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Critical exponents and amplitudes of the ferromagnetic transition in La, ;Ba,oVS;
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To study the origin of the magnetic transition in BaVS;, we measured the dc magnetization on La, {BayoVS;
sintered samples near the ferromagnetic transition. Effective critical exponents and amplitudes are obtained by
means of standard modified Arrot plots and the Kouvel-Fisher method, while asymptotic critical exponents and
amplitudes are obtained by means of “correction to scaling” analysis. The two methods yield similar results,

but the latter is superior with respect to the achieved uncertainty. The obtained results indicate that the
universality class of magnetic interactions driving the transition changes from short to long range when cooling

through 7.
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I. INTRODUCTION

Critical exponent analysis in the vicinity of a second-
order phase transition is known to be a powerful tool to
single out the relevant microscopic interaction responsible
for the transition.! Thanks to the underlying theory based on
the scaling principle, this analysis can provide insights into
the effective Hamiltonian driving the transition and the di-
mensionality of the system. This approach is particularly
helpful in the study of strongly correlated systems, where
the coexistence of diverse interactions and the inadequacy of
simple models often prevent a satisfactory physical descrip-
tion.

In this work, we determine the critical exponents and am-
plitudes of the ferromagnetic transition at =19 K in
LayBay¢VS;, where La doping turns out to stabilize the
transition. The results of this analysis can be a further tool in
the study of the still controversial phase diagram of the
BaVS;_ssystem. The latter has recently raised a great deal of
attention, for it is a prototype of a magnetically frustrated 3"
(S=1/2) strongly correlated electron system exhibiting a
crossover from antiferro- (AF) to ferromagnetism (FM) de-
pending upon sulfur deficiency é. Magnetic frustration arises
from the triangular lattice of chains of VS4 octahedra along
the ¢ axis of the hexagonal crystal structure.” It has been
established that, at 7,,,=69 K, AF correlations among V 3d
states open a spin gap, concomitant with a metal-insulator
(MI) transition and suppressed by pressure at 2 GPa.? It has
been proposed®> that at T<<T},; a spin-orbital liquid devel-
ops, with spin and orbital short-range order. In nearly sto-
ichiometric samples with 6=0, at 30 K, a long-range incom-
mensurate AF order is formed in the ab plane.® Instead, in
sulfur-deficient samples with 6=0.1, a FM order with Curie
temperature T~ 15 K appears, as reported by Massenet et
al.” The AF-FM crossover was explained in terms of the
Hund interaction between extra electrons released by the sul-
fur vacancies and V 3d electrons that form the 3d' configu-
ration in the stoichiometric compound.”® The origin of the
MI transition, the magnetic ordering phenomena at lower
temperature, the incommensurability of the AF structure,
the reduced magnetic moments experimentally measured
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(0.4 g/ V)58 and the anisotropy of the electronic correla-
tions remain open questions that would require further ex-
perimental and theoretical work to understand the electronic
correlations in BaVS;_s5 More recent works reported that a
one-dimensional charge instability of the chains is concomi-
tant with the occurrence of the MI transition.”!? Thus it was
argued that such charge instability is the driving force of the
transition. On the other hand, it has been established that
both the electronic structure!! and the transport properties are
modestly anisotropic.* Whangboo et al.'> proposed a model
to explain these puzzling properties in terms of broken-
symmetry electronic state in which pairs of nonmagnetic V
atoms alternate with pairs of magnetic V atoms in each VSq
chain. Jiang et al.'> performed density functional theory
(DFT) calculations on a model based on next-neighbor Hei-
nsenberg interaction, obtaining a magnetic structure with in-
trachain ferromagnetic spin arrangement and interchain anti-
ferromagnetic spin arrangement. The structure of BaVS; has
been investigated by means of x-ray-diffraction analysis'*
which revealed a sequence of structural transitions, and there
has been proposed a model for the T<<T,,; phases with a
superstructure of /m symmetry having four inequivalent va-
nadium atoms per unit cell, with the appearing of strong
distorsion in the VSg octahedra at T<<T which results in
charge ordering along the V chains. To shed more light on
this peculiar compound, here we investigate the nature and
dimensionality of the magnetic interaction responsible for
the ferromagnetic transition in BaVS; by means of a detailed
critical exponent analysis near the critical temperature 7.
Hitherto, the ferromagnetic state has been little studied in
this system and no critical exponent studies are available yet.
Given the sensitivity of the magnetic properties on sulfur
deficiency, we studied the 10% La-doped sample. We found
that this substitution stabilizes the ferromagnetic phase,
similarly to the case of sulfur vacancies. Indeed, also the
three-valent La cation introduces extra electrons to the V 3d'
electronic configuration. As a result, the ferromagnetic tran-
sition of La-doped samples is sharper. We show that this
factor, together with the high-quality M(H) data, character-
ized by a temperature stability of 0.01 K, enables us to ex-
tract the values of the critical exponents amplitudes precisely
and reliably.
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FIG. 1. Magnetization curve of Laj;Bay¢VS; in applied exter-
nal field H=1 Oe. Temperature steps are AT=0.02 K inside the
range 15-25 K, AT=0.2 K outside. Inset: from 1/ vs T curve, one
has po=1.46up (dashed line).

