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Critical behavior in ferromagnetic Fe[S,CN(C,H;),],Cl
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Magnetic-susceptibility and sublattice-magnetization data are analyzed with correction-to-
scaling terms included. Critical exponents y=1.165 £0.03 and 8=0.245 +0.02 are deduced,
with the assumption of modified power-law expressions Xo=T1"7(1 +aXtA) and
m(T/Tc) =B|t|A(1 +ay|t[2) with A =0.493, a,=0.207, and a,;=0.156. T =1.47 +0.07
emu/mole, or I', =1.07 £0.05 for the reduced susceptibility, and B =1.30 +0.05 are also deter-
mined. TI', is larger than most theoretical estimates for the Ising model on various three-
dimensional lattices. B is smaller than theoretical results. The amplitude ratio I',/B is about
0.83, larger than theoretical values for this nonuniversal but only weakly lattice-dependent quan-
tity. Heat-capacity data are sparse and less reliably analyzed, but suggest abnormally large
values of a (> 0.3) and rather small values of 4 (0.2 to 0.5) in C/R = At~ +B’. Including a
correction-to-scaling term does not alter this conclusion. The ratio R¢ =AB‘2I‘, is in the range
0.12 to 0.33, substantially less than theoretical values for this universal quantity. A straightfor-

ward explanation for the unusual critical behavior is not apparent.

The insulating compound Fe[S,CN(C;Hs),]1,Cl is
one of the few systems which appears to be describ-
able as a (three-dimensional) 3D Ising ferromagnet.
Evidence for this is found in the extreme anisotropy
of the single crystal susceptibility,! in magnetization
and NMR data,? and in heat-capacity data.’ The de-
tailed critical behavior is of particular interest. Sus-
ceptibility* and NMR? data appear to be consistent
only with critical exponents y and 8 strongly shifted
from established theoretical values for the 3D Ising
model. This applies also to the critical amplitudes I’
and B in the power laws

Xo=Tt"" , (¢))]
m(T/Tc) =M(T)/M(0)=B|t|? , )

where t =(T — T¢)/T¢ and where X is the zero-field
susceptibility corrected for demagnetization. Experi-
mental and theoretical’™® values of these parameters
are summarized in Table I. Possible explanations for
the shifted exponents have been considered: dipole-
dipole interactions, randomness, temperature-
dependent effective spin value, multispin exchange
interactions, and nondiverging antiferromagnetic con-
tributions to the susceptibility.">* In mixed crystals,
Fe[82CN(C2H5)2]2C1xBr1_x {the diluent
FelS,CN(C,Hs),1,Br is, when pure, paramagnetic but
magnetically disordered to below 0.34 K (Ref. 9)}
similar values of y are observed.! The concentration
dependence of the critical exponent is small and of
uncertain significance. However, a randomization of
exchange couplings or of single ion anisotropies in
the mixed crystals could be responsible for exponent
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shifts relative to the pure system. The critical ampli-
tude I' exhibits a definite increase with decreasing
chloride concentration.

Much attention has been paid recently to the ef-
fects of confluent singularities and associated
correction-to-scaling (CTS) terms in the analysis of
critical phenomena.!®!! Such terms modify the
asymptotic power-law behavior, and can be significant
for data not very close to the critical temperature.
They may be important for the data on the systems
considered here. In this paper we study the effects
on critical exponents and critical amplitudes in
Fe[S,CN(C,H5s),],Cl1 upon including CTS terms in
analysis, and we compare the observed amplitudes
and their ratios with existing theory. With CTS
terms included Egs. (1) and (2) become

Xo=Tt"(1+ay?®) , 3)
m=B|t|f(1 +aylt]?) . 4)

The correction exponent A is believed to depend only
on the universality class, and the best available esti-
mate in the case of the 3D Ising model appears to be®
A =0.493 £0.007. The CTS amplitudes ay and ay
are probably less well established. The value
ax=0.207 £0.003 for the S =3/2 3D Ising model has
been obtained in one calculation.'? Here the prob-
ably too large value A =0.575 was assumed, and it
appears that a somewhat smaller value of ax would
result on assuming a smaller value of A. CTS effects
on critical exponents would probably then be less im-
portant. To estimate the value of ay we make use of
the recently established relation between the correc-
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tion amplitudes!?
aylaxy=—(B-B%/(y—+% , )

where 8° and y° are mean-field theory values, y°=1

and B°=0.5. There results ay/ay=0.75. The value

a,=0.207 will be assumed, and therefore a,; =0.156.
In anticipation of the essential results of this report it
can be observed that if CTS terms are important but

neglected, then the exponents obtained from the fit-

ting procedure are effective values, 8’ and v'. These
satisfy the relation'®

aylaxy=—(B'—B)/(y'—y) . 6)

Since the ratio is positive (both ay,ay > 0), a shift
toward higher values of y (v’ < y) should be accom-
panied by a shift toward lower values of B(8' > B)
on incorporating CTS. For FelS,CN(C,Hj5),],Cl
both y' and B’ are less than the theoretical values for
the 3D Ising model, and a simultaneous improve-
ment cannot be effected.

