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It is demonstrated by SQUID measurements that(Ga,Mn)As films can exhibit perpendicular easy axis at low
temperatures, even under compressive strain, provided that the hole concentration is sufficiently low. In such
films, the easy axis assumes a standard in-plane orientation when the temperature is raised towards the Curie
temperature or the hole concentration is increased by low temperature annealing. These findings are shown to
corroborate quantitatively the predictions of the mean-field Zener model for ferromagnetic semiconductors.
The in-plane anisotropy is also examined, and possible mechanisms accounting for its character and magnitude
are discussed.
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I. INTRODUCTION

The discovery of carrier-mediated ferromagnetism in
(III,Mn ) V dilute magnetic semiconductors(DMS) grown by
molecular beam epitaxy(MBE) has made it possible to com-
bine complementary properties of semiconductor quantum
structures and ferromagnetic systems in single devices, pav-
ing the way for the development of functional semiconductor
spintronics.1 Therefore, the understanding of magnetic aniso-
tropy in these systems and the demonstration of methods for
its control is timely and important. It has been known, since
the pioneering works of Munekataet al.2 and Ohnoet al.,3,4

that ferromagnetic(In,Mn)As and(Ga,Mn)As films are char-
acterized by a substantial magnetic anisotropy. Shape aniso-
tropy effects can explain neither the direction nor the large
magnitude of the observed anisotropy fieldm0HA in these
dilute magnetic materials.

It has been found by studies of the anomalous Hall
effect3,4 and ferromagnetic resonance5 that the direction of
the easy axis is rather controlled by epitaxial strain in these
systems. Generally, for layers under tensile biaxial strain
[like (Ga,Mn)As on an(In,Ga)As buffer] perpendicular-to-
plane magnetic easy axis has been observed(perpendicular
magnetic anisotropy, PMA). In contrast, the layers under
compressive biaxial strain[as canonical(Ga,Mn)As on a
GaAs substrate] have been found to develop in-plane mag-
netic easy axis(in-plane magnetic anisotropy, IMA). At first
glance this sensitivity to strain appears surprising, as the Mn
ions are in the orbital singlet state6A1.

6 For such a case the
orbital momentumL=0, so that effects stemming from the
spin-orbit coupling are expected to be rather weak and, in-
deed, electron paramagnetic resonance studies of Mn in
GaAs have led to relevant spin Hamiltonian parameters by
two orders of magnitude too small to explain the values of
m0HA.7

In the system in question, however, the ferromagnetic
Mn-Mn exchange interaction is mediated by the band holes,
whose Kohn-Luttinger amplitudes are primarily built up of
anionp orbitals. Furthermore, in semiconductors, in contrast
to metals, the Fermi energy is usually smaller than the
atomic spin-orbit energy. Hence, as noted by some of the
present authors and co-workers,8,9 the confinement or strain-
induced anisotropy of the valence band can result in a sizable
anisotropy of spin properties. Indeed, the quantitative calcu-
lation within the mean-field Zener model,9–11 in which the
valence band is represented by the 636 Luttinger Hamil-
tonian, explains the experimental values ofHA in (Ga,Mn)As
with an accuracy better than a factor of 2.10,12 Moreover, by
combining theories of magnetic anisotropy9,10 and of mag-
netic stiffness,13 it has been possible to describe the width of
stripe domains in(Ga,Mn)As PMA films.12 However, the
theories in question10,11 contain a number of predictions that
call for a detail experimental verification.

In this paper we present magnetic anisotropy studies car-
ried out by direct magnetization measurements in a dedicated
superconducting quantum interference device(SQUID) mag-
netometer. Our results show that films of(001) (Ga,Mn)As
on GaAs with appropriately low values of hole densityp do
exhibit PMA and that in some of them a clear temperature-
induced reorientation of the easy axis from[001] to k100l
occurs. This peculiar behavior is actually quite universal and
has been observed by some of us and co-workers in the case
of (Al,Ga,Mn)As (Ref. 14) and of(Ga,Mn)As obtained under
different growth conditions.15 Importantly, the effect van-
ishes in samples with higher hole concentrations, which we
obtain by low temperature annealing. By a quantitative com-
parison of these findings to results of theoretical computa-
tions, we demonstrate that the temperature-induced reorien-
tation of the easy axis from the perpendicular(PMA) to the
in-plane (IMA ) orientation corroborates the theoretical ex-
pectations referred to above.10 At the same time our magne-
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tization data confirm a peculiar character of thein-planean-
isotropy, which can be inferred from previous transport16 and
magnetoptical17,18 measurements. We discuss possible rea-
sons and consequences of this specific temperature-
dependent in-plane magnetic anisotropy of the
sGa,MndAs/GaAs material system.

