RAPID COMMUNICATIONS

PHYSICAL REVIEW B 76, 161201(R) (2007)

Weak localization in Ga;_ Mn,As: Evidence of impurity band transport
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We report the observation of negative magnetoresistance in the ferromagnetic semiconductor Ga;_,Mn,As,
x=0.05-0.08, at low temperatures (T<3 K) and low magnetic fields (0 <B <20 mT). We attribute this effect
to weak localization. Observation of weak localization strongly suggests impurity band transport in these
materials, since for valence band transport one expects either weak antilocalization due to strong spin-orbit
interactions or total suppression of interference by intrinsic magnetization. In addition to the weak localization,
we observe Altshuler-Aronov electron-electron interaction effects in this material.
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Dilute magnetic semiconductors (DMS) form a bridge be-
tween conventional ferromagnetic materials and semicon-
ductors, with the promise of electrostatic tailoring of mag-
netic properties.! If enabled to operate at room temperature,
the DMS materials will play a central role in the rapidly
developing field of spintronics, with applications ranging
from sensors to memories and quantum computing. In Mn-
based DMSs such as GaMnAs,>* the ferromagnetism is
carrier-mediated, so that their magnetic properties are tightly
related to the nature of electronic transport.

The principal unresolved issue in the physics of GaMnAs
concerns the roles of valence and impurity bands. The Zener
model of ferromagnetism (which becomes equivalent to the
RKKY approach) has been proposed by Dietl,’ and devel-
oped by others®® based on the assumption of hole transport
in the valence band in this and related materials. Alterna-
tively, it has been suggested that the holes in GaMnAs reside
in the impurity band.>-'?> Recent optical studies provide
strong evidence of impurity band formation.'>!'# Understand-
ing the origin of electronic states participating in transport—
which bear on the physical origin of ferromagnetism in III-
Mn-V alloys—clearly constitutes the key to achieving higher
T, in DMSs.

In this paper, we demonstrate that low-temperature con-
duction in GaMnAs is inconsistent with valence band trans-
port. We observe a peak in magnetoresistance at very small
magnetic fields (B<<20 mT), which is independent of orien-
tation of B with respect to the ferromagnetic easy axis and to
the direction of the electric current. The peak appears below
3.4 K and increases at lower temperatures. We attribute this
effect to the anomalous negative magnetoresistance of the
Aharonov-Bohm (AB) origin.!>!¢ The shape and magnitude
of the peak is consistent with weak localization (WL)'7!3 in
a three-dimensional (3D) conductor with weak spin-orbit in-
teraction. Holes in the valence band, on the contrary, expe-
rience strong spin-orbit interaction, which would lead to
weak antilocalization (positive magnetoresistance)'>? in the
absence of ferromagnetic order or in suppression of interfer-
ence effects below T,. In addition to WL we observe a field-
independent increase of resistance at 7<<8 K, a signature of
Altshuler-Aronov (AA) electron-electron interaction effect
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on resistivity.?! Such temperature dependent AA contribution
is almost an order of magnitude larger than the magnitude of
the magnetoresistance peak, as it should be in conventional
3D disordered conductors.

The GaMnAs wafers were grown by molecular beam ep-
itaxy (MBE) on semi-insulating (001) GaAs substrates. Prior
to GaMnAs deposition a 120 nm GaAs buffer was grown at
590 °C, followed by a 2 nm GaAs buffer grown at 275 °C.
100 nm of Ga;_Mn,As was deposited next, with x
=0.02, 0.05, 0.65, and 0.08. We will refer to those as 2%,
5%, 6.5%, and 8% Mn samples. The Curie temperatures for
these wafers are in the range 60 K<7,.<100 K. The mea-
surements were performed on large Hall bars (a few mm)
oriented along the [110] crystallographic direction. Longitu-
dinal and Hall resistances were measured using the standard
four-probe lock-in technique with 10 nA excitation current in
a dilution refrigerator (0.05-1.2 K) and in a pumped *He
system (1.2-300 K). Magnetic fields in the dilution refrig-
erator were generated by a home-made two-axis magnet,
which in combination with a rotator allows us to point the
magnetic field in an arbitrary direction. In the following B |
refers to the field oriented normal to the sample surface
(B, I[001]); and for in-plane orientations the field direction
will be indicated explicitly (for example, Bp;q)lI[110]).

