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We present an experimental and k.p theoretical study on the origin of the strong in-plane uniaxial
magnetic anisotropy in (Ga,Mn)As layers, unexpected from the cubic crystalline structure. The
symmetry lowering can be accounted for by structural or effective shear strains. We find theoretically
out-of-plane and in-plane magnetic anisotropy constants linear with the shear strain. Searching for a
real shear strain arising from lattice relaxation we perform two types of measurements: anomalous X-
ray diffraction and strain-induced optical birefringence, at room temperature. Working on a strongly
anisotropic (Ga,Mn)As layer, the estimated e;, = 10™* was not found although it lied an order of
magnitude above the detection threshold. This ensemble of results indicates as unlikely a relaxation-
driven uniaxial anisotropy. As previously suggested theoretically, the magnetic symmetry-lowering
could instead originate from the anisotropic incorporation of Mn atoms during the growth. This
would yield a perfectly in-plane matched lattice, with an anisotropy that could nevertheless be
modelled as an effective shear strain, and modified by an external shear stress, in agreement with

the existing experimental literature.

INTRODUCTION

Uniaxial anisotropy in ferromagnetic layers, tracks,
and nanostructures is a key factor for technological ap-
plications such as the straightforward encoding of 70”
and ”1” bits for memory and storage devices. Materi-
als with out-of-plane (OP) uniaxial anisotropy have for
instance been used to increase storage density in perpen-
dicular magnetic recording [1]. In various schemes for
non-inductive magnetization manipulation and switch-
ing, in-plane (IP) uniaxial anisotropy offers an alternate
and versatile option for fixing the magnetization easy
axis, avoiding to rely only on shape anisotropy [2—4].

Whereas OP uniaxial anisotropy is fairly well under-
stood [5, 6], much less is known about the origin of
IP uniaxial anisotropy. It can arise for instance from
an interfacial effect [7], anisotropic grain domains [§],
or anisotropic relaxation of the epitaxial strain [8, 9].
It can be obtained by molecular beam epitaxy such as
in Fe/GaAs [10-12] and the semiconductor (Ga,Mn)As
[6, 13-19], or with better control by various other growth
techniques [20, 21].

In layers of (Ga,Mn)As;_,P, the microscopic origin
of an IP uniaxial anisotropy constant Ky has been the
subject of many experimental and theoretical investiga-
tions [6, 13, 19, 22-25]. From symmetry considerations
and band theory calculation in the k.p approximation,
it was soon recognized that an e, strain, which may
result from different strains along the [110] and [-110]
directions, could explain this magnetic anisotropy and
its dependence with the carrier density and temperature
[6, 18]. The value of €,, ~ 1—5 10~* obtained from these

calculations was reasonably small, lower than the epitax-
ial strain by one order of magnitude. Whether the e,
strain is a real strain or the parameter of a perturbation
Hamiltonian lowering the symmetry of the zinc blende
crystal has been the subject of a long-standing debate,
not yet settled.

Experimental results have repeatedly evidenced the
modification of the IP uniaxial anisotropy via strain, e.g
using a piezoelectric transducer to apply stress [22], or
deep etching of narrow bars to relax the epitaxial strain
anisotropically [14]. It has also been shown that thin
(Ga,Mn)As bars oriented along the [110], [100], and |-
110] directions relax differently, leading to varying mag-
netic anisotropies [16]. A shear strain-dependence of
the anisotropy also seems necessary to account for sur-
face acoustic wave (SAW) driven magnetization excita-
tion and switching in IP magnetized (Ga,Mn)As through
the magnetoelastic interaction [26, 27]. The microscopic
origin of this IP symmetry breaking would for instance
be the [110]/[-110] anisotropic incorporation of Mn atoms
due to stacking faults [25], or Mn dimer formation [13, 23]
due to GaAs surface reconstruction [12, 28, 29]. This
could either lead to a genuine IP strain relaxation, po-
tentially detectable experimentally, or to a built-in shear
stress which would be virtually undetectable once the
layer resting in perfect epitaxy onto its substrate.

