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Griffiths phase and critical behavior in single-crystal Laj,Ba,;MnOj:
Phase diagram for La;_,Ba MnO; (x<0.33)
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Analyses of temperature- and field-dependent ac susceptibility and magnetization data from a colossal
magnetoresistive Lag;Bay3MnO; single crystal in terms of scaling behavior yield exponent values of &
=5.5+0.3 and y=1.41+0.02 (both slightly larger than Heisenberg model predictions), with 8=0.35*0.04
and a Curie temperature 7-=310*+0.5 K. Detailed investigation of the low-field dc and ac susceptibilities
reveals features consistent with the presence of a Griffiths phase (GP)—viz., an inverse susceptibility charac-
terized by x~' o (T-T¢)'™ with \=0.67 = 0.05. These, combined with previous results, enable a phase dia-
gram summarizing the evolution of the GP with composition in this system to be constructed, and in this
context, the possible importance of the variation of the acoustic spin-wave stiffness D with composition is

discussed.
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INTRODUCTION

Doped transition-metal oxides with a perovskite structure
have been extensively studied over the past several years, a
result of their displaying a colossal magnetoresistance
(CMR)—viz., a very large change in resistance induced by
the application of a magnetic field. Such behavior is associ-
ated with the occurrence of a metal-insulator transition, the
temperature of which exhibits a marked dependence on field.
However, despite extensive efforts to explain the origin of
CMR behavior, initially double exchange (DE),! and its sub-
sequent extension to include spontaneous electronic phase
separation® and the occurrence of a Griffiths phase®* among
others, the physical mechanism underlying CMR, remains
controversial. In more general terms, manganese perovskites
represent an interesting class of materials with an unusual
combination of coupling between charge, spin, orbital, and
vibrational degrees of freedom, making them an important
class of strongly correlated electronic systems.’

These materials are characterized by the general formula
A,_.B.MnO; where A is a rare-earth ion (i.e., La,Pr,...) and
B is a divalent alkaline-earth cation (i.e., Ca,Ba,...), x being
the doping level, the latter causing changes in the valence
state of the Mn ions to maintain charge neutrality. The con-
sequent mismatch in the ionic size of ions occupying the A
(La) site leads to a distortion in the crystal structure de-

ibed by a “tol factor” 1= 5"
scribed by a “tolerance tactor t_\§(<rMn>+ro)’

radius of the oxygen ion, while {r,) and {ry;,) are the average
radii of A and Mn ions, respectively. When ¢ is close to 1, a
cubic perovskite structure is realized; as t decreases, the lat-
tice structure transforms first to rhombohedral (0.96<t<1)
and then to orthorhombic (1<0.96).°> The tolerance factor
and the variance o in the A-site radius both provide quanti-
tative measures of the disorder in these systems.’ Below we
present a summary of magnetic and transport data on an
optimally doped La, ;Bay;MnOj single crystal, with particu-

where rg is the
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PACS number(s): 75.40.—s, 75.40.Cx, 75.47 Lx

lar emphasis on the influence of disorder which nucleates the
onset of a Griffiths phase in the La;_Ba MnO; series of
single crystals.

EXPERIMENTAL DETAILS

The single crystal used in the present study, with a nomi-
nal composition Laj;Bay;MnOs, was grown using the float-
ing zone technique.® It was of high structural and magnetic
quality, displaying a mosaicity of less than 1° and a coerciv-
ity not exceeding 4 Oe. A Quantum Design model 6000
PPMS magnetometer-susceptometer was used to measure the
field- and temperature-dependent ac susceptibility x(H,T) (at
1 kHz with an 0.1 Oe excitation field) and the magnetization
M(H,T). All fields were applied along the largest sample
dimension to minimize demagnetization effects. The sample
composition was confirmed from the magnetization isotherm
at 2 K, which yields a spontaneous magnetization of
(3.66+0.02) up/Mn (84.7£0.3 emu/g), consistent with the
theoretical spin-only value of Mg(0)=NgS,;=3.7uz/Mn
(85.62 emu/g) calculated from the nominal composition.
Magnetoresistance measurements were made using a model
7000 ac transport controller with a conventional four-probe
technique and an excitation current of 0.05 mA at 499 Hz.
Contacts to samples (with typical dimensions 6X1
X 1 mm?®) were made by compressing indium “pads” over
current-voltage gold-conducting wires embedded in grooves
in the sample made by a diamond wire saw.

