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In recent bandstructure calculations for {8é4 Laves-phase intermetallic compound TiF&o energeti-
cally nearly degenerate magnetic ground stagegiferromagnetic and ferromagnetiwere predicted. As a
consequence of this near-degeneracy inGlid stability range of TiFe, _, (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 t6d4 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 featurgka; Tj (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.
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The Laves-phase compounds exhibit a large variety ofstence in the TiFgcompound is still incomplete, an alter-
physical properties, such as heavy fermion behavior or larg@ative approach to the Tiggroblem was attempted in the
magnetostriction. Especially, thé&Fe,-type Laves-phase present work. Our analysis is based onl(@6riented TiFe
compounds I( is usually a @ or 4f element with a larger thin films whose preparation and structural characterization
atomic radius than Beappear interesting since they may was described elsewhet@he samples’ composition range is
serve as prototypes for studies on the fundamental aspects 024<x<0.42 and the range of homogeneitROH) was
magnetic phases and their relation to structural order. Thesgetermined to 0.28x<0.39 with no indications of Fe seg-
compounds exhibit a large diversity of magnetic groundregation.
states and they recently attracted interest due to newly devel- The outline of this paper is as follows. Basic aspects of
oped methods of calculating their spin-dependent electronithe TiFe intermetallic compound are presented in Sec. I.
band structure. As a result of such calculations, the variabilThe magnetic characterization, as performed by supercon-
ity of the magnetic ground states in thesBe, compounds  ducting quantum interference devi¢8QUID) magnetom-
was associated with the energetic near degeneracy of diffegtry, is described in Sec. II. The analysis of the composition-
ent spin structures:’ This may result in a strong dependenceinduced transition between different magnetic ground states
of the magnetic properties on the composition for structuris performed for a series of epitaxial thin films based on the
ally homogeneous off-stoichiometric compounds or com-magnetization data. Many issues remain unsolved within this
pounds with substitution of a third kind of atoms. Tjfis a  analysis. Therefore, a microscopic model with random
prominent representative for this sensitivity to compositionalquenched disorder based on the 3D Ising antiferromagnet is
variation. An accurate description of the composition-introduced in Sec. lll to gain further insight into these prob-
dependent magnetic properties of the complicated;Tdys-  lems. Monte Carlo simulations were performed to establish
tem may yield a more general understanding of the magnahe model's composition-dependent magnetic properties.
tism of theLFe, compounds. These are compared to the experimental data. The report

For the C14 Laves-phase Tikean energetic near- concludes in Sec. IV.
degeneracy of an antiferromagnetisF) and a ferromag-
netic (FM) ground state was predicted by spin-resolved band
structure calculation$.These predictions found support by I. BASIC ASPECTS OF TiFe;
recent studies on well-prepared polycrystalline bulk
sample$ For these samples magnetic clustering within the The present work focuses on the Laves phase compound
C14 phase was suggested to be responsible for the magnefitce, with C14 structure(see Fig. 1 The binary system
phase coexistence of antiferromagnet and ferromagnet asTa,Fe _, exhibits a relatively wide stability range for the
function of composition about the stoichiometric point. C14 structure betweenx=0.276 and x=0.352 at T
However, iron segregation was detected for these samples1300 °C19In another work th€€14 phase was found to be
which can be expected to strongly alter their magnetic propstable betweex=0.285 andx=0.3551! The maximum of
erties. This is thought to be a general problem of the JiFe the liquidus line occurs at the stoichiometric composition
sample preparation from the mélSince the microscopic =% at T=1427°C where theC14 structure melts
understanding of the antiferromagnetic/ferromagnetic coexeongruently’® On the other hand, in a recent work the con-
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FIG. 2. Magnetization fox=0.252 (full circles) andx=0.341
b ‘ - ‘ (open circles The respective ordering temperatures are marked by
a arrows.