II. SAMPLES AND EXPERIMENT

The (Ga,Mn)As films with a thickness of 400 nm were
deposited by MBE onto(001) GaAs substrates at 220 °C
under an As4/Ga beam equivalent pressure ratio of 5, as
described previously.19 High resolution x-ray diffraction
shows good crystal quality(Ga,Mn)As with the rocking
curve widths comparable to those of the GaAs substrate and
pronounced finite-thickness fringes, indicating flat interfaces
and surfaces. The layers are pseudomorphic with respect to
the GaAs substrate, as verified by reciprocal space maps
around the asymmetric[115] reflection. We present results
for samples with Mn concentrationx=5.3% and 3%, and
biaxial strain«xx=−0.27% and −0.16%, respectively, as es-
tablished by x-ray diffraction measurements.19 In order to
trace the evolution of magnetic anisotropy with the hole con-
centration, thex=5.3% sample was divided into six pieces,
five of them being annealed at 165 °C in air for different
times between 28 and 200 h, which led to an increase ofTC
up to a factor of 2. This sensitivity to annealing reflects the
presence of self-compensation by mobile donor defects,
which are neutralized at the surface.20

Magnetization measurements are carried out in the
SQUID magnetometer down to 5 K. By design, the signal
detection axis is aligned with the direction of the magnetic
field H (vertically). As a result the system is sensitive only to
the vertical component of the magnetization vector. Special
care is put forward to screen the sample from external mag-
netic fields and to keep the parasite remanent fields generated
by the magnet at the lowest possible level. The Meissner
effect of a pure lead sample confirms that even after an ex-
cursion to the field of 1 kOe, the remanent field remains
below 100 mOe. Such a low value is essential for successful
magnetic remanence studies or for measurements at tempera-
tures close toTC, where the coercivity of(Ga,Mn)As drops
into a sub-Oersted regime. For studies of in-plane anisotropy,
(Ga,Mn)As layers were initially shaped by chemical etching
into circles of approximately 5 mm in diameter. However,
detailed studies show that this is an unnecessary precaution,
since even rectangular 2:1 shapes have the same properties
as circled samples.

III. ORIGIN OF MAGNETIC ANISOTROPY IN
FERROMAGNETIC ZINC-BLENDE DMS

The magnetic dipolar anisotropy, or shape anisotropy, is
mediated by dipolar interaction. Since it is long range, its
contribution depends on the shape of the sample and in thin
films the shape anisotropy often results in the in-plane align-
ment of the moments. The experimental evidence presented
in this paper unambiguously proves that perpendicular orien-
tation of spontaneous magnetization is realized insomeof

the investigatedsGa,MndAs/GaAs layers. Importantly, simi-
lar studies2 showed that PMA is seen inmost(III,Mn )V layer
grown such that they are under tensile biaxial strain. As all
are very thin layers(typically a fraction ofmm thick) and of
macroscopic lateral dimensions, such an experimental find-
ing points to the existence of a very strong microscopic
mechanism that counteracts the shape imposed in-plane ar-
rangement of the magnetization.

Undoubtedly, the sign of the biaxial strain is one of the
factors that plays a role in determining the direction of the
magnetic anisotropy. Indeed, at sufficiently high hole con-
centrations, this is often the dominant factor. However, our
experimental results clearly show that in general, additional
factors such as hole concentration and temperature also play
a role, and that the anisotropy is determined by a combina-
tion of these factors. In fact, we will argue that sensitivity to
epitaxial strain, hole density, and temperature is an ubiqui-
tous property of carrier mediated ferromagnetism and is
solely due to the anisotropy of the carrier-mediated exchange
interaction reflecting the anisotropic properties of the top of
the valence band. This should not be too surprising given
that we are dealing with magnetically diluted systems, and
that the shape anisotropy fields that must be overcome are
not particularly strong. In our case, as for thin films, the
shape anisotropy energy per unit volume is given byE
= 1

2m0MS
2 cos2 u (MS is the saturation magnetization andu is

the angle thatMS subtends to the plane normal), which gives
the anisotropy fieldm0HA=m0MS only of about 0.06 T for
5% (Ga,Mn)As, as compared to 2.2 T for iron.

