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We discuss the magnetic properties of Ga1−xMnxAs1−yPy films with phosphorus content y graded
along the growth direction from y = 0.03 to y ≈ 0.25. Such grading was achieved by growing the
film epitaxially in the form of sublayers with successively increasing values of y. X-ray measurements
reveal that the strain in the film changes coherently with increasing phosphorus content, from in-plane
compressive at the bottom to in-plane tensile in the upper sublayers of the graded film. The grading
of strain arising from the changing composition results in gradual changes of magnetic anisotropy from
in-plane in the lower sublayers to out-of-plane as we progress toward the top. Magnetization measure-
ments reveal that the graded film is composed of three regions with different magnetic anisotropies: one
with a strong in-plane easy axis, one with a strong out-of-plane easy axis, and in between a region with
both in-plane and out-of-plane easy axes. The contribution of the region with an in-plane easy axis to
the total magnetization of the film was found to be strongly dominant. This result is quite unexpected,
because ≈ 75% of the graded film consists of sublayers under tensile strain, where out-of-plane magnetic
anisotropy is expected to dominate. These surprising results arise from effects occurring in epitaxial
growth of such graded structures, where properties of a layer being deposited are determined not only
by growth conditions at the moment of deposition but also by the presence of layers grown earlier and
by deposition of additional layers grown later. This form of growth can be explained in terms of band
structure at different locations of the multilayer as the growth proceeds, and we will therefore refer to
it as non-local growth.

topics: ferromagnetic semiconductors, magnetic anisotropy, semiconductor alloys with graded composi-
tion, epitaxial growth dynamics

1. Introduction

GaAs-based ferromagnetic semiconductors
(FMSs) such as Ga1−xMnxAs are receiving wide
attention owing to their carrier-mediated ferro-
magnetism, which can be conveniently controlled
by various external means, thus making these
materials of interest as candidates for spintronic
devices [1–3]. Their growth by low-temperature
molecular beam epitaxy (LT-MBE) is now well
established [4, 5], and their magnetic properties
are known to depend on the following parameters:
the concentration of substitutional and interstitial
Mn, the concentration of holes, and strain [6–8].
Importantly, strain is known to play a decisive
role in determining the magnetic anisotropy of
these materials, establishing the orientation of
easy axes of magnetization [9]. For example,
GaAs-based FMS films under compressive strain
prefer the magnetic easy axis to lie in the film
plane, while films under tensile strain prefer

an out-of-plane easy axis orientation [10, 11].
This characteristic feature is consistently ob-
served in uniform single-layer FMS films, such as
Ga1−xMnxAs and Ga1−xMnxAs1−yPy grown on
various substrates [12–15].

In this paper, we have undertaken a study of
the magnetic properties of FMS film, in which
the strain is systematically graded along the film
thickness. We approached this by growing a multi-
layer of the quaternary ferromagnetic semiconduc-
tor Ga1−xMnxAs1−yPy in which the concentration
of phosphorus is increased in successively deposited
sublayers. Since the tetrahedral radius of P is signif-
icantly smaller than that of As [16], the substitution
of P at the As sites will increase the degree of ten-
sile strain in such a system, as the concentration of
P is increased.

However, the gradient of P concentration in this
structure leads not only to a gradient of strain
but also to a gradient of the semiconductor band
structure along the film thickness [17]. As will be
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shown, such grading of the band structure during
the growth will then also lead to a novel character
of epitaxial growth, in which the properties of a spe-
cific epitaxial sublayer of the graded system will de-
pend not only on the growth conditions used dur-
ing the deposition of the sublayer, but also on the
properties of sublayers deposited before and later.
Because in this growth process the formation of
the sample at one location depends on the prop-
erties of the samples in other locations, we will
refer to it as non-local growth. As will be shown,
this has significant — and quite unexpected — con-
sequences in the resulting magnetic properties of
the graded GaAs-based FMSs, such as those ob-
served in the graded Ga1−xMnxAs1−yPy system
studied here.

