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Strain-mediated phase coexistence in MnAs heteroepitaxial films on GaAs:
An x-ray diffraction study
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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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[. INTRODUCTION than the thickness of the film. This assumption is not appli-
cable for the experimental system studied in the present
Recently we fountithat a first-order structural phase tran- work. We therefore develop a theory which is not limited in
sition in MnAs heteroepitaxial films on GaAs proceeds in athe domain widths.
way qualitatively different from the same transition in bulk ~MnAs on GaAs is a promising heteroepitaxial system
MnAs crystals. Instead of an abrupt transition with a tem-Which integrates magnetic and semiconductor properties.
perature hysteresis inherent to the first-order transition ifPne of the aims in combining such materials is to inject
bulk crystals, we have observed a phase coexistence in $Pin-polarized electrons 'chz’za sem_lcondu&?oT:he struc-
temperature interval of more than 20 °C, with the fraction ofture of bulk MnAs_crystaIé, the epitaxial relationships of
- - - - nAs on GaAs>>~?"and the structure of the interfafe®
the low-temperature phase linearly increasing on cooling and/ ’

linearly decreasing on heating. We explained this phase c® knawn. Figure 1 skeiches the epitaxy of MnAs on a

existence by the restriction on lateral expansion of the fiIméaAS(ooD surface. The hexagonal prism of the MnAs unit
y P cell is attached to the Gaf®01) surface by a side facet.

imposed by the substrate. The coexistence is a result of ﬂE itaxial growth proceeds despite a large mismatch along the
balance between the free energy released at the phase trans; i< of the prism which amounts to 33%. Transmission
formation and the emerging elastic energy. In the present.i-on microscopy studi®e® showed that every sixth
work, we perform a detailed x—ray—di_ffraction study of the GaAd220 plane fits into every fourth MnA8002 plane,
temperature-dependent phase coexistence. We developich reduces the actual mismatch to 5%. This mismatch, as
model of periodic elastic domains in the layer, and find tem+ye|| as the mismatch along the perpendicular direction
perature dependencies of the phase fraction, misfit, and dg7 79, are released by regular arrays of misfit dislocations.
main size by fitting the x-ray data to the model. We demon-The MnAs films are growf¥° with a unique epitaxial ori-
strate, by comparing the observed domain structure with thentation with respect to the polar Ga@81) surface, namely,

energy-minimizing one, that the film is close to the equilib- (TlOO) MnAs | (001) GaAs and[0001] MnAs ||[1TO]
rum. _ o _ GaAs, which was checked in the present studyitbysitu

The formation of equilibrium polydomain structures as areflection high-energy electron diffraction. It is essential for
way to reduce elastic energy at structural phase transformghe considerations below that the orientation of the film with
tions in epitaxial films was first proposed theoretically by respect to the substrate is unique. There are no rotationally
Roytburd® The energetics of polydomain phases and equirquivalent domaingwins), albeit translational domains can
librium structures were considered further by Bruinsma anthe present.

3 5

Zangwill,” Kwak —and co—workeré,ll Speck and The crystal structure of the bulk MnAs phases and the
co-workers;® Sridhar and co-worker&,™ Roytburd and phase diagram of MnAs were reviewed in Refs. 30—32. Be-

co-workers,*~*°and Bratkovsky and Levanyuk:'" Most of |o 40°C, the bulk MnAs crystal is ferromagnetic and forms
the cited papers concentrate on the phase transformation con-

sisting in a tetragonal distortion of a cubic crystaiter- oMnAs
changeably referred to as martensitic, ferroelectric, or fer-

roelastic phase transformatijort this transition, the elastic

energy is minimized by a coexistence of domainsins)

with three orthogonal directions of the tetragonal distortion. \
The orientations of domain boundaries are determined by -
crystallographic orientations of neutral planes which allow £~ —
one to fit phases without strain at the boundafypossible &
coexistence between the parent and a derivative phase was GaAs
considered theoretically by Roytburd and co-work&rSas-

suming that the period of the domain structure is smaller FIG. 1. Scheme of the epitaxy of MnAs on Gd881).