Except for the inclusion of CTS terms, the fitting
procedures were similar to those previously
described.?* In the case of susceptibility ay and A
were first assigned the fixed values referred to and
optimal values for the critical exponent, critical am-
plitude and T¢ were obtained by a nonlinear least-
squares fitting program. The best parameter values
for two crystals, a and b, of Fe[S,CN(C,H5s),],Cl are
given in Table I and corresponding plots exhibited in
Fig. 1. Because of the presence of the CTS term, the
fitted curves are not perfectly straight lines on a log
Xo versus log ¢ plot, but the curvature is slight. The
quality of the fit is only slightly better than when
CTS is neglected. Including CTS leaves T¢ essential-
ly unchanged but increases vy slightly, while decreas-
ing I'. The increase in 7y is much less than that
necessary to bring it into agreement with the 3D Is-
ing-model theoretical value, 1.25. The consequences
of allowing ay to vary between 0.15 and 0.35 were
also investigated. No improvement in the fit results
for any value of a,. But the parameters are highly
correlated, and a theoretically unjustified a,=0.90
leads to y =1.25, ' =1.0 emu/mole, T¢c =2.45 K,
and a reasonable fit. This is not considered signifi-
cant. Nor do the parameters obtained depend signifi-
cantly on the range of temperature included in the
fit, though there is a small tendency toward larger y
as fq.x increases. The data are accounted for to rath-
er large values of ¢ and yet, as noted, vy is only slight-
ly enhanced over its value neglecting CTS. Including
a CTS term with a,=0.207 in fitting the susceptibili-
ty of the 71% CI mixed crystal leads to a significantly
poorer quality fit, while leaving T¢ essentially un-
changed, decreasing I' and increasing y some. The
latter is still much lower than the value 1.25. Abso-
lute uncertainties in v and I', from uncertainties in
ay and other sources, are of the order 0.03 and 0.10,

30 v T T T
Fe [séCN(csz)z]zm
2.5 v crystal a 7
. = 245TK
y = 1175
I' =1426
20 o crystal b N
N T, = 2456 K
o> y . =1I55
° .
L5 I =150 N
LOF Xy = T/ 1071+ 0y (177,-0%] Wy,
a, = 0.207 A = 0493
05 | | |
-2.5 -2.0 -1.5 -1.0 -0.5
log(T/T,-1)

FIG. 1. Initial susceptibility of Fe[S,CN(C,H;),],Cl as a
function of temperature, and critical parameters characteriz-
ing the data when corrections to scaling are considered. Re-
lative experimental uncertainty is within or comparable with
symbol size.

respectively, somewhat larger than the statistical un-
certainties returned by the fitting program.

The NMR-derived magnetization data are exhibited
graphically in Fig. 2 (see also Table I). The frequen-
cy ratio has been divided by (1 +ay|¢|2), with
ay =0.156. The slope of the straight line passing
through data between 2.158 and 2.312 K is, as antici-
pated above, slightly less than that obtained when
CTS is neglected. The exponent does not shift to-
ward the 3D Ising-model prediction. The value of B
is smaller than before. Absolute uncertainties in 8
and B, from uncertainties in a,; and other sources,
are of the order 0.02 and 0.05, respectively. The
minimum value of |¢| in the fitting procedure for 8
is, according to one criterion,'® insufficiently small to
permit a reliable exponent to be deduced. However,
in fitting the magnetization data we have avoided
treating Tc as a parameter, fixing it instead at a value
obtained from the (completely independent) suscepti-
bility data. The approach of the data to a straight line
in Fig. 2 for T > 2.158 K (|t| < |#|may) is also very
clear. Deleting lower-temperature data in the tem-
perature range of the fit (reducing |#|ma) does not
significantly affect the derived exponent. As in the
case of the susceptibility data, critical behavior of an
essentially power-law form does appear to persist to
|#] max values larger than usual. This may be one
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FIG. 2. Temperature dependence of reduced magnetiza-
tion in FelS,CN(C,H;5),1,Cl from a proton resonance fre-
quency, and critical parameters characterizing the data when
corrections to scaling are considered. Relative experimental
uncertainty is within or comparable with symbol size.