RESULTS AND DISCUSSION

Field- and temperature-dependent ac susceptibility mea-
surements provide a powerful technique for investigating
continuous magnetic phase transitions, as detailed previ-
ously,”® complementing conventional techniques.’!! The
corresponding data on the present single crystal are repro-
duced in Fig. 1. The inset in Fig. 1(a) shows the zero-field ac
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FIG. 1. (Color online) (a) Inset: the zero-field ac susceptibility,
measured on warming and cooling; the main body reproduces
x(H,T) measured on warming following zero-field cooling in dif-
ferent static fields from 1000 Oe (top) to 4000 Oe (bottom) in
200 Oe steps; (b) estimate of critical temperature 7 by plotting the
susceptibility peak temperature (7,,) against (H?'57); (c), (d), (e) are
double-logarithmic plots which test the various power-law predic-
tions, Egs. (1)—(3), these data have been corrected for background
and demagnetization effects; (c) reproduces the reduced tempera-
ture (7,,), against the internal field (H;); (d) the peak susceptibilities
(x,n) against reduced temperature (z,,); (e) the peak susceptibilities
(xm) against internal field (H;).

susceptibility x(0,7) measured on warming and cooling.
While there is no measurable thermal hysteresis (on a scale
of typically 0.5 K) associated with the magnetic transition
near 310 K, hysteresis is evident in the temperature region

157 K<T<187 K surrounding the rhombohedral R3¢ to
orthorhombic Phmn structural phase transition.'?

The maximum susceptibility value—the Hopkinson-
principal maximum’8—evident in this inset yields an esti-
mate for the demagnetization factor of N=1/)p.x
=1/0.2119=4.72 g Oe/emu. The main body of Fig. 1(a)
summarizes the field dependence of the ac susceptibility,
which displays a series of peaks which decrease in amplitude
x(H,1,,) and increase in temperature (7,,) as the applied field
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increases. Standard critical theory indicates that the locus in
temperature, f,,, and amplitude of these peaks are governed

by a set of power laws*"8—viz.,
t= (T, = TN Te o H'MP, (1)
Xom Ly (2)
Xom Hgl_ﬁ)/ﬁ, (3)

where H; is the internal field (H;=H,—NM, H, being the
static applied field). The (reduced) temperature ¢, =(T
—T¢)/ Te determines the location of the “crossover” line,
above which the response is thermally dominated, as op-
posed to being field dominated below it.*7 Such structure is
regarded as an unequivocal signature of a continuous—
second-order transition (which Arrott plots—not reproduced
here—confirm).

Given the success of the Heisenberg model'? in describing
the critical behavior in many manganites,*’~° an attempt was
made to find a quantitative estimate for T using the above
data in conjunction with Eq. (1)—i.e., by plotting the mea-
sured peak temperatures 7,, against the internal field H?'57
using the Heisenberg model prediction of (y+8)"'=0.57
(Ref. 13) (a point returned to below). The data [Fig. 1(b)] are
well represented by this form, and an extrapolation to H;
=0 yields an initial estimate for 7. Typically this estimate is
then used to construct double-logarithmic plots of the re-
duced temperature 7,, against the internal field [retesting Eq.
(1)] and of the peak amplitude against reduced temperature
[Eq. (2)], with small adjustments to T until a consistent set
of plots [Figs. 1(c) and 1(d)] are obtained. Such an approach
confirms the corresponding power predictions and in the
present sample yields y=1.41%£0.02 and B=0.35%0.04,
with T-=310%0.5 K (i.e., here the initial T is essentially
unchanged). Notice that while the individual exponent values
differ from Heisenberg model predictions, their sum (coinci-
dentally) does not, thus validating the approach used to con-
struct Fig. 1(b). In Fig. 1(e) the peak amplitudes from Fig.
1(a) (corrected for background and demagnetizing effects)
are plotted against the internal field on a double-logarithmic
scale; this figure tests the remaining power-law prediction,
Eq. (3), and yields 6=5.5*0.3 (an estimate which does not
depend on choice for 7). These estimates for y, and & par-
ticularly, are slightly higher than the Heisenberg model val-
ues [y=1.387, 8=0.365, 6=4.783 (Ref. 13)]; however, the
exponent values quoted obey the Widom relation y=8(8
—1) (Ref. 7) within experimental uncertainty.

