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Correlation of quenched structural disorder and magnetism in TiFe2 Laves-phase thin films

J. Köble* and M. Huth
Institut für Physik, Universita¨t Mainz, Staudinger Weg 7, D-55099 Mainz, Germany

~Received 7 May 2002; published 28 October 2002!

In recent bandstructure calculations for theC14 Laves-phase intermetallic compound TiFe2 two energeti-
cally nearly degenerate magnetic ground states~antiferromagnetic and ferromagnetic! were predicted. As a
consequence of this near-degeneracy in theC14 stability range of TixFe12x (x'1/3) the magnetic properties
are strongly correlated with the sublattices’ occupation by Ti and Fe. We analyzed the magnetic properties of
a series of thin epitaxial films with varying composition in theC14 stability range. The temperature- and
field-dependent magnetic properties of these samples were determined by dc superconducting quantum inter-
ference device magnetization measurements. We found clear indications of magnetic phase separation into
antiferromagnetic and ferromagnetic regions as a function of the composition. From the characteristic ordering
temperatures a magnetic phase diagram for thin films in small aligning fields was established. Monte Carlo
simulations based on a quenched random disorder model were performed. The resulting magnetization curves
and the deduced simulated magnetic phase diagram are in good correspondence with the experimental data. We
conclude that magnetic phase separation is a salient feature of TixFe12x (x'1/3). It is induced by sublattice
disorder which leads to a symmetry break of the exchange field and thus favors ferromagnetic spin alignment
of the unit cell.

DOI: 10.1103/PhysRevB.66.144414 PACS number~s!: 75.70.Ak, 75.10.Nr, 75.50.Lk
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The Laves-phase compounds exhibit a large variety
physical properties, such as heavy fermion behavior or la
magnetostriction. Especially, theLFe2-type Laves-phase
compounds (L is usually a 3d or 4f element with a larger
atomic radius than Fe! appear interesting since they ma
serve as prototypes for studies on the fundamental aspec
magnetic phases and their relation to structural order. Th
compounds exhibit a large diversity of magnetic grou
states and they recently attracted interest due to newly de
oped methods of calculating their spin-dependent electro
band structure. As a result of such calculations, the varia
ity of the magnetic ground states in theseLFe2 compounds
was associated with the energetic near degeneracy of d
ent spin structures.1–7 This may result in a strong dependen
of the magnetic properties on the composition for struct
ally homogeneous off-stoichiometric compounds or co
pounds with substitution of a third kind of atoms. TiFe2 is a
prominent representative for this sensitivity to compositio
variation. An accurate description of the compositio
dependent magnetic properties of the complicated TiFe2 sys-
tem may yield a more general understanding of the mag
tism of theLFe2 compounds.

For the C14 Laves-phase TiFe2 an energetic near
degeneracy of an antiferromagnetic~AF! and a ferromag-
netic ~FM! ground state was predicted by spin-resolved ba
structure calculations.4 These predictions found support b
recent studies on well-prepared polycrystalline bu
samples.8 For these samples magnetic clustering within
C14 phase was suggested to be responsible for the mag
phase coexistence of antiferromagnet and ferromagnet
function of composition about the stoichiometric poin
However, iron segregation was detected for these sam
which can be expected to strongly alter their magnetic pr
erties. This is thought to be a general problem of the TiF2
sample preparation from the melt.8 Since the microscopic
understanding of the antiferromagnetic/ferromagnetic co
0163-1829/2002/66~14!/144414~8!/$20.00 66 1444
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istence in the TiFe2 compound is still incomplete, an alte
native approach to the TiFe2 problem was attempted in th
present work. Our analysis is based on (00l )-oriented TiFe2
thin films whose preparation and structural characteriza
was described elsewhere.9 The samples’ composition range
0.24<x<0.42 and the range of homogeneity~ROH! was
determined to 0.28<x<0.39 with no indications of Fe seg
regation.