more indication of the unusual nature of this system.
The present results indicate that the inclusion of
CTS terms in the analysis of critical behavior in
FelS,CN(C,Hs),]1,Cl: (a) does not significantly im-
prove the quality of fit beyond that obtained with the
asymptotic power-law forms, (b) does not lead to ex-
ponents much more consistent with theoretical values
for the simple 3D Ising model, and (c) does not
(cannot) simultaneously shift both y and 8 nearer
such values. The critical amplitude B is substantially
less than any available theoretical prediction for the
Ising model on 3D lattices.’ This is accentuated
when a CTS term is introduced. The depression of B
may be partly due to S being greater than one-half,
but it seems unlikely that this can be responsible for
the entire effect. Theoretical values for the critical
amplitude of the high-temperature susceptibility®
have been calculated using a form X, = C¢t™?, where
X, = kT Xo/u?, Xo is the initial susceptibility per spin
and u is the moment of a single spin (gusS).
Results are C¢t =1.1717 (7), 1.058 (1), 0.985 (3),
and 0.971 (2) on the diamond, sc, bcc, and fcc lat-
tices, respectively. In the present work the molar ini-
tial susceptibility, N X,, has been fitted. To compare
our I' with theoretical C¢" we multiply the latter by
N(3up)%/kT =1.37, on taking T = Tc = 2.46 K.
This gives the theoretical values of I' in Table I. The
experimental I' are consistently larger than the
theoretical except for the diamond lattice. Since the

data fitting spans the range from T¢ to ~1.37¢ it
may be preferable to employ a mean temperature
larger than 2.46 K in this comparison. In this case all
the theoretical I' would be much less than those ob-
served.

Theoretical discussions!* have established the prob-
able universality (analogous to that for exponents) of
four ratios among six critical amplitudes: 4/4’,
/T, Ry=T,DB%*! and Rc=AB™,. Ais the
heat-capacity amplitude and D is that for the critical
isotherm, with exponent 8. Here I', is the amplitude
for the reduced susceptibility, corresponding to Cg"
and not our experimental I'. As usual primes refer
to the T < T regime for the susceptibility and the
heat capacity. I'' is not accessible in
Fel[S,CN(C,Hs),]1,Cl and the critical isotherm has
not been measured. It is quite possible that the avail-
able heat-capacity data are insufficient for the reliable
extraction of a critical exponent and critical ampli-
tude, though we shall pursue this further on. Before
making any direct comparisons with theoretical,
universal, amplitude ratios we first note the follow-
ing. The ratio C¢ /B assumes the values 0.702,
0.674, 0.654, and 0.653 for the Ising model on the di-
amond, sc, bce, and fcc lattices, respectively, employ-
ing the results of Ref. 6. The lattice dependence of
this nonuniversal ratio appears then to be weak.
Neglecting CTS the mean value of T for crystals a
and b is 1.68, and with CTS it is 1.47. Dividing these
by 1.37 (to obtain I',) and by the experimental
values of B, we obtain I"',/B =0.86 without CTS and
0.83 with CTS. If a value of T larger than 2.46 K
had been used earlier the factor 1.37 would be small-
er, I', larger, and I',/B larger also. The experimental
ratio is larger than those of the Ising model on vari-
ous 3D lattices, and by more than the experimental
uncertainty of about 0.07. It is also somewhat larger
than ratios for the 2D Ising model'® (0.7875 on a
square lattice) and much larger than ratios for the
3D Heisenberg model' (0.229 on a bcc lattice).

In order to deduce the critical exponent a’ for the
low-temperature heat-capacity, data in a very narrow
region below T¢(|t|mex= 1072 or less) are needed.
These are unavailable for Fe[S,CN(C,Hs),1,Cl. The
situation is more favorable above T, where the
asymptotic critical region can extend well beyond
tmex=1072. The present system exhibits a larger than
normal critical region for X, and for m, and might be
expected to do so for C as well. Assuming
Tc=2.457 K, there are available one datum at
t=0.003 26, four more data within about ¢ =0.1 of
Tc and seven more within about ¢t =0.23 of T¢. Lat-
tice and Schottky contributions can be estimated' and
subtracted from the observed heat capacity to obtain
the exchange-only, magnetic heat capacity above T¢.
Assuming a power-law form C/R = At™® and taking
Tc=2.457 K, one finds that the 12 data up to
t =0.23 are reasonably distributed about a straight
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line on a log C versus log ¢ plot. Data at higher tem-
peratures deviate systematically below this line. The
resulting critical parameters are a« =0.41; and

A =0.18,. The three lowest-temperature data deviate
most from the line, but this appears to be experimen-
tal scatter rather than a systematic effect. Theoretical
values for 4 are in the range 1.08 to 1.13 for the

