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Temperature dependent magnetic anisotropy in (Ga,Mn)As layers

M. Sawickil* F. Matsukurd,? A. Idziaszek! T. Dietl,>® G. M. Schott! C. Ruestef, C. Gould? G. Karczewsk#*
G. Schmidt! and L. W. Molenkamp
lnstitute of Physics, Polish Academy of Sciences, al. Lotnikow 32/46, 02-668 Warszawa, Poland
2Laboratory for Nanoelectronics and Spintronics, Research Institute of Electrical Communication, Tohoku University,
Katahira 2-1-1, Aoba-ku, Sendai 980-8577, Japan and ERATO Semiconductor Spintronics Project,
Japan Science and Technology Agency, Japan
SERATO Semiconductor Spintronics Project, al. Lotnikéw 32/46, PL-02668 Warszawa, Poland and Institute of Theoretical Physics,
Warsaw University, PL-00681 Warszawa, Poland
4Physikalisches Institut (EP3), Universitat Wirzburg, Am Hubland, D-97074 Wiirzburg, Germany
(Received 5 September 2003; revised manuscript received 6 October 2004; published 30 December 2004

It is demonstrated by SQUID measurements tfE&t, 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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[. INTRODUCTION In the system in question, however, the ferromagnetic
Mn-Mn exchange interaction is mediated by the band holes,
The discovery of carrier-mediated ferromagnetism inwhose Kohn-Luttinger amplitudes are primarily built up of
(I,Mn) V dilute magnetic semiconducto(®MS) grown by ~ anionp orbitals. Furthg—zrmore, in_ semiconductors, in contrast
molecular beam epitax§MBE) has made it possible to com- t0 metals, the Fermi energy is usually smaller than the
bine complementary properties of semiconductor quantur@tOMmic spin-orbit energy. Hence, as noted by some of the
structures and ferromagnetic systems in single devices, paprésent authors and co-workér$the confinement or strain-
ing the way for the development of functional semiconductornduced anisotropy of the valence band can result in a sizable
spintronicst Therefore, the understanding of magnetic aniso-&nisotropy of spin properties. Indeed, the (lqyanntatlve calcu-
tropy in these systems and the demonstration of methods fé?“on within the mean-field Zener mod¥f” in which the

its control is timely and important. It has been known, sincevalence band is represented by th& 6 Luttinger Hamil-

. i tonian, explains the experimental valuedbfin (Ga,MnAs
the pioneering works of Munekat al? and Ohnoet al.>* : >
. ) ' “Moreover, b
that ferromagneti¢in,Mn)As and(Ga,Mn)As films are char- with an accuracy better than a factor of'2. y

. : e ._combining theories of magnetic anisotrdg9 and of mag-
acterized by a substantial magnetic anisotropy. Shape anisQgic siiffnesd? it has been possible to describe the width of

tropy effects can explain neither the direction nor the Iargestripe domains in(Ga,MnAs PMA films2 However, the
magnitude of the observed anisotropy figigH, in these  theories in questidf* contain a number of predictions that
dilute magnetic materials. call for a detail experimental verification.

It has been found by studies of the anomalous Hall |n this paper we present magnetic anisotropy studies car-
effecf* and ferromagnetic resonaricthat the direction of  ried out by direct magnetization measurements in a dedicated
the easy axis is rather controlled by epitaxial strain in thesguperconducting quantum interference dey¥®®UID) mag-
systems. Generally, for layers under tensile biaxial straimetometer. Our results show that films @01) (Ga,MnAs
[like (Ga,MnAs on an(In,GaAs buffer] perpendicular-to- on GaAs with appropriately low values of hole dengitglo
plane magnetic easy axis has been obsetpedpendicular exhibit PMA and that in some of them a clear temperature-
magnetic anisotropy, PMA In contrast, the layers under induced reorientation of the easy axis frd@01] to (100
compressive biaxial straifias canonicaGa,MnAs on a  occurs. This peculiar behavior is actually quite universal and
GaAs substrafehave been found to develop in-plane mag-has been observed by some of us and co-workers in the case
netic easy axigin-plane magnetic anisotropy, IMAALt first  of (Al,Ga,Mn)As (Ref. 14 and of(Ga,Mn)As obtained under
glance this sensitivity to strain appears surprising, as the Mulifferent growth conditiond® Importantly, the effect van-
ions are in the orbital singlet stal@,.® For such a case the ishes in samples with higher hole concentrations, which we
orbital momentumL=0, so that effects stemming from the obtain by low temperature annealing. By a quantitative com-
spin-orbit coupling are expected to be rather weak and, inparison of these findings to results of theoretical computa-
deed, electron paramagnetic resonance studies of Mn itions, we demonstrate that the temperature-induced reorien-
GaAs have led to relevant spin Hamiltonian parameters byation of the easy axis from the perpendiculBMA) to the
two orders of magnitude too small to explain the values ofin-plane (IMA) orientation corroborates the theoretical ex-
oHA" pectations referred to aboveAt the same time our magne-
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tization data confirm a peculiar character of theplanean- Compressive strain
isotropy, which can be inferred from previous transpand A A
magnetoptical ' measurements. We discuss possible rea-