BMnAs

—_——
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the hexagonalxMnAs phase. At approximately 40°C, the phase transformation strain and the difference between ther-
bulk «MnAs undergoes a first-order phase transition to themal expansions of the two phases.

paramagnetic orthorhombic pha@MnAs. Its unit cell is The latter contribution cannot be neglected for the
shown in Fig. 1 by the dashed line: the hexagon anisotropi¢MNAS-BMnAs transition, since theeMnAs phase experi-
cally shrinks in both directions, while the height of the prism €Nces thermal contraction, whigMnAs thermally expands.
does not change. The orthorhombic distortion of gnAs The values of the corresponding thermal coefficithtare

4ye—1
unit cell is smafi® (<0.2%). The transition is accompanied ?getrﬁa??fpraﬁgiig ?oef}ié.ii}’\tvc?fr){hlg rgeaAcg rzsg;(tagt:ao vt/r;](iach
0 ; . S
by a large &1.2%) lattice parameter discontinuity in the . 35 6x10 6K~ 1. The shear components of the misfit are

o is
he_xagonal _plane_and a large- 15 C). tempe_ratu_re hyster absent in the problem under consideration, and hence all off-
esis. The discontinuous ferromagnetic transifiohile mag-

netic phase transitions are commonly continuous at Curiéj"'j‘gc’n"f:I tﬁortn?y?n?nttf o, and ”f are fi;:;l VXe tal\lzepl\nto
temperaturg is explained by strong magnetostriction account that the latlice parameters a NAS-BMnAS

effects®3 A further phase transition in bulk MnAs takes place ';Lar:smo_n Oarg c_ilsio?tlnu?{uti only |n.thehhexagolrz1gl |cillane, S0
at 125 °C. This transition is continuous and results in a para: atn,;=0. Drentation orthe axes Is shown in =ig. L. .me
axis is normal to the film, and andz axes are in the film

magneticyMnAs phase, which is again hexagonal. The suc- lane. We neglect the small orthorhombic distortion of the

cessive phase transformations in MnAs can be explaine MnAs oh d to the ch f the latii
with the Landau theory involving two coupled order param-#"AS phase compared 1o the change ot the lattice param-
ter at the transition and takg,xx— 7= ayy— 7gyy= 7-

eters responsible for the orthorhombic distortion an T .
magnetizatior?* The magnetostriction suppresses distortioncggzzci'E?H'Cat'ons allow us to present the results in a
at the ferromagnetic transition. The free film can be coherently attached to the substrate if
an external stress is applied to the film, to make the film and
substrate lattices match along the interface. After the film is
Il. THEORY attached and the external stress is removed, the film becomes
A. Phase transition under mean-strain constraint elastically strained. The coexistence of thand 3 phases is

An epitaxial film experiencing a structural phase transfor-o. - & to minimize the elastic energy under the constraint of
P P 9 P e constant lateral size of the film imposed by epitaxy. Let

mation cannot freely change its size and shape, as is possible

for a bulk single crystal, but is the subject of several con-f« andeg; be the elastic strain tensors in the corresponding

straints. One of them is an integral constraint imposed on thBhases. Then the relative change of the lattice spacing of the
whole film: the film cannot change its lateral size and hencdilM in the corresponding phase with respect to the substrate
the mean lateral lattice spacing in the film is constant. Thigs given by the sum of the internal and the elastic stegjn
requirement gives rise to elastic strain in the film and results= 7, +e, (a=«a or B8), which is called the total strain.

in the phase coexistence at the first-order phase Let ¢ be the fraction of ther phase in the film. The lateral
transformatior, but does not restrict the domain sizes of thesize of the epitaxial film is restricted by the substrate, and
coexisting phases. This is considered in the present subselgence the lateral components of the mean total strain in the

tion. film are equal to zero:
Further constraints are local and follow from the lattice
continuity at the interfaces between the film and the substrate Eeaxxt (1= 8 e pn=0,
and between the domains. The latter requirement determines (1)
the orientation of the boundaries between domains of tetrag- §€az7t(1—&)ep,,=0.

onal phase at the martensitigerroelectri transition as In this subsection, we do not take into consideration the

