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Strain-mediated phase coexistence in MnAs heteroepitaxial films on GaAs:
An x-ray diffraction study

V. M. Kaganer, B. Jenichen, F. Schippan, W. Braun, L. Da¨weritz, and K. H. Ploog
Paul-Drude-Institut fu¨r Festkörperelektronik, Hausvogteiplatz 5-7, D-10117 Berlin, Germany

~Received 6 September 2001; published 10 July 2002!

The temperature-dependent phase coexistence between crystalline phases in heteroepitaxial films of MnAs
on GaAs is studied. The epitaxial constraints on the film expansion are analyzed. The x-ray-diffraction data are
fitted to a model of periodic elastic domains. The temperature dependencies of phase fractions, the domain
sizes, and the misfits are simultaneously obtained. The domain sizes correspond to the minimum of elastic
energy, which proves the equilibrium state of the heteroepitaxial system at each temperature.
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I. INTRODUCTION

Recently we found1 that a first-order structural phase tra
sition in MnAs heteroepitaxial films on GaAs proceeds in
way qualitatively different from the same transition in bu
MnAs crystals. Instead of an abrupt transition with a te
perature hysteresis inherent to the first-order transition
bulk crystals, we have observed a phase coexistence
temperature interval of more than 20 °C, with the fraction
the low-temperature phase linearly increasing on cooling
linearly decreasing on heating. We explained this phase
existence by the restriction on lateral expansion of the fi
imposed by the substrate. The coexistence is a result o
balance between the free energy released at the phase
formation and the emerging elastic energy. In the pres
work, we perform a detailed x-ray-diffraction study of th
temperature-dependent phase coexistence. We devel
model of periodic elastic domains in the layer, and find te
perature dependencies of the phase fraction, misfit, and
main size by fitting the x-ray data to the model. We demo
strate, by comparing the observed domain structure with
energy-minimizing one, that the film is close to the equil
rium.

The formation of equilibrium polydomain structures as
way to reduce elastic energy at structural phase transfor
tions in epitaxial films was first proposed theoretically
Roytburd.2 The energetics of polydomain phases and eq
librium structures were considered further by Bruinsma a
Zangwill,3 Kwak and co-workers,4,5 Speck and
co-workers,6–9 Sridhar and co-workers,10,11 Roytburd and
co-workers,12–15and Bratkovsky and Levanyuk.16,17 Most of
the cited papers concentrate on the phase transformation
sisting in a tetragonal distortion of a cubic crystal~inter-
changeably referred to as martensitic, ferroelectric, or
roelastic phase transformation!. At this transition, the elastic
energy is minimized by a coexistence of domains~twins!
with three orthogonal directions of the tetragonal distortio
The orientations of domain boundaries are determined
crystallographic orientations of neutral planes which all
one to fit phases without strain at the boundary.2 A possible
coexistence between the parent and a derivative phase
considered theoretically by Roytburd and co-workers12–15as-
suming that the period of the domain structure is sma
0163-1829/2002/66~4!/045305~9!/$20.00 66 0453
-
in

a
f
d
o-

he
ns-

nt

a
-
o-
-
e

-

a-

i-
d

on-

r-

.
y

as

r

than the thickness of the film. This assumption is not ap
cable for the experimental system studied in the pres
work. We therefore develop a theory which is not limited
the domain widths.

MnAs on GaAs is a promising heteroepitaxial syste
which integrates magnetic and semiconductor propert
One of the aims in combining such materials is to inje
spin-polarized electrons into a semiconductor.18 The struc-
ture of bulk MnAs crystals,19–22the epitaxial relationships o
MnAs on GaAs,23–27 and the structure of the interface28,29