3D Ising model,'® though here an additive constant
B’, of the same order of magnitude as 4 but negative,
also appears. Alternatively, we have tried analyzing
the data by assuming T¢=2.457 K and the validity of
the scaling condition a =2 —28 —y, yielding « =0.34
on employing the CTS results for y and 8, taking a
mean y=1.165. C/R is plotted against t~® The
data are well distributed about a straight line, and the
values 4 =0.293 and B =—0.15; result. C is repro-
duced to within 2% typically between 2.707 and 3.025
K, and at 2.465 K. Data at 2.518 and 2.584 K devi-
ate by about 11%, but oppositely so and therefore
presumably due to experimental scatter. Correc-
tions-to-scaling can be included by associating a fac-
tor with the 4 term, C/R =At™*(1 +act*) + B'.
From a formula analogous to Eq. (5) one calculates
ac/ax=0.50, and therefore ac=0.104. Proceeding
as above, with T¢=2.457 K and a =0.34 fixed, one
obtains 4 =0.29¢ and B'=-0.18,. The fit is of about
the same quality as without CTS. We have also at-
tempted to analyze the data via a cubic spline approx-
imation, followed by analytical differentiation.!” This
allows B’ to be eliminated and 4 and « to be deter-
mined from a log(dC/dT) versus log? plot. But the
sparseness of the data renders the fitting procedure
and resulting derivatives rather inaccurate, and no
clearly meaningful straight line of data is evident on
the plot. A line corresponding to a=0.34 is a fair
approximation in the restricted temperature interval
2.495 to 2.550 K. The corresponding amplitudes are
A =0.52 and B'=-0.85. However, only the data at
2.518 and 2.584 K are well accounted for. In the at-
tempts at fitting the heat capacity, as with the re-
duced magnetization earlier, T¢ =2.457 K has been
assumed. This is because the X, analysis is believed
to determine this parameter most reliably, and be-
cause it is generally advisable not to vary too many
parameters at once, especially Tc, in a critical law fit.
Nor in the details of the analysis did it appear that a
shift in T¢ would lead to better agreement. Despite
the inconclusive results, indications are that « is sub-
stantially larger than the 3D Ising model value 0.125,
and that the critical amplitude A is substantially
smaller than theoretical predictions. If one takes the
values 4 =0.18 and 4 =0.52 as extremes, then the
ratio Rc=AB™T, is between 0.12 and 0.33 with an
uncertainty of about 0.05 resulting from that in
B7T,. This is substantially smaller than the theoreti-
cal values 0.4748, 0.4745, 0.4735, and 0.4749 for the

Ising model on the diamond, sc, bcc, and fcc lattices,
obtained from the results in Refs. 6 and 16.

In view of these results, crystalline
FelS,CN(C;Hs),1,Cl appears to present a challenge
to theory, and may constitute a system in which a
new universality class, related to the 3D Ising model,
is realized. Of the possible sources of the unusual
critical behavior, listed earlier, multispin interactions
or a nondiverging antiferromagnetic contribution to
the observed susceptibility initially appeared to be the
most plausible. Series expansion analysis had sug-
gested that the exponents 8 and y’, and presumably
also vy, are shifted to lower values by such interac-
tions, and moreover that the parametric dependence
of these exponents appeared to violate universality.'®
However, theseé conclusions have been questioned, !’
and evidence presented? that multispin interactions
lead to a first order rather than a continuous transi-
tion when no pair interactions are present. When
pair interactions also operate they are expected to
dominate the critical behavior, so that shifted ex-
ponents do not occur although amplitudes may be
changed.?! Nor is the presence of next-nearest-
neighbor interactions, common in real materials and
presumably present in Fe[S,CN(C,H5),]1,Cl, believed
to lead to shifted exponents.?>2* However, certain
2D Ising models involving such interactions,?* or on
special lattices,?’ appear to be equivalent to models
(Baxter or Ashkin-Teller) in which universality is
violated and new exponents occur. Possibly the ver-
dict in three dimensions should not be considered
settled.

We had suggested"* that nondiverging antifer-
romagnetic (AF) contributions to the susceptibility,
which might arise due to the canted spin arrangement
and which would tend to depress y, could be respon-
sible for the lowered exponent. However, it does not
appear possible to construct a plausible AF-like sus-
ceptibility which can account for the shift in . Start-
ing from the observed susceptibilities, rather large
nondiverging contributions which increase strongly
with decreasing temperature (2.8 emu/mole at 3.20
K, 5.7 emu/mole at 2.80 K, 12.1 emu/mole at 2.60
K) would need to be postulated. These do not ap-
pear reasonable. Moreover, the lowered value of 8
for the sublattice magnetization below T¢ would
remain unexplained. Nevertheless, the canted spin
arrangement is a complicating feature and the model
adopted in making the above estimates may be too
simple. More detailed theoretical study and addition-
al experiments (precise heat-capacity measurements
near T¢ and neutron scattering) would appear to be
called for on this system.
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