Fcl)?r%ejilg];aztgr? ir:'tsr:(g'Egia%rgszlnélgizegﬂﬁzl?ilvr;'tgrt]gesgrg'i}]interfaces between the substrate and the film and between the
at the domain boundaries is unavoidable. The calculation oggrrg?é?: gff tt::ee I:lerz:lg:eerg;hc?efr:iﬁi-gg?):‘gt%g%%s;syegfi;h?hglTn-
the displacement field, the minimization of the elastic energyStrained statef,, andf , and the elastic energy densitis

and the calculation of the x-ray-diffraction pattern are pre-
sented in the subsequent subsections. andEg:

We adopt the notation to theMnAs-BMnAs transition, f=E(fo+En) +(1—&)(f4+Ep). )
which is studied experimentally in the present paper, and
refer to the high-temperature phase as ghphase and the ~ The elastic energy densities of the phases can be ex-
Iov;{-temperzfiture phaé_e atsphas_z. Wtehtalf(we the sub_strzlite Lf‘}”it pressed through the elastic stragsande, . The absence of
cell as a reference. First consider the film in a single-phas ; — i )
state(either thea or B phasé detached from the substrate, ?oen::te;s n(irrf?lvﬁ?lthev;l]l?zyy +Oerel)at3\:l;hg:gasirzlnof %m
so that the film is free to expand. Then the relative differ-54, s the Poisson ratio. The film is assumed to be elasti-

ences between lattice spacings of the substrate and those Qfyy isotropic. Then the elastic energy density of each phase
the corresponding phase irfrae MnAs single crystal can be o

described by the tensorg, and 7,5, commonly called inter- , ,
nal strain tensors. The differeneg= 7,— 7, consists of the Ea=Y(€5xxT 2V€axs€azzt €522, ()
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FIG. 2. Scheme of a periodic domain structure with alternating
domains of two phases. The period of the domain structurais 2

whereY=Yy/2(1-v?), andY, is the Young modulus.

We substitute the elastic straitg=z,— 7, (a=a,p) 1 e _
into Egs.(3) and, using Eqs(l), find the minimum of the 1 )=10
free energy densitjEg. (2)] with respect to the total strains 910 5 0 3 1o

at a given fractior¢ of the @ phase. The result is
FIG. 3. The normal displacements in the film calculated by Egs.
f=fg+ AT+ YE2 92, (4) (7) and(8) for different periods of domain structure&\2The phase
fraction is¢= 0.3 for all plots. The misfit between phasgs-0.01,

where the displacementi, is magnified by a factor of 10.

At=to= Tt 2Y n(ngoct vaped). © nesst of the film is taken as the length unit. The period of the
The bulk phase transition temperatufg is determined by domain structure is 2 (in units oft) and the domain bound-
the condition f,=f;. The difference between the free- aries are normal to the film. The elastic problem for this
energy densities in the two phades-f; is a linear function  domain geometry with arbitrary internal strain tensors was
of the temperature close to the transitioh,—f;=Q(T  solved by Sridhar, Rickman, and Sroloviz*! In brief, the
—T.)/T., whereQ is the latent heat. The last term of E§) solution consists of a Fourier expansion of the periodic in-
shifts the transition temperature in the film with respect toternal strain and solution of the elastic equilibrium problem
the bulk transition temperature. We denote the transition temfor each Fourier component. The elastic equilibrium equation

perature in the film byl . dai;19x;=0 is solved in the film where the stress is

The minimum of the free energy densif¥fq. (4)] is  5ysed by the elastic strain- 7 and in the substrate where
achieved by the phase coexistence with a fraction ofdhe . L~ .
the internal strainy is zero. The boundary conditions are

phase: given at the free surfacéractions are absentat the film-
Af Q T-T substrate _interfacédisplacements and tractior_ls are continu-

=— = ¢ ) (6)  ous, and in the substrate far away from the interfésteess
2Yn? 2Yyp? T vanishes We repeat the calculations since we need the dis-

The temperature range of the phase coexistence is limited tg/lacement field in the film,(x,y) while only the elastic
the condition G<¢<1. Therefore, the low-temperature nergy is given in the cited papers. We calculate the elastic

h h T d its fracti | energy for the diagonal components of the internal strain
phase appears at the temperaftifeand its fraction almost o\s6r6 and found only one minor error in the final formulas

