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Universality class of thermally diluted Ising systems at criticality
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The universality class of thermally diluted Ising systems, in which the realization of the disposition of
magnetic atoms and vacancies is taken from the local distribution of spins in the pure original Ising model at
criticality, is investigated by finite size scaling techniques using the Monte Carlo method. We find that the
critical temperature, the critical exponents, and therefore the universality class of these thermally diluted Ising
systems depart markedly from the ones of short-range correlated disordered systems. Our results agree fairly
well with theoretical predictions previously made by Weinrib and Halperin for systems with long-range
correlated disorder.

PACS numbg(s): 05.50:+q, 75.10.Nr, 75.40.Mg, 75.50.Lk

[. INTRODUCTION tions x [15]. In general, these systems behave in a way very
different from RDIS, since systems with randomly distrib-
During past decades the systems with quenched randonwted impurities may be considered as the limit case of short-
ness have been intensively studidd. The Harris criterion range correlatedSRQ distributions of the vacancies. The
[2] predicts that weak dilution does not change the charactdvasic approach to the critical phenomena of LRC systems
of the critical behavior near second-order phase transitiongas established by Weinrib and Halpefib6] almost two
for systems of dimensiod with specific heat exponent lower decades ago. They found that the Harris criterion can be
than zero in the pure cadéhe so called® system§ a,,,,.  €Xxtended for these cases, showing thatfard, the disorder,
<0=wpye>2/d, v being the correlation length critical ex- is irrelevant ifav,,e—2>0, and that in the case of relevant
ponent. This criterion has been supported by renordisorder, a new universality clagand a new fixed point
malization-group(RG) [3-5] and scaling analysd$]. The  with correlation length exponent=2/a, and a specific heat
effect of strong dilution was studied by Chayesal. [7]. exponenta=2(a—d)/a appears. In contrast, &>d, the
For ap,e>0 (the so-calledR system§ the Ising three- usual Harris criterion for SRC systems is recovered. LRC
dimensional(3D) case, for example, the system fixed point disorder has been studied also by the Monte Carlo approach
flows from a purgundiluted fixed point toward a new stable [17]. In this case a correlation functiog(x)=x"2 with a
fixed point[3—8] at whicha,4n4om<0. Recently, Ballesteros =2 (defects consisting in randomly oriented lines of mag-
et al. have used the Monte Car{MC) approach to study the netic vacancies inside a three-dimensional Ising systam-
diluted Ising systems in tw9], three[10], and four dimen-  firmed the theoretical predictions of Weinrib and Halperin.
sions[11]. The existence of a new universality class for the In the present paper, we will study Ising three-
random diluted Ising systeRDIS), different from that of dimensional systems where the long-range correlated dilu-
the pure Ising model and independent of the average densition has been introduced as a thermal order-disorder distri-
of occupied spin statesj, is proved, using an infinite vol- bution of vacancies in equilibrium, governed by a
ume extrapolation techniquglO] based upon the leading characteristic ordering temperaturé) { in a way similar to
correction to scaling. The critical exponents obtained thighe thermal disordering in a binary alloy of magnesping
way could be compared with the experimental critical expo-and nonmagnetic atonfsacancies (See previous workl8]
nents for a random disposition of vacancies in diluted magand also the application of this kind of disorder in percola-
netic system$12]. tion problems[19].) Making more explicit the analogy with
In all cases previously mentioned, frozen disorder waorder-disorder in alloys, we may distinguish clearly between
always produced in a random way, that is, vacancies werthe following cases.
distributed throughout the latticeandomly Real systems, (i) Thermally dilutedising system realization&' DIS), in
however, can be realized with other kinds of disorder, wheravhich the quenched randomness is produced by considering
the vacancy locations are correlated. In particular, long-ranga ferromagnetic Ising system a#£T>°, T3 being the
correlation(LRC) has been found in x-ray and neutron criti- critical temperature of the pure 3D Ising moyedfter ther-
cal scattering experiments in systems undergoing magnetimalization, the spins of the dominant typeoncentratiorc
and structural phase transitiofis3,14]. This effect has been =0.5) are taken as the locations of the magnetic atoms, and
modeled by assuming a spatial distribution of critical tem-the rest are taken as the magnetic vacancies. The structure of
peratures obeying a power lag(x)~x"? for large separa- the realization is fixed thereafter for all temperatures at
which the magnetic interactions are subsequently investi-
gated.
*Electronic address: julio.gonzalo@uam.es (i) Random dilutedising system realization§RDIS)
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(equivalent tod>>T2P), also fixed thereafter for all tem-
peratures at which the spin interactions are investigated. Of
course, we chose for comparison a vacancy probabity
=0.5, resulting inc~0.5.