0.4785 nm

FIG. 1. Crystallographic unit cell of the hexagor@l4-Laves A. General temperature dependence of the magnetization

phase structure. The Wyckoff positions are representatively indi- . .
cated by arrows. The lattice constants are 0.4785 nm andc We repeat that the symmetry break due to atomic substi-

=0.7790 nm. The magnetic configuration of the stoichiometricttiON for off-stoichiometric Compounds causes a magnetic
compound is antiferromagnetic as indicated by the arrows ontihe 6 MomMent to appear on the Fe(psites. The overall alignment
sites. then turns to ferromagnetic. It can be expected that off-
stoichiometric compounds may also contain exten@dd
regions which are ferromagnetically ordered. In Fig. 2 two
gruent melting point was found ax=0.35 and T  typical M(T) curves of a stoichiometric and an Fe-rich
=1415°C2 This indicates that the range of homogeneitysample are compared. For both curves, starting from high
and the congruent melting point of tf@14 structure sub- temperatures, the magnetization increases to a local maxi-
stantially depend on the preparation metiiedy., annealing mum which is pronounced for the stoichiometric sample and
time, etc).810-12 much less so for the Fe-rich sample. The temperature of this
The first complete description of the magnitude and thenaximum is identified as the ordering temperatiig of
alignment of the magnetic moments on the different symmeantiferromagnetically ordering regions in the samples.
try sites within the unit cell were given in 1992 by Brown Equally pronounced for the stoichiometric sample is the sub-

et al3 The configuration corresponds to an anisotropic col-S€gquent drop of the magnetization to a local minimum which

linear antiferromagnet as shown in Fig. 1: the magnetic molS dué to increasing AF order in the sample. The onset of the

ments are stabilized on the Fé{)6sites and are aligned par- $ﬁ.feése OM(T) at L()Jwerltimdp?raiures IS me?.surltad'ﬁs(/j. .
allel to the c axis in a staggered fashion; the magnetic IS Increase can be related 1o ferromagnetically ordering
regions. Consequently, the minimum betwééhand Ty is

S ik 13
moment amounts tey| = 1.4ug atT=4 K. The molecu-  qe to a superposition of a FM and AF magnetization curve
lar field on the Fe(2) sites cancels due to site symmetry. anq T+ js a measure for the ordering temperature of ferro-
Thus, no ordered moment on these sites is found for thghagnetically correlated regiond.For the iron-rich sample
stoichiometric compound. In off-stoichiometric compoundsthe ferromagnetlike increase is more distinct than for the
the excess atoms substitute on antisites. In this case, the sy®toichiometric sample. Additionally, a background magneti-
metry is disturbed and nonzero magnetic moments are foungation persisting to the highest temperatures measured is to
on the Fe(2)- and the Fe-substituted Ti}sites’* The  be noticed.
overall alignment of the moments is then ferromagnetic.

B. Influence of the sublattice order

II. MAGNETIC PROPERTIES The influence of the sublattice order on the magnetic
o properties is demonstrated in Fig. 3. The magnetization data
All magnetization measurements of the samples were peif two samples with nearly the same composition but a dif-

formed with a SHE rf-SUperCOﬂdUCting quantum interferenCQQrent degree of sublattice Ordénduced by different depo-
device (r-SQUID) magnetometer. All temperature- sition temperaturés are compared. For the well-ordered
dependent magnetization curves presented in this sectiatample, the local maximum di, and the increase at lower
were obtained during cool down of the samples in an extertemperatures is visible, as described above. In contrast, for
nal magnetic fielduoHe=9 MT from T=285K to T  the less-ordered sample only FM behavior is found. This was
=5 K. The magnetic field was applied in the film plane, i.e.,checked for several sample pairs. The Curie temperature of
perpendicular to the axis which is the axis of easy magne- the less-ordered sample is elevated as compared to the well-
tization in bulk samples. ordered sample. Since the sublattice order is reduced in large
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FIG. 3. Comparison of the magnetization data for films prepared F!G- 5. AM=M(T=5 K)-M(T=285 K) taken from Fig. 4.
at substrate temperatufie .= 890 K with reduced sublattice order AM can be assumed to be proportional to the volume of ferromag-
(full circles) and at the optimized temperatuFe = Top= 1100 K _netllke regions. The shadeq area represents the range of homogene-
with good sublattice ordefopen circle. The arrow indicates the Y- Dashed lines are to guide the eye.
position of Ty, for the sample prepared @, .