Another approach is to consider that, from a macro-
scopic point of view, any depth dependence of the mag-
netic properties could lower the crystal symmetry from
Ds4 to Co, hence making the [110] and [-110] directions
non-equivalent. However there is no clear systematic ex-
perimental evidence of such depth dependence [9, 15, 30—



32]. The dissymmetry of the two interfaces has also been
invoked, since the existence of a spin-orbit field arising
from the Rashba inversion asymmetry term [33, 34] or the
Dzyaloshinskii-Moriya interaction [35] reveals the break-
ing of the z-symmetry. Yet a pure interfacial origin of
the IP uniaxial magnetic anisotropy was ruled out by a
thickness-dependence study [15].

In this report, we investigate theoretically and ex-
perimentally the shear-strain origin of IP anisotropy in
(Ga,Mn)As layers. While the few reports of X-ray diffrac-
tion on such samples have not shown any difference of the
lattice parameter along [110] and [-110] [15, 25], we renew
the attempt to reveal a static €;, shear strain by work-
ing on thinner and more magnetically anisotropic layers,
and combining different experimental techniques. Using
the band structure obtained from the k.p, exchange and
strain Hamiltonians, we first determine the parameters
(exchange, carrier density, and static shear strain) con-
sistent with the measured magnetic anisotropy constants.
Two very different experiments are then shown, aiming
to reveal the presence of the estimated 10~ shear strain:
direct observation of the in-plane lattice by X-ray diffrac-
tion, and photoelasticity-induced optical birefringence.
This ensemble of results point to an upper boundary of
a few 107° for any genuine shear strain. This rules out
anisotropic IP strain relaxation as the main origin of the
uniaxial anisotropy in (Ga,Mn)As and favors alternative
scenari instead.

EXPERIMENTAL UNIAXIAL ANISOTROPIES

Correlation between OP and IP anisotropy constants

Phenomenologically, the magnetic free energy in the
absence of applied magnetic field is defined as [36]:

E,=—Ks cos?0— Ky sin? 0 sin? ((b — g)

K
—%” sin® 0(3 4 cos(4¢)) — % cos* 0

f%Mg sin? @ (1)

where Ks; and Ky are the uniaxial OP and IP
anisotropy constants, respectively, and Ky and Ky, are
the cubic anisotropy constants. The last term represents
the shape anisotropy and depends on the saturation mag-
netization M. Angles ¢ and 6 are counted with respect
to [100] IP and [001] OP axes, respectively.

Putting together experimental OP and IP anisotropy
constants of numerous (Ga,Mn)As and (Ga,Mn)(As,P)
samples, one notices that Ky is roughly proportional
to Ko for compressively strained samples (Fig. 1).
This seems unrelated to the effective concentration of
Mn atoms, the presence of phosphorus or the layer thick-
ness. The slope of Ky versus Ko itself seems linked

to the degree of optimization of the annealing step, as
clearly comes out when comparing the data of Ref. [32]
with the others [37]. For tensile layers however, OP and
IP anisotropies seem uncorrelated, but [1-10] remains the
easier IP axis, like for the compressed samples. Since the
OP anisotropy varies linearly with the lattice mismatch
(Im) between the layer and the substrate, we postulate
that large shear strain might appear in the case of large
positive Im owing to anisotropic strain relaxation. There-
fore we investigate the origin of the IP uniaxial anisotropy
in two samples of similar Mn concentration, one with
strong IP uniaxial anisotropy (sample A), and the other
with biaxial anisotropy (sample B).
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FIG. 1. Experimental uniaxial IP anisotropy constants Kj|
versus uniaxial OP anisotropy constant K2 for several sets of
(Ga,Mn)As [26, 32, 38, 39] and (Ga,Mn)(As,P) [38-42] epitax-
ial layers at low temperature. Dashed lines are guides for the
eyes. All layers are 50 nm thick except in Refs. [42] (200 nm)
and [32] (25 nm). Samples from Ref. [32] were highly opti-
mized (choice of growth temperature, and long anneal times in
particular). Samples from Refs. [38-41] underwent a standard
1 h/250 °C anneal, while sample A underwent a somewhat in-
termediate anneal of 16 h/200 °C [26].