sons and consequences of this specific temperature- hh il
dependent in-plane magnetic anisotropy of the 3 s
(Ga,MnAs/GaAs material system. E; ‘g

I i

lh lh
Il. SAMPLES AND EXPERIMENT — <

» »

The (Ga,MnAs films with a thickness of 400 nm were Ml z - M in plane
deposited by MBE ontq001) GaAs substrates at 220 °C
under an Ag/Ga beam equivalent pressure ratio of 5, as FIG. 1. Scheme of valence band splitting in tetrahedrally coor-
described previoush? High resolution x-ray diffraction dinated semiconductors for compressive strain and for two orienta-
shows good crystal qualityGa,MnAs with the rocking tions of magnetizatioM with respect to the sample plane.
curve widths comparable to those of the GaAs substrate and
pronounced finite-thickness fringes, indicating flat interfaceghe investigatedGa, MnAs/GaAs layers. Importantly, simi-
and surfaces. The layers are pseudomorphic with respect tar studie$ showed that PMA is seen imost(lll,Mn)V layer
the GaAs substrate, as verified by reciprocal space maggown such that they are under tensile biaxial strain. As all
around the asymmetrif115] reflection. We present results are very thin layersgtypically a fraction ofum thick) and of
for samples with Mn concentratiorn=5.3% and 3%, and macroscopic lateral dimensions, such an experimental find-
biaxial straine,,=-0.27% and —0.16%, respectively, as es-ing points to the existence of a very strong microscopic
tablished by x-ray diffraction measuremehtsin order to  mechanism that counteracts the shape imposed in-plane ar-
trace the evolution of magnetic anisotropy with the hole contangement of the magnetization.
centration, thex=5.3% sample was divided into six pieces,  Undoubtedly, the sign of the biaxial strain is one of the
five of them being annealed at 165 °C in air for differentfactors that plays a role in determining the direction of the
times between 28 and 200 h, which led to an increask-of magnetic anisotropy. Indeed, at sufficiently high hole con-
up to a factor of 2. This sensitivity to annealing reflects thecentrations, this is often the dominant factor. However, our
presence of self-compensation by mobile donor defectssxperimental results clearly show that in general, additional
which are neutralized at the surfae. factors such as hole concentration and temperature also play
Magnetization measurements are carried out in thea role, and that the anisotropy is determined by a combina-
SQUID magnetometer down to 5 K. By design, the signaltion of these factors. In fact, we will argue that sensitivity to
detection axis is aligned with the direction of the magneticepitaxial strain, hole density, and temperature is an ubiqui-
field H (vertically). As a result the system is sensitive only to tous property of carrier mediated ferromagnetism and is
the vertical component of the magnetization vector. Speciasolely due to the anisotropy of the carrier-mediated exchange
care is put forward to screen the sample from external magnteraction reflecting the anisotropic properties of the top of
netic fields and to keep the parasite remanent fields generatéige valence band. This should not be too surprising given
by the magnet at the lowest possible level. The Meissnethat we are dealing with magnetically diluted systems, and
effect of a pure lead sample confirms that even after an exhat the shape anisotropy fields that must be overcome are
cursion to the field of 1 kOe, the remanent field remainsnot particularly strong. In our case, as for thin films, the
below 100 mOe. Such a low value is essential for successfighape anisotropy energy per unit volume is given By
magnetic remanence studies or for measurements at temper:a%luomgcog 6 (Mg is the saturation magnetization afds
tures close tdlc, where the coercivity ofGa,MnAs drops  the angle thaMg subtends to the plane normalvhich gives
into a sub-Oersted regime. For studies of in-plane anisotropyhe anisotropy fieldugHx=uoMs only of about 0.06 T for
(Ga,MnAs layers were initially shaped by chemical etching 504 (Ga,Mn)As, as compared to 2.2 T for iron.
into circles of approximately 5 mm in diameter. However, Knowing thep-d exchange energy arkdp parameters of
detailed studies show that this is an unnecessary precautiofhe valence band it is possible to compute magnetic aniso-
since even rectangular 2:1 shapes have the same propert'le@py energy in the studied compourftté! In fact the pub-
as circled samples. lished results agree with the experimental data with remark-
ably good accuracy?'~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
The magnetic dipolar anisotropy, or shape anisotropy, isplits and the energetic distance between the heavy4hole
mediated by dipolar interaction. Since it is long range, its=+3/2 andlight-hole j,=+1/2 subbands depends on strain,
contribution depends on the shape of the sample and in thisee Fig. 1. For the biaxial compressive strain the ground state
films the shape anisotropy often results in the in-plane alignsubband assumes a heavy-hole character. Then, if only the
ment of the moments. The experimental evidence presentegtound state subband is occupied, the hole spins are oriented
in this paper unambiguously proves that perpendicular orienalong the growth direction. Now, since thed exchange
tation of spontaneous magnetization is realizedameof interaction has a scalar forti,~ s-S, the in-plane Mn spin