Knowing thep-d exchange energy andk·p parameters of
the valence band it is possible to compute magnetic aniso-
tropy energy in the studied compounds.9–11 In fact the pub-
lished results agree with the experimental data with remark-
ably good accuracy.5,21–23 Nevertheless, it is instructive to
consider a simplified case of the model that is the nearly
empty top of the valence band in biaxial strained zinc-blende
compounds. When the strain is present the valence band
splits and the energetic distance between the heavy-holejz
= ±3/2 andlight-hole jz= ±1/2 subbands depends on strain,
see Fig. 1. For the biaxial compressive strain the ground state
subband assumes a heavy-hole character. Then, if only the
ground state subband is occupied, the hole spins are oriented
along the growth direction. Now, since thep-d exchange
interaction has a scalar form,Hpd,s·S, the in-plane Mn spin

FIG. 1. Scheme of valence band splitting in tetrahedrally coor-
dinated semiconductors for compressive strain and for two orienta-
tions of magnetizationM with respect to the sample plane.
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magnetizationM will not affect the heavy-hole subband.
This means that perpendicular magnetic anisotropy is ex-
pected, since only for such magnetization orientation can the
holes lower their energy by the coupling to the Mn spins. In
the opposite, tensile strain case, the in-plane component of
the hole spin is greater than the perpendicular component, so
a stronger exchange splitting occurs for the in-plane orienta-
tion of M. Hence, if only the light-hole subband is
occupied—the in-plane anisotropy is expected. It is worth
remarking here, that PMA is not a unique property of
(III,Mn )V ferro-DMS. PMA is typically realized in compres-
sive strained(Cd,Mn)Te QW8,21 and recent work showed
that in (II,Mn)VI/II,VI structures the magnetic anisotropy
can be tailored by adequate strain engineering.24 For com-
pressive strain a ferromagnetic state related splitting of the
luminescence line is found only for the perpendicular orien-
tation. However, when large enough tensile strain was built
into that system, an in-plane direction of the easy axis has
been observed.

By nature(III,Mn )V DMS systems are heavily populated
with holes. But even when the Fermi energy is comparable
or larger than the heavy hole–light hole splitting, that is
when the strong mixing takes place, we can still talk about
either heavy- or light-hole-like character of the holes. There-
fore the lines of reasoning sketched above remain valid to a
large extent in(III,Mn )V and such a simplified approach can
still serve as a helpful guideline. So, we are going to use it
again to sketch how in(III,Mn )V ferro-DMS the direction of
the magnetic easy axis can be set or altered by changing hole
density and/or temperature.

IV. REORIENTATION OF MAGNETIC EASY AXIS

The Zener model dictates that Mn moments, or more ac-
curately their collective macroscopic magnetization, adjusts
its orientation to minimize the total energy of the carriers
required to support ferromagnetic ordering of the Mn ions. In
particular, depending on the Fermi level position within the
valence band and/or the value of the exchange splitting(that
is depending on magnetization and thus also on temperature)
different orientations of magnetization can be required to
drive the system to its energy minimum. Therefore, by
changing hole concentration or temperature, the correspond-
ing changes of the overall orbital momentum of the hole
liquid may force aspontaneousreorientation of magnetiza-
tion. It is relatively easy to trace such an effect when we
consider hole-concentration-induced reorientation. Using
again Fig. 1 we note that by introducing more holes into the
system we populate the second, light hole, subband for
which the ferromagnetic state can only be realized with the
in-plane magnetization orientation. This effect gets even
stronger since the heavy holes acquire a light hole character
on increasing Fermi energyEF, and it is therefore expected
that at some critical value of the hole concentration, it will be
more favorable for the holes to experience in-plane Mn mag-
netization. So, an isothermal change of the hole density25 can
lead to the out-of-plane to in-plane reorientation of the mag-
netic anisotropy, providing the population of light holes gets
large enough. A similar mechanism operates when the tem-