Iirlearly increases when the temperature is decreased belo(\ﬂ Ref. 10: in the coefficientr, in Eq. (B1) of Ref. 10 read
Ts . Some nonlln(_earlty is introduced by the temperat_ure de2511522 instead of 28,,8,,. The final expression for the
pendence ofp which arises from the thermal expansion of ,5rmal displacemen, reads

the phase$.We can estimate the temperature interval of the Y
phase coexistencAT=2Y772T§/Q using the values of la- ”
tent heal® Q=1.8 callg, Young moduld Y,=3.2 Uy=7_,
X 10' dyn/cn?, the internal straing=0.01, and the transi-

tion temperaturel; =320 K asAT~20 K, which is in a

good agreement with the experimental results presente@here
below.

The mean-strain constraiffEg. (1)] gives rise to the finite c.=a exp{ —(1-v) w_n} _ Lexp{ _yln)
temperature interval of the phase coexistence, but does not v A mn N
restrict the domain sizes of the coexisting phases. We now
turn to this more elaborate problem, which requires a com-
plete treatment of the compatibility between the domains and
between the film and the substrate.

(=1)"

mn

- ) nx
(1—§)y+r§1 Cn sm(wng)cosT

)

e 7n/\

A A
an=2+4(1— V)%—<(3—41})%+2

+2y(e”™MN-1). 8

B. Elastic domains Figure 3 shows the normal displacemenj$x,y) which
We consider an epitaxial film with a periodic array of are calculated by Eq$7) and(8) for different periods of the

elastic domains of two alternating phases, Fig. 2. The thickdomain structure 2. When the domains are narrow (
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mains the coherence at the interfaces between domains re-
quires equal spacings in the direction normal to the film,

i
<
E§ while for wide domains the elastic strains in that direction
S 5 15 (i.e., eyy) relax independently in the two phases. The opti-
_'é z 10] mum is realized with domain widths comparable with the
83 film thickness.
g s (a) Figure 4b) shows the elastic energy density for the
S I b PSR energy-minimizing periodg4(\ min,€)- The broken line is an
00,0 02 04 0.6 08 1.0 approximation of this energy by a parabola
phase fraction & 5
E Ed(Amin,§)~0.28Y °§(1—-§). (10
o e . Adding this energy to Eq4), we find that the domain energy
5 0.06 1 (b) / \ increases the temperature range of phase coexistence by a
< factor (1-0.28) '~1.4 and also causes an additional shift
Li 0.04 1 of the transition temperature with respect to the bulk transi-
2 tion.
8 0021 J
~§ 2 \ C. X-ray scattering from elastic domains
.§ 0'0%,00 025 0.50 075 1.00 The x-ray diffraction from the film can be calculated by
phase fraction & using the kinematic scattering formula

FIG. 4. (a) Period of the domain structure minimizing the elastic . . 2
energy A, (full line) and the width of a smaller domajequal to Z(ax,qy) = J exdiQ-u(x,y)+igx+ qyy)]dde ,
2&N min for €<1/2 and 2(1 é)\ oy for €>1/2, broken line (b) (11
Elastic energy for the energy-minimizing peridBy(\ nin,£) (full

line) and its approximation by a parabdlaroken ling. whereq, and g, are the deviations of the scattering vector

from the reciprocal-lattice vecto@ and the integration is
<1), the coherence at the interfaces between the doma"%erformed over the f'lm_ thickness and one p_erlod of its lat-
: ; gral structure. We consider only the symmetric Bragg reflec-

film’s interior. In contrast, when the domains are wide ( tions (vector Q is parf_;lllel to they axis), and_the vgr_tlcal
splacementi (x,y) given by Eqs(7) and(8) is sufficient

> 1), the spacings differ from each other and are close to th ! \ ! . .
free spacings in the corresponding phases. We show in Se r the calcu!atmns_. The _sha_rp surfa_ces of the f|!m gIve rse
thickness intensity oscillations while the domain periodic-

[l C that this dependence of the spacing on the domain perioH) ; )
makes the x-ray-diffraction pattern sensitive to the domairlY Iea_ds to satellite peaks. These features_ are not seen in Fhe
widths. experiments presented below because of film thickness varia-

: : i tions, misorientation of different parts of the filimosaic-
The expression for the elastic enety¥t is significantly : O ; ¢
simplified for the case under consideratiom,{= 7y, ity), nonideal periodicity of the domains, and the finite an-

= 7,7,,=0). We find that the free energy densifg. (4)] is gular resolution of the experiment. Therefore, we do not
— 1 1zz . .

supplemented with an additional term which depends on thgttempttto CiICUIat?””}f sat%lht? ;I)(Qakg atnd averagtettr:]e ;.T'Ck'
period of the domain structure: ness intensity oscillations by taking into account the film

mosaicity and the angular resolution of the detector.