IIl. ORIGIN OF MAGNETIC ANISOTROPY IN
FERROMAGNETIC ZINC-BLENDE DMS
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magnetizationM will not affect the heavy-hole subband. 1.0 0.4
This means that perpendicular magnetic anisotropy is ex-—
pected, since only for such magnetization orientation can the 3
holes lower their energy by the coupling to the Mn spins. In 3 ®°f
the opposite, tensile strain case, the in-plane component o=
the hole spin is greater than the perpendicular component, sig 0.0
a stronger exchange splitting occurs for the in-plane orienta-2
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 =
(l1,Mn)V ferro-DMS. PMA is typically realized in compres- .07 . 1 o4 .
sive strained(Cd,MnTe QW?2! and recent work showed -400 0 400 800 " -400 0 400 800
that in (1,Mn)VI/II,VI structures the magnetic anisotropy Magnetic Field [Oe]

can be tailored by adequate strain engineeffngor com-

pressive strain a ferromagnetic state related splitting of the F'G: 2. Field dependence of magnetization normalized by its
luminescence line is found only for the perpendicular orien-Saturation value at 5 K for two orientations of the film in respect to
he magnetic field at two temperaturgs),(b) for as grown

tation. However, when large enough tensile strain was buil 2 04Mno0sAS. Full and empty dots denote the data taken for the

into that system, an in-plane direction of the easy axis haﬁwagnetic field along th§100] and [001] crystal direction, respec-

been observed. : : ‘o diranti -
. tively. Note the flip of the easy axis direction from the perpendicu-
. By nature(lll,Mn)V DMS systems gre heaVI.Iy populated lar to the in-plane orientation on increasing temperature.
with holes. But even when the Fermi energy is comparable

or larger than the heavy hole—light hole splitting, that is . . I
9 vy - pring perature is used as a handle for the easy axis switching. The

when the strong mixing takes place, we can still talk abou . ) o .
either heavy- or light-hole-like character of the holes. There2N!Y difference is that this time the heavy hole/light hole

fore the lines of reasoning sketched above remain valid to Q:]H/LH) p]?pﬁlatio? Is chatr)ltg)]eddvia tehmperaturlg _induced
large extent in(l1l,Mn )V and such a simplified approach can ¢1anges o the valence subbands exchange splitting. Now,
nce the spin splitting is proportional to Mn magnetization

still serve as a helpful guideline. So, we are going to use i ! . . SO :
again to sketch how idill,Mn )V ferro-DMS the direction of i/IS(T) that varies according to the Brillouin-type function,

the magnetic easy axis can be set or altered by changing hofg€ character of magnetic anisotropy depends on the tem-
density and/or temperature. 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
IV. REORIENTATION OF MAGNETIC EASY AXIS there exists a class of samples for which the material param-