are known. Figure 1 sketches the epitaxy of MnAs on
GaAs~001! surface. The hexagonal prism of the MnAs un
cell is attached to the GaAs~001! surface by a side facet
Epitaxial growth proceeds despite a large mismatch along
c axis of the prism which amounts to 33%. Transmissi
electron microscopy studies28,29 showed that every sixth
GaAs$220% plane fits into every fourth MnAs$0002% plane,
which reduces the actual mismatch to 5%. This mismatch
well as the mismatch along the perpendicular direct
~7.7%!, are released by regular arrays of misfit dislocatio
The MnAs films are grown28,29 with a unique epitaxial ori-
entation with respect to the polar GaAs~001! surface, namely,
(1̄100) MnAs i ~001! GaAs and @0001# MnAs i@11̄0#
GaAs, which was checked in the present study byin situ
reflection high-energy electron diffraction. It is essential f
the considerations below that the orientation of the film w
respect to the substrate is unique. There are no rotation
equivalent domains~twins!, albeit translational domains ca
be present.

The crystal structure of the bulk MnAs phases and
phase diagram of MnAs were reviewed in Refs. 30–32. B
low 40 °C, the bulk MnAs crystal is ferromagnetic and form

FIG. 1. Scheme of the epitaxy of MnAs on GaAs~001!.
©2002 The American Physical Society05-1
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KAGANER et al. PHYSICAL REVIEW B 66, 045305 ~2002!
the hexagonalaMnAs phase. At approximately 40 °C, th
bulk aMnAs undergoes a first-order phase transition to
paramagnetic orthorhombic phasebMnAs. Its unit cell is
shown in Fig. 1 by the dashed line: the hexagon anisotro
cally shrinks in both directions, while the height of the pris
does not change. The orthorhombic distortion of thebMnAs
unit cell is small20 (,0.2%). The transition is accompanie
by a large ('1.2%) lattice parameter discontinuity in th
hexagonal plane and a large ('15 °C) temperature hyster
esis. The discontinuous ferromagnetic transition~while mag-
netic phase transitions are commonly continuous at C
temperature! is explained by strong magnetostrictio
effects.33 A further phase transition in bulk MnAs takes pla
at 125 °C. This transition is continuous and results in a pa
magneticgMnAs phase, which is again hexagonal. The s
cessive phase transformations in MnAs can be explai
with the Landau theory involving two coupled order para
eters responsible for the orthorhombic distortion a
magnetization.34 The magnetostriction suppresses distort
at the ferromagnetic transition.

II. THEORY

A. Phase transition under mean-strain constraint

An epitaxial film experiencing a structural phase transf
mation cannot freely change its size and shape, as is pos
for a bulk single crystal, but is the subject of several co
straints. One of them is an integral constraint imposed on
whole film: the film cannot change its lateral size and he
the mean lateral lattice spacing in the film is constant. T
requirement gives rise to elastic strain in the film and res
in the phase coexistence at the first-order ph
transformation,1 but does not restrict the domain sizes of t
coexisting phases. This is considered in the present sub
tion.

Further constraints are local and follow from the latti
continuity at the interfaces between the film and the subst
and between the domains. The latter requirement determ
the orientation of the boundaries between domains of tet
onal phase at the martensitic~ferroelectric! transition as
planes of zero misfit.2 The present paper deals with the un
form dilatation in the hexagonal plane of the film, and stra
at the domain boundaries is unavoidable. The calculation
the displacement field, the minimization of the elastic ener
and the calculation of the x-ray-diffraction pattern are p
sented in the subsequent subsections.

We adopt the notation to theaMnAs-bMnAs transition,
which is studied experimentally in the present paper, a
refer to the high-temperature phase as theb phase and the
low-temperature phase asa phase. We take the substrate u
cell as a reference. First consider the film in a single-ph
state~either thea or b phase! detached from the substrat
so that the film is free to expand. Then the relative diff
ences between lattice spacings of the substrate and tho
the corresponding phase in afreeMnAs single crystal can be
described by the tensorsĥa andĥb , commonly called inter-
nal strain tensors. The differenceĥ5ĥa2ĥb consists of the
04530
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phase transformation strain and the difference between t
mal expansions of the two phases.