2. Experiments

The graded Ga1−xMnxAs1−yPy sample was
grown on a GaAs (001) substrate in a Riber 32
molecular beam epitaxy (MBE) system. Grading
of phosphorus concentration along the growth di-
rection was achieved by growing eight thin sublay-
ers with successively increasing phosphorus concen-
tration y, which was controlled by a mechanical
valve equipped with a rapid flux control mechanism.
The growth temperature of the FMS layers was
kept at 260◦C. As each successive sublayer of the
structure was deposited, the P2/As2 flux ratio was
systematically increased, while the As2/(Ga, Mn)
flux ratio was kept unchanged during the entire
growth. This process resulted in a graded ≈ 100 nm
Ga1−xMnxAs1−yPy multilayer, consisting of eight
sublayers of ≈ 12.5 nm in which y varied from 0.03
to 0.24 in steps ∆y of ≈ 0.03. During the entire
growth process, the Mn concentration x was kept
constant at x ≈ 0.06.

2.1. Structural characterization

The structure of the graded Ga1−xMnxAs1−yPy

film obtained in this manner is schematically shown
in Fig. 1a. In Fig. 1b we show the results of energy
dispersive X-ray (EDX) measurements obtained
by Dong et al. [18] on a very similar multilayer,
grown in an identical manner, showing the dis-
tribution of arsenic and phosphorus concentration
along the growth direction in such a graded multi-
layer. Crystallographic properties of the specimen
were examined by high-resolution X-ray diffrac-
tion (HR-XRD) using a Bruker D8 Discover X-ray
diffractometer, as described in [18].

HR-XRD measurements confirm the overall crys-
tal integrity of the graded sample. Figure 2 shows
reciprocal space mapping of the sample at the (224)
diffraction peak. Qz and Qx correspond to the in-
verse of vertical and lateral lattice constants of the
crystal, respectively. The fact that all peaks oc-
cur at the same Qx position in Fig. 2 confirms
that the lattice of the graded Ga0.94Mn0.06As1−yPy

film is fully strained by the GaAs substrate, i.e,

Fig. 1. (a) Schematic of graded
Ga1−xMnxAs1−yPy film, consisting of eight
sublayers with successively increasing concentra-
tion of P. (b) EDX results obtained earlier by
our team on a similar multilayer [18], showing
concentrations of P and As along the growth
direction.

Fig. 2. Reciprocal space map in the vicinity of the
(224) Bragg reflection of the graded film.

that the in-plane lattice parameter remains un-
changed throughout the entire sample thickness,
even though the P concentration is varied from
y ≈ 0.03 up to y ≈ 0.24.

Figure 3a shows a 2θ–ω diffraction scan mea-
sured along the growth direction (which in this pa-
per will be referred to as the c-direction) of the
graded film.

• The sharpest peaks located at ≈ 66◦ repre-
sents the (004) Bragg reflection of the GaAs
substrate;

• The series of weaker maxima marked by black
arrows are the Bragg peaks corresponding
to Ga0.94Mn0.06As1−yPy sublayers deposited
with successively increasing values of y;

• The lower-intensity oscillations are Pendel-
losung fringes, attesting to the uniform thick-
ness of the multilayer.

The positions of the maxima marked by arrows
were identified by comparing the XRD spectrum
in Fig. 3a to EDX measurements similar to those
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Fig. 3. (a) HR-XRD 2θ–ω spectrum of graded
Ga1−xMnxAs1−yPy film. (b) Progression of strain
εzz for the eight sublayers of the graded film, from
bottom to top.

shown in Fig. 1b, which indicate the quantitative
changes of the P concentration along the c direction.
The X-ray data clearly shows the progressive reduc-
tion of the lattice constant along the c-direction, in
line with increasing in-plane tensile strain in suc-
cessive Ga0.94Mn0.06As1−yPy sublayers.