The 7 del dictates that M N eters are such that within the experimental temperature
€ cener model dictates that vin moments, or MOreé at, a0 5 reprientation of the easy axis from easis to

curately their collective macroscopic magnetization, adjust%asy plane should occur on increasing temperature. An obvi-

its orientation to minimize the total energy of the carriers j ;g question arises then about the expected magnitude of

reth_ureId to dsuppodrF ferrorrlﬁgnFetm quder|r|1g of E[he Mr!t'r?nst'hmchanges of hole concentration and temperature required for
particular, depending on the =ermi [evel position within €y, e reqrientation to take place. At this point, however, we

valence band and/or the value of the exchange splittimeay want to strongly underline that despite our general under-

is depending on magnetization and thus also on tempe]iaturgtanoling of the physical mechanisms responsible for the

dnfferent orientations Qf magnetization can be required ©stydied effects, the strong mixing of the valence band states
drive the system to its energy minimum. Therefore, by

handing hol trati i i th results in such a large anisotropic and nonparabolic valence
changing hole concentration or temperature, the Correspongy,pnan s dispersions that it does not allow us to specify a
ing changes of the overall orbital momentum of the hole

L9 . ) i single HH/LH ratio and/or hole density/magnetization/
liquid may force aspontaneouseorientation of magnetiza-

i It lativel ot h ttact wh temperature values necessary to trigger magnetization easy
lon. Tt 1S refatively easy to trace such an efiect when We,,s q\yitch. This must be computed up to the fullest possible
consider hole-concentration-induced reorientation. Usin

S . . . %xtent of the mean field model and for each particular sample
again Fig. 1 we note that by introducing more holes into thqndividually
;

system we populate the second, light hole, subband fo
which the ferromagnetic state can only be realized with the

in-plane magnetization orientation. This effect gets even V. RESULTS AND DISCUSSION

stronger since the heavy holes acquire a light hole character

on increasing Fermi enerdyg, and it is therefore expected Figures 2a) and 2b) present typical hysteresis loops for
that at some critical value of the hole concentration, it will bethe nonanneale@za,MnAs sample which exhibits the tem-
more favorable for the holes to experience in-plane Mn magperature driven change from PMA to IMA. First, let us note
netization. So, an isothermal change of the hole det¥sign  that the sample does exhibit a perpendicular easy axis at low
lead to the out-of-plane to in-plane reorientation of the magtemperatures. As Fig.(8 presents, a perfect square hyster-
netic anisotropy, providing the population of light holes getsesis is obtained when the magnetic field is perpendicular to
large enough. A similar mechanism operates when the tenthe film surface and an elongated loop is seen when the in-
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FIG. 4. Experimental(full points, taken from Fig. 3 forx
=5.3% samplgand computed valueghick lineg for the ratio of
reorientation and Curie temperatures in;GRIn,As for perpen-
dicular to in-plane magnetic anisotropy transition. For3%
sample(the open circlgthis transition is not detected above 5 K, in
} an agreement with the presented calculations. Dashed lines mark
0 5 10 15 2'0 2'5 3035 expected temperatures fqr thc_e in-plane reorientation of the easy axis

Temperature [K ] betweer100) and(110 directions.
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FIG. 3. Temperature dependence of the remanent magnetizatiolﬁWed by a .SIOW decay, Wh'.Ch we attribute to a ”?ate.”a'
as measured in perpendicul@01] () and in plang100] (b) con- mhomogeneny. Further warming dpes not change this situa-
figuration for the GggsMngosAS sample prior to annealing tion, perpendiculaMgey Stays vanlshlr\gly small um'TC'
(circles and after annealingdiamonds and squasesTwo experi- _CIearIy,Ms rotates out of th¢001] dlrectlt_)n,_ and_ locks itself
mental methods are presented. Temperature depenilegs, N the plane of the layer somewhere within this temperature
(circles, the sample is cooled down throudl in the field Hee ~ f@nge. We name the temperature at which this rotation takes
=1 kOe, which is at least by a factor of 10 higher than the coercivePlace the reorientation temperatdrg However, the vanish-
field He. Then, the field is removed at 5 K, and the measurement ofng of perpendiculaMggy is not accompanied by an imme-
the magnetization componeM g, along the direction ofHgc diate development of parall® zgy. This does not contradict
commences on increasing temperature in the residual figld our understanding, since due to equivalence of all in-plane
<100 mOe. Alternatively(isothermalMggy, stary the sameMg  easy cubic directions, the flip of magnetization into the plane
component at selected temperatuies T¢ is obtained by field results in adlemagnetizedtate, characterized by the presence
cooling from aboveTc to T and then removing the external mag- of closure domains, and thus by small overall sani}g,.
netic field. Both methods are seen to give essentially the same rexctually, a sizable increase of the paralidkgy betweenTy
sults. Note that upon annealing the development of the in-plan@nd T, reflects only the presence of the residual field
component oMggy, is accompanied by an equivalent quench of thegenerated in our magnet. This small field, by breaking up the
perpendicular one. Bulk arrows mark the reorientation temperaturg|osyre domains, starts to magnetize the film at temperatures
Tr when the crossover to in-plane magnetic anisotropy takes placgyhen the domain wall propagation mechanisms get effective.
The thick dashed grey lines mark the results of FC measurements F"Fowever, sinceH, assumes extremely small value in our
1 kOe for the as grown _Iayer, and Fhus_, mimic the temperature deéystem, the sample gets only partially magnetized, which
pendence of the saturation magnetization. accounts for the differences observed at this temperature

