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Extreme sensitivity of the Griffiths phase to magnetic field in single crystal Lag,;Baj,7MnO;
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Field-dependent ac susceptibility and low field (<150 Oe) magnetization measurements on single crystal
Laj 73Baj,7MnOj; reveal features consistent with the appearance of a Griffiths phase in the temperature interval
between T-=245 and 345 K. Such features, however, are suppressed by fields of only 150 Oe, a result
consistent with reduced value of the susceptibility “exponent” (y) deduced from these data. Comparisons with
the behavior of other doped manganites near optimal doping suggest that the proximity of the mean A-site
radius (ry) to its undistorted value rg might provide an appropriate measure of the tendency of these systems

to nucleate a Griffiths phase.
DOI: 10.1103/PhysRevB.76.092404

There is a growing body of evidence supporting the oc-
currence of a Griffiths phase not only in doped Mn
perovskites!>—which appear particularly susceptible to the
influence of disorder>—but also in a variety of other systems
containing rare-earth* and transition metal ions.’

The original problem considered by Griffiths® was perco-
lative in nature, one in which nearest neighbor (exchange)
bonds characterized by strength J occur with probability p;
otherwise, the bond strength is zero [with probability (1
—p)]. For p<p, (the percolation probability), there is zero
probability of forming an infinite percolating “backbone”—
equivalently, the correlation length does not diverge—and
thus, as expected, no cooperative ferromagnetic transition
occurs. However, for p > p., ferromagnetism is established,
albeit at a temperature T(p) somewhat below that of the
undiluted system [T-(p=1)=T;]. The Griffiths phase ap-
pears in the temperature interval To(p) <T<T. In this re-
gime, the behavior of the system is neither that of a simple
paramagnet nor is an infinite percolating backbone estab-
lished; rather, the response is determined by a series of clus-
ters and/or correlated volumes of finite extent. Specifically,
this response is dominated by those correlated regions and/or
clusters with the largest susceptibilities. In close proximity to
To(p), the system can be “unblocked” by application of an
applied field which causes the cluster size—in current critical
phenomenon language, the correlation length—to diverge.
Correspondingly, there is a sharp increase in the magnetiza-
tion, a feature considered as a defining characteristic of a
Griffiths singularity, a singularity in the sense that the free
energy—and consequently its derivatives (the experimentally
measured response functions)—is nonanalytic over the asso-
ciated temperature interval. While this behavior of the mag-
netization is reminiscent of a first order/discontinuous tran-
sition, the phase change at T-(p) is continuous, with the
corresponding power-law dependence of the magnetization
on field along the critical isotherm:

M o< H'?, (1)

yielding large (~20) values' for the “exponent” 5. A number
of generalizations have been made to Griffiths’ original
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approach’ within which the overall behavior outlined above
persists.

To return to the manganites, the Griffiths phase approach
was shown to provide not only a consistent description of
available data on Lag;Cay;MnO5 but also a framework for
discussing the variation of magnetic and transport properties
with dopant species Pb, Sr, and Ca near optimal doping.' In
general terms, as the average ionic radius of these A (La) site
substituted ions falls, so does the disorder-corrected® transi-
tion temperature 7({r4),0); more importantly, the variance
o in the A-site ionic radii, a measure of this disorder, plays a
pivotal role."® An exception noted! to this general behavior
occurred in single crystal Laj 7,Baj ,;MnOs;—again near op-
timal doping—which was reported as having 7-=245 K, in-
termediate between its Ca- and Sr-doped single crystal coun-
terparts, but more importantly with a 7~ below that of a
Ca-Pb-doped sample which displayed evidence of Griffiths
behavior. This Ba-doped single crystal displayed a conven-
tional continuous paramagnetic to ferromagnetic phase
transition” governed not just by Heisenberg model
exponents'® but also with critical amplitudes consistent with
the same model. These conclusions were confirmed by more
recent measurements of the field-dependent ac
susceptibility.!! In particular, no indication of the occurrence
of a Griffiths phase was evident in either series of measure-
ments. This Brief Report presents low field ac susceptibility
and magnetization data on this same Ba single crystal,
which, while revealing the appearance of a Griffiths phase in
it, indicate subtle differences with data acquired from its Ca-,
Pb-, and Sr-doped counterparts.