the AF and FM contributions can be distinguished. In the

regions for samples prepared at lower temperatures, thesange about the stoichiometric composition the maximum
regions are predominantly FM and the Curie temperature foformed atT is very distinct. On decrease wthe maximum

these regions is increased. is reduced and remains only faintly visible at the iron-rich
boundary of the ROH. For samples with% the same be-
C. Magnetic phase diagram havior is observed, but the FM contributions appear less pro-

In Fia. 4 th d d o nounced. In contrast to the samples at the Fe/Ttheuind-
n Fig. 4 the temperature-dependent magnetization curve, ry, for the samples at the Ti-rich side the maximuni gt

of a_ltl_ san};_)rlfs a(rjeTshowr} n f[:_ompg(nsFon. 'TIS IS ev'dini’hth?emains clearly visible. We deduce that the ratio of the AF
position o andly 1S a function oix. -or all Curves, bo and FM contributions strongly depends on the composition,

too.
] ' ' X=0.2'35 ' ' ] A qualitative determination of the volume fraction of the
5 |2 ferromagnetlike regions in the samples was achieved by
6.0x10" comparing the magnitude of the magnetization at lowest
— temperature. In the present case the excess magnetization,
E 4.0x10° which is the difference between the magnetization at low
i‘:,_ ] temperatures and the background magnetization at high tem-
E‘i’ — peraturesA_M =M(T=5 K)—M(T=285 K), is _assum_ed to
' be proportional to the volume of ferromagnetlike regions. In
Fig. 5 AM is plotted as a function of the composition. A
0.0- pronounced minimum is observed at the stoichiometric point
2 0x10°1 ?ndicati\_/e of th_e _Iargest contributiqn _of AF_regions. Wi_th
’ increasing deviation from the stoichiometric composition
5 | <m AM grows, indicating an increasing volume fraction of fer-
== 1SX10 romagnetlike regions. The volume increase of FM regions is
< s | strongly pronounced for the Fe-rich samples whereas it is
v51 -0x1071 found to be moderate for Ti-rich samples. At either boundary
S ] of the ROH a maximum oAM, and thus the FM volume, is

found. For off-stoichiometric samples outside the RQH
decreases. This effect is pronounced for the Fe-rich samples
0.0 t+————T 71— and must be related to a structural change in the samples
0 50 100 T15K0 200 250 setting in at the ROH boundaries. For the Fe-rich boundary
(K) spontaneous segregation of Fe was fotind.

FIG. 4. Overview of the temperature-dependent magnetization From the data of F'g' 4 the Char"%Cte”St'c temperatlires .
curves of the epitaxial (09-grown sample series. The applied @nd Ty were determined. They define the phase boundaries
aligning field wasuoHeq=9 mT. The curves are labeled with the Of @ magnetic phase diagrahfx) which is shown in Fig. 6.
respective Ti concentration The vertical curves indicate the posi- In the ROH four regions can readily be identifiedl) a
tions of Ty. The relative magnetization values are to scale, butparamagneti¢PM) region at high temperature&?) an AF
offsets were added to facilitate comparisd@i. for small and large ~ region, in which the ferromagnetlike contributions are para-
x appears more distinct at appropriate scaling. magnetic, and3), (4) FM*/AF and AF/FM coexistence

5.0x10" -
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: ' .« the constanfT* in the Fe segregation region is due to a
250- o d PM | 4.5 ] constant minimum cluster size. On the Ti-rich side, the in-
sertion of FM impurities caused by Ti atoms on antisites is
accompanied by a degrading crystalline coherence and leads
to the formation of a less pronounced maximum. Again, be-
yond the ROH boundary* remains constant.

