PHYSICAL REVIEW B VOLUME 60, NUMBER 7 15 AUGUST 1999-I

Weak localization in Aly Gay sAs/GaAs p-type quantum wells
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We have experimentally investigated the weak-localization magnetoresistance in, @BaAAs/GaAs
p-type quantum well. The peculiarity of such systems is that spin-orbit interaction is strong. On the theoretical
side it is not possible to treat the spin-orbit interaction as a perturbation. This is in contrast to all prior
investigations of weak localization. In this paper we compare the experimental results with a newly developed
diffusion theory, which explicitly describes the weak-localization regime when the spin-orbit coupling is
strong. The spin relaxation rates calculated from the fitting parameters were found to agree with theoretical
expectations. Furthermore, the fitting parameters indicate an enhanced phase-breaking rate compared to theo-
retical predictions[S0163-182009)12927-§

The effect of localization in weakly disordered systems The heterostructures used in the experiment were grown
can be understood in terms of the quantum interference be®n a[100] oriented GaAs wafer by molecular-beam epitaxy
tween two waves propagating by multiple scattering alongMBE) technique. A symmetrical quantum well was formed
the same path but in opposite directions. When a magnetig® @ 70-A-wide GaAs channel in a modulation-doped
field is applied, the phase pick-ups along the two paths hav®@.5AlosAS matrix. The GgsAlgsAs was homogeneously

Lo o : doped with Be fige=2x10"*cm™) in two 50-A-thick lay-
opposite sign, and as a consequence, a negative magneto Be

sistance is observedThis effect is normally known aseak ~ ©'S Separated by 250 A of intrinsic GlosAs from the
localization center of the GaAs channel. The individual samples were

Due to the properties of the spin part of the wave func-mesa-etched into rectangular Hall bars with a width of 0.2
. : e : mm and a total length of 4.2 mm. Three voltage contacts on
tion, s_pln-orblt interaction has bee_n s_hown to have a d.raéach side were placed in a distance of each 0.8 mm to avoid
matic influence on the weak localization. In systems with

: L . . erturbing significantly the four point measurements. Ohmic
strong spin-orbit interaction, the magnetoresistance revers g9 y b

o his is | he ab K K ntacts to the two-dimensional hole gas were made by a
Its sign. This is in contrast to the above, knownwasak  a,/zn/Au composite film annealed at 460 °C in 3 min. The

antilocalization o .. contacts areas were 0x®.6 mn? squares, and bonded to the

Traditionally, weak antilocalization has been studied in-jegs of a nonmagnetic chip carrier. Four point measurements
tensely in metallic films;® where spin-orbit interaction oc- of the resistivity were carried out using standard low-
curs at the individual scattering centers. More recently, Wealfrequency lock-in techniquéEG&G 5210. The samples
antilocalization has been observed in true two-dimensionajvere biased by an ac current signal with an amplitude of 200
systems which lack inversion symmetry, such rasype  nA. The experiments were performed at temperatures be-
Gay AlgsAs/GaAs or Te quantum wells. The lack of inver- tween 0.3 and 1.0 K in an Oxford Heliox cryostat equipped
sion symmetry gives rise to a new spin-relaxation mechawith a copper electromagnet. The characterization of the
nism. This has surprisingly led to a completely new physicakamples with respect to density and mobility were done by
insight—° (see also Ref.)5 Hall measurement at magnetic fields betweeh3 T and 0.3

However, most of all previous works referred ietype T, while the weak-localization magnetoresistance measure-
quantum wells. In the case of gtype quantum well, an ments were performed at fields betweeri00 Gs and 100
even more dominating positive magnetoresistance would bgs. To generate the stable current for the magnetic fields, we
expected due to strong spin-orbit interaction in the GaAwused a Keithley 2400. The samples were found to have a
valence band. hole density ofp=4.4x10*m 2, which is low enough to

In recent theoretical works devoted to weak localizationensure that only one subband is filled. The mobility was
in p-quantum wells? it was shown how the sign of the found to bex=3.5T .
magnetoresistance depends on the hole concentration. More- It is well known that the weak-localization effect on the
over, anisotropy of the spin relaxation was predicted, whichmagnetoconductivity manifests itself more brightly when
in turn leads to a dependence of the phase-relaxation rate a|> 1, corresponding to a metallic conductivity in the sys-
the spin orientation. Experimental investigations of anomatem. Herek is the Fermi wave vector arids the mean free
lous magnetoresistance prquantum wells so far did not path. For our samples this product may be estimated with the
exist. In this work, the magnetoresistance is studied experinelp of the two-dimensional Drude conductivityp
mentally inp-quantum wells and peculiarities of weak local-
ization are discussed in the case where spin and momentum o _&
relaxation rates are comparable. D™ 2mh
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In the studied samplesp=2.47x10 2Q %, which gives T T T T ]
kel~63. The value ok may be determined from the hole
concentration,ke=/27p, and is equal to 110 m.

This leads to a mean free pdth 0.37um for our samples.
The magnetic length is equal toin a field B,=%/2el?

~24 Gs. FoB<B,,, the diffusion theory may be applied for

a description of weak-localization effects.

According to recent theoretical work®the key param-
eter in ap-quantum well of widtha is kga/#. This product
is a measure of heavy-hole/light-hole mixing degree at the
Fermi level, which determines the behavior of the anomalous
magnetoresistance. For instance, if the carrier concentration
is small kga/ w<<1), the magnetoresistance does not change
its sign and is exclusively negative. On the other hand, if
kea/7=1, the magnetoresistance is also sign-constant, but
positive. This positive magnetoresistance was observed in
recent experimental reportS§Moreover, the resistance may
change its sign as a function of magnetic field at the inter-
mediate values of this parameter. Since in the studied system
kea/m~0.37, this intermediate regime is in fact realized in
our experiments.