(iif) As a third possibility, not considered here, one could
investigate what might be called aantiferromagnetically
diluted Ising system(with §<<T3P, T3P being the critical
temperature of the pure 3D antiferromagnetic Ising mpdel
which would lead to a disposition of nonmagnetic atoms
(vacanciep strictly alternating with spins, witle=0.5.

So, if this ordering temperaturgdetermining the particu-
lar realization is high enough, the equilibrium thermal disor-
der will be very similar to the randornfshort-range corre-
lated disorder of the usual previous investigations. On the

other hi.ind,.i.fﬁ happens to coigcide with the characteri;tic 10 15 2.0 25 3.0 35 40 45

magnetic critical temperaturérg =4.511617) of the undi- T

luted system, we will have vacancies in randomly located o o
points but with a long-range correlated distributiofNote FIG. 1. Susceptibilityy vs temperaturd for random dilution

that the situation differs markedly from that of previously re@lizations p=0.5) (black and critical thermal dilution realiza-
studied LRC systems, in whidines or planesof vacancies tions (white). The size of the systems unde_r cons_lder_atlon is given
were consideredlThe correlation of our TDIS is given by a by L=20,40.,80. All temperatures are given in dimensionless
valuea=2— 7y, Where 7, is the correlation function (J/kg=1) units.
exponent for the pure system. Sinde=3 and 7,,,,=0.03 _
for the three-dimensional Ising system, we have a long-range Rx=(AX)?/X2. (1)
correlated disorder witta=1.97<3=d. So, we are in the
case where LRC disorder is relevant and we should detectA system is said to exhibit self-averagitgA) if Rx—0 as
change of universality class with respect to the SRC cask— . If the system is away from criticality, >> ¢ (being
(following Weinrib and Halperin, we expect for the ther- ¢ the correlation length The central limit theorem indicates
mally diluted Ising system~1 anda~ —1). Details about that strong SA must be expected in this case. However, the
the construction of these thermally diluted Ising systemsbehavior of a ferromagnet at criticalityith £>>L) is not
(TDIS) can be found in Refl18]. In the present work, we S0 obvious. This point has been studied recently for short-
study the critical behavior and the university class of threetange correlated quenched disorder. Aharony and Harris, us-
dimensional TDIS at criticality using the Monte Carlo ap- ing a renormalization-group analysisdr=4— ¢ dimensions,
proach. We will compare our results with the critical behav-proved the expectation of a rigorous absence of self-
ior of the RDIS. averaging in critically random ferromagndt&0]. More re-
The structure of the paper is as follows: In Sec. I, wecently, Monte Carlo simulations were used to investigate the
study the dependence of the critical temperatared of the self-averaging in critically disordered magnetic systems
self-averaging at criticalifywith the size of the system for [10,21,23. The absence of self-averaging was confirmed.
both TDIS and RDIS. Once the critical point is determined, The normalized square widiRy is a universal quantity af-
we investigate whether or not TDIS and RDIS belong to thefected just by correction to scaling terms. LRC diluted sys-
same universality class. In order to proceed, we study théems are expected to have different critical exponents and
critical behavior of both kinds of systems by applying finite different normalized square widths with respect to those of
size scaling techniqug$Sec. Ill) and by using the effective- the usual randomly disordered systems studied previously.
exponent approactSec. IV). A summary of the main results We perform Monte Carlo calculations of the magnetiza-
and concluding remarks is given in Sec. V. tion and the susceptibilityy = ((M?)—(M)?)/T] per spin at
different temperatures for different realizations of TDIS, and
for randomly diluted systems with=0.5 (restricting toc

Il. TRANSITION TEMPERATURE AND >0.5) using in both cases the Wolf23] single cluster al-
SELF-AVERAGING OF THERMALLY DILUTED gorithm [24] with periodic boundary conditions, on lattices
SYSTEMS of different sized.=10,20,40,60,80,100. Results for suscep-

