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Magnetic ordering in the three-dimensional site-disordered Heisenberg model
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Monte Carlo simulations have been carried out on a simple cubic ferromagnet with nearest-neighbor inter-
actions. In order to model the effects of site frustration, a fracfi@f the sites are occupied at random by
moments that couple antiferromagneticdyF) to their neighbors. When the concentration of AF sites is less
than ~%, the system has one magnetic transition from paramagnet to ferromagnet at a critical temperature
T.. For f>% the system exhibits a second distinct ordering event at a lower tempefig{jravhere the
transverse spin components freeze out leading to an increase in total spin length TRetbe system is in a
mixed state, in that the components of the spins are ferromagnetically ordered while the transverse compo-
nents exhibit AF correlations. The approximate magnetic phase diagram for our model is consistent with
experimental results on site-disordered systems such as,Gd,S and Fg_,Mn,Si.

I. INTRODUCTION for 0<f<0.25. For allf#0 the critical temperatur&. is
less thanT, (the critical temperature for the pure Heisenberg

Experimental studiés® of partially frustrated magnetic mode). For f>0.25 no FM phase can exist and the low
systems have demonstrated the existence of transverse sp@mperature phase is a disordered state which possess some
freezing at a temperaturg,, below the ferromagnetic tran- spin-glass-like properties’ Below T,y the average spin
sition. This phenomenon is found in systems such agength and the magnetization were found to separate, as in
a-FeZr,_, (Ref. 1 and Au_,Fe.> Mossbauer the experimental systems. From finite size scaling arguments
spectroscopyshows that abové,,, the local spin length as it was shown that the transition &t belongs to the Heisen-
a function of temperature coincides with the magnetizatiorberg ferromagnet universality class for the rangd aftud-
M. However atT,,, while M changes smoothly as a func- ied. The ordering event at,, was short range, and no true
tion of temperature without any abnormal behavior, the locaphase transition occurred. Furthermore, there was no loss of
spin length abruptly increases. It is believed that this behavFM order when the transverse spin components froze. For
ior reflects the freezing out of transverse components of théhis model the Monte Carlo results of the spin behavior at the
spins, as follows. The magnetic hyperfine fiddg; at the T, line were qualitatively similar to that on the FM-1
nucleus is approximately proportional to the ordered momenphase boundary in the mean-field mo8ellthough in this
on the atom, independent of the direction in which the modatter case the line marked a true thermodynamic phase tran-
ment points. Thus when ferromagnetiéM) order appears sition.
belowT., and the transverse components precess rapidly so The bond-frustrated model clearly describes transverse
as to time average to zero, the effective spin length measurespin freezing in systems such as~g,Zr,_,, where there is
by Mossbauer spectroscopy follows the same temperaturenly one magnetic species, and the magnetic interactions are
curve as the order paramefdr measured by magnetization. determined by nearest-neighbor distances. However, there
Below T,y, if the transverse components freeze out in ran-are other magnetic systems for which this model is not ap-
dom directions, their sum remains zero and thus the ordepropriate. Two examples are EyGd,S (Refs. 9,10 and
parameter does not exhibit any abnormal behavior. HoweveEe;_,Mn,Si,** in which a spin-glass-like phase is induced by
the local spin length does increase since the frozen transversée disorder. For small values &fthe systems remain fer-
components now contribute. This leads to an abrupt increasemagnetic with some reduction i, ; however, further sub-
in the measured hyperfine field af,,. T, can be stitution leads to the development of a second transition
determined as the point wher®,; andM start to be differ-  (which we denoteT,,), below T, to a state with irrevers-
ent and the order becomes noncollinear. ibilities reminiscent of a spin glass. The two transitions