In contradistinction to the present thin film magnetic
phase diagram deduced from data taken for a small aligning
field of ugHe =9 MT the available magnetic phase diagram
for bulk sample$ was taken in a large magnetic aligning

- H,,.=90 Oe field of woHey=1 T._Fgr the bulk samplt_as different regions
024 028 032 036 040 044 of FM, AF, and coexisting AE/FM grder, in broad correspon-
X dence to our results, were identified. However, for the Fe-
rich region a pronounced increase Bf with decreasing

FIG. 6. Magnetic phase diagram of,fre;_, (00/)-oriented ep-  was observed. This is most likely caused by a segregation
were deduced from the data of Fig. 4 as indicated in Fig. 2. Thgyy virtue of their magnetic signature at high temperatures for
shaded area represents the range of homogeneity. a set of samples analyzed by Wassermahal® This net-

. : . _ . . work will be aligned by the large magnetic field; its coupling
regions on the Fe-rich and the Ti-rich side, respectively, i, e FMC14 regions may then cause a significant increase
which a combined AF/FM behavior is found. of T*.

WebD”cgie that the thin films’ &g temperatures are lower — yoraqver, for all temperatures below the PM region about
thanT\"=275 K of bulk samples.This is probably due t0 he stoichiometric composition, a purely AF state exists for

a finite-size induced reduction of critical temperatures. Thgng pyik samples but no pure AF phase was found for the
detailed shape of the magnetic phase diagram is caused by #{in fiims. In the bulk samples Fe segregation may locally
intricate interplay of dilution and coherence. A maximum of .o quce the Fe concentration of tBd 4 phase and favor AF
Ty is formed with a monotonous decrease to either sidg>14 formation, which may explain the different behavior.
within the ROH. This decrease 3} is caused by a dilution ' The stryctural analysis of the epitaxial thin films gives no
of the AF matrix due to Fe or Ti antisite occupation. The hints for Fe precipitates in the range of homogeneity and is
maximum of Ty should occur at the stoichiometric point. s assumed to reflect the intrinsic properties gE@j_ in
Nevertheless, we observed a shift to the Fe-rich region. Sincge c14 stability range. This is in contrast to the bulk phase
Ty is also determined by the degree of crystalline coherencgiagram whose interpretation suffers from the poorly defined

in the samples, the enhancement of epitaxial single crystajnfyence of Fe precipitates on the magnetic properties.
line growth in the iron excess region, as discussed

elsewheré, competes with the reduction dfy as a conse-
qguence of the dilution.

T* exhibits a more complicated behavior which is domi-
nated by clustering FM regions. Generally, in contradistinc- A. Suggested model
tion to results obtained on bulk sampfe$? is found to be
significantly lower tharTy in the whole compositional range
covered by the thin film experiments. For the films this lead
to the assumption that th@14 phase forms a well-stabilized

I1l. MICROSCOPIC MODEL OF MAGNETIC PHASE
SEPARATION

In the previous section a composition-dependent transi-
tion from predominantly AF behavior at the stoichiometric
Spoint to AF/FM coexistence behavior for off-stoichiometric

. . L . Lo compositions was deduced for the epitaxial thin films. In the
antiferromagnetic matrix in which contributions of ferromag-

. . - . model suggested here, this transition is caused by a dilution
netic C14 phase impurities with reducéit are embedded. ¢ i antiferromagnet by an increasing number of ferromag-

isites breaki h f1h '+ cell rW?\tically coupling impurity sites forming FM clusters. In this
;)n agt;snei reaking e@mgw of the unit cell, as Wagontext, the FM coupling is induced by the substitution of Fe
ound In other experiments. on Ti antisites or Ti on Fe antisites, disturbing the symmetry

At th_e _stoichiom*et_ric point of the present phase diagram gy e nit cell. The strong influence of this quenched disor-
local minimum of T* is observed. This is assumed to be dueder on the magnetic properties is thought to be a generic

to the predominant formation of the AF matrix in conjunc- feature of TiFe, ,. In the following, a Hamiltonian is sug-

tion with small-sized FMC14 phafse clusters which may gested which considers this formation of ferromagnetically
form a random network. On reduction xf not only the FM .coupling impurity sites with deviations from stoichiometry.
network becomes more dense but the crystalline growth is |, e suggested model a lattice site of the simulation
also improved. A pronounced maximum ®f is formed at  qresponds to half the unit cell of the real crystal along the
xT:naX%OBl. Since the unit cell volume decreases linearly. girection which we assume to be parallel to thexis. The
towards the Fe-rich boundary of the RGH, segregation- coupling between these lattice sites may then be antiferro-
free substitution process as a functionxofan be assumed. magnetic or ferromagnetic along thexis. Thus, two differ-
The decrease of* for x<<0.31 must then be related to a ent types of lattice sites are to be distinguished in the model:
reduction of the average FKI14 cluster size. Consequently, A sites corresponding to the AF stoichiometric composition
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the distribution is homogeneous. The relative occupation

