole systems, a strong positive magnetoresistance of 20oped  GaAs/AJsGaysAs heterostructure grown by
holes confined in an asymmetric triangular quantum welimolecular-beam epitaxy on[@801] semi-isolating GaAs sub-
(QW) was observed in the region of low-magnetic fields. strate and doped with Be in part of the AGa sAs. In the
The lack of inversion symmetry in a QW of this kind causessamples under investigation the uniaxial compression is ap-
lifting of the spin degeneracy of the hole statek#t0, i.e.,  plied along thg110] direction of a Hall bar mesa, cf. Ref. 5
splitting into two non-spin-degenerate subbands with differfor the experimental details.
ent effective masses, sticking each otherkat0.? In this The total carrier concentratiod is determined from clas-
connection in the 2D-hole systems, with the two subbands ofjca| Hall effect in magnetic fiel® up to 3.5 T, where the
the spin splifc _ground heavy hole states being occupied,_thﬁa” resistivity can be expressed hy,=B/Ne. The hole
effect of positive mﬁgnetOfes'St?'?C% seemed to be aSSoc'ategncentratioml in the more light and less populated spin
)cl;mpévrv;tfrzngegggcljee%(Sgrr]gr%(g:\r/\g% tg'g‘ggggu'zt;eStlr_\?ggemfubband “1” is derived from SdH oscillations of the longi-
it was found that this puzzle can be successfully removed Mdln_al reS'St'VEprX' The concentration in subband *0" is
obtained amng=N-—n,;. The pressure-dependent values of

for p-type GaAs/AlGa, _,As heterostructures by using the
model of temperature-dependent mutual scattering of the™ No, andn; correspond well to the data from Refs. 5 and

holes (hole-hole scatteringin the two non-spin-degenerate © @Nd are used as input parameters in calculations of the 2D
subbands, which we refer below as spin subbands. hole mobilitiesy; and mutual scattering characteristics. Gal-

In the present paper we report on the resistance, magn¥anomagnetic characteristics, taken in low and intermediate
toresistance, and their temperature dependencies in the 2pagnetic fielduB<10 (whereu is the average Hall mobil-
hole gas at ®-type GaAs/A} Ga, sAs heterointerface in the ity) and in the temperature interval 1.7-4.2 K, are repre-
low and intermediate magnetic-field range under uniaxiakented on Figs. 1 and 2 and show the following features.
compression. Shubnikov—de Ha#SdH) oscillations and (1) At zero pressuré®=0 we observe a well-pronounced
Hall effect were also studied in magnetic fields up to 3.5 T inpositive magnetoresistangg,(B), that tends to saturation
order to determine the carrier concentrations. We analyzefh, (B)— p33] in the regionuB=5. The positive magne-
these data in the frame of the simple isotropic two-bandoresistance strongly decreases with uniaxial compression
model with hole-hole If-h) scattering as it was done in Ref. gnd almost disappears Bt=2.0 kbar[Fig. 1(a)].

4 and found, thah-h scattering mechanism is strongly sup-  (2) In the pressure interval where the positive magnetore-
pressed by uniaxial compression. sistance is still well pronounced, it reveals a strong tempera-
ture dependence that practically disappears in the saturation
region (Fig. 2). Temperature dependence of the magnetore-

The samples have been processed in the same way asistance is almost completely suppressed by uniaxial stress

from the same wafer as the ones reported on in Refs. 5 and 6Table I, the last column

II. EXPERIMENTAL RESULTS
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FIG. 1. Uniaxial compression influence da) the magnetoresistance @t=1.7 K and(b) the temperature dependence of the zero-
magnetic-field resistivity. Dotted lines are the results of calculations kvithscattering mechanism taken into account.

(3) The zero-magnetic-field resistivity noticeably de- P=0 (Ref. 3 and assume that it decreases downAtp
pends on temperature, even &t 4.2 K. This dependence =1 meV atP=1.3 kbar® the conditionA =kgT, (kg is the
decreases under uniaxial compresgibiy. 1(b)]. Boltzmann constant gives the corresponding valueb,

(4) In a qualitative agreement with the previous restilts, ~24 K andT,=12 K, which are essentially higher than the
the electrical resistivity of the 2D hole gas in zero magnetic temperatures of our experiment.
field reveals approximately two times decrease Rt So we consider, that the temperature dependence of the
=.2_.0 kbar(Table ), while the total carrier concentration eX- magnetoresistance is connected with thé scattering and
hibits about 10% decrease on the background of the carriefge tact of its decrease under compression qualitatively dem-
redistribution betvxll(eben thehtwo spln_s_ubbat[\EItg. S(a)]._ onstrates the suppression of this mechanism. At the same