Simultaneous measurements of the ac susceptibility (at
1 kHz with a driving field amplitude of 100 mOe rms, in
static fields between zero field and 150 Oe) and the corre-
sponding magnetization were carried out in a Quantum De-
sign PPMS model 6000 magnetometer and/or susceptometer.
Within experimental uncertainty (typically +0.5 K), these
data display no thermal hysteresis above the ferromagnetic
ordering temperature. All fields were applied along the larg-
est dimension of this 0.163 g semicylindrical rod of length
6 mm and average radius 1.6 mm; the preparation and vari-
ous characteristics of this single crystal have been discussed
previously.” In particular, this single crystal displayed a mo-
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FIG. 1. (Color online) The inverse ac susceptibility, measured
on warming following zero-field cooling under various (nominal)
applied fields. The inset reproduces the zero-field data on a log-log
scale, with 1=(T— TZ)/ TZ and TZ=261 K; this form tests the power-
law, Eq. (2), and yields y ~0.17.

saicity of less than 1°, and while no direct means of assess-
ing the oxygen content is available to us, the measured low
temperature saturation magnetization® indicates that this
specimen is close to being stoichiometric. Relevant data have
been corrected for background and demagnetization effects,
with a demagnetization factor estimated from both’ the
maximum zero-field susceptibility and from shearing curves
close to T¢. At each measuring field and temperature, appro-
priate waiting times were adopted to ensure that equilibrium
conditions prevailed. The relevant data are presented in Figs.
1 and 2.

In assessing the present data and comparing them with
previous reports,™!! it is important to recall that conventional
critical analyses of data on this’ and related systems'? are
usually based on the use of an Arrott-Noakes'® equation of
state and involve extrapolations from the “technically satu-
rated” regime. The latter is necessary for two principal rea-
sons: first, to eliminate noncritical contributions to the mea-
sured response (arising from sources such as domain wall
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FIG. 2. (Color online) The inverse dc susceptibility measured on
warming in a nominal field of 30 Oe after zero-field cooling. The
inset replicates that in Fig. 1 and yields y ~0.22.
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motion and coherent domain rotation), and second, since
samples are rarely perfectly ellipsoidal in shape, to exclude
data for which the corresponding demagnetizing field correc-
tion represents a significant fraction of the applied field (i.e.,
with H;=H_,-NM, in the usual notation, this approach sup-
presses data with large uncertainties in the internal field H;).
This eliminates data obtained typically®!? in applied fields
(H,) <500 Oe. Similarly, while critical analyses of ac sus-
ceptibility data can be carried out in fields as low as 0.1 Oe
in the most favorable cases,'* the manganites'’!> (and in-
deed, pyrochlores'®) are well known to exhibit a technical
hardness far in excess of that which might be inferred from
measured coercive fields; this limits critical analysis of ac
susceptibility data on the present single crystal to fields
exceeding'! 20 kOe. These points are relevant, since mani-
festations of a Griffiths phase are known to be suppressed as
the field is increased."* Such a result is expected'! as the
applied field is the appropriate conjugate field for uniform
ferromagnetism; increasing the magnitude of the applied
field thus promotes the growth of uniform ferromagnetism at
the expense of its nonuniform Griffiths phase counterpart.

The data shown in Fig. 1 are significant in two aspects.

(i) They indicate an extreme sensitivity to applied (static)
fields. The signature Griffiths phase response—a depression
of x™' vs T curves below the Curie-Weiss line!*—is com-
pletely quenched in fields of only 150 Oe in this system
(such fields, incidentally, are well below the minimum values
used in previous critical analyses of either magnetization or
ac susceptibility data). An anticipated corollary is that the
Griffiths singularity is correspondingly weak in this Ba-
doped single crystal, with the inset in Fig. 1 yielding an
estimate for the susceptibility exponent y deduced from the
power-law form attributed to the inverse susceptibility in the
Griffiths regime, viz.!>*

X (T=-TH)'™ (y>0) (2)

of only y~0.17 with TZ=261 K. Values reported for doped
manganites are typically!? y=0.6—0.7 but can sometimes be
smaller in other systems,*> 0.3-0.8.