The latter contribution cannot be neglected for t
aMnAs-bMnAs transition, since theaMnAs phase experi-
ences thermal contraction, whilebMnAs thermally expands.
The values of the corresponding thermal coefficients19–22are
of the order of 1024K21, i.e., very large compared to th
thermal expansion coefficient of the GaAs substrate wh
is35 631026K21. The shear components of the misfit a
absent in the problem under consideration, and hence all
diagonal components ofĥa and ĥb are zero. We take into
account that the lattice parameters at theaMnAs-bMnAs
transition are discontinuous only in the hexagonal plane
thathzz50. Orientation of the axes is shown in Fig. 1: they
axis is normal to the film, andx and z axes are in the film
plane. We neglect the small orthorhombic distortion of t
bMnAs phase compared to the change of the lattice par
eter at the transition and takehaxx2hbxx5hayy2hbyy[h.
These simplifications allow us to present the results in
compact form.

The free film can be coherently attached to the substra
an external stress is applied to the film, to make the film a
substrate lattices match along the interface. After the film
attached and the external stress is removed, the film beco
elastically strained. The coexistence of thea andb phases is
a way to minimize the elastic energy under the constrain
the constant lateral size of the film imposed by epitaxy. L
êa and êb be the elastic strain tensors in the correspond
phases. Then the relative change of the lattice spacing o
film in the corresponding phase with respect to the subst
is given by the sum of the internal and the elastic strain«̂a

5ĥa1êa (a5a or b), which is called the total strain.
Let j be the fraction of thea phase in the film. The latera

size of the epitaxial film is restricted by the substrate, a
hence the lateral components of the mean total strain in
film are equal to zero:

j«axx1~12j!«bxx50,
~1!

j«azz1~12j!«bzz50.

In this subsection, we do not take into consideration
interfaces between the substrate and the film and betwee
domains of the film. Then the free-energy density of the fi
consists of the free-energy densities of the phases in the
strained state,f a and f b , and the elastic energy densitiesEa
andEb :

f 5j~ f a1Ea!1~12j!~ f b1Eb!. ~2!

The elastic energy densities of the phases can be
pressed through the elastic strainsêa andêb . The absence of
the stress normal to the filmsyy50 relates the strain com
ponents:eayy52@n/(12n)#(eaxx1eazz), wherea5a or b
andn is the Poisson ratio. The film is assumed to be ela
cally isotropic. Then the elastic energy density of each ph
is

Ea5Y~eaxx
2 12neaxxeazz1eazz

2 !, ~3!
5-2
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STRAIN-MEDIATED PHASE COEXISTENCE IN MnAs . . . PHYSICAL REVIEW B 66, 045305 ~2002!
whereY5Y0/2(12n2), andY0 is the Young modulus.
We substitute the elastic strainsêa5 «̂a2ĥa (a5a,b)

into Eqs.~3! and, using Eqs.~1!, find the minimum of the
free energy density@Eq. ~2!# with respect to the total strain
at a given fractionj of the a phase. The result is

f 5 f b1jD f 1Yj2h2, ~4!

where

D f 5 f a2 f b12Yh~hbxx1nhbzz!. ~5!

The bulk phase transition temperatureTc is determined by
the condition f a5 f b . The difference between the free
energy densities in the two phasesf a2 f b is a linear function
of the temperature close to the transition,f a2 f b5Q(T
2Tc)/Tc , whereQ is the latent heat. The last term of Eq.~5!
shifts the transition temperature in the film with respect
the bulk transition temperature. We denote the transition t
perature in the film byTc* .

The minimum of the free energy density@Eq. ~4!# is
achieved by the phase coexistence with a fraction of tha
phase:

j52
D f

2Yh2
5

Q

2Yh2

Tc* 2T

Tc*
. ~6!

The temperature range of the phase coexistence is limite
the condition 0,j,1. Therefore, the low-temperaturea
phase appears at the temperatureTc* and its fraction almost
linearly increases when the temperature is decreased b
Tc* . Some nonlinearity is introduced by the temperature
pendence ofh which arises from the thermal expansion
the phases.1 We can estimate the temperature interval of
phase coexistenceDT52Yh2Tc* /Q using the values of la-
tent heat36 Q51.8 cal/g, Young modulus37 Y053.2
31011 dyn/cm2, the internal strainh50.01, and the transi
tion temperatureTc* 5320 K asDT'20 K, which is in a
good agreement with the experimental results prese
below.