The outline of this paper is as follows. Basic aspects
the TiFe2 intermetallic compound are presented in Sec.
The magnetic characterization, as performed by superc
ducting quantum interference device~SQUID! magnetom-
etry, is described in Sec. II. The analysis of the compositi
induced transition between different magnetic ground sta
is performed for a series of epitaxial thin films based on
magnetization data. Many issues remain unsolved within
analysis. Therefore, a microscopic model with rando
quenched disorder based on the 3D Ising antiferromagn
introduced in Sec. III to gain further insight into these pro
lems. Monte Carlo simulations were performed to estab
the model’s composition-dependent magnetic propert
These are compared to the experimental data. The re
concludes in Sec. IV.

I. BASIC ASPECTS OF TiFe2

The present work focuses on the Laves phase compo
TiFe2 with C14 structure~see Fig. 1!. The binary system
TixFe12x exhibits a relatively wide stability range for th
C14 structure betweenx50.276 and x50.352 at T
'1300 °C.10 In another work theC14 phase was found to b
stable betweenx50.285 andx50.355.11 The maximum of
the liquidus line occurs at the stoichiometric compositionx
5 1

3 at T51427 °C where the C14 structure melts
congruently.10 On the other hand, in a recent work the co
©2002 The American Physical Society14-1
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gruent melting point was found atx50.35 and T
51415 °C.12 This indicates that the range of homogene
and the congruent melting point of theC14 structure sub-
stantially depend on the preparation method~e.g., annealing
time, etc.!.8,10–12

The first complete description of the magnitude and
alignment of the magnetic moments on the different symm
try sites within the unit cell were given in 1992 by Brow
et al.13 The configuration corresponds to an anisotropic c
linear antiferromagnet as shown in Fig. 1: the magnetic m
ments are stabilized on the Fe(6h) sites and are aligned pa
allel to the c axis in a staggered fashion; the magne

moment amounts toumW 6hu51.4mB at T54 K.13 The molecu-
lar field on the Fe(2a) sites cancels due to site symmetr
Thus, no ordered moment on these sites is found for
stoichiometric compound. In off-stoichiometric compoun
the excess atoms substitute on antisites. In this case, the
metry is disturbed and nonzero magnetic moments are fo
on the Fe(2a)- and the Fe-substituted Ti(4f )-sites.14 The
overall alignment of the moments is then ferromagnetic.

II. MAGNETIC PROPERTIES

All magnetization measurements of the samples were
formed with a SHE rf-superconducting quantum interferen
device ~rf-SQUID! magnetometer. All temperature
dependent magnetization curves presented in this sec
were obtained during cool down of the samples in an ex
nal magnetic fieldm0Hext59 mT from T5285 K to T
55 K. The magnetic field was applied in the film plane, i.
perpendicular to thec axis which is the axis of easy magn
tization in bulk samples.

FIG. 1. Crystallographic unit cell of the hexagonalC14-Laves
phase structure. The Wyckoff positions are representatively i
cated by arrows. The lattice constants area50.4785 nm andc
50.7790 nm. The magnetic configuration of the stoichiome
compound is antiferromagnetic as indicated by the arrows on theh
sites.
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A. General temperature dependence of the magnetization

We repeat that the symmetry break due to atomic sub
tution for off-stoichiometric compounds causes a magne
moment to appear on the Fe(2a) sites. The overall alignmen
then turns to ferromagnetic. It can be expected that
stoichiometric compounds may also contain extendedC14
regions which are ferromagnetically ordered. In Fig. 2 tw
typical M (T) curves of a stoichiometric and an Fe-ric
sample are compared. For both curves, starting from h
temperatures, the magnetization increases to a local m
mum which is pronounced for the stoichiometric sample a
much less so for the Fe-rich sample. The temperature of
maximum is identified as the ordering temperatureTN of
antiferromagnetically ordering regions in the sampl
Equally pronounced for the stoichiometric sample is the s
sequent drop of the magnetization to a local minimum wh
is due to increasing AF order in the sample. The onset of
increase ofM (T) at lower temperatures is measured byT* .
This increase can be related to ferromagnetically order
regions. Consequently, the minimum betweenT* andTN is
due to a superposition of a FM and AF magnetization cu
and T* is a measure for the ordering temperature of fer
magnetically correlated regions.15 For the iron-rich sample
the ferromagnetlike increase is more distinct than for
stoichiometric sample. Additionally, a background magne
zation persisting to the highest temperatures measured
be noticed.