range between temperature-dependent REM and isothermal
plane orientation is probed. Remarkably, a reverse behavi®®EM measurements, as seen in Figh)3
is observedor the same samplat higher temperaturd$ig. As already noted, the temperature-induced crossover from
2(b)]. These findings demonstrate that the easy axis flipPMA to IMA described above has been found in other
from the perpendicular to in-plane orientation on increasingsamples of Al,Ga,Mn)As and(Ga,MnAs 1415 Remarkably,
temperature. the opposite behavior occurs {in,Mn)As under a tensile

In order to trace the reorientation of spontaneous magnestrain, where the easy axis flips from in-plane to out-of-plane
tization Mg more closely, we have examined the temperatureyn warming?62” As sketched in the preceding section, this
dependence of remanent magnetizatibixgy, measured stems from the fact that the direction of orbital momentum,
along selected crystallographic directions according to thgyhich controls magnetic anisotropy, differs for the heavy and
procedures described in the caption to Fig. 3. As evidencefight holes, whose relative concentration depends not only on
in the figure we findViggy at low temperatures to be tenfold the sign of biaxial strain but on the magnitude of the spin
larger for the perpendicular experimental arrangementsplitting as well. Importantly, striking temperature dependent
Hecll[001], compared to the case of the parallel one,anisotropy in these systems can, in fact, be inferred from
Hecll[100]. This reconfirms the appearance of PMA at low numerical computations presented in the previous theoretical
temperatures in this film despite the presence of a sizabl@ork.X? In particular, according to Fig. 10 of Ref. 10, there is
compressive strain. Large values of perpendiclMézy  a range of the hole concentrations for which the easy axis of
hold until a certain temperature=10 K in this casg at compressed films is expected to switch from the perpendicu-
which a sudden drop of the signal is detected. This is folar to the in-plane direction on decreasing the valence band
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spin splitting (that is on increasing temperature, while the 1.5 T
switching in the opposite sense is predicted for the tensile trooy
strain. (o101 "y Hﬂ

Figure 4 presents the computed reorientation temperature
Tr as a function of the hole concentratignfor the two
studied samples. The theoretical model and material param-
eters described in detail previou¥lyare adopted to obtain
this phase diagram. Shape anisotropy is taken into account,
and it shifts the PMA-IMA phase boundary by about 20% 0.0
towards lowerp values. The same theory is employed to
determine the magnitude @f from the experimental values
of x and T.. We see that the theoretical model confirms the
appearance of PMA and describes correctly temperature g 5. Experimental evidence for the uniaxial anisotropy along
driven phase transformation PMAIMA in the case of the  [11(] direction in GagMngoAAs film. The magnetic remanence is
x=5.3% sample prior to annealing. According to theory, suchneasured for four major in-plane directions and its magnitude is
a phenomenon'shoul'd vanish for 'high'er valuep.dhdeed, normalized by the data of tHa10] case. Note, that the sudden drop
as seen from Fig. 3, if the annealing time and thus the mags¢ v along[110] at T< T may wrongly indicate too low value
nitude of Tc and p are sufficiently large, these samples eX-of T, if only this orientation is probed.
hibit only IMA.