Samples

In the following we detail the characteristics of the
two samples, both grown by molecular beam epitaxy
on a (001) GaAs substrate topped with a high growth
temperature (600°C) ~ 500 nm GaAs buffer. Sample
A consists of a (Ga,Mn)As layer of thickness 45 nm
with an effective Mn concentration z.g=5 %. It was
annealed for 16 h at 200°C. The Curie temperature is
120 K and M, is 51.3 kA m~—! at T=4 K. The strained
lattice mismatch after the anneal is Im=3860 ppm, re-
sulting in a biaxial epitaxial compressive in-plane strain



€z = €yy = —2 10~3. The magnetic anisotropy con-
stants obtained by ferromagnetic resonance (FMR) at
T=4 K are Ky =-85 kJ m~3, Ky =1 kJ m~3 and
K4=0.41 kJ m~3. The easy magnetic axis is IP along
the [-110] direction. In this sample the magnetoelastic
coupling has been well established from SAW-induced
magneto-acoustic resonance and magnetization switching
[26, 27]. A model using the B, magnetoelastic constant
(see further in the article) obtained from the experimen-
tal value of Ky and the value of €, estimated from the
k.p calculation quantitatively accounted for the ampli-
tude of SAW-induced magnetization precession, suggest-
ing the magnetoelastic origin of Kjyj.

Sample B is a (Ga,Mn)Asg.95P0.04 layer of thickness
50 nm with z.g=4 %. It was annealed for 1 h at 250°C.
The Curie temperature is 85 K. At T=4 K the satura-
tion magnetization is 40.7 kA m~!, the anisotropy con-
stants are K, =-0.22 kJ m—3, K5=0.26 kJ m~3, and
Ky =1.57 kJ m~3. The strained lattice mismatch is
Im=-1200 ppm (€, = —6 10~%). The OP anisotropy
resulting from the small tensile strain is weaker than the
shape anisotropy resulting in IP magnetization with biax-
ial magnetic anisotropy and easy axes close to the <100>
IP directions since K < Ky. In this sample, easy
triggering of spin wave excitation by optical pulses was
demonstrated [43].

In the following section we will use the lattice mis-
match obtained at room temperature in order to model
the band structure and magnetic uniaxial anisotropies in
the low temperature limit. This procedure, used by many
authors without questioning, is actually justified by the
identical temperature dependence of the perpendicular
lattice parameters of (Ga,Mn)As and GaAs [44].

MODELLING UNIAXIAL ANISOTROPIES
Methodology

The magnetic anisotropy properties are studied in the
framework of the effective mass approximation by using
the following total Hamiltonian H = Hxp + Heze + Hs.
Hyp is the six-band Kohn-Luttinger Hamiltonian [45],
which was shown to be sufficient for (Ga,Mn)As for a
Fermi energy up to ~ 300 meV [46]. We employ GaAs
values for the Luttinger parameters [47]. Heqe describes
the effective exchange interaction between the delocal-
ized hole spin s and the localized Mn spin S (S = 2)
arising from p—d hybridization [48, 49]. In the mean
field approximation in which the virtual crystal approx-
imation is made [49], one can write the exchange inter-
action as (—zegNoBpa < S > s). Ny is the cation sites
concentration, fpq the p—d exchange integral. g is
the effective Mn concentration which is deduced from
the low-temperature saturation magnetization M by