B. Influence of the sublattice order

The influence of the sublattice order on the magne
properties is demonstrated in Fig. 3. The magnetization d
of two samples with nearly the same composition but a d
ferent degree of sublattice order~induced by different depo-
sition temperatures9! are compared. For the well-ordere
sample, the local maximum atTN and the increase at lowe
temperatures is visible, as described above. In contrast
the less-ordered sample only FM behavior is found. This w
checked for several sample pairs. The Curie temperatur
the less-ordered sample is elevated as compared to the
ordered sample. Since the sublattice order is reduced in l

i-

c

FIG. 2. Magnetization forx50.252 ~full circles! andx50.341
~open circles!. The respective ordering temperatures are marked
arrows.
4-2
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CORRELATION OF QUENCHED STRUCTURAL DISORDER . . . PHYSICAL REVIEW B 66, 144414 ~2002!
regions for samples prepared at lower temperatures, t
regions are predominantly FM and the Curie temperature
these regions is increased.

C. Magnetic phase diagram

In Fig. 4 the temperature-dependent magnetization cu
of all samples are shown in comparison. As is evident,
position ofT* andTN is a function ofx. For all curves, both

FIG. 3. Comparison of the magnetization data for films prepa
at substrate temperatureTsub5890 K with reduced sublattice orde
~full circles! and at the optimized temperatureTsub5Topt51100 K
with good sublattice order~open circle!. The arrow indicates the
position ofTN for the sample prepared atTopt .

FIG. 4. Overview of the temperature-dependent magnetiza
curves of the epitaxial (00l )-grown sample series. The applie
aligning field wasm0Hext59 mT. The curves are labeled with th
respective Ti concentrationx. The vertical curves indicate the pos
tions of TN . The relative magnetization values are to scale,
offsets were added to facilitate comparison.TN for small and large
x appears more distinct at appropriate scaling.
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the AF and FM contributions can be distinguished. In t
range about the stoichiometric composition the maxim
formed atTN is very distinct. On decrease ofx the maximum
is reduced and remains only faintly visible at the iron-ri
boundary of the ROH. For samples withx. 1

3 the same be-
havior is observed, but the FM contributions appear less p
nounced. In contrast to the samples at the Fe/TiFe2 bound-
ary, for the samples at the Ti-rich side the maximum atTN
remains clearly visible. We deduce that the ratio of the
and FM contributions strongly depends on the compositi
too.

A qualitative determination of the volume fraction of th
ferromagnetlike regions in the samples was achieved
comparing the magnitude of the magnetization at low
temperature. In the present case the excess magnetiza
which is the difference between the magnetization at l
temperatures and the background magnetization at high
peraturesDM5M (T55 K)2M (T5285 K), is assumed to
be proportional to the volume of ferromagnetlike regions.
Fig. 5 DM is plotted as a function of the composition.
pronounced minimum is observed at the stoichiometric po
indicative of the largest contribution of AF regions. Wit
increasing deviation from the stoichiometric compositi
DM grows, indicating an increasing volume fraction of fe
romagnetlike regions. The volume increase of FM region
strongly pronounced for the Fe-rich samples whereas i
found to be moderate for Ti-rich samples. At either bound
of the ROH a maximum ofDM , and thus the FM volume, is
found. For off-stoichiometric samples outside the ROH,DM
decreases. This effect is pronounced for the Fe-rich sam
and must be related to a structural change in the sam
setting in at the ROH boundaries. For the Fe-rich bound
spontaneous segregation of Fe was found.9

From the data of Fig. 4 the characteristic temperaturesT*
and TN were determined. They define the phase bounda
of a magnetic phase diagramT(x) which is shown in Fig. 6.
In the ROH four regions can readily be identified :~1! a
paramagnetic~PM! region at high temperatures,~2! an AF
region, in which the ferromagnetlike contributions are pa
magnetic, and~3!, ~4! FM* /AF and AF/FM* coexistence

d

n

t

FIG. 5. DM5M (T55 K)-M (T5285 K) taken from Fig. 4.
DM can be assumed to be proportional to the volume of ferrom
netlike regions. The shaded area represents the range of homo
ity. Dashed lines are to guide the eye.
4-3
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regions on the Fe-rich and the Ti-rich side, respectively
which a combined AF/FM behavior is found.