In a recent papérwe examined transverse spin freezing merge with increasing to yield a spin glass, while the fully
and the critical behavior of a bond frustrated, three-substituted material§GdS and MgSi) are both antiferro-
dimensional Heisenberg model designed to replicate thenagnetic. As has been the case with the bond-frustrated sys-
physical situation in the experimental systems discussetems described above, the behaviorTg in these site-
above. In this model the frustration was introduced by re{rustrated materials has often been described as being either
placing a fraction {) of the FM exchange bonds by antifer- “reentrant” with the FM order transforming to a spin glass,
romagneticdAF) exchange interactions. The system containsor, in AF-dominated compositions, due to the freezing of FM
some degree of frustration for dlk=0. The model was in- clusters in an AF matrix. Since the phenomenology appears
vestigated using standard Metropolis Monte Carlo simulasimilar to the bond-frustrated case, it is of interest to inves-
tions and the results were in semiquantitative agreement wittigate whether there are any differences in the details of the
experimental finding$.Transverse spin freezing was found ordering in site-frustrated systems, particularly in the behav-
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ior at T,, which is driven entirely by the presence of the f>q~! the presence of AF-AF pairs in the FM matrix will
frustration and might be expected to be sensitive to the marlead to frustration and transverse spin freezing. Furthermore,
ner in which the frustration is introduced. concerning the transverse spin freezing phenomenon, the
The purpose of this work is therefore to investigate themodel is symmetric irf: exchanging one site in either of the
behavior of the site-disordered Heisenberg model usingure systems does not generate any frustration until we have
Monte Carlo simulations, looking especially at the transversexchanged two neighboring sites. We therefore expect the
spin freezing phenomenon. Theoretically, site disorder casystem to exhibit similar behavior &tand 1-f. On aver-
be introduced by replacing a fractidnof FM sites by AF  age, frustration should set in & q~ ! on the FM side and at
sites. In contrast with the bond-disordered model, no frustraf=1—q ! on the AF side.
tion is expected iff is small. However, at larger values bf The model with site disorder was investigated using the
when there are nearest-neighbor AF sites in the system, thstandard Metropolis Monte Carlo method. A three-
competing interactions will lead to frustration and change thadimensional system of*8spins on a simple cubic lattice was
magnetic behavior. We have computed the quantities relateiditialized with high temperature configuratiotsThe sys-
to transverse spin freezing, and our conclusion is that fotem was then annealed via 25 temperature intervals to a low
values off up to ~0.17, no transverse spin freezing is temperature of 0.005,. At each temperature, statistical av-
found; beyond this value we observed freezing. At lafge  erages of relevant physical quantities were taken. A calcula-
“mixed phase” is observed. This state is characterized bytion of the relaxation time for temperatures away frain
coexisting FM and AF order. We have traced g line and  revealed that about 2000 Monte Carlo steps per 84i@Ss
mapped out the global phase diagram of this model in thevere needed to reach equilibrium at such temperatures, while
f-T plane. Comparison with experimental systems shows exa larger number of MCSs were needed closeT towhere
cellent agreement with the predictions of the site-frustratecritical fluctuations become important. After the system
model. reached equilibrium, statistical averages of physical quanti-
ties were collected over 4000 MCSs. We found that fluctua-
Il. THE MODEL tions in the energy were indeed Gaussian distributed for
_ 4000 MCSs indicating that our choice of the number of steps
We consider a system of classical Heisenberg sfns, was reasonable. Finally, results for 10 different realizations
on a simple cubic lattice in zero magnetic field. The Hamil-of the site randomness for a givdnwere averaged. The
tonian is given by values off used in the simulations ranged from 0 to 1 and
we were thus able to calculate the entire magnetic phase
o diagram for the system.
H=— % JiiSS; - 1) In order to investigate the behavior of the transverse spin
components, we need to keep track of the transverse spin
Here J;; is the exchange interaction between nearestplane in the system. This can be done in the following two
neighbor spins on lattice sitésand j, respectively. We in- ways. (1) Applying a small external field removes the rota-
troduce site disorder into the system by replacing a fradtion tional invariance of the Hamiltonian and one may then take
of FM sites by AF sites. This is achieved using three possibléhe direction of the external field as a fixedaxis in the
values forJ;; : Jgr representing the interaction between two system. This is commonly used in experiments. For numeri-
FM sites,J ¢ representing the interaction between a FM andcal calculations this external field needs to be of the order
an AF site, andl,, representing the interaction between two 0.05) in order to keep the magnetic order fixed in spéaed
AF sites. Thus a FM site is replaced by an AF site if thethus to define a meaningfal direction. However, the cou-
nearest-neighbor bonds are changed appropriately. In the cgiling constantl in a system such as Eu, Gd, S is of the
culations we usedgr=+J, Jpa=—J, andJan=—J. This  order 150 T(Ref. 13 and thus even at 0.05the external
choice was made for simplicity, and is partially justified by field is actually quite high(2) The z axis may be defined as
the experimental observation of reentrance in site-frustratethe direction of the bulk magnetizatidine., either the FM
systems withJge=—Jga .2 The values for the Curie tem- order parameter or the AF order parameter depending on the
perature of the FM Heisenberg moddl<0) and the Nel ~ value off).* With this definition of thez-axis, the transverse
temperature of the AF Heisenberg modék(1) are identi- plane(the xy plang is also specified. We have used method
cal, T,=1.44). (2) here to avoid any effects of externally applied field, and
With this choice for the values fal;; we expect the fol- o eliminate the complication of having to apply a staggered
lowing basic magnetic phase behavior for the model. When #eld in the AF-dominated half of the phase diagram.
FM site is replaced by an isolated AF site, the average FM We compute a time average of the spin components and
coupling of the system is reduced. Therefore the FM transiof the square of the transverse spin components at each site,
tion temperature is expected to be lower thgp. This is 1€,
true for all values off #0. On the other hand, replacing an .
AF site with an isolated FM site does not change the average = 1 2 §(T,)
AF coupling of the system since the two coupling constants o
are equal:Jap=Jpa=—J. We expect this to be true until
FM-FM pairs start to appear, which will be a
f=f,=1—q %, whereq is the coordination number of the 1.7
lattice. Beyond this pointf(<f,) FM-FM pairs will reduce mfF‘E [Si(7')2+ Siy(r’)z],
the average AF exchange strength ahg will fall. For Tr=1