(5). Al P>1.3 kbar, where positive magnetoresistance e, we confine our consideration of this effect by the pres-
dra§t|cally qups, a negatlve magn.eto.re5|stance becqmes W@E]re 1.3 kbar because the noticeable negative magnetoresis-
noticeable in intermediate magnetic fieldsat 0.5 T[Figs. tance starts to interfere with strongly decreased positive mag-

1(a) and 4a)]. : .
The main experimental result consists in the strong Suppetoresstancéﬂgs. 1 and &)].

pression of the temperature dependence of the positive mag-
netoresistance and the zero-magnetic-field resistance undkt T " T " T " T " T

uniaxial [110] compression. The decrease of the positive 210f ....... 39K .
magnetoresistance at fixed temperatifeg. 1(a)] could be | o 35K R e  a
explained in the frame of the two-band model by the fact that__ S &=

the compression reduces the difference between the B&nds.0 **[ —2ix  # 125F ' R A
But this result should be regarded only together with the g Sy &

strong decrease of the temperature dependence of magné
toresistance and zero-magnetic-field resistivity under com-_
pression. The presence of the temperature dependence ‘@a
magnetoresistance &= 0 is the basic point for assumption < g0
of the temperature dependemth scattering mechanism in
Ref. 4. The analysis, carried out in that paper, shows that the
strong temperature dependence of magnetoresistance canr
be satisfactory explained by other effects: for example by the L . L
weak localization and the temperature smearing of the en ' ' BT
ergy separatior\ ; between the spin subbands. The last one

may be important in the uniaxial stress experiments since it FIG. 2. Temperature dependence of the magnetoresistance at
was showh that A decreases unddrl10] compression. uniaxial compression of 0.65 kbar. The result of calculations is
Nevertheless, if we take the value of splittidg=2 meV at  represented by the dotted lines on the insert.

190 -
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TABLE I. The resistance in zero-magnetic figldl.7 K), the positive magnetoresistance in the saturation
rangeApXX(T)=p§';“(T)—p(T) at 1.7 K and its temperature characterisiip,,(1.7 K)—Ap,,(4.2 K) for
two samples at different magnitudes of uniaxial stress.

Stresskban  p(L7 K (Q)  Ap(L7K) (Q)  Apy(L1.7 K)—Ape(4.2 K) (Q)

Sample 1 0 214.2 60 15.5
0.65 168.8 39 8
1.0 139.5 194 35
1.3 116.8 7.7 1.3
2.0 94.1 1.4 0.1

Sample 2 0 220.8 61.2 155
0.65 179.1 41.9 9.7
1.3 140.1 12.9 2.3
2.0 106.9 25

11l. APPLICATION OF HOLE-HOLE SCATTERING m,V,
MODEL o =eE+eV XB—nnyg(V,i—Vy), 2

In the absence of a comprehensive theory of the transport
phenomena in 2D hole systems with nonparabolicity and anwhereE andB are the electric and magnetic field4,are the
isotropy taken into account, we use in our calculations the&arrier velocitiesm; are the effective masses, are the mo-
simple isotropic model with mutual friction of carriers in the mentum relaxation times, and the subscripts “0” and “1”
two different spin subbands as it was done in Ref. 4. characterize each of the two types of carriers. Comparing
The contribution of carrier-carrier scattering to electricalthese equations to the corresponding equations in Kukkonen
resistivity is possible when two types of carriers with differ- and Maldagué, we find that the “friction coefficient;” is
ent mobilities make up the electric current. In an electricexpressed as
field the carriers will acquire different velocities, and the
velocity difference can be degraded by carrier-carrier scatter- mgm;
ing, which may be described in terms of mutual friction. By n= : <)
" . (NoMo+NyMy) 7oy
writing the electric current as a sum of two terms: one pro-

portional to the total momentum and the other proportiona\,\,hereq.Ol is the decay time for the relative momentum.