) ) ) tibility vs temperature are shown in Fig. 1. Note how, due to

For a hypercubic sample of linear dimensioand num-  the existence of randomness, the susceptibility points do not
ber of sitesN=L", any observable singular propeiyhas  collapse into a single curve, since each realization has a dif-
different values for the different random realizations of theferent value of the critical temperature and of the concentra-
disorder, corresponding to the same dilution probabifity tion. This is even more clear for small valuesioéind for the
(grand-canonical constrainfThis means thaX behaves as a critically thermal caséwhite point3. Figure 1 indicates that
stochastic variable with averagé (in the following, the the critical temperature of the TDIS clearly differs from that
overbar indicates average over subsequent realizations of tleé the RDIS, and also than the effect of the dilution on the
dilution and the brackets indicate MC averagehe variance lack of self-averaging seems to be stronger in the thermally
would then be £ X)?, and the normalized square width, cor- diluted Ising case. The critical temperature may be obtained
respondingly: at the point where the normalized square width for the sus-
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FIG. 3. Log-log plot of the normalized square width for the

ol . susceptibility at criticalityR, vs lengthL for random dilution 0
100 =0.5) (black and thermal dilutior{white).

FIG. 2. Semilogarithmic representation of critical temperature=1.845"0.003 (close to the values previously obtained by
T, vs lengthL for random dilution p=0.5) (black and for thermal ~ Ballesteros et al. [10]) and Ti"®"™(e)=3.269+0.002
dilution (white). The continuous line is the fit obtained using [clearly different fromT (o) for the SRC cask Inciden-
=0.6837(short-range correlated random exponemtd dashed line tally, viperma C&N be compared with for the observed sharp
the fit obtained using’=1.015(long-range correlated exponeat, = component in neutron scattering line shapes, which is around
=1.97) in either case. Inset shows, in log-log form, the incrementl.3 for Tb [14]. This point deserves more careful analysis
in the critical temperature due to finite size effects s fof RDIS and will be taken up elsewhere.
and TDIS systems. Linear fits are also presented. Note the differ- Once the critical temperatures are known, we can perform
ence between both slopes due to the different values of simulations for the magnetization and the susceptibility at

criticality for several realizations of thermal and random di-
ceptibility R, reaches its maximum. A different value of the |yteq systems in an effort to determine the valueRof the
critical temperature does not imply, of course, a differenthormalized square width for the susceptibility. We went up
universality class. However, from the dependence of they 500 realizations fot. =10,20,40, and up to 200 realiza-
critical temperature with the length of the system, we expections for L=60,80. Results are shown in Fig. 3. The arrow
to detect a change in universality between TDIS and RDIepresents théconcentration independ@ri, value obtained
following the scaling relation by Ballestero®t al.[10]. The straight continuous line repre-

B 1 sents the average value obtained for random dilution data,
Te(L)=Te(=)+AL™T, 2) and the straight dashed line gives the average value obtained

beina th itical N iated with th ii for thermal dilution data. Note that the TDIS presents a lack
v e'”? € critical exponent associated wi € SPeciliGyg self-averaging around one order of magnitude larger than
system’s correlation length. This critical exponent has bee

. e RDIS. We have already presented a similar analysis for
deterrglngd”by meansloflg/lor%tﬁ C?rlo gata folr the randoni)oth kinds of dilution[18], but only at the critical tempera-
(iag%gg),/ Oa eiteroe; a rE ]d €y O‘IEJSISa Valu®random  tyre characteristic of the random syste@ur results are not
=0.683. On the other hand, since are systems with, o ice enough to specify accurately the evolution of the nor-
long-range correlated disorder, the result by Weinrib an

Haloerin[16]. obtained b lizati ; alized square width as a function lofgoverned by correc-
Halperin[16], obtained by renormalization-group expansiony;, g 14 scaling terms. However, the average we obtain for
in e=4—d,5=4-a, indicates that the critical exponent ex-