Temperature dependence of resistivity at zero magnetic
field is plotted in Fig. 1 for 5% Mn and 6.5% Mn samples.
As the temperature is decreased in the paramagnetic phase,
the resistance increases and reaches a maximum around 7.,
which can be attributed to the enhanced spin disorder scat-
tering. Deep in ferromagnetic phase (T<T,) the 2% Mn
sample becomes insulating (resistivity exhibits hopping
transport). In contrast, samples with >4% Mn show metallic
behavior at low temperatures. However, the resistivity does
not saturate as 7— 0, but reaches a minimum at ~8 K and
then slowly increases as the temperature decreases down to
the lowest 7=30 mK. We do not expect any resistance
change due to ferromagnetic ordering at these temperatures,
since thermodynamically magnetization reaches 99% of its
T=0 value already at T=0.27.=~10 K. Moreover, an in-
crease in ferromagnetic order should reduce the resistivity, as
in the 8 K<T<T, temperature range.
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FIG. 1. (Color online) Temperature dependence of resistivity at
B=0 plotted for samples with 5% Mn (solid dots) and 6.5% Mn
(open dots). Triangles are measured at B =30 mT. In the inset the
height [p(30 mT)—-p(0)]/p(0) (dots) and the full width at half
maximum (FWHM) (triangles) of magnetoresistance peak seen in
Fig. 2 are plotted as a function of temperature.

Weak enhancement of resistivity at low temperatures in
disordered conductors is usually associated with quantum in-
terference and/or interaction effects. Such interference ef-
fects are sensitive to external magnetic fields, and we indeed
observe that the application of a small field of B, =30 mT
reduces resistivity at 7<<3.4 K. The difference in resistivity
p(30 mT)-p(0) is plotted in the inset of Fig. 1. This zero-
field enhancement of resistivity reveals itself as a narrow
peak in magnetoresistance. In Fig. 2 magnetoresistance at
different T is plotted for an out-of-plane magnetic field B | .
At T>34K there is no change in resistivity in the
—100 mT<B, <100 mT range. At T=3.4 K a peak appears
at B | =0. The height of the peak then gradually increases as
the temperature decreases, and approaches 1-2% of the over-
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FIG. 2. (Color online) Magnetoresistance in 5% Mn sample
plotted at different temperatures 0.05<7<6 K. Between 1.6 K
and 4.2 K p(B) is plotted at 0.2 K intervals. In the inset zero-field
peak at 50 mK is enlarged. The dashed curve is a fit with
p(B)=p(0)=B>.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 76, 161201(R) (2007)

B[I 10] (T)

FIG. 3. (Color online) Magnetoresistance plotted for three
samples with different Mn concentrations for normal (B ) and in-
plane (BII[110]) magnetic fields. Solid (dashed) curves are for mag-
netic field sweeps up (down). Data for B | (B[;1()) Were measured at
66 mK (23 mK).

all resistivity at 7=30 mK. The peak width also increases
with decreasing 7, and almost saturates for 7<<1 K.

The height and shape of the zero-field peak is independent
of the orientation of magnetic field. In Fig. 3 we plot mag-
netoresistance as a function of the out-of-plane B, and in-
plane By fields for three samples with different Mn con-
centrations. The overall shape of magnetoresistance is very
different for the two field orientations, and exhibits a hyster-
etic behavior. The zero-field peak, however, has no hysteresis
and has a similar height and width for both field orientations,
which suggests that its origin is not related to ferromagnetic
ordering. This feature is emphasized in Fig. 4, where both
R, and the planar Hall effect (PHE) are plotted for different
orientations of the in-plane magnetic field. The jumps in
PHE indicate switching of magnetic domains, which produce
corresponding spikes in magnetoresistance, but do not
change the overall shape of the zero-field peak. We also ob-
serve a zero-field enhancement of the PHE, similar to the
peak in magnetoresistance. This behavior is consistent with
the PHE resulting from inhomogeneities of current flow and
reflects the corresponding enhancement of R,,.