1 v
to the relative momentum, Kukkonen and Maldagdem- Solving Eqs.(1) and(2) for the velocity components and
onstrated how the conservation of moment(he total mo-  sing the expression for the current density

mentun) goes along with the mentioned contribution to the
electrical resistivity. In the Drude model we then have two
coupled vector equations of motion:

j = noeV0+ nler_: ogE

we obtain the components,, and o, of the conductivity

moV0 . .
—eE+eVyxB—7ny(Vo—V,), (1) tensorto be given by the same expressions that were found
To in Ref. 4:
12t a TF b' ' ' '
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FIG. 4. (a) Negative magnetoresistance under uniaxial compression 2.0 kbar at different temperatb¢$eanperature dependence of
the negative magnetoresistance paramietir 1.3, 2.0, 2.6, and 3.3 kbar.
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where temperature. We finally determine the valuewgfas the one
that gives the best fit of to the relation
e mi d no(,l)o“l‘ nl(,()l 6
= — = — an B —— .

“ T MR © P(T)=aT?, 10

Finally, the diagonal resistivity element is calculated fromwhich is the expected temperature dependence when Fermi-
Dirac statistics is prevailing; i.e., wheg T<E .2 This con-
_ Oxx @) dition is valid atT=1.7—4.2 K: in the samples under inves-
P o2+ szy- tigation, the Fermi energy i€-=6 meV. The resulting
parameter valuee,, w1, anda are displayed in Figs.(B)
We have already pointed out that the total carrier concenand 3c), wherew, andw, are replaced by the corresponding
tration N and the concentrations, andn; in the two sub-  mobilities wg and u; .
bands were determined from Hall effect and SdH measure-
ments. The remaining parameters of the model were
evaluated from the expressions for the high-field saturation
value ofp,,:

IV. NEGATIVE MAGNETORESISTANCE
AND TEMPERATURE DEPENDENCE
OF CARRIER MOBILITIES, P=1.3 kbar

®) At P=1.3 kbar the negative magnetoresistance starts to
be noticeablgFig. 1(a)] and should be taken into account.
For illustration we represent our dataRt 2 kbar, where
the negative magnetoresistance is well exprefBagd 4(a)].
We may regard the,,(B?) dependences on Fig(d to be a
for B=0. 9 superposition of the positive and negative magnetoresistance.
In the range of magnetic field>0.5 T, where at low stress

N . the positive magnetoresistance tends to the saturation value
For the high-field saturation value the parameiteran be sat” the dependenge,,(B?) reveals the linear behavior and
obtained from Eq(8). Afterwards we calculate; from Eq.  Pxx° P x

(9) at each of the experimental temperatures for an array ofn be expressed
w, values[wy was eliminated by using of Eq6)]. Thus, ) . )
each value ofv, give the friction coefficient as a function of pxx(B%)=pyx—bB".

w
pxsz—ez for ,U,B>1
and the zero-field value:

B N(T)Nw+ wow,
p= [n(T)N2+ no(.()1+ nl(l)o]ez
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Herep}, is considered to bp32' of the positive contribu- (1) in the procedure, described in Sec. Ill, gives us the
tion to magnetoresistance within the accuracy of the saturssorrected values ob; and . Just these data are represented
tion condition for P>1 kbar on Figs. @) and 3c).

With the help of this empirical procedure we can take into
Ipxx(B?) _ account an additional temperature dependence, due to other
9(B?) =const, scattering mechanisms, in determinationteh scattering

parameters even if the origin of these mechanisms is not
known. But it should be noted that we determii{@) only
in a restricted temperature interval 1.7—4.2 K and the param-
eters can be calculated only within this temperature interval.
6n Fig. 3b) for P>1 kbar we referu;=e/w; to the tem-

erature 1.7 K.

®The temperature dependence of mobilities, which is ex-
HFessed by the functiof(T) on Fig. 5 and supposed not to
be connected with-h scattering, is not linear. At the highest
$ressure§=2.6 kbar and®= 3.3 kbar it follows well to the

bw f~T5. Such temperature behavior was observed in 2D
electron transport,where the authors explained it by piezo-
electric component of electron-phonon scatterif®joch-
Puneisen regime As far, the theory of transport phenom-

and it is used in calculations &=1.3 kbar, where the in-
fluence of the negative magnetoresistance is essential.

It should be noted, that the slopeof the linear in respect
to B2 negative magnetoresistance depends on temperatu
and pressurgFig. 4b)]. The magnitude ob has a tendency
to strongly decrease when pressure decreases, and this is
reason why we neglect the negative magnetoresistance in o
calculations at low pressure. R=1 kbar[Fig. 4(b)], the
magnitude ob can be estimated only with a high error. The
origin of the negative magnetoresistance is not clear for us
present.