II. EXPERIMENT

The LajBag VS5 sintered sample was prepared using a
standard solid-state reaction route, as described elsewhere.’
Neutron and x-ray diffraction revealed no secondary phases,
except for traces of unreacted sulfur. In summary, Rietveld
refinement of the diffraction data show that the sulfur defi-
ciency, if any, is below the experimental error, §<0.02.
Magnetic measurements were performed using a commercial
radio-frequency superconducting quantum interference de-
vice magnetometer. The studied sample exhibits the charac-
teristic paramagnetic behavior of the undoped samples fol-
lowed by a sharp ferromagnetic transition at T~ 19 K (Fig.
1), with the paramagnetic slope of x~!(T) yielding an effec-
tive magnetic moment per V atom uy=1.46up (see the inset
in Fig. 1). The measured value for T, falls in the 15-20-K
range of T, values reported for sulfur-deficient undoped
samples and the obtained value for u, (comparable with the
expected value wuy=1.73u; for the V** ion) is equal® to the
value reported for BaVS;— 6 with 6=0.05, which confirms
that La doping induces a similar electron doping effect. Ap-
plied magnetic fields H up to 3 T in 0.1-T steps were used
for the isothermal magnetization curves. The internal field
was determined by taking into account demagnetization ef-
fects.

III. RESULTS AND DATA ANALYSIS

The investigation of the critical behavior near T~ was car-
ried out by means of standard methods derived from scaling
theory. We recall that the three critical exponents and ampli-
tudes of a ferro-paramagnetic phase transition are defined as
follows:

M(H)=DH"? €=0,

M(e) = mowl efer €<0, H=0,
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FIG. 2. Modified Arrot plots in the critical region 18.00<T
<19.98 K, with the B, and v,z values for which the best linear
isotherms are obtained. The isotherm passing through the origin
gives T-=18.92 K. Points outside the range 0.17<H<1.3T (not
shown) have been excluded from the analysis (see text).

Xo' () = (ho/mo)oyflel ™7 €= 0, H=0, (1)

where M, is the spontaneous magnetization, x, is the mag-
netic susceptibility in the H=0 limit, and € is the reduced
temperature e=(T—T)/ T, which is restricted to the critical
region (typically |€| =0.05). Subscripts in Egs. (1) point out
that quantities obtained from single power laws are nothing
but effective values. True asymptotic values, which are mean-
ingful with respect to the universality class of the system,
can be obtained including the “correction to scaling” (CTS)
terms predicted by renormalization-group (RG) theories."
When only the leading CTS terms are retained, the expres-
sions for M, and y, are modified as

M (€) = my|elP(1 + a;,,1|6|A1 + a_M2|e|A2),

Xo' () = ho/molel (1 +ay [l +ay |e*)7. (2

The CTS exponent A; in Egs. (2) is associated with
quenched disorder, while A, is present both in disordered
and pure ordered crystalline ferromagnets. The best avail-
able estimates for the CTS exponents are'® A;=0.11 and
A,=0.55.

The zero-field curves M(T) and x,(T) in Egs. (1) and (2)
can be obtained extrapolating the isothermal magnetization
curves M(H) in the critical region T=T using stand-
ard methods based on the modified Arrot plots.'® In brief, the
set of M"Beff curves are plotted as a function of (H/M)"Yetr
at different temperatures by varying the B, and v, param-
eters, until the curves behave as predicted by the second
and third ones of Egs. (1), i.e., a series of parallel straight
lines. The line passing through the origin corresponds to
the critical point T=T.. Using this method, we obtained
Beyy=0.507 and vy,;=1.379 (see Fig. 2). Only the points in
0.1T<H<1.3T were analyzed, because Arrot plots deviate
from linearity outside from that range: deviation from linear-
ity at low fields arises from mutually disaligned magnetic
domains,!” while the origin of deviation at high fields is still
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FIG. 3. Kouvel-Fisher plots of M and y,. The inverse of slopes
give B,=0.501 and v,4=1.366, the intercepts on the T axis give
18.91 <T<18.92 K. Arrows mark the temperature range used for
linear best fits.

not clear. The isotherm passing through the origin gives
T-=18.92 K. At this point, one can obtain M (T) and y,(T)
simply by extrapolating the points in Fig. 2 to the vertical
and horizontal axes. The two intercepts yield, respectively,
M(T) and x,'(T).