To quantitatively determine the strain in each
sublayer of the graded film, we use the equation
for out-of-plane strain εzz given by

εzz =
c− a0

a0
, (1)

where a0 is the relaxed lattice constant for the sub-
layer with a given y, and c is the lattice spacing
along the c-direction measured by HR-XRD. The
values of εzz for the eight sublayers are plotted
in Fig. 3b. The bottom two Ga0.94Mn0.06As1−yPy

sublayers show positive values of εzz, thus indicat-
ing compressive in-plane strain, while the remaining
six sublayers show negative values of εzz, indicat-
ing tensile strain. Note that the magnitude of the
strain changes monotonically from compressive to
tensile from the bottom of the multilayer to the top,
consistent with the systematically increasing con-
centration of phosphorus in the sample. One would
then expect that the magnetization of the bottom
two sublayers would be characterized by in-plane
easy axes, while the easy axes in the remaining six
sublayers (amounting to ≈ 75% of the sample’s vol-
ume, and thus to its total magnetization, since the
concentration of Mn is the same along the sample
thickness) would be out-of-plane.

2.2. Magnetic properties of the graded film

To investigate the magnetic properties of our
graded Ga0.94Mn0.06As1−yPy film, the magnetiza-
tion of the film was measured by a superconducting
quantum interference device (SQUID). The tem-
perature dependences of magnetization measured
with a 25 G field applied along the [010] (in-plane)
and the [001] (out-of-plane) directions are shown
in Fig. 4a. Surprisingly, the data show that, con-
trary to expectation, the value of the in-plane mag-
netization of the sample is larger than its out-of-
plane magnetization at all temperatures below the
Curie temperature. This preference for the in-plane
magnetization of the graded film is also evident in
the hysteresis loops measured at 5 K with mag-
netic field along the [010] and [001] directions shown
in Fig. 4b, with the remanent magnetization at
zero field also significantly larger for the in-plane
results.

Interestingly, the out-of-plane magnetization hys-
teresis shows a strikingly complex behavior, indi-
cating that the reversal of the out-of-plane mag-
netization in the graded sample involves a se-
quence of steps. We show that such multiple tran-
sitions observed during magnetization reversal can
be explained by assuming that the graded sam-
ple consists of three regions with different magnetic
anisotropies: one with an out-of-plane easy axis, one
with an in-plane easy axis, and an intermediate re-
gion with both in-plane and out-of-plane easy axes,
as suggested schematically by thick arrows at the
top of Fig. 5b. We note parenthetically that these
three regions may each consist of several sublayers
with different values of y, and the boundaries be-
tween these regions need not coincide with bound-
aries between compositional sublayers. The forma-
tion of such regions and their extents is expected
to arise from the interplay of magnetizations with
different anisotropies as they form successively in
the graded film. A similar behavior, including the
spontaneous formation of an intermediate region,

Fig. 4. (a) Temperature dependence of magnetiza-
tion of the Ga0.94Mn0.06As1−yPy graded film, mea-
sured with a field of 25 G applied in the [010] (red
solid line) and [001] (blue dotted line) directions.
(b) Hysteresis loops of the graded sample measured
at 5 K with the magnetic field swept along the [010]
(red solid line) and [001] (blue dotted line).
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Fig. 5. (a) Hysteresis loops of the
Ga0.94Mn0.06As1−yPy graded film measured
at 5 K with the magnetic field applied along
the [001] (out-of-plane) direction. (b) Simulation
of combined contributions of the three regions
magnetic with different anisotropies. The insets at
the top indicate magnetization alignments in the
three regions at positions marked with solid circles.

Fig. 6. (a)–(c) Projections of magnetic free en-
ergy diagram on the (010) plane for the three mag-
netic regions of the graded sample. (d)–(f) Ex-
pected magnetization hystereses for the three mag-
netic anisotropies during an out-of-plane field scan,
plotted separately. Magnitudes are obtained from
simulation in Fig. 5b.

has also been observed in GaMnAs/GaMnAsP bi-
layers in which in-plane and out-of-plane magnetic
anisotropies interface with one another [19, 20].