Let ¢ be the angular deviation of the diffracted beam
from the reference geometry amdthe deviation of the film
normal from the reference orientation. The corresponding de-
viation of the wave vectors aréq,=k(#+ ¢ sind) and
The energyEy(X,§) for a fixed phase fractiog has a mini-  5g9,=k¢ cosd, wherek is the wave vector and is the
mum at some finite value of the period (). This period  Bragg angle. We consider the— 26 scan in the experiment
is shown in Fig. 4a) as function of the phase fraction. It and takeq,=0 in the reference geometry. Then the average
diverges at=0 and 1 and reaches the minimum of 5.65 atof the intensity(11) with the detector resolution function
£=1/2. The width of the smaller domain, equal t6\2,,;, for ~ Ry(¢) and the film mosaicity distributioR,(¢) is
E<1/2 and 2( L &)\ i, for £>1/2, remains finite and varies
from 1.4 até=0 and 1 to 2.8 forg=1/2. dy—dy

The energy-minimizing domain period\2,, is a result of k cosf
a competition between the coherence requirements at the
film—substrate interface and at the interfaces between the
domains in the film. The coherence at the film-substrate in-
terface favors narrow domains, since they localize strains
near the interface in a layer with a thickness comparable to Figure 5 presents the x-ray-diffraction peaks calculated by
the domain widtH?=1° On the other hand, for narrow do- using Egs.(7), (8), (11), and (12) for the same domains as

- 2\ sirf(wné)
Ed=2Yn2r§l 1—ﬁ(1—em’k)2%. 9)

I(qy)=f1(q;,q§)Rd(

dx—(ay—qy)tand
k

XRpy, dgydg,. (12

Yy
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10°4 - GaAs (002)
oMnAs (1100)
] | pMnAs (020)
2=0.5 <

%
5
é 10 4
. =1 £
@ 10°4 w
g | A=2 WH’MWWMIM ﬁl
£ 8000 -6000  -4000  -2000 0
<] =5 o (arcsec)
2
Z FIG. 6. Diffraction curve @—26 scan near the GaAs
Q A=10 (002 reflection measured at a temperature of 30°C on sample
= . . . 5 (Cu Kaj; radiation. The aMnAs(TlOO) and theBMnAs (020)
-500 0 500 reflections are clearly distinguished.

o (arcsec)
set of measurements on samples 1 and 2. Sample 3 was also

FIG. 5. Calculated x-ray-diffraction peaks for different periods studied under cooling with a separate circulating-fluid de-
of the domain structure. @D0) reflection from MnAs, the phase Vice. Samples 4 and 5 were studied with the aid of a com-
fraction ¢€=0.3, film thicknesst=180 nm, phase transformation bined device with resistive heating and cooling by liquid
strain »=0.01, angular resolution of detectdr¢p=0.1° and film  nitrogen. The estimated systematic uncertainty in tempera-
misorientationA ¢y=0.1°. ture determination was at most 2 °C. The curvatures of

samples 4 and 5, caused by the misfit between the MnAs film
shown in Fig. 3. The diffraction pattern qualitatively changesand the GaAs substrate, were measured in a double crystal
as \ is changed. Only one diffraction peak is seen for topographic camera equipped with a plane Si 440 collimator
<1, since the coherence between the domains whose widgrystaf® by observing the displacement of the diffraction
is essentially smaller than the film thickness results in a comspot (GaAs 135 or 11pover the sample surface with the
mon lattice spacing for both phases. The separation betwedhange of the incidence angle.
the peaks gradually increases o1 and reachesgfor A
>1) a limiting value given by the mean-strain constraint. We
conclude that the diffraction pattern is sensitive to the do-
main period. Figure 6 presents the—26 diffractometric curve re-
corded on sample 5 at 30°C. Besides the strong substrate
peak(GaAs 002 two closely spaced peaks of the MnAs film

