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a b s t r a c t

Magnetic anisotropy and magnetooptic Kerr effect for epitaxial films of CoxMnyGe1�x�y grown on Ge

(111) substrates have been studied systematically in the compositional vicinity of the Heusler alloy

Co2MnGe. A large quadratic magnetooptic Kerr effect has been observed within a narrow region of

composition centered around the Co to Mn atomic ratio of 2. The effect has been used to probe and

quantify the magnetic anisotropy of the system, which is shown to have a strong sixfold in-plane

component accompanied by a weak uniaxial component at room temperature. These properties are

shown to depend sensitively on atomic ratio between Co and Mn, indicating the presence of an intrinsic

composition-driven phenomenon.

& 2008 Elsevier B.V. All rights reserved.
Heusler alloys belong to an interesting class of ternary
compounds that includes many predicted half-metals [1,2]. Their
spin-dependent states and magnetism are expected to depend
sensitively on stoichiometry, epitaxial constraints, and the pre-
sence of various structural and chemical disorders [3], but very
little is known about these dependencies, owing primarily to the
complexity associated with a ternary system and thus the
difficulties for studying these. For example, dependence of
magnetic anisotropy on stoichiometry is an important and yet
relatively unexplored property, critical for understanding and
controlling the magnetism in this important class of materials.
Recent advances in combinatorial molecular-beam epitaxy (MBE)
have made it possible to map the composition of an entire ternary
system onto a single substrate and to explore the material system
systematically [4]. In this paper, we report a systematic study of
magnetic anisotropy and magnetooptic properties of a ternary
system CoxMnyGe1�x�y in the compositional vicinity of the
Heusler alloy Co2MnGe, a predicted half-metal with a high Curie
temperature [2].

The ternary combinatorial epitaxial film was grown by MBE
techniques on a Ge (111) substrate at 250 1C and at a deposition
rate of 0.1 Å/s to a nominal thickness of �630 Å. A multilayer
method was employed via sequential deposition of submonolayer
‘‘wedges’’ of the 3 elements [5]. The alloy film was subsequently
annealed at 450 1C. The growth and annealing conditions were
optimized for the best structural quality of the Heusler composi-
tion [6]. The ternary composition was examined and quantified
using an array of complementary techniques, including X-ray
ll rights reserved.
fluorescence spectroscopy [7], secondary ion mass-spectrometry,
electron energy dispersive X-ray spectroscopy, and Rutherford
backscattering spectroscopy. In Fig. 1(a), a schematic diagram of
the combinatorial sample is shown, indicating the ternary region
(the triangle) and the location of Co2MnGe. Structural investiga-
tions using regular and anomalous X-ray diffraction techniques
[7,8] indicate that epitaxial films within this region of composition
exhibit a high degree of structural and chemical ordering.

The magnetooptic Kerr effect (MOKE) measurements were
performed at room temperature in the longitudinal geometry
using a diode laser (wavelength of 664.3 nm). A standard lock-in
technique with a photoelastic modulator was used for simulta-
neous detection of both Kerr rotation and ellipticity. The laser spot
on the sample was focused to �100mm in diameter, which
corresponds to �1 at% in the composition space. The sample was
mounted on a precision translation and rotation stage, and it was
scanned with respect to the laser spot in order to probe the
composition dependence. MOKE hysteresis loops were measured
at each position with the magnetic field directed along more
than 10 in-plane directions, including all of the in-plane /110S
and /11 2S directions. Scribed crosshairs with line width of
�10mm on the sample were used to position the laser spot on the
sample, resulting in a positional reproducibility of better than
20mm (�0.2 at% in composition) between different measure-
ments.

MOKE hysteresis loops in the vicinity of Co2MnGe exhibit a
pronounced asymmetry with respect to the origin, as shown in
Fig. 1(b) and (c). For example, as the Ge concentration increases
through the Heusler stoichiometry, a characteristic ‘‘spike’’
emerges in the hysteresis loop near the positive coercive field
(Fig. 1(c)); at a fixed Ge concentration, as the atomic ratio between
Co and Mn passes through the value of 2, a reversal of the
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Fig. 1. (a) Schematic diagram of the sample under investigation showing the

outline of the sample edges and the crystallographic directions with [111]

pointing out of the page. The ternary region of composition is indicated by the

triangle. The arrows within the triangle indicate the respective locations where the

data shown in (b) and (c) were taken, and their intersection marks the Heusler

stoichiometry. (b) and (c) Evolution of MOKE hysteresis loops as a function of

composition: (b) changing atomic ratio Co/Mn at a fixed Ge concentration of

25 at%, and (c) changing Ge concentration (in at%) at a fixed Co/Mn atomic ratio of

2. The MOKE hysteresis loops are measured with H directed 751 from ½0 1̄ 1�, i.e.

between ½1̄ 0 1� and ½2̄ 1 1�, and with an incidence angle for the laser �101.