We note that the thin films’ Ne´el temperatures are lowe
thanTN

bulk>275 K of bulk samples.8 This is probably due to
a finite-size induced reduction of critical temperatures. T
detailed shape of the magnetic phase diagram is caused b
intricate interplay of dilution and coherence. A maximum
TN is formed with a monotonous decrease to either s
within the ROH. This decrease ofTN is caused by a dilution
of the AF matrix due to Fe or Ti antisite occupation. T
maximum of TN should occur at the stoichiometric poin
Nevertheless, we observed a shift to the Fe-rich region. S
TN is also determined by the degree of crystalline cohere
in the samples, the enhancement of epitaxial single crys
line growth in the iron excess region, as discuss
elsewhere,9 competes with the reduction ofTN as a conse-
quence of the dilution.

T* exhibits a more complicated behavior which is dom
nated by clustering FM regions. Generally, in contradisti
tion to results obtained on bulk samples,8 T* is found to be
significantly lower thanTN in the whole compositional rang
covered by the thin film experiments. For the films this lea
to the assumption that theC14 phase forms a well-stabilize
antiferromagnetic matrix in which contributions of ferroma
netic C14 phase impurities with reducedTC are embedded
These impurities are assumed to be caused by Fe or Ti a
on antisites breaking the symmetry of the unit cell, as w
found in other experiments.8,11,14,16

At the stoichiometric point of the present phase diagram
local minimum ofT* is observed. This is assumed to be d
to the predominant formation of the AF matrix in conjun
tion with small-sized FMC14 phase clusters which ma
form a random network. On reduction ofx, not only the FM
network becomes more dense but the crystalline growt
also improved. A pronounced maximum ofT* is formed at
xT

max* '0.31. Since the unit cell volume decreases linea

towards the Fe-rich boundary of the ROH,9 a segregation-
free substitution process as a function ofx can be assumed
The decrease ofT* for x,0.31 must then be related to
reduction of the average FMC14 cluster size. Consequentl

FIG. 6. Magnetic phase diagram of TixFe12x (00l )-oriented ep-
itaxial thin films in theC14 stability range. The phase boundari
were deduced from the data of Fig. 4 as indicated in Fig. 2. T
shaded area represents the range of homogeneity.
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the constantT* in the Fe segregation region is due to
constant minimum cluster size. On the Ti-rich side, the
sertion of FM impurities caused by Ti atoms on antisites
accompanied by a degrading crystalline coherence and l
to the formation of a less pronounced maximum. Again,
yond the ROH boundaryT* remains constant.

In contradistinction to the present thin film magne
phase diagram deduced from data taken for a small align
field of m0Hext59 mT the available magnetic phase diagra
for bulk samples8 was taken in a large magnetic alignin
field of m0Hext51 T. For the bulk samples different region
of FM, AF, and coexisting AF/FM order, in broad correspo
dence to our results, were identified. However, for the F
rich region a pronounced increase ofT* with decreasingx
was observed. This is most likely caused by a segrega
network of Fe precipitates. Such precipitates were detec
by virtue of their magnetic signature at high temperatures
a set of samples analyzed by Wassermannet al.8 This net-
work will be aligned by the large magnetic field; its couplin
to the FMC14 regions may then cause a significant incre
of T* .

Moreover, for all temperatures below the PM region abo
the stoichiometric composition, a purely AF state exists
the bulk samples but no pure AF phase was found for
thin films. In the bulk samples Fe segregation may loca
reduce the Fe concentration of theC14 phase and favor AF
C14 formation, which may explain the different behavio
The structural analysis of the epitaxial thin films gives
hints for Fe precipitates in the range of homogeneity and
thus assumed to reflect the intrinsic properties of TixFe12x in
the C14 stability range. This is in contrast to the bulk pha
diagram whose interpretation suffers from the poorly defin
influence of Fe precipitates on the magnetic properties.