M, . ,
Teff = Nys5oup Where g is the Landé factor and pp

the Bohr magneton. The strain effects are modeled
by the Bir-Pikus Hamiltonian #Hg [50]. Formally, this
strain Hamiltonian has the same structure as the Kohn-
Luttinger Hamiltonian in which k,kg is replaced by €qg,
and the Luttinger parameters are replaced by the defor-
mation potentials, namely a,, b, and d,, (for more details,
see for example Ref. [6]). In the basis given in [51] [52]
it takes the following expression:

(A1s — Agg) Bs Cs 0 %Bs VZCs

ce (A1g + Agg) 0 c V2ZA —\/2B

1s 2s s 2s 5Bs
Hg = ce 0 (A1s + Agy) —Bs —\/3B: —V2Aq
0 ce ce (Ajs — Agg) —v20r  LB*

ce ce ce ce A
cc cc cc cc 0

where cc denotes the complex conjugate. One writes the
non-zero matrix elements of Hg as:

Als = Qy (efE:t + €yy + 6zz) (3)
by

Agg = 5(69096 + €yy — 2€.2) (4)

Bs — dv(ezx - iezy) (5)

C, = ?bv(ém — €yy) — gy (6)

Adopting the notation of Glunk et al. [53] for the re-
laxed lattice parameter and strain, one can write €,, =
“a;al”l. are; is the relaxed lattice parameter of a biaxi-

ally strained layer on a [001]-oriented substrate obtained
as:

2C2 - Cn u
Cip 4201 7 Cyy+20y, 7

Qrel = (7)

where a) and a, are the lateral and vertical lattice
parameters of the layer. In our theoretical approach and
due to: (i) the Ty — Dsgq symmetry reduction, we con-
sider the biaxial strain components, namely (€, €4y, €22)
with €z, = €yy and €, = —2%—111622, where C11 and Cio
are the elastic constants [54], (iii the Doy — Co, symme-
try reduction, the only shear strain component we con-
sider is the €;, that describes the in-plane deformation
of the (Ga,Mn)As lattice.

In the following, we restrict our calculations to zero
temperature and zero magnetic field. According to the
microscopic model [6, 49, 53, 55], we can calculate the
carrier contribution to the magnetic free energy. The ef-
fective anisotropy field Beg acting on the magnetization
is equal to -V E.(M), where E. is the carrier energy
density, therefore F,, = E.. Using Eq. B2 of Ref. [49], we
evaluate F, by integrating the Fermi energy with respect
to the hole concentration for different magnetization ori-
entations. Note that the main contribution of E. to the
magnetic anisotropy comes from the spin-orbit coupling
in the valence band. Once F, is calculated numerically



as a function of the orientation of the magnetization with
respect to the crystalline orientations (6,¢), we com-
pare it with the phenomenological E,, (Eq. 1), excluding
shape anisotropy, and deduce the magnetic anisotropy
constants.

Uniaxial anisotropy constants without and with
shear strain

In Fig. 2(a), K5, is plotted as a function of the
hole concentration, p, for various exchange splittings