!
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where, as mentioned above=4000 Monte Carlo(MC) the FM order paramete¥;, calculated as the sum of all
steps. From these local quantities the following spatially av-spins, is reduced by 24%= 2Xx 12%) atT=0, as observed
eraged quantities are extracted. in our data. We note also that the FM transition temperature
(1) The root-mean-square spin length T. has shifted to a lower value.
Up to f~0.17, the behavior is similar to thie=0 case,

B 1% — = 4 but as we increase the site disorder further, features start to
S”“S__i:l (my - m;) ™= appear. Figure (t) shows the data fof=0.18. Here we can
see thatQ,, becomes nonzero at a low temperatdrg, .
(2) The bulk magnetization Since Q,, measures the time-averaged length of the spin
N components in the transverse plane, a nonzero val@@, pf
1 2 — | signals the freezing out of that component. In this situation
Mf_ﬁ = m|; Q, , the mean square of the spin projection ontlgeplane,
o remains nonzero a approaches 0. Hence as we expected,
this is the order parameter for the FM phase. transverse spin freezing is observed around the threshold
(3) The staggered magnetization value for the appearance of AF pairsfat0.17. This behav-
N ior is quite different from that of the bond-disordered system,
M= E 2 Vrﬁ),’ where any finitef gave rise to transverse spin freezfhin
N|i=1 the bond-disordered system, frustration may be induced by

replacing just one FM bond with an AF bond, whereas in the
site-disordered model, replacement of a single FM site by an
‘isolated AF site only decreases the bulk magnetization and
has no other effect. Frustration can only occur for the site-
disordered model when there are at least two neighboring AF
1 N sites. This occurs on average at a value giveri by 2, as
QL:_E mfi_ mentioned above. For the simple cubic lattice studied here,
Ni= g==6, and thus we expect frustration to appearffor0.167
h, as observed here. Finally, we note that the difference be-
tweenM; and S, below T is now nontrivial: atT=0 for
f=0.18 it is more than the 36% which would be expected

where.”” is a matrix with the symmetry of the AF structure
of the lattice. This is the order parameter for the AF phase