i I i probability p of the lattice with typeB sites for a giverc;}
A is then
-« B |« A ; > A e A [ L
AA.xy
i i‘]AA.z I‘IAB.Z i pP= N Z Ci. (1)
> > > > —>
7 £ 2 e L A N is the overall number of lattice sites. We assume a next-
I IJAB.Z IJBB.Z I neighbor Ising-coupling of the sping;=+1. The general
> B | B > B e A > - Hamiltonian for the model with spin configurati¢m;} in an
1 I BB 1y I I external magnetic fieltH is then given by

H{oi,ciy=— > [(1—c)c;dap+Ci(1—¢))Jpa,

(L.0)2
+CiCj‘]BB.Z+ (1_Ci)(1_cj)JAA.Z]Uin

FIG. 7. lllustration of the coupling constants as introduced in the
diluted antiferromagnet model. The antiferromagnetically coupling
sites are denoted b4 and the ferromagnetically coupling sites by
B. The coupling is indicated by arrows. The figure shows a 2D cut

through the 3D lattice. —<_Z> [(1=ci)CjdaBxyt Ci(1—Cj)Ipaxy
L1 xy
andB sites for the FM off-stoichiometric composition. The +¢iCjJaxy T (1=C)(1—C)Ianxyloio;
sites couple antiferromagnetically indirection with A sites
. - . )
(coupling constantisp ,<<0) and ferromagnetically wittB _MOMBHZ o, )

sites Jag.z,Jsa>0). The in-plane coupling oA sites with

either kind of sites is always FMJ{axy>0, Jagxy>0, L o

Jeaxy>0). B sites couple ferromagnetically with sites in The summation indicated by the indicgisj) is limited to

X, y, andz directions (gg,>0, Jgg,,>0). One possible next ne|ghb_ors. Vidc;} .non—homogeneous dlstr|bu_t|ons of

configuration is illustrated in Fig. 7. In this way, the antifer- férromagnetically coupling sites may also be realized, e.g.,

romagnetically layered structure of the Faj6atom (see ClUSters. From symmetry we nodga;=Jag.i (i =xy,2)x.

Fig. 1) is reproduced if the lattice consists only Afites, as Equation(2) is inspired by the Hamiltonian commonly

depicted at the top of Fig. 8. The off-stoichiometric compo-used for the smulanon of systems with quenched random-

sitions correspond to a partial occupation of the lattice with€SS, Such as binary alloys prepared from the fidh. the

B sites, as illustrated at the bottom of Fig. 8. present case, for the internal energy calculations the mag-
We assume that thA and B-site occupation occurs ran- netic moment of a single spin was set|to,|=1ug.

domly. An occupation variable; for each lattice sita is

introducedc;=0 if the sitei is of typeA andc;=1 if it is of B. Simulation

type B. The predetermined probability distribution of the

configurations {c;} is denoted P{c;}. Typically, P{c;}

= 1/N{Ci} if Ny, is the number of possible configurations and

The model described in the previous section was taken as
a basis for classical Monte Carlo simulations employing the
Metropolis algorithm® on a 3D Ising-like lattice with dimen-
sions LyXLyXL, (Ly=100, L,=100, L,=10). Random