At this point it is worth emphasizing that although the —
reorientation transition is a general feature of heavily dopedion in this film. We also note that wheM 2% vanishes the
ferro-DMS, it is only a sample specific property. In particu- Maoa/ME2Y ratio drops toy2/2, the value expected for the
lar, for a given strain if the hole concentration is either tooeasy axis alon§110Q]. Since the cubiclike anisotropy energy
small or too large, no reorientation transition is expected folis proportional toM‘s1 whereas the uniaxial one ng, the
any value of magnetizatioftemperaturg In fact, as Fig. 4 latter dominates at high temperatures, whdigs small. We
demonstrates, the range of hole densities for which the reorirote that, due to the biaxial strain, the initie point sym-
entation can occur is quite narrow. On the other hand, for ametry of zinc blende structure is lowered Bgq, for which
appropriate combination of strain and hole concentrationno uniaxial IMA is expected. Furthermore, the magnitude of
even a minute change of magnetizatigtemperaturg  the corresponding anisotropy field appears to be independent
switches the easy axis between the two directions. This feasf the film thickness, for both as large au (Ref. 28 and
ture is confirmed by a comparison of oMgey(T) and  as low as 25 nmit what, in particular, rules out the effect of
quasiM(T) data for the as-grown sample. As seen in Fig. 3Mn oxide accumulated at the free surf&€é2 Recently the
Mg is undoubtedly a smooth and slowly varying function of Argone-Notre Dame teath?® has advocated for an effect
temperature, and despite of this the reorientation does takgonnected with surface reconstruction induced preferential
place. Mn incorporation occurring at every step of layer-by-layer

According to the discussion above, the easy axis assumd@gowth. At the same time we point out that a unidirectional
the in-plane orientation for typical carrier concentrations incharacter of the growth procé8snd/or differences between
(Ga,MnAs/GaAs. In this case, according to the theoretical(Ga,MnAs/GaAs and(Ga,MnAs/vacuum interfaces may
predictions presented in Fig. 4 as well as in Fig. 9 of Ref. 1dower symmetry toC,, where the three principal directions
and in Fig. 6 of Ref. 11, the fourfold magnetic symmetry are[001], [110], and[110]. Since inC,, they are not equiva-
with t_he easy axis 1S expected to S.W'tCh betwém and lent, the[110] = [110] symmetry gets broken, conforming
(110 in-plane cubic axes as a functionbr T. This biaxial with the ted It

) e presented results.
magnetic symmetry is indeed observed at low temperatures, In summary, our studies have demonstrated the rich char-

hlowever' W'ttht.the eas;g axis 3s§um|ng chtlgi’('?vﬁ%g)z;?' acteristics of magnetic anisotropies {®a,MnAs/GaAs,
plane orientation, as observed by us and o . ©  which—in addition to epitaxial strain—vary with the hole

our best knowledgg, anOQ) = (110 transmon. has been and Mn concentrations as well as with the temperature. Ac-
detected to date. This may indicate that the anisotropy of th@ording to theory- these reflect spin anisotropy of the va-

hole ‘magnetic moment, neglected in the theoreticalg, e hand subbands whose shape varies with strain, while
ca!culat!onéo'll stab!llzes the(100) orientation of the easy g splitting and population depend on magnetization and
axis. It is also possible that the stabilization energy comeg e concentration. In particular, the temperature-driven re-
f“’”.‘ brokgn magnetlc bonds at the film sur'facezg, an eﬁec&rienta‘tion of the easy axis reflects the equipartition of the
putinto evidence in the case (e, Co/GaAs films™How-  516nce subband population BapproachingTc and, there-
ever, whether any of these models explains simultaneously e reconfirms the crucial role of the valence band holes in
the reported recently <31010> biaxial ~symmetry in e ferromagnetism afill,Mn)V systems. At the same time,
(In,Mn)As/(In, AAs films*> remains to be shown. our findings have provided the magnetic corroboration for
Our magnetization _data reveal also the existence of ge existence of uniaxial in-plane anisotropy. By group the-
uniaxial anisotropy in films ofGa,MnAs/GaAs. As shown  gretical considerations this unexpected anisotropy can be
in Fig. 5, Mgrem measured along tHa10] direction vanishes linked to the top/bottom symmetry breaking, an issue calling
completely above 15 K indicating that this is the hard direc-for a microscopic modelling. Furthermore, the temperature-

REM

[in plane] [110]
mlnree [
o
o
2

[ Apparent T,

0 5 10 15 20 25 30
Temperature [ K]
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induced switching of the easy axis direction revealed by oumagnetization in a field-effect transistor having a ferromag-
findings explains the origin of nonstandard temperature denetic semiconductor channel.

pendencies of measured magnetization, and indicates that the
meaningful determination of: requires measurements for
various crystal orientations. We note also that since the di-
rection of spontaneous magnetization depends on the hole The authors thank J. Ferré, H. Ohno, and W. Van Roy for
concentration which, in turn, can be varied by the electricvaluable discussions. Support of the FENIKS project
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