of the valence subbands, B, = % (Ap is the

Fermi-liquid parameter), namely B, = -20, -30, and -
40 meV. Setting aside the shape anisotropy, the sign
change of Ko, is a signature of the change of the mag-
netic configuration from (001) easy-plane (K, < 0)
to [001] easy axis (K2, > 0). The dashed line repre-
sents the experimental value of Ko, for sample A, i.e.
Ky, = —8.5 kJ m~3, which is in good agreement with
microscopic model prediction, —8.81 kJ m™3 when By=-
40 meV and p=3.5 10** cm™3. Adopting By;=-40 meV,
one estimates M, ~ 68 kA m~! while the experimen-
tal value of the saturation magnetization for sample A
is M, ~ 51.3 kA m~!. This discrepancy might originate
from the experimental difficulty in determining M, giv-
ing some error bar. Moreover, the adopted values of 4
and Ag can also explain such discrepancy. Once we have
validated the (By, p) values, we focus on the shear strain
effect on the uniaxial anisotropy constants. This is sum-
marized in Fig. 2(b) which shows Ks, (black line) and
K5 (red line) as a function of €, strain. The linear de-
pendence of K2 and Kjy is clearly seen. Such behavior
was expected because Ky is roughly proportional to Ko
as seen in Fig. 1. Considering alternatively the perturba-
tion of the band structure brought by anisotropically dis-
tributed Mn dimers, Birowska [23] predicts instead that
K, is almost unchanged for a wide range of €., while
observing a linear behavior for Ky, contradicting the
experimental trend observed in the compressive regime
(Fig. 1). As shown in Fig. 2(b), and for €,, = 1074,
one gets Ko = —8.2 kJ m™2 and Ky = 0.96 kJ m~3
which are in good agreement with the FMR data of sam-
ple A, namely K5 = —8.5kJ m™—2 and Ky =1kJ m™3.
The inset of Fig. 2(b) which shows Ky as a function
of p confirms the same trend concerning this agreement
between our theoretical predictions and the FMR data.
The present €5, value is in line with previous estimations
following a similar approach, which range from 10~% to
51074 [6, 18].

Magnetoelasticity and anisotropy constants

Having evaluated numerically the shear strain needed
to yield the experimental K5, and Ky, we now link the
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FIG. 2. (a) Perpendicular anisotropy constant K, as a func-
tion of the carrier density for different values of the exchange
parameter By. The dashed line corresponds to the experi-
mental value. (b) Perpendicular uniaxial anisotropy constant

K>, and in-plane uniaxial anisotropy constant Ky as a func-

tion of the shear strain for a carrier density p = 3.5 10%° cm 3,

with B, = —40 meV and €;, = —2 1073, The inset shows
K as function of the hole concentration with €z, = —2 1073
and €y =10"4.

phenomenological constants of magnetic anisotropy with
the magnetoelastic constants (B, Bs). For this purpose,
we consider the phenomenological description of the mag-
netoelastic energy, E,,., which describes the interaction
between the magnetization and the mechanical strain of
the lattice. We start from the general expression of F,,,
in the cubic symmetry case keeping only terms up to the
second order in the magnetization components [56]:

1
Eme = Bleu‘(m? — g) —|— ZBgeijmimj (8)
Without applied magnetic field, the F,,. energy coincides
with the uniaxial components of the magnetic free energy,

E,,, explicitly given by Eq(1). Identifying Eq (8) with
Eq(1), one can deduce

K2|| = 2B26xy = —6044>\1116Iy (9)
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where A1gp and A111 are the saturation magnetostriction
constants when the magnetization is aligned along the
[100] and [111] directions, respectively. Using Egs (9, 10),
we get Ajgo =~ —27 ppm and A11; ~ —26 ppm, compara-
ble to values for ferromagnetic magnetostrictive metals
such as Ni (Ajgp =~ —46 ppm, A111 ~ —24 ppm) [57] and
Fe (Moo = 20 ppm, A111 =~ —21 ppm) [57]. These val-
ues are about 3 times larger than the ones determined
experimentally (8-11 ppm), however on an unannealed
sample with low Curie temperature (57 K)[58]. We can
also deduce A1gp ~ A111 indicating a quasi-isotropic mag-
netostriction for the (Ga, Mn)As compound.

SEARCHING FOR A REAL SHEAR STRAIN

Having estimated the shear strain required to yield the
observed anisotropy, we then search for experimental ev-
idence of it using either X-ray diffraction, or the photoe-
lastic effect.