Under these conditions the weak-localization correction to
the conductivity of ourp-type quantum wells in magnetic
fields B<B,, is given a

5
B,/ |’

L
2

wheref is given byf(x) =In(x)+(1/2+ 1/x); herey(x) is a
digamma function ando(B) is the difference between the
conductivity with and without magnetic field. The character-
istic magnetic field8,, B, andB, are given as

0.1

0.0

3a(B) ’/nh

-60 -30 0 30 60
Magnetic field (Gauss)

90

B
B,+B,

1f
2

e?
So(B)= pure

+1f
2

FIG. 1. Magnetoconductivitydo(B) of a GaAs/GgzAlgAs
p-type quantum well at three different temperatutgsm above
T=820 mK, T=560 mK, andT=360 mK). The best theoretical fit
(dotted ling is shown forT=360 mK.

B¢+B”)

bitrary small hole concentrations to the inequalBy>B,
which is observed in the experiment.

Since B,<By, the wave-function phase breaks after
many collisions with impurities and one can apply the diffu-
sion theory for experiment fitting. In magnetic fielBs- B,

. - the wave-function phase breaks after a few collisions. Weak-
where the qu'antltles-” 71 .refer 'to the longitudinal 'and. localization theory for this region of fields is derived in Ref.
transverse spin-relaxation time W|th the preferred aX|s_Iy|ng12 and 13 for systems with weak spin-orbit interaction only.
normal to the quantum well, and, is the phazse—relaxatlon Below, we consider the case of strong spin-orbit interaction
time for the holes. The diffusion coefficiebt=1/27, where ;. magnetic field8~ B, .

7 is the momentum relaxation time. Equati® resembles 15 cogperon equations for particles with different abso-
the expression for metallic films first reported by Hikami lute value of spin projection can be separatedatB, .
-

2 3 . . .
ett?l. ?fs well as thadt. by Alt.SChlljleft al” for diffusive Spin- 1 ,q the expression fafo has three terms and each of them
orbit effects in two-dimensional electron systems. Howeveryenengs only on one characteristic magnetic field, similar to

in our case the spin relaxation cannot be described by ongq " (2) The Cooperon equations, which take into account
parameter and the expression given by E2). does only  gonq spin-orbit interaction, are complicated integral equa-

_
¢ 4eDr,’

B _ h
H_4eDTH,

5 _ #
1 4eDr,’

B

converge into the Hikami expressionBf, = 2B, which, as
we shall see, is not the case.

In Fig. 1 we present the magnetoconductivity measur
ments at different temperatures. An example of a fit obtaine
with Eq. (2) is also shown foiT =360 mK. The fitting was
done by the Levenberg-Marquardt method, implemented i
C** by standard nonlinear least-squares routines. The p
rameters of the fitting procedure arB,=2.6Gs, B,
=17.2Gs, andB, =4.6 Gs.

We have shown theoreticalfy/that spin-flip probabilities

e('aj_'ecreases in comparison with the diffusion approximation.

tions and have to be solved numerically. However, it is clear
that the absolute value of each term in the expressio@ddor

ence Eq(2) describes qualitatively the dependeriig(B)
even atB=B,,. The maxima and the subsequent decrease in

r?nagnetoconductivity seen in Fig. 1 are in fact caused by the
irst term in Eq.(2), which dominates in these fields.

Thus the magnetoconductivity dependence in small mag-
netic fields is approximately given by

depend differently on the value of Fermi quasimomentum for

hole spin oriented along the grown axis and lying in the
qguantum-well plane. For instance, for scattering from the

short-range potentia,~k¢ andB, ~kg. This leads at ar-

So(B)=— (4)

=

B
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L the approximatioB,(T)=4.1GsK ' T+0.91Gs. As an es-
timate, we use the Nyquist noise formula for the electron
phase-breaking time as an approximation Bgr. **

BN_BtrMIn(kFl)v 5
wherevg is the hole velocity at the Fermi surface. It is re-
lated to the mean free path by equality v 7. In this ap-
proximation By=0.9GsK 1T, where an effective hole
massmy=0.23M, was usedmj is the free-electron mass
Hence the observed phase-breaking rate is approximately
four times larger than what is expected from this simple Ny-
quist noise estimate. A possible explanation for this discrep-
ancy could be found in the nonparabolic dispersion relation
which would tend to decreasg: . It is, however, difficult to
make any further analysis due to the fact that there have been
no theoretical attempts to discuss the phase-breaking rate in
hole systems.

In conclusion, we have presented experimental studies of
2L 4 the magnetoconductivity caused by weak localization in
Ga sAlg sAs/GaAs p-type quantum-well system, where the
spin-orbit coupling is strong. We observe that the magneto-

T conductance changes sign from negative to positive as the

300 400 500 600 700 800 900 magnetic field is increased. This is due to the intermediate
Temperature (mK) degree of heavy-hole/light-hole mixing in these samples. The

phase relaxation times were determined as a function of tem-

perature. The spin-relaxation rates are found to be in agree-

ment with theory. The phase-coherence relaxation rate was
Found to be significantly larger than the Nyquist behavior

B(p (Gauss)

FIG. 2. Temperature dependence of the paramBtgrof a
GaAs/Ga Al sAs p-type quantum well. Experimental results are
shown by open dots. The solid line shows the best linear fit to th
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