The mean-strain constraint@Eq. ~1!# gives rise to the finite
temperature interval of the phase coexistence, but does
restrict the domain sizes of the coexisting phases. We n
turn to this more elaborate problem, which requires a co
plete treatment of the compatibility between the domains
between the film and the substrate.

B. Elastic domains

We consider an epitaxial film with a periodic array
elastic domains of two alternating phases, Fig. 2. The th

FIG. 2. Scheme of a periodic domain structure with alternat
domains of two phases. The period of the domain structure isl.
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nesst of the film is taken as the length unit. The period of t
domain structure is 2l ~in units of t) and the domain bound
aries are normal to the film. The elastic problem for th
domain geometry with arbitrary internal strain tensors w
solved by Sridhar, Rickman, and Srolovitz.10,11 In brief, the
solution consists of a Fourier expansion of the periodic
ternal strain and solution of the elastic equilibrium proble
for each Fourier component. The elastic equilibrium equat
]s i j /]xj50 is solved in the film where the stressŝ is
caused by the elastic strain«̂2ĥ and in the substrate wher
the internal strainĥ is zero. The boundary conditions ar
given at the free surface~tractions are absent!, at the film-
substrate interface~displacements and tractions are contin
ous!, and in the substrate far away from the interface~stress
vanishes!. We repeat the calculations since we need the d
placement field in the filmuy(x,y) while only the elastic
energy is given in the cited papers. We calculate the ela
energy for the diagonal components of the internal str
tensors and found only one minor error in the final formu
of Ref. 10: in the coefficienta7 in Eq. ~B1! of Ref. 10 read
2d11d22 instead of 2nd11d22. The final expression for the
normal displacementuy reads

uy5
h

12n F ~12j!y1 (
n51

`

cn

~21!n

pn
sin~pnj!cos

pnx

l G ,

~7!

where

cn5anexpF2~12y!
pn

l G2
l

pn
expS 2y

pn

l D ,

an5214~12n!
l

pn
2S ~324n!

l

pn
12De2pn/l

12y~e2pn/l21!. ~8!

Figure 3 shows the normal displacementsuy(x,y) which
are calculated by Eqs.~7! and~8! for different periods of the
domain structure 2l. When the domains are narrow (l

g

FIG. 3. The normal displacements in the film calculated by E
~7! and~8! for different periods of domain structure 2l. The phase
fraction isj50.3 for all plots. The misfit between phasesh50.01,
the displacementuy is magnified by a factor of 10.
5-3
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KAGANER et al. PHYSICAL REVIEW B 66, 045305 ~2002!
,1), the coherence at the interfaces between the dom
results in a common lattice spacing for the two phases in
film’s interior. In contrast, when the domains are widel
@1), the spacings differ from each other and are close to
free spacings in the corresponding phases. We show in
II C that this dependence of the spacing on the domain pe
makes the x-ray-diffraction pattern sensitive to the dom
widths.

The expression for the elastic energy10,11 is significantly
simplified for the case under consideration (hxx5hyy
[h,hzz50). We find that the free energy density@Eq. ~4!# is
supplemented with an additional term which depends on
period of the domain structure:

Ed52Yh2(
n51

` F12
2l

pn
~12e2pn/l!2Gsin2~pnj!

~pn!2
. ~9!

The energyEd(l,j) for a fixed phase fractionj has a mini-
mum at some finite value of the period 2lmin(j). This period
is shown in Fig. 4~a! as function of the phase fraction.
diverges atj50 and 1 and reaches the minimum of 5.65
j51/2. The width of the smaller domain, equal to 2jlmin for
j,1/2 and 2(12j)lmin for j.1/2, remains finite and varie
from 1.4 atj50 and 1 to 2.8 forj51/2.