Fig. 2. (Color online) Normalized QMOKE loops (QMOKE/L) versus composition for

CoxMnyGez with H directed 751 from ½0 1̄ 1�: (a) x/y ¼ 2 and z ¼ 25 at%, (b) x/y ¼ 2.2

and z ¼ 25 at%, and (c) x/y ¼ 2 and z ¼ 35 at%. The black and red lines correspond

to Hkand Hm, respectively. (d) Maximum amplitude of QMOKE/L versus composi-

tion for H J ½1 2̄ 1� and an angle of incidence for the laser �61. The symbols, triangle,

square and circle correspond to the composition for (a), (b) and (c), respectively.
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hysteresis asymmetry occurs (Fig. 1(b)). The observed asymmetry
is a result of a strong second-order or quadratic magnetooptic Kerr
effect (QMOKE) that arises from higher order spin-orbit interac-
tions [9,10]. The consequence is that both magnetization projec-
tions parallel and perpendicular to the field, MJ and M?,
respectively, are detected by MOKE. For instance, a sudden jump
in magnetization direction can produce a ‘‘spike’’ in the hysteresis
loop.

To the second order of saturation magnetization Ms, the
measured Kerr rotation, fK(Hmk) can be expressed as

LMjj þ Q0MjjM? þ Q1ðM
2
jj �M2

?Þ. (1)

Here, L is the coefficient for the linear MOKE (LMOKE), and Q0 and
Q1 are those for QMOKE, and the arrows in the subscript indicate
the sweep directions of the field H. The coefficients depend on the
MOKE geometry and the off-diagonal elements of the dielectric
tensor [9,10]. The symmetry of Eq. (1) allows the measured MOKE
hysteresis loops fK(Hmk) to be separated into

LMOKE"# ¼ ½fKðH"#Þ � f0KðH#"Þ�=2 and

QMOKE"# ¼ ½fKðH"#Þ þ f0KðH#"Þ�=2,

where f0KðH#"Þ is (2)

the inversion of fK(Hmk) with respect to H, i.e. f0K(Hmk) ¼
fK(�Hmk).

The hysteresis loops of QMOKE have been normalized by the
corresponding saturation values of LMOKE [11], L, and as shown in
Fig. 2, the normalized loops (QMOKE/L) have different shapes and
large amplitudes in the compositional vicinity of the Heusler
stoichiometry. For a light incident angle ofo61, the observed
QMOKE amplitudes exhibit a narrow ridge (values 41 and as high
as 2.5) along the Co to Mn atomic ratio of 2 (Fig. 2(d)). This narrow
region of large QMOKE values appears to coincide with the region
where a high degree of structural and chemical ordering has been
observed [8]. The QMOKE values reported here are comparable to
previously reported values for Heusler alloys of Co2FeSi [11] and
PtMnSb [12]. Since large QMOKE values enhance the sensitivity
for detecting and quantifying magnetization directions (Eq. (1)),
the effect has been used to analyze the magnetic anisotropy of the
system, as discussed below.

The measured MOKE hysteresis loops as a function of field
directions have been simulated using Eq. (1). The magnetization
directions, on the other hand, have been calculated using a single
domain Stoner–Wohlfarth model [13,14] by minimizing the
energy density associated with the in-plane magnetic anisotropy,
EIPMA. For the (111) symmetry, the energy density is given by

EIPMA ¼ K6ð28� cos 6yÞ=108þ Kusin2
ðy�jÞ �MjjH. (3)

Here, the sixfold magnetic anisotropy with the corresponding
constant K6 (the first term) arises from crystal symmetry in thin-
film geometry, with y being the angle between the direction of
magnetization and one of the sixfold easy axes (for K640).
A uniaxial correction (Ku) is added (the second term) with j the
angle between the uniaxial easy axis and one of the sixfold easy
axes. The last term represents the Zeeman energy.