Confirmation of these exponent estimates is provided by
the magnetization data. Figure 2(a) shows such data col-
lected along the critical isotherm (T-=310 K), with the inset
in this figure evaluating 6 independently using

M(H,T=Tc)=MyH"?, m(h,0) ~ Dh'"°. (4)

For fields comparable to those used in Fig. 1(e), this double-
logarithmic plot yields 6=5.5+0.3. Figure 2(b) demon-
strates a good collapse of the magnetization data near T,
=310 K based on the usual scaling representation incorporat-
ing the above exponent estimates; the latter demonstrates
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FIG. 2. (Color online) (a) Magnetization measured along the
critical isotherm (7T-=310 K), the inset estimates & by reporting the
data from on a double-logarithmic scale; (b) a conventional scaling
plot using the critical exponents and T listed above.

convincing consistency with the ac susceptibility data.
Values of the exponent ¢ far in excess of the Heisenberg
value have been linked with the onset of a Griffiths
phase.3*14-16 The characteristics of such a phase have been
used successfully to reproduce CMR behavior in the
LaCaMnOj; system near optimal doping,’ as well as its varia-
tion with dopant species. Griffiths phases have also been
reported in the range of doped Mn perovskites and other
systems based on a variety of physical measurements;>*1>-17
its presence reflects the influence of disorder on the phase
complexity in the manganites and related systems. In the
original problem treated by Griffiths,'* nearest-neighbor ex-
change bonds of strength J occurred with probability p, dis-
order being introduced via bonds of zero strength and prob-
ability (1-p). Below the percolation threshold p,. of the
relevant lattice there is zero probability of establishing an
infinite percolating “backbone” (in the language of continu-
ous transitions, the correlation length does not diverge), and
thus cooperative ferromagnetism is not established; neither,
in the context of the manganites, is a double-exchange linked
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FIG. 3. (Color online) (a) The inverse dc susceptibility plotted
against temperature immediately above T in various static fields
shown; the inset, a double-logarithmic plot testing Eq. (5), yields a
value of \=0.62 (H=20 Oe) with Tlé“"‘1=310 K; (b) the corre-
sponding inverse ac susceptibility measured in various static fields;
the inset yields A=0.67. All data were collected on warming fol-
lowing zero-field cooling.

ferromagnetic pathway. By contrast, for p>p,, ferromag-
netic (FM) order is established, but as expected, at a tem-
perature T(p) below that of the undiluted system [Tq(p
=1)=T;]. The temperature interval To(p) <T<T; defines
the Griffiths regime, a regime in which the system response
is neither simply paramagnetic (PM) and Curie-Weiss-like
nor is an infinite percolating chain and divergent correlation
length established; here, the response is dominated by the
largest cluster and correlated volume, leading to the follow-
ing prediction®*!* for the inverse susceptibility: viz.,

x o (T=TEm) 1= N <0<1. (5)

Despite the result that the & value in the present Ba-doped
single crystal exceeds the model-predicted value to a far
lesser extent than values reported in its Ca-doped
counterparts,>* Figs. 3(a) and 3(b), which reproduce the low-
field dc and ac susceptibilities immediately above 7, dem-
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FIG. 4. (Color online) Resistivity in 0 T (top) and 1, 3, 5, 7, and
9 T (bottom) measured on warming following zero-field cooling;
the inset shows the associated magnetoresistance.

onstrate clearly the depression of the inverse initial suscep-
tibility in this temperature regime below its Curie-Weiss
value, a result consistent with the formation of large corre-
lated regions and clusters. The inset in these figures confirm
the power-law prediction—Eq. (5); specifically, Fig. 3(a) uti-
lizes a T6" of 310 K, a value which is consistent in this
system with the Curie temperature 7~ deduced from scaling
analysis, with the associated fit to the 20-Oe dc data yielding
A=0.62+0.05 (310 K<T<318 K). The inset in Fig. 3(b)
yields a consistent result, with A=0.67 = 0.05 from the zero-
field ac data over the same temperature range. In the PM
region [T>T;=342 K, with T chosen using the same cri-
terion as Magen et al.'®—viz., the onset of the departure of
the inverse susceptibility from a Curie-Weiss dependence (as
higher-temperature measurements—and fits to them—are not
possible in our present magnetometer)], the corresponding
exponent \ is close to zero (0.011), an anticipated result as
the Griffiths phase evolves into a conventionally disordered
PM state. The rapid suppression of the Griffiths phase with
field evident in Fig. 3 (the applied field being the conjugate
field for uniform ferromagnetism rather than its disordered
Griffiths counterpart) is consistent with that reported earlier
for an x=0.27 Ba single crystal;17 however, the N value de-
duced here, being comparable to that found in a variety of
doped manganites and other systems,>*!7 is larger than that
found at the lower composition. The latter likely reflects the
result that at x=0.27 the exponent values are considerably
closer to Heisenberg model values. This point is returned to
below.