The energy-minimizing domain period 2lmin is a result of
a competition between the coherence requirements at
film—substrate interface and at the interfaces between
domains in the film. The coherence at the film-substrate
terface favors narrow domains, since they localize stra
near the interface in a layer with a thickness comparable
the domain width.12–15 On the other hand, for narrow do

FIG. 4. ~a! Period of the domain structure minimizing the elas
energy 2lmin ~full line! and the width of a smaller domain@equal to
2jlmin for j,1/2 and 2(12j)lmin for j.1/2, broken lines#. ~b!
Elastic energy for the energy-minimizing period,Ed(lmin ,j) ~full
line! and its approximation by a parabola~broken line!.
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mains the coherence at the interfaces between domain
quires equal spacings in the direction normal to the fil
while for wide domains the elastic strains in that directi
~i.e., eyy) relax independently in the two phases. The op
mum is realized with domain widths comparable with t
film thickness.

Figure 4~b! shows the elastic energy density for th
energy-minimizing period,Ed(lmin ,j). The broken line is an
approximation of this energy by a parabola

Ed~lmin ,j!'0.28Yh2j~12j!. ~10!

Adding this energy to Eq.~4!, we find that the domain energ
increases the temperature range of phase coexistence
factor (120.28)21'1.4 and also causes an additional sh
of the transition temperature with respect to the bulk tran
tion.

C. X-ray scattering from elastic domains

The x-ray diffraction from the film can be calculated b
using the kinematic scattering formula

I~qx ,qy!5U E exp@ iQ•u~x,y!1 i ~qxx1qyy!#dxdyU2

,

~11!

whereqx and qy are the deviations of the scattering vect
from the reciprocal-lattice vectorQ and the integration is
performed over the film thickness and one period of its l
eral structure. We consider only the symmetric Bragg refl
tions ~vector Q is parallel to they axis!, and the vertical
displacementuy(x,y) given by Eqs.~7! and ~8! is sufficient
for the calculations. The sharp surfaces of the film give r
to thickness intensity oscillations while the domain period
ity leads to satellite peaks. These features are not seen in
experiments presented below because of film thickness va
tions, misorientation of different parts of the film~mosaic-
ity!, nonideal periodicity of the domains, and the finite a
gular resolution of the experiment. Therefore, we do n
attempt to calculate the satellite peaks and average the th
ness intensity oscillations by taking into account the fi
mosaicity and the angular resolution of the detector.

Let f be the angular deviation of the diffracted bea
from the reference geometry andc the deviation of the film
normal from the reference orientation. The corresponding
viation of the wave vectors aredqx5k(c1f sinu) and
dqy5kf cosu, where k is the wave vector andu is the
Bragg angle. We consider thev22u scan in the experimen
and takeqx50 in the reference geometry. Then the avera
of the intensity~11! with the detector resolution function
Rd(f) and the film mosaicity distributionRm(c) is

I ~qy!5E I~qx8 ,qy8!RdS qy82qy

k cosu D
3RmS qx82~qy82qy!tanu

k Ddqx8dqy8 . ~12!

Figure 5 presents the x-ray-diffraction peaks calculated
using Eqs.~7!, ~8!, ~11!, and ~12! for the same domains a
5-4
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STRAIN-MEDIATED PHASE COEXISTENCE IN MnAs . . . PHYSICAL REVIEW B 66, 045305 ~2002!
shown in Fig. 3. The diffraction pattern qualitatively chang
as l is changed. Only one diffraction peak is seen forl
,1, since the coherence between the domains whose w
is essentially smaller than the film thickness results in a co
mon lattice spacing for both phases. The separation betw
the peaks gradually increases forl>1 and reaches~for l
@1) a limiting value given by the mean-strain constraint. W
conclude that the diffraction pattern is sensitive to the
main period.