X-ray diffraction

Two strategies requiring different configurations were
adopted but conveying both the idea that the IP
(Ga,Mn)As lattice has slightly relaxed and become rect-
angular in the <110> base (Figs. 3(a), 4(a)). In (CI1)
configuration (Fig. 3(a)), we look for [110] and [1-10] vec-
tors of different lengths (as done in Refs. [15, 25]). For
this we perform incident angle (w-)scan along three 90°-
apart IP azimuths. The mapped regions were chosen to
cover, in the same dataset, X-ray diffraction signal origi-
nating both from the GaAs substrate and the (Ga,Mn)As
layer. The shift along @, (AQ;) between the substrate
and layer peak positions is extracted from the Q, — Q.
map reconstruction for each azimuth 7. From theAgsti—

mated shear strain for sample A, a maximum of Ooeas”
a s

% ~2.107* can be expected for two successive [hh] IP
azimuths, and none for diametrically opposed azimuths
(¢ and i + 2), as shown in the schematics of Fig. 3(a).
A similar procedure is then performed along <100> IP
directions, for which we expect identical lattice spacing.

In (C2) configuration (Fig. 4(a)), we look for an-
gles between <100> IP directions differing from 90° for
the (Ga,Mn)As layer, or equivalently that <100> IP

(Ga,Mn)As axes do not coincide with GaAs ones. To do

so, azimutal (¢) scans are performed around three 90°-
spaced IP azimuths 4, and compared to [110]/[1-10] scans
for which no difference of peak position is expected. Us-
ing again emy:10’4, a maximum spacing of Ap=¢Gaas,i-
rj)(Ga,Mn)ASJ:(—l)ﬂQ mdeg can be anticipated for A0l
peaks : a signature of shear strain is indeed that the
angle between [100]/[010] vectors of (Ga,Mn)As should
alternatively be smaller (<90°) or larger (>90°) than for
GaAs (see schematics of Fig. 4(a)). For hhl peaks, we
expect from this scenario A¢p= 0 for all azimuths.

Experiments were performed at room temperature
on the DiffAbs beamline of the SOLEIL synchrotron.
High resolution reciprocal space maps around the vari-
ous diffraction peaks were performed. By using a hybrid
pixel area detector (XPAD) covering an angular range
of several degrees, these measurements are typically real-
ized by scanning one of the sample angles / orientations
around the value satisfying the Bragg law. Data is ac-
quired during the continuous movement (rotation) of the
motor (which is optically encoded) for achieving angu-
lar resolution better than 0.1 mdeg. Corresponding vol-
umes in the reciprocal space (Qz, Qy, @ coordinates)
were reconstructed and X-ray diffraction peak position
was extracted from 2D planar cuts. Indices h,k,I were
chosen low enough to have both peaks appearing on the
2D XPAD detector and [ # 0, but large enough to clearly
separate GaAs and (Ga,Mn)As peaks for (C1). Although
X-ray diffraction using a well collimated X-ray beam (e.g.
like the one at a synchrotron facility) is expected to de-
tect such quantities, we should point out here the partic-
ular difficulty related to the presence of the very sharp
and intense GaAs substrate diffraction peaks located ex-
tremely close to the (Ga,Mn)As epitaxial layer peaks.
With indices verifying h+k+I1=4n+2 for the (hhl) peak,
the energy was moreover tuned for anomalous diffraction
in order to minimize the GaAs signal [59]. The final con-
figuration was to study (206) and (226) peaks at E=12.35
keV. The X-ray beam spot size was around 150um. Al-
though anomalous diffraction conditions were fulfilled for
(226) planes, the Bragg peak intensity remained over 100
times larger than that of the 45 nm thick magnetic layer,
because of the much deeper penetration depth of X-Rays
(about 2 pm).

Typical maps and cuts realized in (C1) configuration
are shown in Fig. 3(b,c). A systematic difference of IP
peak position was observed between the substrate and
the sample A layer, corresponding to %-% ~o-
240.5.10~* for (226) peaks and 1.240.5.10~* for (206)
peaks. Fairly large deviations were observed between re-
peated measurements however and no significant differ-
ence observed between 2 consecutive or opposite peaks,
contrary to what is expected from shear strain. As a
result, we could at best conclude on a very marginal
isotropic IP relaxation of the layer, but not on any
nonequivalent lattice spacing along [110]/[1-10] directions
as opposed to [100]/[010] ones. Using this data, we also
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lines of (b), evidencing a slight shift, but which is of the same order of magnitude between consecutive and opposite peaks.