&% Rrandom_ g 155 s close to the value previously repori&€]
— - X
pected for the TDIS should b&ermai=2/a. Thermally di by means of infinite volume extrapolations. For the thermal
luted Ising systems have=2— 7,,,=1.97, so we expect

sothermal__ i
to find in our simulations a value,ema= 1.015. Figure 2 case, we ObtaiiR 1.19, about one order of magni

represents the dependence of the critical temperature witﬁ%;de larger than for random dilution. In this case an evolution

thermal : : :
respect to the length of the systems for random and therm& R vs L given by correction to scaling terms may be

dilutions. In both cases, a fit to E(R) has been performed also expe(_:ted, but according to Weinri_b and Halp¢iifi
for both valuesy= v,,,g0n=0.683 (continuous ling and » the analysis would be even more complicated, due to the fact

= bypermai= 1.015 (dashed ling Note how the thermal data that the long range correlated disordered systems present

better fit Eq.(2) for To(L) USing rnermay, indicating a pos- complex oscillating corrections to scaling.
sible change in universality class with respect to the random
case.(If we fit the data leaving all parameters free, we find
Vrandont= 0.7 @andvihermar1.2, which are very near the ex-
pected resulty.The extrapolated values of critical tempera-  The dispersion in concentration and magnetization at
tures for infinite systems obtained this way a/8"%°™(«) criticality between the different realizations is shown at a

lll. CRITICAL BEHAVIOR AND EXPONENTS OF
THERMALLY DILUTED SYSTEMS
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FIG. 4. Scattered plot of magnetizatidn at the critical tem- L L
perature vs concentration for the realizations considered of the ) o
random p=0.5) and the thermal dilutionsL & 20,40,60,80.) FIG. 5. Average value of the inverse of the susceptibility

x_ (L) vs the length of the systetn for the random dilution |§

represents a single realization with magnetization at criticalOUs line and dashed line indicate fits to the random and the thermal
ity (M) and concentrationd). Note that in both cas¢gDIS ~ CaSes. respectively.

and RDIS, the dispersion on the magnetization and on the ) )
concentration decreases with but this is more clearly Wheré (8/v)sp=0.52 gives the values corresponding to the

shown in the thermal case. Figure 4 shows clearly the differPure three-dimensional Ising case, because in critically ther-
ence in behavior between thandomandthermalcases. at mally diluted Ising systems, vacancies are distributed with
least up to the values df considered. ’ the samdong-range correlatiorspin distribution function as
From Fig. 4 we can extract averaged values for the magll the pure case[18]. The fit to the average value of the
netization and the inverse susceptibiliﬁ andF (with concentrations shown in Fig. 4 give, for the thermal case, a
! = y+ IS i i i _
x=(M?) at the critical poirk for the TDIS. Both averaged value (B/v)3p=0.55+0.08. This implies also a clear differ

values are expected to fit the following scaling laws at criti-ence between RDIS and TDIS, since Ising systems with va-
P 9 9 cancies randomly distributed are not expected to follow a

cality: scaling behavior with 8/v)p . (Fitting to a scaling law the
_— results for RDIS give an exponent around 1.4, which implies
Blv
M(L)=L ' 3 a much faster convergence ¢e-0.5).

-1 —vylv
x (L)l ’ 4) IV. EFFECTIVE EXPONENTS AND POSSIBLE

. . . CROSSOVER FOR FINITE SYSTEMS
Considering (1#)herma=a/2=0.985, we can obtain

from our data the values @iermal @Nd Yihermal (S€€, fOr The difference between the universality class of RDIS and
instance, the fitting for the inverse of the susceptibility inTDIS can be detected also by means of the effective critical
Fig. 5. We get Binerma=0.5620.05 and yiherma=1.91  exponents. In the case of the magnetization the effective
+0.06, very close to the predicted values by Weinrib andcritical exponent is defined by
Halperin[16]. Using the scaling relation A
Bei=a10g10(M)/dlogyo(t)  (t=Te—T), )
a=2-2B~v, (5)

with T, the critical temperature of thearticular realization
we obtain the following specific heat critical exponent: (i) characterized by a maximum of the susceptibility (
iherma™ — 1£0.1. Weinrib and Halperin give for LRC sys- =<|\/|2>—<|v|>2)_ For L—o andt—0, B.s= 3. Finite size
tems[16] «=—1, in good agreement with our result. An effects force the effective critical exponent to drop to zero
analogous analysis has been performed but using the dispejefore the critical value is attained. However, since
sion in magnetization and inverse susceptibility instead ofg,, .~ 0.3546(Ref. [10]), and Binermal IS €Xpected to be
the averaged values. The results are similar. The same studyound 0.5(Ref. [16]), effective critical exponentgfor the
has been made for the random caatso shown in Fig. b thermal casemay rise to values greater than 0.3546 and
The critical exponents obtained are in agreement with thospwer than 0.5, before finite size effects appear, indicating