In order to check the so obtained M (T) and x;'(T), we
applied the well-known Kouvel-Fisher method:'® from a
simple algebraic analysis of Egs. (1), one can see that plot-
ting [d log,o(1/M,)/dT]™" and [d log,o(1/xo)/dT]™" as func-
tions of 7, two straight lines that intercept the horizontal axis
at T=Tc with slopes 1/, and 1/v,, respectively, should
be obtained. The data analysis shown in Fig. 3 indicates
that the predicted behavior is followed with Beﬂ:O.SOl,
Yesr=1.366, and T-=18.92 K.

In opposition to B, and v,, which in general depend on
the analyzed temperature range, the parameters B, vy, my,

holmy, a;h’ a;l, a,_wz, and a;z should result to be independent
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on the temperature range when this is close enough to 7. To
obtain the asymptotic critical exponents and amplitudes, we
performed nonlinear least-square best fits of M (7) and
Xo'(T) according to Eqgs. (2), leaving the CTS exponents
fixed at their theoretical values A;=0.11 and A,=0.55 and
exploring three alternative strategies: (i) perform a best fit
without the A, term, then repeat the best fit with the com-
plete Egs. (2) where the ay, and a;r(l term are frozen at the

previously obtained values (this is the strategy outlined in
Ref. 15); (ii) perform the best fit without the A; term; (iii)
perform the best fit without the A, term. The best results (see
Table I) were obtained by (iii), with fairly constant values for
all of the parameters over the whole analyzed range of tem-
peratures. Strategy (i) gives similar chi-squared values as
(iii), with the appearance of oscillations of the obtained val-
ues for the fitting parameters: this is a clear symptom of an
underdetermined problem, i.e., too many free parameters. (ii)
gives higher chi-squared values than (iii), and less stable
values for the fitting parameters. This could be explained if
the measured range of temperatures were too close to T,
since A; <A, implies that the A, prevails over the A, term
when € is very small. Nevertheless, a range of €=5% is
usually far enough to let the A, term show up. We suggest
that the fact that the CTS exponent A, turns out to be defini-
tively more important than A, could be ascribed to the dis-
order in the local demagnetizing factors of the single grains
in our dry pressed powder sample.

According to the first one of Egs. (1), the exponent & can
be obtained from the isothermal magnetization curves M(H)
in the critical region 7= T, namely the slope of the magne-
tization curve at the critical temperature equals 1/6 when
plotted on logarithmic scale. This gives also an alternative
way to determine the value of 7. The application of this
method to our data yields 7-=19.00 K and 6=3.640 (Fig. 4).

The reliability of the obtained values of the critical expo-
nents and 7~ can be checked by means of a scaling analysis.
According to the scaling hypothesis,'®? the singular part of

TABLE I. Critical exponents and amplitudes, and 7 obtained from magnetization data on Lay Bay¢VS3, and predicted values for the
three-dimensional Heisenberg (H3D), XY (XY3D), mean-field theory (MFT), and Ising (IS3D) models. Numbers in the parentheses denote
the uncertainty in the least significant figure arising from the different methods of analysis.

€ range for fit € range for fit mgy mgy/ hg
Method?® B (1073) y (1073) 1) T (K) a;/[l (emu/g) a;l (g Oe/emu)
AP 0.507 49 1.379 53 3.719° 18.92
KF~ 0.501(10) 9-49 3.726(130)° 18.91 7.65(34)
KF* 1.366(36) 6-43 3.726(130)°  18.92 5.4(6) 1073
CTS- 0.519(2) <1-47 3.663(30)>  18.92 -0.16(2) 8.9(2)
CTS* 1.382(10) 3-56 3.663(30)>  18.91 0.26(10) 4.4(4) 107
MH 3.640 19.00
H3D (Ref. 23)  0.364 1.386 4.80P
XY3D (Ref. 23) 0.345 1.316 4.80P
IS3D (Ref. 23) 0.325 1.241 4.82°
MFT (Ref. 24) 0.5 1.0 3.0

3AP: Arrot plots; KF: Kouvel-Fisher; CTS: correction to scaling; MH: log;o(M) vs log;o(H).