Projections of magnetic free energy on the (010)
plane for the three regions with different mag-
netic anisotropies are shown in Fig. 6a–c. In the
bottom region, represented by Fig. 6c, the easy
axis is in-plane, pointing along 90◦ or 270◦. In
the top region (Fig. 6a) it is out-of-plane, point-
ing along 0◦ or 180◦. In turn, in the intermedi-
ate (transition) layer (Fig. 6b) there are two easy
axes, one in-plane, along 90◦ or 270◦, and one out-
of-plane, along 0◦ or 180◦. We can now simulate

the total magnetization reversal of the graded film
shown in Fig. 5a, by adjusting the magnitudes of
each region’s contribution and superimposing them.
The magnitudes that give the best fit to the data
in Fig. 5 are shown on the y-axis in Fig. 5d–f, indi-
cating the expected contributions of each region to
the out-of-plane field scan.

This approach then allows us to estimate the
fraction of the total magnetization of the film
contributed by each of the three regions: the re-
gion with an out-of-plane easy axis accounts for
≈ 12.5% of the total magnetization, the region with
in-plane easy axes contributes ≈ 62.5%, and the
fraction with both in-plane and out-of-plane easy
axes accounts for ≈ 25%. The coexistence of such
three regions with different magnetic anisotropies in
a graded Ga1−xMnxAs1−yPy film was also observed
in an earlier investigation, in which anomalous Hall
effect measurements were analyzed to obtain the
portion of the film characterized by the three types
of magnetic anisotropy [21].

Based on the division of the graded film into
three regions with different magnetic behaviors, the
multi-step magnetization reversal can be visualized
as indicated by the thick arrow at the top of Fig. 5b.
It shows the orientations of magnetization in the
three regions at positions marked with solid cir-
cles in the hysteresis curve in Fig. 5b. Qualita-
tively, the presence of distinct regions with different
anisotropies in the graded Ga1−xMnxAs1−yPy film
is reasonable if one considers the change of strain
from compressive to tensile along the thickness of
the film [15]. However, the relative contributions of
the different magnetic anisotropies to the total mag-
netization of the sample, particularly the dominance
of in-plane anisotropy, is at first glance completely
unexpected. As shown in Fig. 1d, the portion of the
film under tensile strain, which is expected to ex-
hibit magnetization with an out-of-plane easy axis,
corresponds to about 75% of the sample, but the
observed fraction of magnetization with such orien-
tation is only about 12.5%. On the other hand, the
measured fraction of magnetization with in-plane
anisotropy amounts to 62.5% of the graded film,
although only two of the eight sublayers are under
compressive strain, as shown in Fig. 3b. Such an un-
expectedly large discrepancy between strain condi-
tions in the graded film and its magnetic properties
implies the presence of some additional mechanism
that has not been considered.

3. Non-local growth dynamics of graded
ferromagnetic semiconductor films

An important mechanism to consider in the
present context is the process of low-temperature
MBE growth specific to a GaAs-based ferro-
magnetic semiconductor such as Ga1−xMnxAs or
Ga1−xMnxAs1−yPy, and how the incorporation of
magnetic ions (in the present case of Mn) takes
place during the growth of a graded structure.
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We recall that the incorporation of Mn into the
Ga1−xMnxAs1−yPy-based FMS lattice occurs in
three forms: primarily at substitutional positions,
where Mn replaces Ga and becomes an acceptor; to
a lesser extent at interstitial positions, where Mn
ions become double donors; and also in the form
of neutral Mn precipitates [7, 22]. The effect of Mn
precipitates on magnetic properties was shown to
be minimal [23, 24], and we will ignore them in this
discussion.

We will designate the concentration of substitu-
tional and interstitial Mn by xsub and xi, respec-
tively. As noted, the substitutional Mn is an accep-
tor and thus also produces xsub holes, which provide
the mechanism of magnetic exchange between mag-
netic moments of Mn in the FMS system, and are
thus essential for its ferromagnetism. Mn intersti-
tials, on the other hand, are double donors, thus
compensating for the holes produced by the sub-
stitutional Mn. Additionally, since Mn interstitials
are mobile and positively charged, they drift toward
the fixed positions of the negatively-charged substi-
tutional Mn, forming antiferromagnetically-aligned
Mn–Mn pairs and canceling the magnetic moments
of the substitutional Mn in those pairs. We can now
express the concentrations of netmagnetic moments
in the crystal (i.e, those that determine the value of
magnetization) as xeff = xsub − xi, and the number
of active holes as xp = xsub − 2xi.