Despite the differences in exponent values with the “regu-
lar” Griffiths phase systems,>* transport measurements on
the present system reveal it displays standard CMR behavior,
as Fig. 4 demonstrates. The inset reproduces the associated
magnetoresistance [p(0)—p(H)]/p(H), which, as expected,
exhibits a peak near the metal-insulator phase transition.

Combining the present data with our earlier results at x
=0.27, the recent interpretation of electron spin resonance
(ESR) measurements by Eremina et al,'® and a range of
previous measurements enables a modified phase diagram
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FIG. 5. (Color online) (a) The T5-T¢-p diagram for the bond-
diluted FM Ising model (Refs. 14 and 15); (b) its conjectured *=J
random bond Ising model counterpart; (c) a summary of the current
and prior observation of Griffiths phase boundaries for the
La;_,BaMnOj; system (x<0.33; see text). Data in the range of
0.1 <x cited from Ref. 19, 0.1 <x<0.2 from Ref. 18, part of 0.1
<x<0.2 from Ref. 20, x=0.25 from Ref. 20, x=0.27 cited from
Ref. 17, x=0.3 based on present work, x=0.32 cited from Ref. 22,
and x=0.33 cited from Refs. 23 and 24.

for the LaBaMnO; system in the vicinity of the Griffiths
regime (x=<0.33) to be constructed. In particular, the present
measurements demonstrate unequivocally that the conjec-
tured termination of the Griffiths phase between x=0.2 and
x=0.3 needs to be corrected, as Fig. 5(c) indicates; it extends
to somewhat beyond x=0.3, likely to optimal doping.'719-24
Differences in the absolute values for 7, T, and x notwith-
standing, Fig. 5(c) is strikingly similar to a corresponding
phase diagram determined for the LaSrMnO; system,"
which, in turn, was compared with the (7-p) diagrams for
Griffiths’ original diluted FM Ising model'* and that conjec-
tured for its= *=J random bond counterpart [Figs. 5(a) and
5(b)].

Despite the overall agreement in mapping the composi-
tional boundaries of the Griffiths phase in this Ba-substituted
system using data from several experimental techniques,
some fundamental questions remain. These include both the
origin of the rapid suppression of Griffiths characteristics by
field in this system and the associated variation of the expo-
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TABLE I. Parameters characterizing some Mn perovskites La;_,A,MnOj3 [disorder-corrected T¢({r4),0)

are available only near optimal doping (Ref. 25)].

<r{‘> Tolerance o T Tc((ra),0)

X (A) factor (¢) (A) (K) (K) GP

Ba 0.1 1.2414 0.92899 0.0762 200 Yes
(Tg=340 K) 0.12 1.2465 0.93079 0.0825 200 Yes
0.15 1.2541 0.93347 0.0907 215 Yes

0.2 1.2668 0.93793 0.1016 251 Yes

0.27 1.2846 0.94419 0.1128 245 523 Yes

0.3 1.2922 0.94687 0.2997 310 528 Yes

Ca 0.2 1.2088 0.92337 0.0144 179 No
(Tg=210-255 K) 0.21 1.2084 091741 0.0147 182 Yes
0.25 1.2072 0.91688 0.0156 200 Yes

0.27 1.2063 0.91665 0.0159 256 275 Yes

0.3 1.2051 0.91627 0.0165 206 269 Yes

Sr 0.05 1.2207 0.92172 0.0205 120 No
(T=270 K) 0.08 1.2235 0.92271 0.0255 140 Yes
0.1 1.2254 0.92337 0.0282 160 Yes