III. EXPERIMENT

The MnAs layers were grown28 by solid source
molecular-beam epitaxy on 100-nm-thick GaAs buffer lay
at 250 °C with a growth rate of 19 nm h21. The GaAs sub-
strate wafers were soldered with indium onto the Mo s
strate holder. The x-ray measurements on samples 1, 2, a
~the thicknesses of the MnAs film were 60, 120, and 180 n
respectively! were performed on the as-grown samples. F
samples 4 and 5~the thicknesses of the MnAs films were 10
and 180 nm!, the soldering In layer was removed by thinnin
the sample from the back side to thicknesses of 330
267 mm, respectively.

The x-ray-diffractometric measurements were perform
in a high-resolution x-ray diffractometer with temperatu
controlled sample stages described below using a symm
cally cut four-reflection Du Mond–Bartels type Ge 22
monochromator placed at a distance of 30 cm from
sample and CuKa1 radiation. The angular acceptance of t
detector was 0.1 °.

The working temperature at the diffractometer was 30
The measurements above that temperature were perfo
by using a resistive heating. It was sufficient for the who

FIG. 5. Calculated x-ray-diffraction peaks for different perio

of the domain structure. (11̄00) reflection from MnAs, the phas
fraction j50.3, film thicknesst5180 nm, phase transformatio
strain h50.01, angular resolution of detectorDf50.1° and film
misorientationDc50.1°.
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set of measurements on samples 1 and 2. Sample 3 was
studied under cooling with a separate circulating-fluid d
vice. Samples 4 and 5 were studied with the aid of a co
bined device with resistive heating and cooling by liqu
nitrogen. The estimated systematic uncertainty in tempe
ture determination was at most 2 °C. The curvatures
samples 4 and 5, caused by the misfit between the MnAs
and the GaAs substrate, were measured in a double cr
topographic camera equipped with a plane Si 440 collima
crystal38 by observing the displacement of the diffractio
spot ~GaAs 135 or 115! over the sample surface with th
change of the incidence angle.

IV. RESULTS

Figure 6 presents thev22u diffractometric curve re-
corded on sample 5 at 30 °C. Besides the strong subs
peak~GaAs 002! two closely spaced peaks of the MnAs film
are visible. These peaks are the 11̄00 peak ofaMnAs and
020 peak ofbMnAs. We use the hexagonal notation of th
reflections foraMnAs and the orthorhombic notation fo
bMnAs. If the small orthorhombic distortion is neglecte
the 020 peak ofbMnAs can also be referred to as the 11̄00
peak. The latter notation is used in Fig. 5, where the peak
two phases are calculated.

A weak peak on the right from the substrate peak is
MnAs 1̄101 peak originating from a small fraction of th
film grown in 1̄101 direction.25,27 From the relative intensi-
ties of the peaks and the ratio of their structure fact
(u f 1̄101/ f 1̄100u2'10.3) we conclude that the fraction of th
1̄101-grown film is about 0.3% and can be ignored in t
analysis below.

The MnAs peaks are shown in Fig. 7 in more detail a
on a linear scale. A sequence of thev22u diffractometric
curves of sample 5 under stepwise cooling from 55 to 7
and subsequent heating is shown. The temperature was
constant while recording each curve. The sample rota
angle v was measured with respect to the position of t
GaAs 002 substrate peak; cf. Fig. 6. Only one peak of

FIG. 6. Diffraction curve (v22u scan! near the GaAs
~002! reflection measured at a temperature of 30 °C on sam

5 (Cu Ka1 radiation!. The aMnAs(1̄100) and thebMnAs (020)
reflections are clearly distinguished.
5-5
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KAGANER et al. PHYSICAL REVIEW B 66, 045305 ~2002!
bMnAs phase is seen at high temperatures, and only
peak of theaMnAs phase is present at low temperatures.
intermediate temperatures both peaks are observed, w
points to a phase coexistence in a temperature range of m
than 20 °C.1 The fraction of theaMnAs phase continuously
decreases upon cooling and continuously increases u
heating. The diffractometric curves are reproduced on th
mal cycling without any change, which points to the equil
rium nature of the observed phase coexistence.