In the model described in Sec. Il carrier mobilities are
supposed to be temperature independent, that appears not

be strictly correct even at<4.2 K. According to Eq(8), at ena in 2D hole system, especially Bt 4.2 K, is not well

sufficiently high magnetic field the contribution b¥h scat- developed at present there exist certain difficulties in inter-

tering to the temperature depenf_jence of magnetoresi;tance Fetation of these data, all the more the effect of the extracted
suppressed. It allows us to estimate from the experiment mperature dependendéT) is very small in the interval

curves the temperature dependence of resistivity, connect 17_4.2 K. Following Ref. 10, we can only suppose that the

with o';her Siitre”ngt mec[\hanlsms, an?_ make tT)e necTssg%oustic phonon scattering remains in a little part below 4.2
corrections. ow stress these corrections can be negiecigel , g 'y, analogy with 2D electrons, there may exist a tem-

(Fig. 2), but above 1 kbar start to be essential in COmparISO%erature dependence of the screening constant. We cannot

W'th. .the value of depressed temperature dependence of t ffso exclude the possibility that this temperature dependence
positive magnetoresistance.

. . may be partly connected with some mechanism responsible
In the frame ofh-h scattering model the correction, con- y party P

. S . ~ " for the negative magnetoresistance.
nected with the contribution of other scattering mechanisms, g 9

can be taken into account by representing as a
temperature-dependent parameter: V. RESULTS AND DISCUSSION

wi=w(T)=w*f;(T). (11) The behavior of the magnetoresistance at different pres-
sures and temperatures has been calculated from expressions
Here, we represen; as the product of the temperature- (4), (5), and(7) with the obtained parameter valueg, w1,
independent constanb® and temperature-dependent func- anda. The corresponding dependencies are depicted on Figs.
tion f,(T). For simplicity, we suppose that both mobilities 1 and 2 by dotted curves. The maximal deviation of calcula-
have the same temperature dependence and th(3) tions from the experimental curveSp,,=p,(B)—p does
=f,(T)=f(T). We normalizef(T) in such a way that at the Not exceed 10% in the whole interval of magnetic fields,

lowest temperature of our experimeiftL.7 K)=1. It gives  Pressures, and temperatures under investigation. Thus, we
us the values* = w;(1.7 K) and according to E46), w can ~ an conclude that the complete set of experimental data on

zero-magnetic-field resistance, positive magnetoresistance
and their temperature dependencies at different uniaxial pres-
sures can be well described by mutual scattering of holes in
the two spin subbands. AE>5 K the temperature depen-
dence of the resistance in zero-magnetic field does not follow
the h-h scattering model calculatiofsee inset on Fig.(b)].
* The most possible reason is the growkyJ and increasing
p3a(T) = N& f(T), (12)  scattering on acoustic phonons. It should be noted once more
that the calculations were performed only for the pressure
where onlyf(T) depends on temperature. By this wiyl") interval up to 1.3 kbar, because the noticeable negative mag-
can be extracted from the experimental temperature depemetoresistance at higher pressdfgy. 1), introduces an ap-

be expressed asw=w*f(T), where o*=(nywg
+n;w7)/N.

As the temperature dependence\bis not detected in the
temperature interval under investigation, E@) can be
modified to the expression

dence ofp$2Y(T): parent deviation from the model, described by expressions
Pxx
<at (4), (5), and(7). . o
F(T)= Pxx (T) (13 The pressure dependencies of the mobilifigsand w4

(u;=¢€elw;) in the two spin subbands reveal their increase

under uniaxial compressidifFig. 3(b)], while the value ofx,
The result of the analysis is represented on Fig. SFfor which describes the mutual friction coefficient=aT?,

=1.3 kbar. The replacing; in Egs. (4)-(9) by expression strongly decreaseld=ig. 3(c)]. The last result indicates that

Pr(L7K)
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FIG. 5. Temperature dependencef(T) = p33(T)/pS8(T=1.7 K) at 1.3, 2.0, 2.6, and 3.3 kbar. Open and solid symbols correspond to
different samples.