We now discuss the experimental data. The only known
physics that can explain a low magnetic field magnetoresis-
tance that is independent of the magnetic field orientation
relative to the current and to crystallographic axes is the
phenomenon of weak localization (WL), which leads to
anomalous magnetoresistance arising from the Aharonov-
Bohm effect. There are several distinct experimental features
which indicate that the observed effect is indeed related to
WL. (i) The zero-field peak gradually disappears with in-
creasing temperature as the phase breaking processes inten-
sify, thus destroying WL. (ii) Similar temperature depen-
dence characterizes also the magnetic-field-independent
background. This behavior is characteristic to the Altshuler-
Aronov (AA) electron-electron interactions effect on resistiv-
ity that accompanies WL in disordered conductors at low
temperatures. Indeed, the AA effect is not destroyed (to a
leading order) by the Aharonov-Bohm magnetic flux passing
through electron trajectories, and its magnetic field depen-
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FIG. 4. (Color online) Magnetoresistance (left panel) and planar
Hall effect (right panel) shown for different orientations of in-plane
magnetic field in the 6.5% Mn sample. All curves except a=90° are
offset for clarity. Angle a=0° corresponds to Bl[110], a=45° to
BI[100] (the easy axis of magnetization), and a=90° to BI[110].
Current [lI[110]. Solid (dashed) curves are for magnetic field
sweeps up (down).

dence due to spin arises only in rather strong magnetic
fields.?? Furthermore, in 3D conductors the AA contribution
to magnetoresistance should exceed the WL contribution by
an order of magnitude. The experimentally measured ratios
are 4 and 11 for the wafers with 5% and 6% Mn, respec-
tively. (iii) The value of magnetoresistance is also consistent
with the WL physics. Furthermore, from the suppression of
the WL peak at 20 mT we estimate the phase breaking length
to be /,~0.1 microns. This estimate is consistent with the
inelastic phase breaking length extracted from universal con-
duction fluctuations in similar materials.>>?* (iv) The shape
of the zero-field peak is consistent with theoretically ex-
pected B dependence (see inset in Fig. 2).

We thus attribute the zero-field peak in magnetoresistance
to the WL effect. This observation is intriguing, because
GaMnAs is a magnetic alloy, so that magnetic interactions
must coexist with WL, which limits their strength. Further-
more, the negative sign of the observed magnetoresistance
brings certain restrictions on the properties of charge carriers
contributing to the resistivity.

From general symmetry principles the WL correction to
conductivity for charge carriers with spin (angular momen-
tum) 3/2 is

1 2 3
1
AU“—Z(—SO*‘ > T ;- > O+ > SS,i)s (1)

i=—1 i=-2 i=-3

where S is the singlet contribution to conductivity of inter-
fering electron waves with total spin zero and 7' ;, O, ;, and
S5, are triplet, quintuplet, and septuplet contributions. They
arise from the total angular momenta 1, 2, and 3, respec-
tively, ¢ being the projection of angular momentum on the
quantization axis.

When orbital (Aharonov-Bohm) effects suppress the inter-
ference contributions, one observes either a negative or a
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positive magnetoresistance, depending on the relative impor-
tance of the multiplets and singlet. This relative importance
is determined by the strength of spin-dependent interactions.
A negative magnetoresistance requires that spin and spin-
orbit scattering are negligible, that almost no intrinsic spin-
orbit interactions present, and that charge carriers are not
affected by a strong Zeeman effect and/or ferromagnetism. If
these conditions are satisfied, the Aharonov-Bohm flux sup-
presses localization of electrons, leading to negative magne-
toresistance, which is defined by the sum of singlet, triplet,
quintuplet, and septuplet contributions. We note that when all
spin-dependent interactions are absent, each of the multiplets
contributing to WL is equal to the singlet, leading to a local-
izing correction, Aoc<—S;, and to negative magnetoresis-
tance. However, if strong spin-orbit effects completely sup-
press all multiplet contributions, the remaining singlet
contribution will lead to antilocalization, Ag o JTSO, and, cor-
respondingly, to a positive magnetoresistance.