ATIATIATIATIATIATIAT numbers were generated by the R250/R521 generam-
cording to the definition op [see Eq.(1)] an exact fraction
AlLJAL[AL[AL[AL]AL]AT pL,L,L, of lattice sites is occupied by ferromagnetically
ATIATIATIATIATIATI AT coupling impurity sites, representing the quenched random-
7\ ness of the system. All simulations were performed in ther-
Allallallal]lal]lal|aT mal equilibrium which was checked by the analysis of the
atlatltattatiattatiar autocorrelation function in long-time runs as a functiorpof

andT. The number of subsequent Monte Carlo stgdE€S)
1 1 1 1 1 1 1 necessary for relaxation of the spin lattice from its initial
AllA e AT|B AV |B state was found to vary from>310* MCS at high tempera-
BTIALIATIBLIALIALIAT tures to 2000 MCS at low temperatures. The mean value of
the order parametevl (T) at a given temperature was deter-
AT|BL|AT|BI[AV|BT|AT mined from the average of 1000 subsequent Monte Carlo
BlL|ATIATIALIALIBL|BT steps in the relaxed state yielding a sufficiently small error.
For all data points a relatively large magnetic aligning field
AT|BL|BT|AT|BL|AT|AT of ugHex=10 T was applied since the relaxation time sig-
FIG. 8. Lattice configuration for the diluted antiferromagnet hificantly decreases for increasing magnetic field. However,
model. Top: Occupation probability=0 in the AF state. Bottom: the large aligning field was not found to significantly alter
p=0.4 with a random orientation of the spins. See text for detailsthe shape of th&1(T) curves and the characteristic ordering
The figures show a 2D cut through the 3D lattice. temperatures since the Zeeman energy is still small as com-
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TABLE |. Standard coupling constants determined from heuris- 0.5

—0—0—0—0—0. T T T

tic principles(see text for details | \O\O p=0.2875 | |

Xy z 0.4 1 i
AA 11.9 meV —2.0 meV
AB 5.0 meV 2.0 meVv 039
BB 5.0 meV 2.0 meV g T

S 0.2
pared to the chosen coupling constants. All simulations were ]
performed using periodic boundary conditions. 0.1+
First, the large number of parameters must be reduced t

an appropriate subset of physically relevant parameters. The =~ . . _ . : . _
magnitude of the coupling energies_ can be _expected to be il 0 100 200 300 400 500
the range known for simple magnetic materials. The relevani T(K)

parameter space was ;ystc_ematically sc_reened for agreementFIG' 9. M(T) and spin structure fap=0.2875. The 3D images
of the resulting magnetization curves with the experimentaly,, 4 combined view of the spin configuration from top, front and
data(see Sec. )l In order to obtainT* <Ty, as observed jge with averaging about the viewers direction, which is mapped to
experimentally, the in-plane coupling constadig .y and  a gray scale. The axis has been rescaled. As can be seen, FM
Jeexy have to be reduced with respect d@axy- AF/FM  domains are formed at the onset of ferromagnetism and maintained
coexistence behavior was only found for weak couplingto low temperatures. The shape of tdT) curves strongly varies
along the anisotropy axisee Table)l for different simulations with identical configuratiofis;}.

Due to the quenched randomness introduced by the addi-
tional random variabldc;}, which is kept fixed during the crease of the lattice size was found to not significantly help
simulation, an additional averaging has to be carried out overeducing the necessary multiple curve averaging by self-
the distributionP{c;} of {c;} (Ref. 19 averaging. As is known from the analysis of the order param-

eter aboufT¢ for systems with quenched randomnég8 a

1 lack of self-averaging occurs. This was also found for the
[(M{Uij,ci}h]av:f d{Ci}P{Ci}mTrai(M{Ui Ci} present model.

Xexd —H{o;,ci}/kgT]) 3 C. Comparison of simulation and experiment

with the partition functionZ{c;} of the configurationgc;} In Fig. 9 a representativ®l (T) curve of a sample simu-
and the spin configuratiodsr;}. The squared brackets on the lation for p=0.2875 and randorfc;} is shown, in conjunc-