perature is used as a handle for the easy axis switching. The
only difference is that this time the heavy hole/light hole
(HH/LH) population is changed via temperature induced
changes of the valence subbands exchange splitting. Now,
since the spin splitting is proportional to Mn magnetization
MSsTd that varies according to the Brillouin-type function,
the character of magnetic anisotropy depends on the tem-
perature. Accordingly, in compressively strained structures
PMA occurs at both low temperatures and hole concentra-
tions, while otherwise IMA will be realized. This implies that
there exists a class of samples for which the material param-
eters are such that within the experimental temperature
range, a reorientation of the easy axis from easyz axis to
easy plane should occur on increasing temperature. An obvi-
ous question arises then about the expected magnitude of
changes of hole concentration and temperature required for
the reorientation to take place. At this point, however, we
want to strongly underline that despite our general under-
standing of the physical mechanisms responsible for the
studied effects, the strong mixing of the valence band states
results in such a large anisotropic and nonparabolic valence
subbands dispersions that it does not allow us to specify a
single HH/LH ratio and/or hole density/magnetization/
temperature values necessary to trigger magnetization easy
axis switch. This must be computed up to the fullest possible
extent of the mean field model and for each particular sample
individually.

V. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) present typical hysteresis loops for
the nonannealed(Ga,Mn)As sample which exhibits the tem-
perature driven change from PMA to IMA. First, let us note
that the sample does exhibit a perpendicular easy axis at low
temperatures. As Fig. 2(a) presents, a perfect square hyster-
esis is obtained when the magnetic field is perpendicular to
the film surface and an elongated loop is seen when the in-

FIG. 2. Field dependence of magnetization normalized by its
saturation value at 5 K for two orientations of the film in respect to
the magnetic field at two temperatures(a),(b) for as grown
Ga0.947Mn0.053As. Full and empty dots denote the data taken for the
magnetic field along the[100] and [001] crystal direction, respec-
tively. Note the flip of the easy axis direction from the perpendicu-
lar to the in-plane orientation on increasing temperature.
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plane orientation is probed. Remarkably, a reverse behavior
is observedfor the same sampleat higher temperatures[Fig.
2(b)]. These findings demonstrate that the easy axis flips
from the perpendicular to in-plane orientation on increasing
temperature.

In order to trace the reorientation of spontaneous magne-
tization Ms more closely, we have examined the temperature
dependence of remanent magnetizationMREM, measured
along selected crystallographic directions according to the
procedures described in the caption to Fig. 3. As evidenced
in the figure we findMREM at low temperatures to be tenfold
larger for the perpendicular experimental arrangement,
HFCi f001g, compared to the case of the parallel one,
HFCi f100g. This reconfirms the appearance of PMA at low
temperatures in this film despite the presence of a sizable
compressive strain. Large values of perpendicularMREM
hold until a certain temperature(>10 K in this case) at
which a sudden drop of the signal is detected. This is fol-

lowed by a slow decay, which we attribute to a material
inhomogeneity. Further warming does not change this situa-
tion, perpendicularMREM stays vanishingly small untilTC.
Clearly,Ms rotates out of the[001] direction, and locks itself
in the plane of the layer somewhere within this temperature
range. We name the temperature at which this rotation takes
place the reorientation temperatureTR. However, the vanish-
ing of perpendicularMREM is not accompanied by an imme-
diate development of parallelMREM. This does not contradict
our understanding, since due to equivalence of all in-plane
easy cubic directions, the flip of magnetization into the plane
results in ademagnetizedstate, characterized by the presence
of closure domains, and thus by small overall sampleMREM.
Actually, a sizable increase of the parallelMREM betweenTR
and TC reflects only the presence of the residual fieldHr
generated in our magnet. This small field, by breaking up the
closure domains, starts to magnetize the film at temperatures
when the domain wall propagation mechanisms get effective.
However, sinceHr assumes extremely small value in our
system, the sample gets only partially magnetized, which
accounts for the differences observed at this temperature
range between temperature-dependent REM and isothermal
REM measurements, as seen in Fig. 3(b).