are visible. These peaks are th&0D peak ofaMnAs and
The MnAs layers were growh by solid source 020 peak of3MnAs. We use the hexagonal notation of the
molecular-beam epitaxy on 100-nm-thick GaAs buffer layerseflections foraMnAs and the orthorhombic notation for
at 250 °C with a growth rate of 19 nnTh. The GaAs sub-  gMnAs. If the small orthorhombic distortion is neglected,

strate wafers were soldered with indium onto the Mo sub%he 020 peak o3MnAs can also be referred to as theaD

strate holder. The x-ray measurements on samples 1, 2, antyday The latter notation is used in Fig. 5, where the peaks of
(the thicknesses of the MnAs film were 60, 120, and 180 NMyvo phases are calculated.

respectively were performed on the as-grown samples. FOr — A'yeak peak on the right from the substrate peak is the
samples 4 and Ghe thicknesses of the MnAs films were 100 MnAs 1101 K originating f | fract f th
and 180 nny the soldering In layer was removed by thinning "> - peak originating from a small fraction of the
the sample from the back side to thicknesses of 330 anfilm grown in 1101 directior’>?’ From the relative intensi-
267 um, respectively. ties of the peaks and the ratio of their struct_ure factors
The x-ray-diffractometric measurements were performed| 01/ f110d°~10.3) we conclude that the fraction of the
in a high-resolution x-ray diffractometer with temperature 1101-grown film is about 0.3% and can be ignored in the
controlled sample stages described below using a symmetr&nalysis below.
cally cut four-reflection Du Mond—Bartels type Ge 220 The MnAs peaks are shown in Fig. 7 in more detail and
monochromator placed at a distance of 30 cm from theon a linear scale. A sequence of the-26 diffractometric
sample and Gk, radiation. The angular acceptance of thecurves of sample 5 under stepwise cooling from 55 to 7 °C,
detector was 0.1°. and subsequent heating is shown. The temperature was kept
The working temperature at the diffractometer was 30 °Cconstant while recording each curve. The sample rotation
The measurements above that temperature were performedgle ® was measured with respect to the position of the
by using a resistive heating. It was sufficient for the wholeGaAs 002 substrate peak; cf. Fig. 6. Only one peak of the

IV. RESULTS

Ill. EXPERIMENT
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1.00+ Fvey
55.10 °C \a
: 0.75+¢
45.05°C v
M_ 39-70 OC 0.50 VA

35.05°C 0.251 1 A

o sample £
30.05°C 0.00+ {=60nm A

25.00 °C

T 20.00 °C 1.007 A
. 15.00 °C 0.751 v
.A 10.00 °C ve
' 0.50 | Va
7.00 °C v A

10.00 °C 0.251 sample 2 v
14.95°C W 000] 7 120 nm Ya
20.00 °C & 1.001AD Aren '
g M 30.00 °C S 0.757 AY'Z_\
504 40.05°C o A
= 0 45.00 °C g 0257 sample 3 %% a
27500 <7000 -6500  -6000 ‘2 000/ ¢=180nm WRAAAA
® (arcsec) = ‘ , , ‘ ;
_ _ _ & 1007 v @ 4 A
FIG. 7. Diffraction curves ¢ —286 scan$ of sample 5 obtained v A
on cooling and heating the sample. The arrows in the right-hand 0.751
part indicate the sequence of the measurements. The lines are the 0.50+ VVA
best fits to the model of periodic elastic domains. ¥ A
0257 sample 4
BMnAs phase is seen at high temperatures, and only the 0.001 !~ 109nm . ‘ & x
peak of theeMnAs phase is present at low temperatures. At 1.007A A
intermediate temperatures both peaks are observed, which Vv % A
points to a phase coexistence in a temperature range of more 0.757 v 4 A
than 20 °C! The fraction of thexMnAs phase continuously 0.501 v
decreases upon cooling and continuously increases upon v 4
heating. The diffractometric curves are reproduced on ther- 0.257 sample 5 v
mal cycling without any change, which points to the equilib- 0.001 t=180nm @ Al
rium nature of the observed phase coexistence. 10 20 30 40 5‘0