left indicate this additional average over the}, whereas tion with the corresponding spin structure at various tem-
the thermal average is indicated by the subscFip€onse- peratures. Starting at high temperature a paramagnetic region
guently, several magnetization curves with constarttut  with completely disordered spin structure is found. Despite
random {c;} were simulated, i.e., Metropolis importance an increase of the induced magnetization, no significant or-
sampling was performed for the thermal average )t and  der is seen in the top view on approachifg=257 K. Nev-
simple sampling for the configuration averdge - ],,. An-  ertheless, the side views already reveal the onset of a lateral
other problem is generated by multiple near-degeneratepin order with alternating planes. At the local minimum
minima of the free energy as is also found for spin glasées. (T*) the AF structure appears very distinct in the side views.
The relaxation to the absolute minimum is very slow at lowIn the top-view large regions with increased brightness indi-
temperatures and the necessary computation time thus beate large net magnetizations due to FM clusters. Further
comes very large. However, the double averaging describedecrease of the temperature causes these regions to stabilize.
above and performed by averaging over multiple magnetizafhe easy alignment of the ferromagnetically ordering regions
tion curves may also help to find the absolute minimum. Inby the magnetic field results in a further increase of the
the present simulations an average over ten simulated magy¥ightness. From the side views it can be seen that these
netization curves with different randoft;} at constantp ~ domains are virtually two dimensional. At the lowest tem-
was found to sufficiently reduce the standard error of theperatureT=0.1 K the whole lattice is separated into FM and
arithmetic mean value which represents the absolute miniAF domains. It is noteworthy that the FM domains stay fixed
mum of the free energy. Finite size effects were analyzedt the position where they were initially formed. Finally, the
briefly by examining the behavior of larger lattices up todomain structure for a given configurati¢g;} and thus the
200X 200% 20 lattice sites. Within the limits of the given low temperature magnetization varies from simulation to
temperature resolution no deviations of the general shape simulation, caused by the multiple minima energy landscape.
the curves were observed. For the classical Ising system it is The simulation data for varioysvalues are shown in Fig.
known that for the examined lattice sizes finite size effectslO. For O<p=0.26 antiferromagnetic ordering was observed
alter the shape of the magnetization curves only marginallgxclusively (only p=0.26 showh The transition from pre-
with respect to the analytical solution. Furthermore, an in-dominantly AF to FM behavior sets in at>0.28, indicated
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FIG. 10. Arithmetically averageM (T) of ten simulations with
different{c;} but constanp. The error bars are the standard error of
the mean value.

Ap

FIG. 12. Simulated phase diagram with the characteristic tem-
peratures determined from the data of Fig. 10. To facilitate a com-
parison with the experimental dataee Fig. & the characteristic
temperatures were drawn symmetrically to either side of the dia-
by a pronounced increase BF(T) at lower temperatures. At gram for the simulation data. The phase identities for the simulation
p=0.31 the magnetization data exhibits an almost FM shapéata were chosen in correspondence to the naming chosen in the
and is completely saturated beldlw= 100 K. The width of  analysis of the experimental data.
the transition isAp=0.03.

As can be seen in Fig. 11 the shape of the experimentaialue of the experimental data fer=0.32 wherea3™* of the
M(T) curves with the local maximum &fy and the local simulation seems to be slightly larger for=0.34. It has to
minimum atT* is reproduced for the nearly stoichiometric be noticed that the slope at the onset of ferromagnetism is
composition atx=0.34 and the iron-rich composition at  larger in the simulations which is due to the simplifying as-

=0.32. The ratio offy andT* is equal to the corresponding sumptions of the Ising model.

D. Comparison of the phase diagrams

Horm (7D UNItS)
00 02 04 06 08 10 1.2 As dgtailed in Sec. IIC, a r_nagnetic phase diagram was
1.2 L ' L L . . determined from the characteristic temperatures observed in
w the M(T) data of the epitaxial samples. We now compare
T 1.0 rmmie this experimental phase diagram to the simulation results.
= 08- From the simulation data of Fig. 10 the critical temperatures
g ' Ty and T* were determined in accordance with the proce-
~ 064 dure used for the experimental data. The resulting phase dia-
£ gram is depicted in Fig. 12Ap denotes the deviation from
= 044 o 02 - p=0.26 which corresponds to the larg@stalue generating
—op=0.285 (Sim.) a purely AF curveAp=0 is identified with a stoichiometric
02 —————————— TiFe, sample exhibiting a minimum amount of disorder. Ac-
1.0 ey : ' ' ' cording to the symmetry properties of the present model and
w to facilitate a comparison with the experimental data of Fig.
= 0.8- . . i
c 6 the determined critical temperatures are drawn symmetri
> . . . .
S 06 cally to either side of the diagram. The corresponding phase
~ i names, as identified for the experimental data, were added to
TE 044 the diagram.
g p——— If it is assumed that the variable{ 3) of the experimen-
= 0.2 —m=e-028sim tal data corresponds tp of the simulations we are able to
. —O—p=0.295 (Sim.) . .
- - i . . compare both phase diagrams. The overall behavioF*of
00 02 04 06 08 10 1.2 and Ty is reproduced well by the simulations for 038
T ... (arb. units) <0.38. An absolute maximum of is observed in this