0.12 1.2273 0.92403 0.0306 180 Yes

0.15 1.2301 0.92502 0.0336 210 Yes

0.2 1.2348 0.92668 0.0376 310 No

0.3 1.2443 0.92991 0.0485 351 439 No

nent \ with composition. The earlier suggestion!” that this
might reflect the fact that the average A site (r,) in this
Ba-substituted system near optimal doping is closest to that
of the undistorted cubic perovskite structure (rg) (Refs. 25
and 26) appears to reproduce general trends at this doping
level. Specifically that the disorder-corrected T—and by in-
ference, T;—is highest for optimally doped Ba compared to
its Ca- or Sr-doped counterparts. However, the broader as-
sertion that rQ—(r,) provides the appropriate criterion for
measuring the “disorder” that underlies the tendency to
nucleate a Griffiths phase, and the parameters that character-
ize it, is ruled out by detailed comparisons of the present data
with that at x=0.27 (Ref. 17) and with recent data on the
Ca-doped system near the ferromagnetic metal-ferromag-
netic insulator (FM-FI) boundary.* Indeed, an inspection of
the various structurally based parameters®*!1-13:17-2427.28 for
these systems reproduced in Table I reveals that not a single
such parameter reflects the detailed variations in these tem-
peratures, the exponent N\, and the accompanying field de-
pendence of GP behavior, outlined above, away from optimal
doping.

Previous studies*?* of Ca-doped single crystals, however,
revealed that an anomalous behavior of the acoustic spin-
wave stiffness D might be a precursor signal for the onset of
a Griffiths phase, at least near the FM-FI boundary at x
=0.19 in that system. The corresponding results for Ba-
doped samples provide an interesting comparison. The usual
assumptions regarding the dispersion relation for gapless
low-lying acoustic mode spin-wave excitations, Aw,.

=D(T)g? leads to the well-known T°? expression for the

temperature dependence of the spontaneous magnetiza-
30,31__

tion Viz.,
M 1 "B_T>3/2 (E)
M(0) _1_NS<47TD(T) 43 ©

in which ¢ is the Riemann-zeta function. Figure 6 shows a
least-squares fit of Eq. (6) to data below 80 K on the x
=0.3 single crystal (the spontaneous magnetization being es-
timated from extrapolation of both Arrott-Noakes and con-
ventional Arrott plots, either being equally applicable well

1.00

0.99

0.98

MM,

0.97

0 200 400 600 800 1000
T3I2 (KSIZ)

FIG. 6. (Color online) The low-temperature spontaneous mag-
netization M/M,, plotted against 7%2. The slope of this plot yields
a value for the acoustic spin-wave stiffness of D=147
+2 meV A%
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away from the critical region®?). This fit yields D(0)
=147+2 meV A2, a value in excellent agreement with that
reported for a Ba-doped x=0.3 polycrystalline sample
[D(0)=152*3 meV A?].33 More importantly this value for
D is well above that reported at x=0.27 [D(0)
=66+3 meV A2 (Ref. 31)] (the unusual behavior of the gap
parameter at that composition notwithstanding). A rapid de-
cline in the value of D in the Ca-based system coincided with
the termination of Griffiths phase characteristics and the oc-
currence of critical behavior described by Heisenberg model
exponents.* The parallels with Ba doping are striking; as D
declines sharply as x is reduced from 0.3 to 0.27, so do the
critical exponents approach very closely to Heisenberg
model values. Nevertheless, vestiges of Griffiths phase be-
havior persist, although they display an extreme sensitivity to
field and a much reduced value of the exponent A (=0.170);
correspondingly, the phase regime immediately above T at
x=0.27 exhibits but minor departures from PM Curie-Weiss
behavior. However, whereas in the Ca-doped systems 7~ and
T; converge as x is lowered to 0.2, immediately prior to the
onset of the FI phase (with antiferromagnetism being estab-
lished at still lower x values), in the Ba-doped system, Grif-
fiths phase characteristics do not terminate when the compo-
sition x=0.27 is approached from either above or below, but
persist well below x=0.2 and likely up to optimal doping x
=0.33, exhibiting (T;—To—x) boundaries generally similar
to LaSrMnO;.'3

PHYSICAL REVIEW B 77, 064424 (2008)
SUMMARY AND CONCLUSIONS

Analysis of magnetic data on  single-crystal
Lay7BaysMnO; yield values for the critical exponents of &
=55%+0.3, y=141%0.02, and B=0.35%0.04, slightly
larger than those of the three-dimensional Heisenberg model.
Subsequent measurements of the low-field dc and ac suscep-
tibilities reveal features consistent with the presence of a
Griffiths phase. These data, combined with previous results,
enable a phase diagram of the Griffiths regime for the
LaBaMnO; system in the temperature-composition plane to
be constructed, and in connection with the latter, the possible
importance of the variation of the acoustic spin-wave stiff-
ness with composition is outlined. Nevertheless, the evolu-
tion of Griffiths phase behavior accompanying compositional
doping with any specific alkaline-earth cation, as well as the
differences displayed using different dopant species, still
present considerable challenges to our current understanding
of these strongly correlated systems.
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