Experiments are performed at room temperature.

searched inconclusively for signatures of anisotropic co-
herence length (i.e anisotropic (226) layer peak widths),

J

Typical results obtained in the (C2) configuration are
shown in Fig. 4(b,c). A clear and reproducible angu-
lar A¢p=-240.3 mdeg was observed for the (226) direc-
tion. This (226) misalignment had the same sign for two
consecutive azimuths, which should indicate a bulk rota-
tion of the layer IP lattice with respect to the substrate,
rather than a shearing. However, no misalignement was
observed on (206) peaks (within the standard deviation)
to validate this bulk rotation. As for the (C1) configura-
tion, no robust evidence of a shear strain could be found
in this high IP anisotropy layer.

Photoelastic effect

We turned to another method with a potentially larger
sensitivity to strain: the photoelastic effect.

Owing to the photoelastic effect, the dielectric permit-
tivity tensor of a zinc blende crystal is modified [60]. The
biaxial strain does not induce any birefringence but an
€4y shear strain introduces an off-diagonal matrix ele-
ment that produces different refractive indices for linear
polarization along the [110] and [-110] crystallographic
axes. Consequently, for near-normal incidence, a linear
polarization making an angle 8 with the [110] direction
will rotate by an angle AS,. = Aﬂge sin (23) with:

CaaPaacay (1 — exp (i45))
n(n?—1) ’

ABY, = Re (11)

where n is the complex refractive index (we assume the
same index for the (Ga,Mn)As layer and the GaAs sub-

and anisotropic structure factor (i.e anisotropic ratio of
integrated intensity of GaAs and (Ga,Mn)As peaks).

(

strate), t the layer thickness, Cy4 the elastic constant,
Pyy = 4Py515 with P the stress-optical tensor [61, 62]. It
is this exact term that was used for the static or time-
resolved detection of SAW-induced variations of strain
in Refs. [27, 63]. Taking the experimental values for Py
and n from ref. [61] at the optical wavelength A =532 nm
and €;,=10"% we estimate Aﬁge ~ 15 mdeg, which
should be easily detected using a photoelastic modulator
[64]. Once again, if it is a real shear strain that induces
the IP anisotropy, it should persist at room temperature.

Four samples were investigated: Sample A with strong
IP uniaxial anisotropy, sample B with biaxial anisotropy,
an epiready GaAs substrate, and a 100 nm Aluminum
layer evaporated on a glass substrate.

The polarization rotation was measured at room tem-
perature in the reflection geometry as a function of the
angle between an IP crystallographic axis (or an arbi-
trary axis in the case of Al/glass) and the incident linear
polarization using a photoelastic modulator. In order to
rotate the sample in its plane without any change in the
path of the reflected light, the sample was mounted on
an X-ray goniometer. The sample plane was perpendicu-
lar to the plane of incidence. The angle of incidence was
19°. The 532 nm-laser beam was linearly polarized per-
pendicular to the plane of incidence. The reflected beam
was modulated by a photoelastic modulator (frequency
f=42 kHz) with axes parallel and perpendicular to the
incident polarization before passing through an analyser
set at 45° to the axes and being detected by a photodi-
ode. The Kerr rotation signal was detected at 2f by a
lock-in amplifier. The reflected signal at the frequency of
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FIG. 4. (a) Schematics of sheared in-plane lattice. In (¢)-scans, we look for misalignments of <100> directions between the
(Ga,Mn)As (in red) and GaAs (in black) lattice. (b) Typical ¢-scans for (206) planes, with w=15.8238° (resp. w=15.6280°) for
the Bragg (resp. (Ga,Mn)As) peak. (c) Typical ¢-scans for (226) planes, with w=10.9522° (resp. w=10.8197°) for the GaAs

(resp. (Ga,Mn)As) peak. We define Ap=dgaas — ¢(Ga,rrn)As-

”?Wings” appear on either side of the GaAs substrate peak, a

possible signature of truncation rods. Experiments are performed at room temperature.

a mechanical chopper was used to normalize the signal.