(4) The mean square of the spin projection on the
plane

This quantity measures the mean transverse spin lengt
(5) The xy projection of the time averaged spin compo-

nents . . . .
simply from reversed spins on AF sites. There is now a con-
1 N tribution from the noncollinearity associated with transverse
Qxy=NE (m?+ mizy). spin freezing, induced by the presence of frustration at this
i=1

concentration of impurities. As might be expected, the frus-

The last two quantities take into account ordering in tlye ~ tration atf=0.18 is weak and the transverse spin freezing
plane and may therefore exhibit the onset of noncollinearityloes not dominate the ordering, and the difference between

and transverse spin freezing in the system. Sims and M remains quite close to 36%. o
For higher values of, the features present in Fig(cl

become more pronounced. The increased frustration in sys-
tems withf>q~! makes it easier to freeze out the transverse
Figures 18)—1(d) showM¢, Syys, Mg, Q. , andQ,, as  spin components, andy, increases. At the same time&,
functions of temperature, for several values of concentratioshifts to lower values reflecting the decline in the average
f. Figure 1a) shows the pure FM casdé£0). As expected, exchange strength as the level of disorder is increased. In-
the FM order parametd¥ ; and the local spin lengt§,,;are  creased frustration also leads to larger transverse components
identical below the critical temperaturé. (=Ty in this  and thus a greater difference betwddn and S;,s. Figure
casg, as the system orders in a collinear configuration.1(d) shows the behavior dt=0.36.
Above T, Q, takes the value 2/3 since the spins are ran- Our results on the bond-frustrated model showed that the
domly rotating in three dimensions thus spending 2/3 of thephase transition &, was not destroyed by small amounts of
time in the transverse plane whe@e is computed. Below impurities® and we expect the same to be true of the site-
T., Q, decreases, reaching zero B0 as expected for frustrated system. This was checked using finite size scaling
f=0. Naturally the quantitQ,, is zero for allT whenf=0 analysis. We computed the susceptibil¢T,L) for systems
since there is no frustration and thus no transverse spin freepf various linear sizet at temperature¥ nearT_ for fixed
ing. f. From the finite size scaling ansafznearT, y should
Figure Xb) shows the data fof =0.12. As mentioned scale asy~|t|~ ?x(Lt"), wheret is the reduced temperature
above, this concentration is below the concentration needeaind y and v are critical exponents foy and the correlation
to form AF clusters and the AF sites are, on average, isolateléngth. For smaller system sizes the data were averaged over
in the FM matrix and thus do not generate any frustrationat least 15 realizations of the site disorder0.36. For larger
Indeed, the system behavior is essentially the same as thgstem sized =16 and 20 we used five realizations. The
f=0 case except that the bulk magnetizatibh;, is now critical exponents for the pure FM Heisenberg model in three
lower than the root-mean-square spin len@h,s below dimension&® were used. The data collapse shown in Fig. 2 is
T.. However, this difference has a trivial origin: the AF sites quite reasonable very close to the transition, indicating that
in the system simply order antiparallel to the FM sites, hencehe long range FM order below, is not destroyed at least

Ill. RESULTS
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up tof=0.36. Furthermore, since the critical exponents usednagnetic bondsall links to disorder sites are AFcoupled

for the scaling analysis were those of the pure Heisenbergith the requirement that AF-AF first neighbor pairs exist for

FM, the site disorder does not seem to change the universdrustration to be present, leads to behavior which appears in

ity class of the model. the antiferromagnetic order parametéf;, the staggered
Apart from the percolation related threshold for the onsetmagnetization. On increasirfgfrom zero,M ¢ remains zero

of transverse spin freezing, the results obtained for the bondat all temperatures until the threshold concentration for trans-

and site-frustrated models appear very similar. However, thgerse spin freezing is reached. Beydnd0.17, M, becomes

strong correlations between the locations of the antiferrononzero aff,,, i.e., the same temperature at which the trans-
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verse spin components freeze. Furthermore, the direction Figure 4 shows an estimate of the phase diagram for this
along whichM; is a maximum always lies in they plane, model. The phase transition lines from the paramagnetic
perpendicular to the magnetization. These observations sugtate(PM) to the ferromagneti¢FM) and antiferromagnetic
gest the existence of AF correlations in the transverse SpipAF) states were determined by calculating the susceptibility
components. Indeed, small AF domains are clearly visible irpf the system. We took the position of the maximum in the
Fig. 3, which shows a typical configuration of the transversesusceptibility as the transition poitt.The T, lines were
spin components for a 20system for f=0.36 and determined from the temperature whee just became non-
TZO.].TH . We found that the correlation Iength in the trans- zero. We emphasize that there is no phase transitidﬁ()ﬁt
verse plane increased with the system size and the averaggd it represents only the short range freezing of transverse
size of the domains became somewhat larger. Unfortunatelypin components. We have previously shown in the bond-
we were not able to study much larger systems as the comrystrated model that although the susceptibility has a peak at
putational effort became prohibitively demanding. We expectr  this peak does not grow as the system size is increéased.
that the domain size will remain finite in the thermodynamicThuys theT,, line is only a disorder line signaling the buildup
limit since no phase transition occursgy, . of short range order due to the transverse spin freezing. The
nature of theT,, line in the site-frustrated model studied here
is the same as that of the bond-frustrated model. The onset of