III. MICROSCOPIC MODEL OF MAGNETIC PHASE
SEPARATION

A. Suggested model

In the previous section a composition-dependent tra
tion from predominantly AF behavior at the stoichiometr
point to AF/FM coexistence behavior for off-stoichiometr
compositions was deduced for the epitaxial thin films. In t
model suggested here, this transition is caused by a dilu
of the antiferromagnet by an increasing number of ferrom
netically coupling impurity sites forming FM clusters. In th
context, the FM coupling is induced by the substitution of
on Ti antisites or Ti on Fe antisites, disturbing the symme
of the unit cell. The strong influence of this quenched dis
der on the magnetic properties is thought to be a gen
feature of TixFe12x . In the following, a Hamiltonian is sug
gested which considers this formation of ferromagnetica
coupling impurity sites with deviations from stoichiometry

In the suggested model a lattice site of the simulat
corresponds to half the unit cell of the real crystal along
c direction which we assume to be parallel to thez axis. The
coupling between these lattice sites may then be antife
magnetic or ferromagnetic along thec axis. Thus, two differ-
ent types of lattice sites are to be distinguished in the mo
A sites corresponding to the AF stoichiometric composit

e

4-4



r-

o
it

-

e

nd

ion

xt-

f
.g.,

y
m-

ag-

as
the

ly
m-

er-
he
f

ial

of
r-

arlo
or.
ld
g-
er,

er
g
om-

th
in
y
cu

et

ils
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andB sites for the FM off-stoichiometric composition. TheA
sites couple antiferromagnetically inz direction withA sites
~coupling constantJAA.z,0) and ferromagnetically withB
sites (JAB.z ,JBA.z.0). The in-plane coupling ofA sites with
either kind of sites is always FM (JAA.xy.0, JAB.xy.0,
JBA.xy.0). B sites couple ferromagnetically withB sites in
x, y, and z directions (JBB.z.0, JBB.xy.0). One possible
configuration is illustrated in Fig. 7. In this way, the antife
romagnetically layered structure of the Fe(6h) atom ~see
Fig. 1! is reproduced if the lattice consists only ofA sites, as
depicted at the top of Fig. 8. The off-stoichiometric comp
sitions correspond to a partial occupation of the lattice w
B sites, as illustrated at the bottom of Fig. 8.

We assume that theA and B-site occupation occurs ran
domly. An occupation variableci for each lattice sitei is
introduced.ci50 if the sitei is of typeA andci51 if it is of
type B. The predetermined probability distribution of th
configurations $ci% is denoted P$ci%. Typically, P$ci%
51/N$ci %

if N$ci %
is the number of possible configurations a

FIG. 7. Illustration of the coupling constants as introduced in
diluted antiferromagnet model. The antiferromagnetically coupl
sites are denoted byA and the ferromagnetically coupling sites b
B. The coupling is indicated by arrows. The figure shows a 2D
through the 3D lattice.

FIG. 8. Lattice configuration for the diluted antiferromagn
model. Top: Occupation probabilityp50 in the AF state. Bottom:
p50.4 with a random orientation of the spins. See text for deta
The figures show a 2D cut through the 3D lattice.
14441
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the distribution is homogeneous. The relative occupat
probability p of the lattice with typeB sites for a given$ci%
is then

p5
1

N (
i

ci . ~1!

N is the overall number of lattice sites. We assume a ne
neighbor Ising-coupling of the spinss i561. The general
Hamiltonian for the model with spin configuration$s i% in an
external magnetic fieldH is then given by

H$s i ,ci%52 (
^ i , j &z

@~12ci !cjJAB.z1ci~12cj !JBA.z

1cicjJBB.z1~12ci !~12cj !JAA.z#s is j

2 (
^ i , j &xy

@~12ci !cjJAB.xy1ci~12cj !JBA.xy

1cicjJBB.xy1~12ci !~12cj !JAA.xy#s is j

2m0mBH(
i

s i . ~2!

The summation indicated by the indices^ i , j & is limited to
next neighbors. Via$ci% non-homogeneous distributions o
ferromagnetically coupling sites may also be realized, e
clusters. From symmetry we noteJBA.i5JAB.i ( i 5xy,z)x.

Equation ~2! is inspired by the Hamiltonian commonl
used for the simulation of systems with quenched rando
ness, such as binary alloys prepared from the melt.17 In the
present case, for the internal energy calculations the m
netic moment of a single spin was set toumW su51mB .