Figure 5 shows the polarization rotation for the four
samples. For the Al/glass sample (triangles) there is
hardly any dependence on the rotation angle, likewise for
Sample B with biaxial anisotropy (full circles). Sample
A, with uniaxial anisotropy (squares), shows a sin(20)
dependence, indeed related to the crystallographic axes
as we have checked, but with an amplitude of less than
1.5 mdeg, i.e. ten times smaller than expected for
ewy:10_4. This places an upper boundary for a gen-
uine shear strain in the layer of €,,=1075, just below
our X-ray detection threshold. However, this polariza-
tion rotation is probably related to the GaAs, since it
is the same on sample A and the bare substrate (empty
circles). Since there is no such polarization rotation on
sample B, this might depend on the quality of the sub-
strate.

Therefore we conclude that the expected shear strain
is not found although well within the detectability range
of the optical measurements.

DISCUSSION AND CONCLUSION

We looked for experimental evidence of a structural
shear strain being at the roots of strong in-plane mag-
netic anisotropy in (Ga,Mn)As, relying on X-ray diffrac-
tion or photoelastic effect-induced optical polarization ro-
tation. While the search for anisotropic [110] and [1-10]
vector lengths proved inconclusive due to poor experi-
mental reproducibility, that of [100]/[010] angles differ-
ing from 90° clearly ruled out the existence of a physi-
cal exy=10—4 strain compatible with the k.p theory es-
timations of our anisotropy. This was confirmed by pho-
toelastic effect measurements. We thus conclude on the
absence of a physical shear strain responsible for the ob-
served uniaxial anisotropy, and instead on a mechanism
capable of being modelled as an effective shear strain.

0 90 180 270 360
L = . 20
®  sample A uniaxial
4 .
o6 GaAs

Allglass

Polarization rotation (mdeg)

calc. polarization rotation (mdeg)

T T T T T T _20
90 135 180 225 270 315 360

p (deg)

FIG. 5. Polarization rotation angle AS (left scale) as a func-
tion of 8, the angle of rotation of the sample in its plane, for
a fixed vertical light polarization E. For Sample A, Sample
B and the GaAs substrate 3 is counted from the [110] axis as
indicated in the inset. Right scale: the polarization rotation
expected from the photoelastic effect assuming ezy=1074.

Paralleling the preferential attachment of Fe atoms to As-
rich planes leading to strong uniaxial uniaxial anisotropy
observed on Fe/GaAs [12] one can invoke the possible
anisotropic incorporation of Mn atoms [25], or Mn dimer
formation [13, 23] when growing (Ga,Mn)As on a GaAs
substrate. These would be equivalent to a shear strain
in a hypothetical free (Ga,Mn)As layer, thereby induc-
ing magnetic anisotropy as the theory developed above
shows, but be undetectable once epitaxied perfectly onto
the substrate. Quite challenging to observe directly
by microscopy techniques, such an anisotropic magnetic
atom distribution might however show up as a measur-
able anisotropy of the exchange constant (at low tem-
perature). A positive conclusion to such an experiment
would help to devise growth strategies capable of tuning



this magnetic anisotropy. Independently of the origins of
this effective shear strain, our comparison of data taken
on a large number of articles highlights that the surest
way of obtaining a strong IP anisotropy in (Ga,Mn)As
remains to target a large out-of-plane anisotropy, often
the result of a combination of large lattice mismatch, op-
timized anneal, and high effective Mn concentration.
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