The model simulations, as described above using K6/Ms, Ku/Ms,
Q0/L, and Q1/L as the adjustable parameters, have yielded good
qualitative agreements with the measured hysteresis loops,
as shown in Fig. 3 for a typical set with K6/Ms ¼ (12007100) Oe
and Ku/Ms ¼ (2073) Oe. The sixfold easy axes are determined
to be along the in-plane /110S directions consistent with
the crystal symmetry. A weak uniaxial magnetic anisotropy
(UMA) is often needed in order to produce the distinct features
in the hysteresis loops, and near the Heusler stoichiometry, the
easy axis for UMA is near ½0 1̄ 1�. We note that the observed
magnetooptical parameters at a single composition depend on the
geometries of the measurement. Specifically, the parameters Q0

and Q1 exhibit a monotonic increase with decreasing incident
angle, while the counterpart L exhibits a corresponding decrease
[9,10,15]. In addition, a second-order magnetization-induced
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Fig. 3. (Color online) Comparison between the measured angle-dependent MOKE

hysteresis loops (a) and the simulation (b) for Co2MnGe. The black and red lines

correspond to Hkand Hm, respectively. The listed angles are measured from the in-

plane ½0 1̄ 1�. Angle of incidence for the laser is �101.

Fig. 4. Evolution of magnetic anisotropy constants as a function of composition:

(a) and (b) K6/Ms, and (c) and (d) Ku/Ms. Error bars for the respective constants are

shown in (a) and (c). Dependence on Ge concentration at a fixed Co/Mn ratio of 2 is

shown in (a) and (c), whereas the behavior for a fixed Ge concentration of 25 at% is

shown in (b) and (d). The dotted lines indicate the location of Heusler

stoichiometry.
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optical anisotropy with respect to the in-plane field directions
(expected theoretically from the crystal symmetry [16]) is also
observed, and thus included in the analysis (Fig. 3). These effects,
however, are not the focus of this letter, and they will be discussed
elsewhere [15].

Quantitative values of magnetic anisotropy as a function of
composition have been obtained from the analysis. They exhibit a
relatively narrow ridge along a constant Co to Mn atomic ratio of 2
that correlates with the one for QMOKE (Fig. 2). The behaviors
along and across the ridge are shown, respectively, in the left and
right column of Fig. 4. On the ridge, the values for the sixfold
anisotropy are very large, exhibiting a broad peak near Ge
concentration of 30 at% (Fig. 4(a)), while the UMA counterparts
are very small and increase with Ge concentration (Fig. 4(c)). Near
the Heusler stoichiometry, K6 is determined to be (1.270.2)�106

ergs/cm3 using the bulk Ms [17]. Across the ridge, as the Co/Mn
ratio exceeds 2, the anisotropy values change abruptly, and in
particular the UMA exhibits a sign change (Fig. 4(d)) that
corresponds to a 901 reorientation of the UMA easy axis. As the
atomic ratio decreases from 2, a transition from anisotropic to
isotropic behavior takes place near Co/Mn of 1.5 (Fig. 4(b) and (d)).
The latter transition correlates with a first-order structural phase
transition from cubic to hexagonal [7]. In the isotropic region the
hysteresis loops exhibit a large switching width (Fig. 1(b)) with no
quadratic effect.

While there are various extrinsic sources and interactions
that affect the nature and strength of magnetic anisotropy
and magnetooptical effect for any given sample, the observed
composition dependence, particularly the symmetry and sensi-
tivity on the Co to Mn atomic ratio, strongly support the presence
of an intrinsic composition driven phenomenon. Such a phenom-
enon is not previously known for any Heusler alloys, and it
appears to be responsible for the observed ordering around Co/Mn
ratio of 2 and for the observed strong correlation and interplay
between structure, magnetism, and magnetooptical effects.
Since both magnetic anisotropy and magnetooptical effects,
in particular QMOKE, are the result of corresponding spin-orbit
interactions, the electronic structure of the system and
perhaps chemical ordering within the lattice may also be driven
by the same composition dependent phenomenon. These findings
should provide the necessary impetus for future work in this
material system in order to elucidate the origin of the composition
driven effect and to control magnetism and spin-dependent
states. From a broader perspective, while properties of complex
alloys are generally expected to depend on composition, investi-
gations into how the dependence takes place should still take
precedence.
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