B. Simulation

The model described in the previous section was taken
a basis for classical Monte Carlo simulations employing
Metropolis algorithm18 on a 3D Ising-like lattice with dimen-
sions Lx3Ly3Lz (Lx5100, Ly5100, Lz510). Random
numbers were generated by the R250/R521 generator.19 Ac-
cording to the definition ofp @see Eq.~1!# an exact fraction
pLxLyLz of lattice sites is occupied by ferromagnetical
coupling impurity sites, representing the quenched rando
ness of the system. All simulations were performed in th
mal equilibrium which was checked by the analysis of t
autocorrelation function in long-time runs as a function op
andT. The number of subsequent Monte Carlo steps~MCS!
necessary for relaxation of the spin lattice from its init
state was found to vary from 33104 MCS at high tempera-
tures to 2000 MCS at low temperatures. The mean value
the order parameterM (T) at a given temperature was dete
mined from the average of 1000 subsequent Monte C
steps in the relaxed state yielding a sufficiently small err
For all data points a relatively large magnetic aligning fie
of m0Hext510 T was applied since the relaxation time si
nificantly decreases for increasing magnetic field. Howev
the large aligning field was not found to significantly alt
the shape of theM (T) curves and the characteristic orderin
temperatures since the Zeeman energy is still small as c

e
g

t
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J. KÖBLE AND M. HUTH PHYSICAL REVIEW B 66, 144414 ~2002!
pared to the chosen coupling constants. All simulations w
performed using periodic boundary conditions.

First, the large number of parameters must be reduce
an appropriate subset of physically relevant parameters.
magnitude of the coupling energies can be expected to b
the range known for simple magnetic materials. The relev
parameter space was systematically screened for agree
of the resulting magnetization curves with the experimen
data ~see Sec. II!. In order to obtainT* ,TN , as observed
experimentally, the in-plane coupling constantsJAB.xy and
JBB.xy have to be reduced with respect toJAA.xy . AF/FM
coexistence behavior was only found for weak coupl
along the anisotropy axis~see Table I!.

Due to the quenched randomness introduced by the a
tional random variable$ci%, which is kept fixed during the
simulation, an additional averaging has to be carried out o
the distributionP$ci% of $ci% ~Ref. 17!

@^M $s i j
,ci%&T#av5E d$ci%P$ci%

1

Z$ci%
Trs i

~M $s i ,ci%

3exp@2H$s i ,ci%/kBT# ! ~3!

with the partition functionZ$ci% of the configurations$ci%
and the spin configurations$s i%. The squared brackets on th
left indicate this additional average over the$ci%, whereas
the thermal average is indicated by the subscriptT. Conse-
quently, several magnetization curves with constantp but
random $ci% were simulated, i.e., Metropolis importanc
sampling was performed for the thermal average^•••&T and
simple sampling for the configuration average@•••#av. An-
other problem is generated by multiple near-degene
minima of the free energy as is also found for spin glasse17

The relaxation to the absolute minimum is very slow at lo
temperatures and the necessary computation time thus
comes very large. However, the double averaging descr
above and performed by averaging over multiple magnet
tion curves may also help to find the absolute minimum.
the present simulations an average over ten simulated m
netization curves with different random$ci% at constantp
was found to sufficiently reduce the standard error of
arithmetic mean value which represents the absolute m
mum of the free energy. Finite size effects were analy
briefly by examining the behavior of larger lattices up
2003200320 lattice sites. Within the limits of the give
temperature resolution no deviations of the general shap
the curves were observed. For the classical Ising system
known that for the examined lattice sizes finite size effe
alter the shape of the magnetization curves only margin
with respect to the analytical solution. Furthermore, an

TABLE I. Standard coupling constants determined from heu
tic principles~see text for details!.

xy z

AA 11.9 meV 22.0 meV
AB 5.0 meV 2.0 meV
BB 5.0 meV 2.0 meV
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crease of the lattice size was found to not significantly h
reducing the necessary multiple curve averaging by s
averaging. As is known from the analysis of the order para
eter aboutTC for systems with quenched randomness17,20 a
lack of self-averaging occurs. This was also found for t
present model.