The lines in Fig. 7 are the best fits of the curves to
intensity calculated by Eqs.~7!, ~8!, ~11!, and~12!. The pa-
rameters of fit are the phase fractionj, the domain period
2l, the misfit between the phases of the filmh5haxx
2hbxx , the difference of lattice spacings~normal to the
film! between theaMnAs phase of the film and the substra

FIG. 7. Diffraction curves (v22u scans! of sample 5 obtained
on cooling and heating the sample. The arrows in the right-h
part indicate the sequence of the measurements. The lines ar
best fits to the model of periodic elastic domains.

FIG. 8. The misfit betweenaMnAs and bMnAs phases as a
function of temperature.
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ey5(haxx1nhazz)/(12n), the peak intensity which is a
scaling factor, and the intensity background. All these para
eters depend on the temperature. Fortunately, different fit
rameters are sensitive to different features of the diffract
curve, which allows one to obtain them from one fit. T
relative integral intensities of the two peaks are given by
phase fractionj. The distance between the peaks depends
the misfit between phases of the filmh and the domain pe-
riod 2l. The depth of the minimum between the peaks
sensitive tol. The misfit to the substrateey is given by the
peak positions with respect to the substrate peak.

Figure 8 shows the temperature dependence of the m
between the MnAs phasesh obtained from the fits of the
diffraction curves of all five samples on cooling and heatin
The experimental points follow a linear temperature dep
denceh50.02323.8431024T@°C#. The temperature gra

d
the

FIG. 9. Fractions ofaMnAs phase obtained on heating~up tri-
angles! and cooling~down triangles! of the samples. The thicknes
t of the MnAs films is indicated.
5-6
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dient of h is in a good agreement with the difference b
tween thermal contraction of theaMnAs phase and therma
expansion of thebMnAs phase.19,21,22Further fits were per-
formed taking this linear dependence ofh and excludingh
from the list of fit parameters. These did not change
results essentially but somewhat reduced scattering of
points.

Figure 9 presents the temperature dependencies of
fraction j of the aMnAs phase. This parameter is rath
insensitive to the fit model. It can be found simply from t
ratio of the integrated intensities of the peaks.1 The fraction
of the aMnAs phase increases on cooling almost linearly
all samples in the temperature intervals of 15 to 25 °C. T
phase coexistence is explained by the theory prese
above. The phase coexistence is accompanied by a tem
ture hysteresis in all samples with the exception of sampl
The maximum hysteresis of 7 °C is found in sample 3. It
worth to note that the hysteresis in Fig. 9 cannot be
plained in the same way as usual temperature hysteresis
first order phase transition caused by the absence of nu
ation sites of the new phase.33 In the system under conside
ation, both phases are present at any temperature in the p
coexistence range in comparable, albeit different, amou
The change of the phase fraction proceeds without nu
ation by a barrierless motion of the domain walls.

Figure 10 presents the domain period 2l obtained from
the fit of the diffraction peaks. The period plotted versus
phase fractionj does not show a hysteresis which would
present on al(T) plot. The data from all samples fall on
common curve and well agree with the domain period fou
from the elastic energy minimum in Sec. II B. The agreem
between the domain periods found from the x-ray-diffract
data and by elastic energy minimization proves the equi
rium nature of the phase coexistence.

Figure 11 shows the temperature dependence of the
ference of lattice spacings between theaMnAs phase of the
film and the substrate in the direction of the normal to
film, ey5(haxx1nhazz)/(12n). The data from all five

FIG. 10. Period of the domain structure 2l obtained by the fit of
the x-ray data to the model of periodic domains. Up and do
triangles denote the measurements on heating and cooling
samples, respectively. Samples 1–5 are denoted by the same
bols as in Figs. 8 and 9. The solid line is the result of ene
minimization presented in Fig. 4~a!.
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samples fall on a common curve. The temperature grad
of ey is much smaller than that of the misfit between t
phasesh shown in Fig. 8~note that the abscissas in Figs.
and 11 give the same intervals of values!. Such a temperature
dependence results from the compensation of the ther
expansion along thec axis (hazz8 .0, where the prime de-
notes the temperature derivative! by the thermal contraction
in the hexagonal plane (haxx8 ,0) and indicates thathaxx8 '
2nhazz8 . This conclusion is in an agreement with measu
ments of the temperature dependencies of the MnAs lat
parameters in bulk crystals,21,22 which give the ratio
haxx8 /hazz8 in the range21/3 to 21/2.