h-h scattering in spin subbands is noticeably depressed. Then this subject may lead to an additional error. In this con-
simplicity of the used model makes us suppose that its apaection the value of, extracted directly from the experi-
plication rather demonstrates the effect lofh scattering mental curvep,,(B,T) andp(T), seems to be more reliable
suppression than gives strict numerical results. Neverthelessyen in the frame of the simple model described in Sec. Ill,
we believe that if the simple-h scattering model works at as far as we do not need any assumption about the pressure
P=0. it should definitely show the proper tendencyhirh dependence of the effective masses.
scattering change at low values of pressure. _ The decay timery, of the relative momentum may be
The magnitude ofr=1.2x 10" % m’ kg s™* K™ obtained  gstimated with the help of Eq3). In our case, at zero pres-
at P=0 in the present work is 30 times less thar=3.7  g1e andT=4.2 K 701=12 ps, if we use the experimental
x10"* mPkg st K2 from Ref. 4, but this apparent dis- 4 of m;=0.25m, from Refs. 5 and 6 and theoretical
crepancy reflects mainly the difference in the hole denSitymagnitude ofm,=0.9m, from Ref. 11. Under the same con-

For comparison we use the theoretical expres¢fef. 4, dition, the lattice relaxation timeg, andr;, evaluated from

Ea. (M the obtained parameteys; and u, [Fig. 3(b)], are of the
same order of magnitude. Calculations for the sample from
= 8 ( mm | 1 n Vni+no (kgT)2. (14)  Ref. 4 gives the value,=2 ps at 4.2 K. It obviously means
3h® Imi+mg) ning |\ =g/ © that in our samples the-h scattering probability occurs to

be about six times less.

If we take mg=0.9m, ;! m;=0.25m,,°® andn; from the A further result of the analysis is connected with the in-
present work, it gives aP=0 the value of «'"®°'=8  crease under compression of the mobilities in the two spin
X107 mPkgs*K? (n Ref. 4 aM%=7  subbandg§Fig. 3(c)]. Such the behavior of mobility may be
x10 ¥ m?kg s 1K™2). The agreement with our experi- caused by a change of the effective masses under uniaxial
mental value ofa seems to be satisfactory. The ratio of compression, because we cannot claim that the dispersion
a'"®°" to the corresponding value from Ref. 4 is about 0.1low and energy spectrum anisotropy do not change. More-
and is mainly determined by three times less carrier concernver, in Ref. 6 it is supposed that the more heavy effective
tration in the samples from Ref. &ffective masses differ massm, should decrease under compression. At the same
not so strong It should be noted however that the Ej4)  time the effective massn; measured in Ref. 6 from the
was obtained on the basis of the simple model for Si invertemperature dependence of Shubnikov—de Haas oscillation
sion layerst? which neglects not only the anisotropy and amplitude, reveals the increase under uniaxial compression
nonparabolicity of the energy spectrum but also intervalleyand therefore seems not to be responsible for the increase of
transitions. The last simplification may be acceptable for Sthe mobility in this subband. We are thus led to suppose two
electron Fermi surfaces, which are far apart in momentunpossibilities that may exist togetheii) The observed dis-
space, but not in the case of spin subbandp-tgype mate- crepancy indicates the noticeable change of the Fermi-
rials. If at P=0 the expressiolild4) may give a reasonable surface anisotropy. In this case the mobilities are determined
order of magnitude for, it obviously starts to be not appli- by transport masses, but not by the cyclotron oiigsThe
cable under uniaxial stress, as fag decreases and increas- growth of the mobilities also can be due to a decrease of the
ing probability of intersubband scattering may introduce anscattering on charged states. These states may be connected
essential error in estimation of. Moreover, the change of with misfit dislocationgdangling bondsnear the heteroint-
mg under uniaxial stress is not determined and speculationgrface. In this case they reveal much more high influence on
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2D hole scattering process than remote shallow acceptors state constitute the two bands of the model, and where
Be in the active layer and can cause strong increase of maemperature-dependent mutual scattering between the holes
bilities without significant changes in carrier concentrafidn. in these bands is taken into account. The results of our cal-
In the heterostructure under investigation the density of daneulations indicate that thb-h scattering mechanism in the
gling bonds may beNpg=1.7x10"*m 2 (Ref. 14. The 2D hole system under investigation is strongly suppressed by
presence of deep levels that are close to fhvype uniaxial compression. Stress-induced increase of calculated
GaAs/Al sGa, sAs heterointerface was detected in Ref. 15mobilities in the both subbands is supposed to be connected

by deep-level transient spectroscopy. with change of the Fermi-surface anisotropy aod) de-
crease of the scattering on charged states in the nearest vi-
VI. SUMMARY cinity of the heterointerface.
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