(ii) These data revert to near Curie-Weiss-like behavior
not only above T;~=345 K but also in the region immedi-
ately above T, (hence, the low value for y), unlike the re-
sponse observed to date in other systems.

The corresponding low-field inverse magnetization data,
Fig. 2, are qualitatively consistent with the ac susceptibility
data, showing deviations away from Curie-Weiss behavior
with a curvature comparable to that shown in Fig. 1. How-
ever, as ac susceptibility measurements can be carried out
reliably to some 30 K higher than magnetization studies in
the present measuring system and are not as sensitive to
trapped field uncertainties, the estimate of the parameter y
from the former data is likely more reliable. Nevertheless,
these low field data reveal the occurrence of a Griffiths phase
in a near optimally doped Ba single crystal. Here, however,
this phase displays an extreme sensitivity to applied field, at
least in regard to the measured 7’s of a number of doped
Mn perovskites. Specifically, the data on the doped Mn per-
ovskites reported in Ref. 1 showed that with decreasing T,
these systems displayed enhanced Griffiths phase character-
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TABLE 1. Parameters characterizing some optimally doped Mn perovskites, La;_,A MnOj.

(CA) o Tc Tc ({r4),0)
A x (A) (A) (K) (K)
Ca 0.3 1.205 0.0165 218 268
Ba 0.27 1.285 0.1128 245 523
Ca-Pb 0.34 1.242(5) 0.2778 286 434
Sr 0.3 1.244 0.0431 360 440

istics; additionally, these authors stressed the role played by
both the average A-site radius (r,) and its variance o in
determining the behavior of these systems, a point reiterated
by a number of other studies.®!” The bending of the Mn-
O-Mn bond accompanying decreases in (r,) suppresses
double exchange, with a consequent!® decrease in 7. How-
ever, the depression of T, at constant {r,) as ¢ increases
suggests that local—rather than average—fluctuations pre-
dominate. In this context, the behavior of the Ba single crys-
tal is anomalous. This can be seen from the comparisons
summarized in Table I, which reproduces the values of (r,),
o, and the measured ordering temperature 7~ for the present
sample and those reported in Ref. 1 The correlation between
T and the Griffiths phase characteristics mentioned above is
clearly not universal. To examine this correlation in greater
detail, Table I also lists the disorder-corrected ordering tem-
peratures T({r4),0) for the samples in question. Rodriguez-
Martinez and Attfield® have proposed a semiquantitative
model which provides a considerably unified description of
the behavior of doped Mn perovskites (and indeed cuprate
superconductors'®) in the form of a comprehensive
Tc((r4),0) vs (ry) phase diagram. This was achieved through

the use of a disorder-corrected ordering temperature
Tc((r4),0) estimated from
Tel(ra),0) = Te(r4,0) = alry = (ry)*. 3)

In this expression, r} represents the ideal radius of the un-
distorted cubic perovskite structure (taken as 1.30 A near
optimal doping), so that the last term in Eq. (3) measures the
departure of the actual structure from “ideal,” i.e., a measure
of the strain field. Tc(rg ,0) and & were proposed as universal
constants for these optimally doped perovskites, assuming
values of 350 K and 29X 10° K A2, respectively, from fit-
ting available data. As all samples considered in Table I are
close to optimal doping, this choice for the ideal radius rg is
appropriate. As can be seen from this table, there is no clear
correlation between the occurrence of Griffiths phase behav-
ior and these tabulated parameters (or indeed the combina-
tion (ry)/ o) except that (r,) for the present Ba sample is
closest to 7 of the undistorted structure mentioned above.
Hence—from Eq. (3)—T({r,),0) is highest for this Ba-
doped single crystal, exceeding that of its Sr-doped counter-
part which displays little evidence of Griffiths behavior.
Whether the latter, i.e., r5—(r,) (and the accompanying
strain field®), rather than the variance o is thus a more ap-
propriate measure of the “disorder”—and hence the tendency
to nucleate a Griffiths phase—will need further study. The
present data, nevertheless, confirm the continued subtleties
displayed by CMR manganites.
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