transverse spin freezing occursfat0.17 in the FM state,
; ; ; ; 2 {:::: : f": 1;:.:‘::': : ,’. and f~0.83 in the AF state. The AF phase transition tem-
SRR B AR Y RN LR X perature stays constant®{= Ty for 1=f~0.83 then drops
N S > G P slightly as the effects of frustration become significant, while
R N R Y T ERRE ¥ 1 for all f#0 the FM phase transition temperatdrgis lower
o T MO 2 AT thanTy. On the FM sideT; and T,, merge in the region
e bty w R 8 LA betweenf=0.45 andf=0.50. However, we cannot deter-
L L NN WPTNIPYE ISP 27 2 B mine from our numerical data the exact point at whigh
 aleateat el A S X ST STNT A 3F 3 3P P andT,, merge. In the case of the bond-frustrated model, this
e mmtrm e st HIen R Ed LN point is f~0.25(Ref. 6 and there is a region in the middle
vttt o o F E S QoW b2 42 of the phase diagram where the PM phase crosses over to a
Sytptuwnst et w B F F o g L i 3N spin-glass-like behavior &k is reduced. We expect that the
e L RN A B Y AP 2P JF I IR X same is true here for the site-frustrated model rfeal/2,
e i IR BRI IV I 25 2P JF SURE BN W IR ST X namely that the PM phase should cross over to the mixed
Srvenm e o AL FPIN Y Fpt behavior(see below and Fig.)4n that region.
Sonomwm e v o e e d LI 1Y NSNS Apart from the states previously observed in the bond-
EENFEERWIEFEEE B LYY F PN frustrated model, there is a region in the lower middle of the
R EEF & B IWE LYW N P phase diagram shown in Fig. 4 which we have labeled
ef1 i { A R R R R T P Y P “mixed.” To locate this region, we obtained the susceptibil-
LI LLANMANY YRR E S S rr e ity at fixed temperature while sweepirig A peak occurred

FIG. 3. Time averaged spin configuration fé=0.36 and
T=0.1T,, of a 2 system projected onto they plane. Each point

in the plot is the projection of the first six planes in the lattice.

in the susceptibility at the dashed line in Fig. 4, which sepa-
rates the “mixed” region from the FM and AF regions on
either side. Both the FM and the AF order parameters are
significant in the “mixed” region as a result of the AF do-
mains in thexy plane coexisting with the FN components
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FIG. 4. An approximate phase diagram of the
model. Open circles are temperaturés and
Tn. Solid circles are temperatures,,. The
dashed line with open boxes and diamonds
roughly separates the mixed phase from the FM
and AF regions. The line is determined from the
point of maximum susceptibility as we swekpt
fixed temperature. The error bars are the standard
deviation of 10 realizations of site randomness
for each value of.