As already noted, the temperature-induced crossover from
PMA to IMA described above has been found in other
samples of(Al,Ga,Mn)As and(Ga,Mn)As.14,15 Remarkably,
the opposite behavior occurs in(In,Mn)As under a tensile
strain, where the easy axis flips from in-plane to out-of-plane
on warming.26,27 As sketched in the preceding section, this
stems from the fact that the direction of orbital momentum,
which controls magnetic anisotropy, differs for the heavy and
light holes, whose relative concentration depends not only on
the sign of biaxial strain but on the magnitude of the spin
splitting as well. Importantly, striking temperature dependent
anisotropy in these systems can, in fact, be inferred from
numerical computations presented in the previous theoretical
work.10 In particular, according to Fig. 10 of Ref. 10, there is
a range of the hole concentrations for which the easy axis of
compressed films is expected to switch from the perpendicu-
lar to the in-plane direction on decreasing the valence band

FIG. 3. Temperature dependence of the remanent magnetization
as measured in perpendicular[001] (a) and in plane[100] (b) con-
figuration for the Ga0.947Mn0.053As sample prior to annealing
(circles) and after annealing(diamonds and squares). Two experi-
mental methods are presented. Temperature dependentMREM

(circles), the sample is cooled down throughTC in the field HFC

=1 kOe, which is at least by a factor of 10 higher than the coercive
field HC. Then, the field is removed at 5 K, and the measurement of
the magnetization componentMREM along the direction ofHFC

commences on increasing temperature in the residual fieldHr

ø100 mOe. Alternatively,(isothermalMREM, stars) the sameMS

component at selected temperaturesT,TC is obtained by field
cooling from aboveTC to T and then removing the external mag-
netic field. Both methods are seen to give essentially the same re-
sults. Note that upon annealing the development of the in-plane
component ofMREM is accompanied by an equivalent quench of the
perpendicular one. Bulk arrows mark the reorientation temperature
TR when the crossover to in-plane magnetic anisotropy takes place.
The thick dashed grey lines mark the results of FC measurements at
1 kOe for the as grown layer, and thus mimic the temperature de-
pendence of the saturation magnetization.

FIG. 4. Experimental(full points, taken from Fig. 3 forx
=5.3% sample) and computed values(thick lines) for the ratio of
reorientation and Curie temperatures in Ga1−xMnxAs for perpen-
dicular to in-plane magnetic anisotropy transition. Forx=3%
sample(the open circle) this transition is not detected above 5 K, in
an agreement with the presented calculations. Dashed lines mark
expected temperatures for the in-plane reorientation of the easy axis
betweenk100l and k110l directions.
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spin splitting (that is on increasing temperature, while the
switching in the opposite sense is predicted for the tensile
strain).

Figure 4 presents the computed reorientation temperature
TR as a function of the hole concentrationp for the two
studied samples. The theoretical model and material param-
eters described in detail previously10 are adopted to obtain
this phase diagram. Shape anisotropy is taken into account,
and it shifts the PMA→ IMA phase boundary by about 20%
towards lowerp values. The same theory is employed to
determine the magnitude ofp from the experimental values
of x andTC. We see that the theoretical model confirms the
appearance of PMA and describes correctly temperature
driven phase transformation PMA→ IMA in the case of the
x=5.3% sample prior to annealing. According to theory, such
a phenomenon should vanish for higher values ofp. Indeed,
as seen from Fig. 3, if the annealing time and thus the mag-
nitude of TC and p are sufficiently large, these samples ex-
hibit only IMA.

At this point it is worth emphasizing that although the
reorientation transition is a general feature of heavily doped
ferro-DMS, it is only a sample specific property. In particu-
lar, for a given strain if the hole concentration is either too
small or too large, no reorientation transition is expected for
any value of magnetization(temperature). In fact, as Fig. 4
demonstrates, the range of hole densities for which the reori-
entation can occur is quite narrow. On the other hand, for an
appropriate combination of strain and hole concentration,
even a minute change of magnetization(temperature)
switches the easy axis between the two directions. This fea-
ture is confirmed by a comparison of ourMREMsTd and
quasi-MSsTd data for the as-grown sample. As seen in Fig. 3,
MS is undoubtedly a smooth and slowly varying function of
temperature, and despite of this the reorientation does take
place.