norm.
FIG. 11. Comparison of simulated and experimental magnetizal@nge. The absolute minimum @f is found consistently at

tion data. Top:M(T) taken from two different samples wite  (X=3) corresponding td.p=0. The decrease dfy and the
=0.34 compared against the=0.285 curve of Fig. 10. Bottom: increase off* with increasing impurity concentration is also
M(T) taken from a sample wit,k=0.32 compared againgt  reproduced by the simulations.

=0.29 andp=0.295. The curves were rescaled to facilitate com- Nevertheless, the simulated phase diagram also shows
parison. significant deviations from the experimental. Considering the
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limitations of the underlying model these deviations can be Based on the magnetic properties of the thin films and the
explained by the complex growth-related effects. For the Tiresults of the Monte Carlo simulations we conclude that the
rich region (corresponding to positivé\p in Fig. 12 the  magnetism of the TikEesystem is mainly driven by magnetic
experimental temperaturd$ and Ty are significantly lower phase separation which is induced by inhomogeneities in
due to the reduced crystalline coherence of the samples. Theructure and/or composition. The energetically near-
shift of the maximum ofTy with respect to the stoichio- degenerate AF and FM ground states of JiFender this
metric point of the experimental phase diagram is growthsystem highly susceptible to such a phase separation sce-
induced as well. Outside the range 0s30<0.38 the prop- nario. Even if it is possible to prepare structurally phase-pure
erties of the film growth influence the critical temperatures ofsamples, as shown for the epitaxial thin films, it remains
the thin film phase diagram in a very complex manner. Thequestionable whether magnetically phase-pure material can
observed increase afy in the simulations for largé\p is  be obtained. Naturally, these conclusions may be valid not
most probably an artifact of our method to determifig  only for TiFe, but also for other magnetic compounds exhib-
which shifts the nominal’y to larger values for largép. iting a magnetic instability due to a near degeneracy of mag-
Finally, T*>0 K for x~3 indicates that a minimum netic states.
number of FM clusters is always present in the epitaxial The presented simulation results propose a static magnetic
samples, either induced by growth defects or by unavoidablphase separation driven by magnetic impurities of a prede-
small fluctuations of the deposition rate. Significant FM con-termined concentration fixed to the lattice. However, these
tributions in the simulation data are only seen abqve results do not rule out that the magnetic “granularity” of
~0.285. Ti,Fe,_, may have aspects of a dynamic phenomettofr,
as was predicted for diluted ferromagnets in the context of a
IV. CONCLUSION Griffith phasé?! If this were the case, the magnetic phase
o ) separation would be generated by fluctuating AF/FM spin
The present work has shown that it is indeed possible t@|ysters. Spin-polarized STM measurements could then be
overcome the preparational difficulties of TiHeulk samples  employed to determine the degree(gfiasjstatic magnetic
by the alternative approach of epitaxial thin film preparation.phase separation in TigeAlternatively, fast probes, such as
This approach enhances the range of homogeneity of thgpin-polarized magnetic neutron scattering, could give in-
C14 phasé.In view of the magnetic phase diagram derivedsjght into the degree of dynamic phase separation. This has
here for phase-pur€14 samples, the magnetic phase dia-tg remain for future resolution.
gram for bulk samples, as suggested by Wasserreaah,®
may be significantly influenced by impurity phase segrega-
tion. The thin film phase diagram established in the present
work, corrected for thin-film specific signatures, can be as-
sumed to be applicable to phase-p@#4 bulk samples as The authors wish to thank the MWFZ Mainz for financial
well. Nevertheless, it might be impossible to prepare suctsupport and Dr. W. PauMainz) for advice with the Monte
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