To discuss the distribution of Mn during the
growth of Ga1−xMnxAs1−yPy with a graded value
of y, we must also consider the band structure of
the graded film. Figure 7 shows how the top of the
valence band is expected to progress with increas-
ing phosphorus concentration in the eight sublay-
ers of our graded Ga0.94Mn0.06As1−yPy film. We
will assume that at the growth temperature (260◦C)
the acceptors are ionized, and are in the valence
band. Since the top of the valence band of GaP lies
≈ 400 meV lower than that of Ga1−xMnxAs [25]
and the phosphorus concentration is increased by
about 3% in each successive sublayer, the top of
the valence band will move progressively downward
by about 10 meV in each sublayer, as indicated
schematically in Fig. 7. We will show that this
staircase-like valence band profile will lead to in-
teresting non-local growth dynamics of the graded
multilayer, and will result in important modifica-
tions of its magnetic properties.

It is well established that in Ga1−xMnxAs-based
FMS systems the incorporation of substitutional
Mn at Ga sites is limited by the Fermi energy,
as discussed by Yu et al. [23] and that this leads
to the formation of Mn interstitials when the con-
centration of holes due to xsub exceeds a certain
limit. This feature will have a major impact on the
growth of our graded multilayer structure, and it
is instructive to discuss this process sublayer-by-
sublayer. The first (y = 0.03) sublayer of the graded
Ga0.94Mn0.06As1−yPy film will grow according to
the local MBE growth conditions determined by

Fig. 7. Schematic diagram of our graded film. The
bar at the top shows the progression of phospho-
rus concentrations, indicated by shading. The main
figure shows the top of the valence band for the
eight sublayers of the Ga0.94Mn0.06As1−yPy film,
each step corresponding to a drop of ≈ 10 meV.
Dashed arrows indicate hole drainage from sublay-
ers with larger y to those with lower y as the growth
proceeds.

growth temperature and elemental fluxes, and will
result in the values of xsub and xi that correspond
to those conditions. However, when the 2nd sub-
layer (y = 0.05 in Fig. 7) is deposited on sublayer 1,
the band offset between the two layers will become
important. As shown by Wojtowicz et al. [26] in
their modulation-doping experiments, some of the
holes forming in layer 2 will be siphoned off into
sublayer 1 due to the band offset between these sub-
layers, as indicated by the dashed arrows in Fig. 7.
That will automatically lower the Fermi energy in
sublayer 2, thus allowing xsub to increase, and sig-
nificantly reduce the concentration of xi forming in
this layer. As a consequence, both sublayers will
end up with different magnetic properties than they
would if they were grown separately.

The concentration of holes in sublayer 1 will now
be greater, resulting in higher magnetization [27].
The number of active magnetic ions in sublayer 2
will be higher. Although some of the holes in sub-
layer 2 will be siphoned off to sublayer 1, they will
be replenished by a similar process when sublayer
3 is grown. As a consequence, the magnetization of
both layers will be higher than if they were grown
separately.

Similarly, as sublayer 3 is being grown, the holes
produced by substitutional incorporation of Mn will
be siphoned off to the preceding sublayer(s), again
allowing a higher substitutional and lower intersti-
tial incorporation of Mn than would be the case if
the layer were grown separately, as an independent
film. We can now make the same argument for sub-
layers 4, 5, etc. Namely, as each successive sublayer
is grown, the holes will be drained off to sublayer(s)
grown earlier, allowing the sublayer being grown to
end up with a larger substitutional incorporation of
Mn at Ga sites, and consequently a lower concentra-
tion of the harmful mobile interstitials. Moreover,
although the concentration of holes in each sub-
layer is reduced by migration to layers grown earlier,
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it is replenished by holes from sublayers grown later.
Consequently, the final properties of each sublayer
depend not only on the local growth conditions that
existed at the moment of its deposition, but on what
had occurred at other locations of the multilayer.