The lateral misfit between the film and the substrate
be calculated from the sample curvature measureme
Table I presents the results of the curvature measuremen
samples 4 and 5 at 30 °C. The curvature radii are maxim
along the direction GaAs@11̄0# ~thec axis of the MnAs film!
and minimum in the perpendicular direction~the hexagonal
plane of the film!. The curvature radii for intermediate direc
tions follow the Euler theorem, 1/R5sin2g/Ra1cos2g/Rc ,
where Ra and Rc are the curvature radii in the hexagon
plane and in thec direction of MnAs, respectively, andg is

n
he
ym-
y

FIG. 11. Relative differenceey between the (11̄00) aMnAs and
~002! GaAs lattice spacings perpendicular to the surface in sam
1–5. Note that the scale is chosen the same as in Fig. 8.

TABLE I. Radius of curvatureR and lateral misfite of the
MnAs films at 30 °C in different directions.

Angle to Curvature
Sample Reflection c axis radiusR Misfit e

~degrees! ~m! ~%!

11̄5 0 6.78 2.7

4 315 26 7.77 2.3

31̄5 74 19.4 0.94

115 90 32.82 0.55

11̄5 0 3.88 1.7

5 315 26 2.9 2.3

31̄5 74 3.62 1.8

115 90 38.8 0.17
5-7
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the angle between the given direction in the surface pl
and thec axis. The measured curvature radii allow one
calculate the lateral misfite of the film with respect to the
substrate in the corresponding directions by using Ston
equation39,40

1

R
5

6t f

ts
2

e, ~13!

where t f and ts are the film and substrate thicknessest f
!ts). We havet f5100 nm andts5330 mm for sample 4,
and t f5180 nm andts5267 mm for sample 5. The value
of the misfit in the hexagonal plane and in thec direction
~i.e., in the two perpendicular directions parallel to the s
face! are to be compared with the variations of the cor
sponding lattice parameters of MnAs in the temperature
terval from 250 °C ~the growth temperature! to room
temperature, which are 0.6% and 1.5%, respectively.19 We
conclude that, at the growth temperature, the misfit is mo
relieved by networks of misfit dislocations. The thermal co
traction of the GaAs substrate can be neglected, and
change of the lattice parameters of the MnAs film on cool
from the growth temperature is the dominant source of st
and sample bending at room temperature.

V. CONCLUSIONS

We studied the first-order structural phase transforma
in heteroepitaxial films of MnAs on GaAs. The substra
,

r,

hy

W

ta

04530
e

’s

-
-
-

ly
-
he
g
in

n

does not allow the lateral expansion of the film, which resu
in the phase coexistence governed by a balance betwee
free energy released at the phase transformation and
emerging elastic energy. The local constraints on the co
ence between the film and the substrate and between the
phases of the film define the domain sizes of the coexis
phases. We fitted the x-ray-diffraction data to the model
periodic elastic domains and simultaneously obtained
phase fractions, the domain sizes, and the misfits. We fo
that the fraction of the low-temperatureaMnAs phase lin-
early increases on cooling and linearly decreases on hea
The phase coexistence occurs in a temperature interva
15–25 °C and is accompanied by a temperature hysteres
0 –7 °C which probably points to imperfections of th
samples. We found that the domain sizes correspond to
minimum of elastic energy, which proves that the heteroe
taxial system is at equilibrium at each temperature.

Note added in proof.The results of the present paper ha
been confirmed recently by direct observation
temperature-dependent periodic surface corrugations du
elastic domains of coexisting phases: see T. Plake, M. R
steiner, V. M. Kaganer, B. Jenichen, M. Ka¨stner, L. Däweritz,
and K. H. Ploog, Appl. Phys. Lett.80, 2523~2002!.
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