GaMnAs is characterized by several magnetic interac-
tions: Spins are affected by average magnetization in the
ferromagnetic phase, by scattering off magnetic fluctuations
due to Mn, by domain walls and other magnetization inho-
mogeneities, and finally by intrinsic spin-orbit interactions
and spin-orbit scattering. Observation of WL allows us to
make conclusions about dominant hole scattering mecha-
nisms. In particular, we conclude that scattering by magnetic
fluctuations cannot be dominant. Otherwise the singlet and
multiplet terms, both affected by such scattering, would be
entirely suppressed, leading to the absence of interference
effects. Thus it is the very strong positional disorder rather
than magnetic scattering that dominates the scattering
mechanism, limiting the mean free path.

In contrast to scattering off magnetic fluctuations, average
ferromagnetic magnetization of GaMnAs must have a pro-
found effect on the interference terms, entirely suppressing
contributions with antiparallel spins in singlet and multiplet
states. If S is entirely suppressed, the only contributions to
weak localization arise from multiplets, resulting in negative
magnetoresistance. The remaining magnetic interactions:
Domain walls and other smooth magnetic inhomogeneities,
and various types of spin-orbit interactions, can only affect
multiplet terms with nonzero projections of angular
momentum.? If these magnetic interactions are weak, then a
negative magnetoresistance can indeed be observed, as seen
experimentally.

We can now set a restriction on the origin of carriers that
contribute to the conductivity. If the contributions were com-
ing from valence band holes in GaMnAs, then strong spin-
orbit interactions of total angular momentum of holes with
their kinetic momentum k would result in spin dephasing
(scattering) times of the order of the transport scattering
time. This would lead to the total suppression of multiplet
terms, resulting in a positive magnetoresistance similar to
that observed in nonmagnetic p-type materials.?® In contrast,
for localized states no spin orbit interaction relevant for WL
exists. Metallic impurity band is an intermediate case be-
tween wide valence band and localized states, and spin-orbit
interactions are expected to be weaker than in valence band.
Thus the spin-orbit effects in the impurity band have only
limited impact on multiplet terms, in agreement with the ob-
served negative magnetoresistance.
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Finally, we would like to point out several unusual fea-
tures observed in our experiments. Typically a negative mag-
netoresistance in 3D disordered nonmagnetic conductors has
Bi field dependence at low B, which smoothly evolves into
VB at higher B (at [,,~[,, where ,, is the magnetic length).
In our samples, however, instead of such gradual change of
magnetoresistance with field we observe an abrupt suppres-
sion of the effect. A related feature is the 7 dependence of the
width of the magnetoresistance peak. From /,,~ 1, crossover
one expects that the peak will broaden with increasing tem-
perature (since £,,B~"? and 1, T~"). In our data, however,
we observe just the opposite: The magnetoresistance peak
narrows as the temperature increases. We analyzed several
mechanisms which can potentially lead to the suppression of
WL and are enhanced at higher temperatures. In weak mag-
netic fields the average spin inside the domains begin to tilt
away from the easy axis, and the resulting spin texture will
then act as an effective Berry’s phase. This suppression
mechanism? should not be present for the field aligned
along the [100] (i.e., the easy axis) direction. Experimentally,
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however, the peak for BII[100] is the same as for the other
field directions; see Fig. 4. Also, the observation of domain
switching within the WL peak rules out the possibility that
the suppression of WL is caused by domain walls.

In conclusion, we have observed unexpected negative
magnetoresistance at small magnetic fields in GaMnAs,
which we attribute to weak localization. We also observe
weak temperature dependence of resistivity which we ascribe
to the Altshuler-Aronov electron-electron interactions effect.
The sign of magnetoresistance indicates that transport in
GaMnAs cannot originate from valence band holes, but must
be attributed to holes in the impurity band. Observation of
interference effects in resistivity at high (>4 %) Mn concen-
trations indicates that the hole transport is diffusive.

Recently, observation of weak localization in GaMnAs
has also been reported by Neumaier et al.?’
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