While this non-local process would appear to lead
to increased magnetization in all sublayers owing to
higher substitutional incorporation of Mn, there are
important trade-offs that must be considered. As
each new sublayer is grown, the holes themselves
— of key importance for the ferromagnetism of the
system — are drained off to sublayers grown ear-
lier, as argued above, resulting in a significant hole
deficit in the uppermost sublayers of the film. While
we are not able to discuss this process quantita-
tively, it is likely that, as the number of sublay-
ers already grown increases, their effectiveness of
draining holes from sublayers grown later will also
increase, by analogy with modulation doping exper-
iments of Wojtowicz et al., where it was shown that
the effectiveness of a doped barrier in modulation
doping is proportional to its thickness [26]. On the
other hand, the degree of such hole drainage will
of course be limited by the Coulomb attraction be-
tween the migrating holes and the negative charge of
parent acceptor centers which the holes left behind.
At this stage, we are not able to discuss this pro-
cess quantitatively, but it appears reasonable that
the drainage of holes to the sample region which was
grown earlier will result in the dominance of that re-
gion in determining the overall magnetic properties
of the graded multilayer structure.

The process described above naturally occurs at
the growth temperature, in the present case of
about 260◦C, at which the holes are ionized and free
to move in the valence band. On the other hand,
to discuss the ferromagnetic behavior of the graded
specimen, we must consider its properties at tem-
peratures below its Curie temperature, as shown
in Figs. 4 and 5, where the holes are expected to re-
side in the impurity band. It is therefore important
to note that the concentrations of substitutional
and interstitial Mn ions, which are established dur-
ing the growth, as determined by the migration of
holes at the growth temperature, are fixed, becom-
ing the structural property of the specimen. Estab-
lishing the distribution of holes when the specimen
is cooled will, however, be modified by the Coulomb
fields created at the sublayer boundaries by hole mi-
gration, which require further analysis.

The growth dynamics of a graded film de-
scribed above explain quite nicely the dominance
of its in-plane magnetization. As new sublayers
are deposited, the concentration of holes in sub-
layers already grown (i.e, those favoring in-plane
anisotropy) grows both by hole drainage from layers
grown later, and (except for sublayer 1) by the lower
rate of formation of Mn interstitials. This growth
process results in a disproportional increase of mag-
netization in the lower layers, consistent with the
observed magnetization anisotropy.

4. Conclusions

We have shown that when a graded ferromag-
netic semiconductor film is grown, the final prop-
erties of any section of the film are determined not
only by the conditions that existed at the time of its
growth, but by what had already been grown and
— surprisingly — by what was grown later. This
is particularly true when the magnetic properties
of the material at any location depend on the con-
centration of mobile charge carriers, and when the
grading of composition also involves grading of the
valence band offset, as is the case of the quaternary
ferromagnetic semiconductor Ga0.94Mn0.06As1−yPy

investigated in this paper. In that case, the concen-
trations of Mn incorporated substitutionally at Ga
sites and interstitially in a given sublayer are de-
termined not only by the growth conditions that
exist when that sublayer is deposited, but by what
layers had been grown before. This will then have
profound consequences on how this sublayer con-
tributes to the overall magnetic properties of the
graded system.

The redistribution of charges during such non-
local growth involves two mechanisms: the tendency
of the holes to seek lower energy by migrating to re-
gions where the top of the valence band is higher,
and the Coulomb attraction between the migrating
holes and their negatively-charged parent acceptor
centers, which the holes leave behind as they mi-
grate. It is a simple matter to describe this process
qualitatively, as has been done in this paper. To
obtain a quantitative picture of non-local growth,
however, one will need to relate the value of the
band offset at the time and location where growth
occurs to the distribution of substitutional and in-
terstitial Mn ions, to the resulting formation of un-
compensated free carriers, and to the Coulomb field
produced by their migration. Analysis of this type
is outside the scope of the present paper.
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