The lines in Fig. 7 are the best fits of the curves to the
intensity calculated by Eq$7), (8), (11), and(12). The pa-
rameters of fit are the phase fractignthe domain period FIG. 9. Fractions oxMnAs phase obtained on heatingp tri-

2\, the misfit between the phases of the fil= 7.«  angles and cooling(down triangles of the samples. The thickness
— 7pxx, the difference of lattice spacing®mormal to the ¢ of the MnAs films is indicated.

film) between thexMnAs phase of the film and the substrate
€y=(NaxxT V742! (1—v), the peak intensity which is a
scaling factor, and the intensity background. All these param-

temperature ( °C)

0.03 heating eters depend on the temperature. Fortunately, different fit pa-
4 ooling rameters are sensitive to different features of the diffraction
¥ sample 1 . . .
v sample 2 curve, which allows one to obtain them from one fit. The
0.02 g sample3 relative integral intensities of the two peaks are given by the
sample 4 | 3
- v sample 5 phase fractiorg. The distance between the peaks depends on
the misfit between phases of the filnand the domain pe-
0.0H riod 2\. The depth of the minimum between the peaks is
sensitive tok. The misfit to the substrate, is given by the
peak positions with respect to the substrate peak.
0.00

A an  an < Figure 8 shows the temperature dependence of the misfit
10 20 30 40 50 . .
temperature ( °C) b_etwee_n the MnAs phal_se$ obtained from t_he fits of th_e
diffraction curves of all five samples on cooling and heating.
FIG. 8. The misfit betweemMnAs and BMnAs phases as a The experimental points follow a linear temperature depen-
function of temperature. dence 7=0.023-3.84x 10 *T[°C]. The temperature gra-
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0.13
< 0.12
(]
B g
g
&
0.11
9 - ' - ' 0.10
00 02 04 06 08 1.0 10 20 30 40 50
phase fraction § temperature ( °C)
FIG. 10. Period of the domain structura ®btained by the fit of FIG. 11. Relative difference, between the (100) @MnAs and

the x-ray data to the model of periodic domains. Up and down(002 GaAs lattice spacings perpendicular to the surface in samples
triangles denote the measurements on heating and cooling the-5. Note that the scale is chosen the same as in Fig. 8.
samples, respectively. Samples 1-5 are denoted by the same sym-

bols as in Figs. 8 and 9. The solid line is the result of energy .
minimization presented in Fig.(4). samples fall on a common curve. The temperature gradient

of €, is much smaller than that of the misfit between the
phasesy shown in Fig. 8(note that the abscissas in Figs. 8

dient of 7 is in a good agreement with the difference be-5nq 11 give the same intervals of valueSuch a temperature
tween thermal contraction of theMnAs phase and thermal  gependence results from the compensation of the thermal

expansion of thggMnAs phasé??12?Further fits were per- expansion along the axis (7.,,>0, where the prime de-

formed taking this linear dependence pfand excludingy pgtes the temperature derivativey the thermal contraction

from the list of fit parameters. These did not change theirl the hexagonal planerf..,<0) and indicates thay’,, .~
results essentially but somewhat reduced scattering of the X e L raxx
=vn,,,- This conclusion is in an agreement with measure-

points. . .
Figure 9 presents the temperature dependencies of gfgents of the_temperature depgg‘de”?'es O.f the MnAs !att|ce
parameters in bulk crystaf$?? which give the ratio

fraction & of the aMnAs phase. This parameter is rather .
lon ¢ p b s P ! Nl Mz IN the range—1/3 to —1/2.

insensitive to the fit model. It can be found simply from the The I | misfit b he fil dth b
ratio of the integrated intensities of the peakghe fraction e lateral misfit between the fiim and the substrate can
be calculated from the sample curvature measurements.