According to the discussion above, the easy axis assumes
the in-plane orientation for typical carrier concentrations in
sGa,MndAs/GaAs. In this case, according to the theoretical
predictions presented in Fig. 4 as well as in Fig. 9 of Ref. 10
and in Fig. 6 of Ref. 11, the fourfold magnetic symmetry
with the easy axis is expected to switch betweenk100l and
k110l in-plane cubic axes as a function ofp or T. This biaxial
magnetic symmetry is indeed observed at low temperatures,
however with the easy axis assuming exclusivelyk100l in-
plane orientation, as observed by us and others.5,16–18,22,28To
our best knowledge, nok100l⇔ k110l transition has been
detected to date. This may indicate that the anisotropy of the
hole magnetic moment, neglected in the theoretical
calculations,10,11 stabilizes thek100l orientation of the easy
axis. It is also possible that the stabilization energy comes
from broken magnetic bonds at the film surfaces, an effect
put into evidence in the case ofsFe,Cod /GaAs films.29 How-
ever, whether any of these models explains simultaneously
the reported recently k110l biaxial symmetry in
sIn,MndAs/sIn,AldAs films,30 remains to be shown.

Our magnetization data reveal also the existence of a
uniaxial anisotropy in films ofsGa,MndAs/GaAs. As shown

in Fig. 5,MREM measured along thef1̄10g direction vanishes
completely above 15 K indicating that this is the hard direc-

tion in this film. We also note that whenMREM
f1̄10g vanishes the

MREM
f100g /MREM

f110g ratio drops toÎ2/2, the value expected for the
easy axis along[110]. Since the cubiclike anisotropy energy
is proportional toMs

4 whereas the uniaxial one toMs
2, the

latter dominates at high temperatures, whereMs is small. We
note that, due to the biaxial strain, the initialTd point sym-
metry of zinc blende structure is lowered toD2d, for which
no uniaxial IMA is expected. Furthermore, the magnitude of
the corresponding anisotropy field appears to be independent
of the film thickness, for both as large as 7mm (Ref. 28) and
as low as 25 nm,31 what, in particular, rules out the effect of
Mn oxide accumulated at the free surface.20,32 Recently the
Argone-Notre Dame team18,28 has advocated for an effect
connected with surface reconstruction induced preferential
Mn incorporation occurring at every step of layer-by-layer
growth. At the same time we point out that a unidirectional
character of the growth process18 and/or differences between
sGa,MndAs/GaAs and(Ga,Mn)As/vacuum interfaces may
lower symmetry toC2v where the three principal directions

are[001], [110], andf1̄10g. Since inC2v they are not equiva-

lent, the f110g⇔ f1̄10g symmetry gets broken, conforming
with the presented results.

In summary, our studies have demonstrated the rich char-
acteristics of magnetic anisotropies insGa,MndAs/GaAs,
which—in addition to epitaxial strain—vary with the hole
and Mn concentrations as well as with the temperature. Ac-
cording to theory,9–11 these reflect spin anisotropy of the va-
lence band subbands whose shape varies with strain, while
the splitting and population depend on magnetization and
hole concentration. In particular, the temperature-driven re-
orientation of the easy axis reflects the equipartition of the
valence subband population atT approachingTC and, there-
fore, reconfirms the crucial role of the valence band holes in
the ferromagnetism of(III,Mn )V systems. At the same time,
our findings have provided the magnetic corroboration for
the existence of uniaxial in-plane anisotropy. By group the-
oretical considerations this unexpected anisotropy can be
linked to the top/bottom symmetry breaking, an issue calling
for a microscopic modelling. Furthermore, the temperature-

FIG. 5. Experimental evidence for the uniaxial anisotropy along
[110] direction in Ga0.97Mn0.03As film. The magnetic remanence is
measured for four major in-plane directions and its magnitude is
normalized by the data of the[110] case. Note, that the sudden drop

of MREM alongf1̄10g at T!TC may wrongly indicate too low value
of TC, if only this orientation is probed.
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induced switching of the easy axis direction revealed by our
findings explains the origin of nonstandard temperature de-
pendencies of measured magnetization, and indicates that the
meaningful determination ofTC requires measurements for
various crystal orientations. We note also that since the di-
rection of spontaneous magnetization depends on the hole
concentration which, in turn, can be varied by the electric
field25 or light irradiation,27 it appears possible to reverse the

magnetization in a field-effect transistor having a ferromag-
netic semiconductor channel.
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