Calculated values 6=(B+7)/B.
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FIG. 4. Isothermal magnetization curves in the 18.00<T
=<20.00-K interval. Temperature steps are AT=0.02 K.

the Gibbs potential per spin is a generalized homogeneous
function of H and of the reduced temperature €. Under this
assumption, for any positive number, \, there exist two num-
bers, a and b, satisfying the relation GIN“H,\’€)=\G(H,, ¢).
This assumption leads to two important consequences: (i) the
critical exponents are not independent, for they are linked by

the relation B6=B+1y; (i) in a ferromagnetic phase transi-
. . . . M(H,e)
tion, the following universal equation of state holds: e

= ft(‘eiﬁa). According to the above two relations, the experi-
menta& M(H) curves are expected to collapse into the univer-
sal curve M(H,€)/|elP=f.(H/|€[P?) for the two branches of
positive and negative reduced temperature €, by plotting the
experimental data as log,y(H/€’®) as a function of
log,o(M/€P). Although it has been shown that the above scal-
ing analysis cannot be used to directly determine the critical
exponents,”! it is commonly accepted as a valid backward
test of internal consistency for the critical exponent values
estimated by means of other methods, as in our case. In Fig.
5 the scaled experimental points for 5=0.519, y=1.382, T,
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FIG. 5. Logarithmic scaling plot of H/ef*” vs M/eP in the
critical region. The experimental points fall on two branches of a
universal curve by using the values of the critical exponents and of
T obtained by means of CTS analysis. The points on the isotherm
at T¢ have diverging coordinates and are not reported.
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TABLE II. Critical amplitude ratios for La ;BayoVSs, and pre-
dicted values for the three-dimensional Heisenberg (H3D), mean-
field theory (MFT), and Ising (IS3D) models.

Ms(0)  po

(emu/g) (mp) mo/Ms(0)  poho/kgTc
KF 5.15 0.27 1.48 0.12
CTS 520 0.27 1.71 0.19
H3D (Ref. 22) 1.37 1.58
IS3D (Ref. 25) 1.49 1.52
MFT (Refs. 25 and 26) 1.73 1.73

=18.92 K are shown, and one easily notes that the scaling
hypothesis leading to the aforementioned two branches of
universal curve for €e>0 and €<0 is well satisfied.

As for critical amplitudes, according to theory the ratios
mo/Mg(0) (for T<T¢) and pohy/kgTe (for T>T.), where
M(0) and u are the spontaneous magnetization and the
magnetic moment per V atom at 7=0 K, should have definite
values, depending on the universality class of the system. In
order to estimate M¢(0), we performed an M(H) magnetiza-
tion measurement at 7=5 K and considered the linear part of
the modified Arrot plots resulting from the previously ob-
tained values of 8 and . In Table II we compare the values
obtained from our analysis with those computed for some
universality classes.

The results show that Kouvel-Fisher and CTS analysis
give consistent results, with smaller uncertainties and far bet-
ter chi-squared values in the case of the latter (note the loga-
rithmic scale in Fig. 6). Magnetic interactions in our
LayBay VS5 exhibit to two different behaviors above and
below T-: below T the critical exponent $=0.519 indicates
long-range magnetic interaction, while above T the critical
exponent y=1.382 indicates local magnetic interaction
(Table I). This point is corroborated by the critical amplitude
ratio my/M(0) reported in Table II, which is more compat-
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FIG. 6. Values of x” for best fits resulting from Kouvel-Fisher
method and CTS analysis plotted as function of reduced tempera-
ture. x2=1/(N=N,)Z[(yi=Yexp)/Verp)* Where N is the number of
data points and N, is the number of free fitting parameters.
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ible with the MFT model than with short-range interactions.
The reduced value of u, supports the hypothesis, as already
suggested for sulfur deficient BaVS;_; compounds,® of the
appearance of a spin-singlet phase below T in coexistence
with the magnetic phase, which would account for the re-
duced magnetic moment observed in the ordered state.

IV. CONCLUSION

We have obtained the critical exponents and amplitudes
for the magnetic transition of Lay;BayoVS; by means of
CTS analysis. The results correspond to two different univer-
sality classes on the two sides of the magnetic transition
therefore suggesting a change in the nature of magnetic in-
teractions when crossing the transition point, passing from

PHYSICAL REVIEW B 74, 184425 (2006)

short-range order to long-range order on cooling through 7.
The universality class for the 7> T phase is in agreement
with the results of DFT calculations,'® while the change in
the universality class can probably be associated to the
charge-ordering structural transition.'* It is worth reminding
that a similar behavior had been previously reported for sul-
fur deficient BaVS;_s; by means of >'V NMR studies,® and
was explained as a transition from an antiferromagnetic in-
sulator to a ferromagnetic metal. The common feature to the
two compound classes promoting ferromagnetic short-range
order can be identified in the extra electron on the V1,, or-
bital, which couples different ab planes through Hund inter-
action. In this frame, it would be interesting to study how the
magnetic transition properties evolve with respect to the
amount of electron doping x in electron doped La,Ba,;_,VSs.

*Electronic address: cabassi@imem.cnr.it
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