C. Comparison of simulation and experiment

In Fig. 9 a representativeM (T) curve of a sample simu
lation for p50.2875 and random$ci% is shown, in conjunc-
tion with the corresponding spin structure at various te
peratures. Starting at high temperature a paramagnetic re
with completely disordered spin structure is found. Desp
an increase of the induced magnetization, no significant
der is seen in the top view on approachingTN.257 K. Nev-
ertheless, the side views already reveal the onset of a la
spin order with alternating planes. At the local minimu
(T* ) the AF structure appears very distinct in the side view
In the top-view large regions with increased brightness in
cate large net magnetizations due to FM clusters. Fur
decrease of the temperature causes these regions to stab
The easy alignment of the ferromagnetically ordering regio
by the magnetic field results in a further increase of
brightness. From the side views it can be seen that th
domains are virtually two dimensional. At the lowest tem
peratureT50.1 K the whole lattice is separated into FM an
AF domains. It is noteworthy that the FM domains stay fix
at the position where they were initially formed. Finally, th
domain structure for a given configuration$ci% and thus the
low temperature magnetization varies from simulation
simulation, caused by the multiple minima energy landsca

The simulation data for variousp values are shown in Fig
10. For 0<p<0.26 antiferromagnetic ordering was observ
exclusively~only p50.26 shown!. The transition from pre-
dominantly AF to FM behavior sets in atp.0.28, indicated

-

FIG. 9. M (T) and spin structure forp50.2875. The 3D images
show a combined view of the spin configuration from top, front a
side with averaging about the viewers direction, which is mappe
a gray scale. Thez axis has been rescaled. As can be seen,
domains are formed at the onset of ferromagnetism and mainta
to low temperatures. The shape of theM (T) curves strongly varies
for different simulations with identical configurations$ci%.
4-6
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by a pronounced increase ofM (T) at lower temperatures. A
p50.31 the magnetization data exhibits an almost FM sh
and is completely saturated belowT5100 K. The width of
the transition isDp50.03.

As can be seen in Fig. 11 the shape of the experime
M (T) curves with the local maximum atTN and the local
minimum atT* is reproduced for the nearly stoichiometr
composition atx50.34 and the iron-rich composition atx
50.32. The ratio ofTN andT* is equal to the correspondin

FIG. 10. Arithmetically averagedM̄ (T) of ten simulations with
different$ci% but constantp. The error bars are the standard error
the mean value.

FIG. 11. Comparison of simulated and experimental magnet
tion data. Top:M (T) taken from two different samples withx
50.34 compared against thep50.285 curve of Fig. 10. Bottom
M (T) taken from a sample withx50.32 compared againstp
50.29 andp50.295. The curves were rescaled to facilitate co
parison.
14441
e

alvalue of the experimental data forx50.32 whereasT* of the
simulation seems to be slightly larger forx50.34. It has to
be noticed that the slope at the onset of ferromagnetism
larger in the simulations which is due to the simplifying a
sumptions of the Ising model.

D. Comparison of the phase diagrams

As detailed in Sec. II C, a magnetic phase diagram w
determined from the characteristic temperatures observe
the M (T) data of the epitaxial samples. We now compa
this experimental phase diagram to the simulation resu
From the simulation data of Fig. 10 the critical temperatu
TN and T* were determined in accordance with the proc
dure used for the experimental data. The resulting phase
gram is depicted in Fig. 12.Dp denotes the deviation from
p50.26 which corresponds to the largestp-value generating
a purely AF curve.Dp50 is identified with a stoichiometric
TiFe2 sample exhibiting a minimum amount of disorder. A
cording to the symmetry properties of the present model
to facilitate a comparison with the experimental data of F
6 the determined critical temperatures are drawn symme
cally to either side of the diagram. The corresponding ph
names, as identified for the experimental data, were adde
the diagram.

If it is assumed that the variable (x2 1
3 ) of the experimen-

tal data corresponds toDp of the simulations we are able t
compare both phase diagrams. The overall behavior ofT*
and TN is reproduced well by the simulations for 0.30,x
,0.38. An absolute maximum ofTN is observed in this
range. The absolute minimum ofT* is found consistently at
(x5 1

3 ) corresponding toDp50. The decrease ofTN and the
increase ofT* with increasing impurity concentration is als
reproduced by the simulations.