of Ballesteroset al. [10] within our error bars. _ the difference of universality class between both kinds of
The average concentration for the thermal system is alsgystems. In the RDIS, the effective critical exponent is ex-
expected to show a scaling law behavior given by pected to be always lower than 0.3546. Monte Carlo simula-

tions of magnetization vs temperature have been performed
[c(L)—0.5]cL~(FMsp, (6)  for randomly =0.5) and thermally diluted systems, with
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In Fig. 6 the effective critical exponent for the thermal

0.5 P=0-50 case seems to produce a crossover tow@rd0.35 as the
temperature approaches the critical point, before finite size
S effects finally appear. In principle this might be influenced
041 ¢ % . A .
B=0.35 ooo°°°° %, by the indetermination in the measurement of the particular
% e, critical temperature of the realization. However, this cross-
03} ° over may point out that different length scales might be im-
3 ° . RDIS portant at differ_en_t distance from the critical_ point. In pr_in-
(0-0.506) ciple characteristic lengths such as the size of the fixed
o2r vacancies and spin clusters, the size of the system itself and
o ‘(’C=0£E7')S the thermal spin fluctuations might all play a role. The pos-
01l sibility that for L—o and c=0.5 the apparent crossover
could disappear altogether should not be excluded, entailing
no crossover from critical thermal to random universality
°%5 20 15 10 05 00 class.
log,, (1)

. " o V. CONCLUDING REMARKS
FIG. 6. Effective critical magnetization exponeBi;: vs In(),

with t=T.—T, for the thermal dilution cas@vhite) and the random To summarize, a way to produce diluted Ising systems
dilution (p=0.5) case(black. The realizations considered corre- with a long-range correlated distribution of vacancies has
spond toL =80. been analyzed by means of Monte Carlo calculations and
finite size scaling techniques. We find a universality class
L=380. In Fig. 6 we show the results f@ vs In¢) for two  different from that reported for diluted Ising systems with
samples of the TDIS and the RDIS type, respectively. Theshort-range correlated disorder. Our systems may be in-
randomeffective critical exponent is always under 0.35 andcluded in the universality class predicted by Weinrib and
it seems to tend toward this value for large enoughas Halperin fora~2. This kind of thermal disorder had been
expected, but fothermalsystems the behavior is completely already applied in percolation problems, but as far as we
different: In the figure the value of the critical thermal effec- know it had never been applied to magnetic systems, in
tive exponent is between 0.35 and 0.5. An analogous invedvhich long-range correlated disorder has been previously
tigation has been done for different valuesLadind different ~ produced mostly by random distribution of lines or planes of
realizations. The same effect has been found for lover vacancies. The present dilution procedure may be applicable
values. However, we may note that in TDIS the effectiveto systems where the long-range correlated disorder is not
critical exponent arrives at the maximum in a very differentdue to dislocations, preferential lines or planes of vacancies,
way depending on the realization. The reason is twofgly: but to systems where the vacancigmints are critically
the differentdispositionof the vacancies in each particular distributed in clusters as in the case of order-disorder sys-
realization, and2) the large differences inoncentratiorfor tems.
the thermal caséhe rise of8. s toward the expected diluted
universality value should be faster focloser to 0.5. It may
be noted that as the siz&) of the sample increases the
possibility of local inhomogeneities in the TDIS realizations We thank H.E. Stanley for encouragement and we are
increases, giving rise to such phenomena as pseudo-doublgrateful to H.G. Ballesteros, L.A. Femdez, V. Martn-
peaks in the susceptibility, reduced values for the overalMayor, and A. MlUmz Sudupe for helpful correspondence.
critical exponents, etc. However, it is important to remarkWe thank P.A. Serena for helpful comments and for gener-
than in all realizations investigated th&.¢; values of the ous access to his computing facilities. We acknowledge fi-
TDIS (before finite size effects take oyehave been clearly nancial support from DGCyT through Grant No. PB96- 0037
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