of the spins. The spins are thus quite noncollinear in thigeractions were expected to be dominahtowever, exami-
region of the phase diagram. This conclusion was checkedation of the ordering in our model shows that no segrega-
directly by examining the spin configurations, such as thation into FM clusters within an AF matrix occurs. The FM
shown in Fig. 3. In the “mixed” region many spins are tilted order does not appear as clusters of FM spins, but rather as
away from thez direction along which the magnetization is a short-ranged FM correlations in the transverse spin compo-
maximum, and thecy-spin components are frozen into AF nents perpendicular to the AF ordering direction.
configurations. The “mixed” region, forf<0.45, is thus The rather high capture cross sections of both Eu and Gd
characterized by a substantial FM order parameter definingnake detailed neutron diffraction studies of the magnetic
the z direction, combined with short range AF order in the structure in Ey_,Gd, S extremely difficult, and no data ex-
transverse plane. Fdr>0.55, on the other hand, it is char- ist. However Fg_,Mn,Si has been studied in some detalil,
acterized by a substantial AF order parameter inztlirec-  revealing features in remarkable agreement with the model
tion, mixed with short ranged FM domains in the transversepredictions. Initially the Mn atoms substitute on only one of
plane. Since the spins are not separated into two distindhe three possible Fe sites in the structure and no Mn-Mn
phases by an interface, the “mixed” state is not a true coexcontacts occuiT, andM both fall with increasing, but the
istence region. Again, we do not anticipate a true phase trareffects of frustrationthe second transition and magnetic ir-
sition entering the “mixed” region, as the path from FM or reversibility) only appear forx>0.75, when Mn starts to
AF to the “mixed” region merely involves a gradual slowing occupy the other two sites and Mn-Mn pairs are forried.
down of the motion of the spin components in theplane  The two transitions merge at~1.75 to yield a spin glass
until it becomes so slow that these components are dynamiand complete the expected phase diagram. Neutron diffrac-
cally frozen. Since transverse spin freezing starts to occur dion studies of powder samples have shown that the second
Txy Where Q,, becomes nonzero, and AF domains with atransition is associated with the onset of an antiferromagnetic
substantialM, in the transverse plane appear inside thecomponent in the magnetic structdfeWhile more recent
mixed region, it is reasonable to speculate that upon increagolarized neutron scattering on a single crystal o, MiESi

ing the system size and the Monte Carlo sampling times, theonfirmed the presence of the AF orderingTgj and, more

T,y and the dashed line in Fig. 4 will actually merge. Unfor- significantly, showed that the AF correlations which appear
tunately a numerical check on this possibility is beyond ourat T,, develop only in the plane perpendicular to the FM
current computational ability. In any event, an important con-order*®
clusion is that the phase behavior here is quite different from

that of the bond-frustrated modl.

Our calculated phase diagram exhibits all of the features
observed for Ey ,Gd,S, with two transitions being ob- Our Monte Carlo simulations on the site-disordered
served in both the AF and FM dominated compositibhs. Heisenberg model give qualitatively similar results for cer-
Even the more rapid decline ifi; with composition com- tain phenomena as those of the bond-frustrated model. In
pared with Ty is reproduced. The requirement for first- particular transverse spin freezing is observed which leads to
neighbor impurity pairs to occur before frustration appearsan increase of the local spin length without affecting the
coupled with the need for substantial frustration to be preserferromagnetic order formed at . However, frustration does
before the FM or AF order can be destroyed, explains theot set in until the site disorder reache$.17 where AF-AF
rather narrow composition range over which the spin glass ipairs become likely. Thus the transverse spin freezing tem-
observed. The observation of substantial FM and AF order peratureT,, remains zero untif reaches that value. For the
parameters in the mixed region in the lower center of oulrM system we observed a decreasd irfor all f+#0, while
phase diagram is fully consistent with both. and heat ca- Ty for the AF system remains unchanged until the onset of
pacity measurements, which were interpreted as showinfjustration. We have observed a “mixed” configuration for
evidence of ferromagnetic clusters for-0.5 where AF in- large values of the site disorder at low temperatures. The

IV. CONCLUSIONS
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magnetic order in this region is characterized by substantialynamical freezing of the transverse spin components. Fi-
values of both the FM and the AF order parameters. This isally, the estimated phase diagram of this model is consistent
possible since FM order involves only tzecomponents of  with experimental findings, and the predicted mutually per-
the spins, while the AF order parameter comes from thependicular FM and AF order beloWl,, has been observed in
transverse components. The “mixed” state is not a state ofFe,MnSi.8
coexistence since the spins are not separated by a physical
interface. Finite size scaling ne@y showed that the moder-

ately disordered Heisenberg model has a long range ordered

phase belowl. and that the transition &k, belongs to the This work was supported by the Natural Sciences and
Heisenberg FM universality class. At tfg, line or on en-  Engineering Research Council of Canada and le Fonds pour
tering the “mixed” region of the phase diagram, we believela Formation de Chercheurs et I'Aidela Recherche de la
there is no true phase transition and the events represent tReovince du Quieec.
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