Nevertheless, the simulated phase diagram also sh
significant deviations from the experimental. Considering

a-

-

FIG. 12. Simulated phase diagram with the characteristic te
peratures determined from the data of Fig. 10. To facilitate a co
parison with the experimental data~see Fig. 6! the characteristic
temperatures were drawn symmetrically to either side of the
gram for the simulation data. The phase identities for the simula
data were chosen in correspondence to the naming chosen in
analysis of the experimental data.
4-7
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J. KÖBLE AND M. HUTH PHYSICAL REVIEW B 66, 144414 ~2002!
limitations of the underlying model these deviations can
explained by the complex growth-related effects. For the
rich region ~corresponding to positiveDp in Fig. 12! the
experimental temperaturesT* andTN are significantly lower
due to the reduced crystalline coherence of the samples.
shift of the maximum ofTN with respect to the stoichio
metric point of the experimental phase diagram is grow
induced as well. Outside the range 0.30,x,0.38 the prop-
erties of the film growth influence the critical temperatures
the thin film phase diagram in a very complex manner. T
observed increase ofTN in the simulations for largeDp is
most probably an artifact of our method to determineTN
which shifts the nominalTN to larger values for largeDp.

Finally, T* .0 K for x' 1
3 indicates that a minimum

number of FM clusters is always present in the epitax
samples, either induced by growth defects or by unavoida
small fluctuations of the deposition rate. Significant FM co
tributions in the simulation data are only seen abovep
'0.285.

IV. CONCLUSION

The present work has shown that it is indeed possible
overcome the preparational difficulties of TiFe2 bulk samples
by the alternative approach of epitaxial thin film preparatio
This approach enhances the range of homogeneity of
C14 phase.9 In view of the magnetic phase diagram deriv
here for phase-pureC14 samples, the magnetic phase d
gram for bulk samples, as suggested by Wassermannet al.,8

may be significantly influenced by impurity phase segre
tion. The thin film phase diagram established in the pres
work, corrected for thin-film specific signatures, can be
sumed to be applicable to phase-pureC14 bulk samples as
well. Nevertheless, it might be impossible to prepare s
bulk samples at all due to the complicated metallurgy.
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9J. Köble and M. Huth, J. Cryst. Growth234, 666 ~2002!.

10Binary Alloys Phase Diagrams, edited by T.B. Massalski~ASM
International, Materials Park, OH, 1996!.

11W. Brückner, K. Kleinstu¨ck, and G.E.R. Schulze, Phys. Sol
State23, 475 ~1967!.

12P. Stauche, S. Erdt-Bo¨hm, M. Brinkmann, and H. Bach, J. Crys
Growth 166, 390 ~1996!.

13P.J. Brown, J. Deportes, and B. Ouladdiaf, J. Phys.: Cond
Matter 4, 10 015~1992!.
14441
e
i-

he

-

f
e

l
le
-

to

.
he

-

-
nt
-

h

Based on the magnetic properties of the thin films and
results of the Monte Carlo simulations we conclude that
magnetism of the TiFe2 system is mainly driven by magneti
phase separation which is induced by inhomogeneities
structure and/or composition. The energetically ne
degenerate AF and FM ground states of TiFe2 render this
system highly susceptible to such a phase separation
nario. Even if it is possible to prepare structurally phase-p
samples, as shown for the epitaxial thin films, it rema
questionable whether magnetically phase-pure material
be obtained. Naturally, these conclusions may be valid
only for TiFe2 but also for other magnetic compounds exh
iting a magnetic instability due to a near degeneracy of m
netic states.

The presented simulation results propose a static magn
phase separation driven by magnetic impurities of a pre
termined concentration fixed to the lattice. However, the
results do not rule out that the magnetic ‘‘granularity’’ o
TixFe12x may have aspects of a dynamic phenomenon,21–25

as was predicted for diluted ferromagnets in the context o
Griffith phase.21 If this were the case, the magnetic pha
separation would be generated by fluctuating AF/FM s
clusters. Spin-polarized STM measurements could then
employed to determine the degree of~quasi!static magnetic
phase separation in TiFe2. Alternatively, fast probes, such a
spin-polarized magnetic neutron scattering, could give
sight into the degree of dynamic phase separation. This
to remain for future resolution.
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