of the aMnAs phase increases on cooling almost linearly inT ble | s th its of th t s of
all samples in the temperature intervals of 15 to 25°C. The abie | presents the resuits ot the curvature measurements o

phase coexistence is explained by the theory presentéif‘mples 4 and 5 at 30 °C_.The curvature radii are maximum
above. The phase coexistence is accompanied by a tempeRlong the direction GaAd 10] (the c axis of the MnAs film)

ture hysteresis in all samples with the exception of sample 12nd minimum in the perpendicular directi¢the hexagonal
The maximum hysteresis of 7°C iS found in Samp'e 3.1t isplane of the f|lm The curvature radii for intermediate direc-
worth to note that the hysteresis in Fig. 9 cannot be extions follow the Euler theorem, Ri=sinfy/R,+cosyR.,
plained in the same way as usual temperature hysteresis avdere R, and R are the curvature radii in the hexagonal
first order phase transition caused by the absence of nucl@ane and in the direction of MnAs, respectively, angl is
ation sites of the new phas&in the system under consider-

ation, both phases are present at any temperature in the phaseTapLE I. Radius of curvatureR and lateral misfite of the
coexistence range in comparable, albeit different, amount34nAs films at 30 °C in different directions.

The change of the phase fraction proceeds without nucle

ation by a barrierless motion of the domain walls. Angleto  Curvature
Figure 10 presents the domain periodl Bbtained from  Sample Reflection ¢ axis radiusR Misfit e
the fit of the diffraction peaks. The period plotted versus the (degrees (m) (%)
phase fractiort does not show a hysteresis which would be —
present on a (T) plot. The data from all samples fall on a 115 0 6.78 2.7
common curve and well agree with the domain period foundt 315 26 7.77 2.3
from the elastic energy minimum in Sec. Il B. The agreement 315 74 19.4 0.94
between the domain periods found from the x-ray-diffraction 115 90 32.82 0.55
data and by elastic energy minimization proves the equilib- —
rium nature of the phase coexistence. 115 0 3.88 1.7
Figure 11 shows the temperature dependence of the dib 315 26 2.9 2.3
ference of lattice spacings between thlinAs phase of the 315 74 3.62 1.8
film and the substrate in the direction of the normal to the 115 90 38.8 0.17

film, €,=(7Maxxt V742! (1—v). The data from all five
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the angle between the given direction in the surface plandoes not allow the lateral expansion of the film, which results
and thec axis. The measured curvature radii allow one toin the phase coexistence governed by a balance between the
calculate the lateral misfié of the film with respect to the free energy released at the phase transformation and the
substrate in the corresponding directions by using Stoney’smerging elastic energy. The local constraints on the coher-

equatiof®4° ence between the film and the substrate and between the two
phases of the film define the domain sizes of the coexisting
1 6t phases. We fitted the x-ray-diffraction data to the model of
ﬁzgf’ (13 periodic elastic domains and simultaneously obtained the

phase fractions, the domain sizes, and the misfits. We found
wheret; andtg are the film and substrate thicknesseés ( that the fraction of the low-temperatureMnAs phase lin-
<tg). We havet;=100 nm and =330 um for sample 4, early increases on cooling and linearly decreases on heating.
andt;=180 nm and=267 um for sample 5. The values The phase coexistence occurs in a temperature interval of
of the misfit in the hexagonal plane and in tbalirection  15-25°C and is accompanied by a temperature hysteresis of
(i.e., in the two perpendicular directions parallel to the sur-0—7 °C which probably points to imperfections of the
face) are to be compared with the variations of the corre-samples. We found that the domain sizes correspond to the
sponding lattice parameters of MnAs in the temperature inminimum of elastic energy, which proves that the heteroepi-
terval from 250°C (the growth temperatuyeto room taxial system is at equilibrium at each temperature.
temperature, which are 0.6% and 1.5%, respectitelije Note added in proofThe results of the present paper have
conclude that, at the growth temperature, the misfit is mosthpeen confirmed recently by direct observation of
relieved by networks of misfit dislocations. The thermal con-temperature-dependent periodic surface corrugations due to
traction of the GaAs substrate can be neglected, and thelastic domains of coexisting phases: see T. Plake, M. Ram-
change of the lattice parameters of the MnAs film on coolingsteiner, V. M. Kaganer, B. Jenichen, M. #taer, L. Daveritz,

from the growth temperature is the dominant source of straimnd K. H. Ploog, Appl. Phys. Let80, 2523(2002.

and sample bending at room temperature.
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