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Magnetic signatures of ferromagnetic polarons in Laj-;Cay;MnQO;: Colossal magnetoresistance
is not a Griffiths singularity
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Magnetic measurements of Laj;,Cay3MnO; reveal a departure from Curie-Weiss behavior below the ortho-
rhombic (O) to rhombohedral (R) structural transition at Ty_g=705 K. Between Ty_p and T°=273 K, the
magnetic response is clearly paramagnetic but with an enhanced magnetic moment attributed to the existence
of small ferromagnetic polarons. These polarons grow in density and begin to interact below T as evidenced
through low-field magnetic-susceptibility and field-dependent magnetization measurements, which show hys-
teresis and saturation, respectively. At the ferromagnetic transition temperature 7.=247.1 K, the polarons
coalesce and the system exhibits long-range ferromagnetism. It is asserted that the transition at 7. should be
viewed as a polaronic to ferromagnetic phase transition. The relevance of the Griffiths phase is addressed.
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Manganese oxides exhibiting colossal magnetoresistance
(CMR) are complex magnetic conductors in which local lat-
tice distortions, charge transport, and magnetic phenomenon
are strongly intertwined.! One interpretation of the interest-
ing behavior near and above the ferromagnetic transition
temperature 7. focuses on ferromagnetic polarons (Ref. 2).
La(Ca)MnO; near optimal doping exhibits local lattice
distortions®* in analogy to the electrostatic distortions asso-
ciated with dielectric polarons.>® Electrical transport is con-
sistent with polarons,7 and the lattice distortions along with
the electrical conductivity are strongly influenced by mag-
netic field and temperature.>* Neutron scattering reveals
short-range ferromagnetic correlations attributed to ferro-
magnetic polarons whose number increases rapidly as
T—T. from above;3? a lack of divergence of the magnetic
correlation length below T, suggests a first-order ferromag-
netic phase transition. However, thermodynamic measure-
ments reveal a continuous (second-order) phase transition
with an exceptionally large specific-heat exponent.'? This di-
chotomy probably results from the order parameter being
more complex than 1is the case for conventional
ferromagnets,'®!" where it is simply the magnetization.'?
Naturally, strong coupling' among charge, lattice, and mag-
netic degrees of freedom might lead to an order parameter
involving all three.

A few years ago it was claimed that CMR is associated
with the Griffiths phase.! True Griffiths behavior, because of
its mathematical structure, is associated only with the Ising
ferromagnet. It describes a diluted Ising ferromagnet with a
transition temperature 7,<T,(1), where T,(1) is the transi-
tion temperature associated with the undiluted Ising
system.'* In CMR systems, quenched disorder is argued to
lead to a distribution of exchange energies that causes
Griffiths-like behavior.'® The Griffiths phase scenario is fun-
damentally different from a polaronic description of CMR
materials. The present paper reports on magnetic-
susceptibility (y) measurements above T, of Laj;Ca,;MnOs;.
The data reveal distinct features visible only at low magnetic
field that can be qualitatively understood as the result of
ferromagnetic polarons. The polarons display a range of be-
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havior, depending on the temperature and field, that is clearly
different above and below the temperature 7°=273 K,
which lies above T.=247.1 K. Above T* the sea of ferro-
magnetic polarons is shown to be paramagnetic. Our reason-
ing for excluding the Griffiths phase scenario is based on
theoretical principles as well as the scaling of y near 7.,
which reveals strong magnetic-field dependence that was not
previously considered.'?

Polycrystalline La, ;Cay3MnO5; was prepared by a sol-gel
method as described in detail previously.!? Todometric titra-
tion yielded the average Mn valence of 3.32(1). Magnetiza-
tion M measurements were performed using a Quantum De-
sign vibrating sample magnetometer (VSM). A long thin
sample minimized demagnetization effects. Data were col-
lected on cooling from 350 to 200 K, where the magnetic
field H was oscillated to zero. Afterward, the sample was
warmed to 350 K before applying field for the next measure-
ment. In the range 4.6<<H <115 Oe, H was determined by
two procedures: measurement of xy of Gd immediately after
measuring the sample and use of the sample itself to probe
H. In the latter, linearity of M(H) (above 300 K) was used to
estimate the field. Absolute field magnitude and homogeneity
for 0.2 and 1.5 Oe were determined with a fluxgate trans-
former; the 2-mm-amplitude VSM oscillation and inhomoge-
neity (0.03 Oe/cm) indicate a variation of 0.006 Oe during
measurement at these fields. High-resolution thermal-
expansion measurements utilized a fused-quartz capacitive
cell.’’ Electrical resistivity was measured by the four-probe
dc method.

Figure 1 displays y~' corrected for the temperature-
independent diamagnetic and Van Vleck contributions'® be-
tween 10 and 900 K; these data reproduced on a second
warming to 900 K. As T is increased, two features are ob-
served: a ferromagnetic to paramagnetic phase transition at
T.=247.1 K and a first-order structural transition from
orthorhombic (O) to rhombohedral (R) at T_g=705 K (note
hysteresis in lower inset). The Curie-Weiss law, obeyed
only above To_g, yields the effective magnetic moment
Peir=4.57(3) g (with Curie-Weiss temperature 6=360 K),
where wp is the Bohr magneton. This agrees with the ex-
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FIG. 1. Inverse magnetic susceptibility ™' at H=1 kOe. Lower
inset shows the structural transition and hysteresis. Upper inset
shows y on a log-log scale.

pected value (po=4.59 up) for spin-only Mn ions with the
appropriate Mn**/Mn™*? ratio, suggesting minimal interaction
among the magnetic ions in the R phase. Below T_p the
slope of ™! decreases monotonically as T, is approached
from above, suggesting the formation of short-range mag-
netic order. This behavior has been described using a mixture
of free magnetic ions and pairs of Mn magnetic moments,
coupled ferromagnetically via double exchange, whose
population follows a Boltzmann distribution.!” These ferro-
magnetic dimers behave as paramagnetic ions with enhanced
moments.

Since x is defined'® in the infinitesimal field limit
[x=(M/0H)y_], we measured it in the lowest fields pos-
sible. Figure 2(a) shows y data along with the linear thermal-
expansion coefficient («) measured in the earth’s magnetic
field (solid line exhibiting a peak). The u data clearly
illustrate the bulk thermodynamic phase transition at
T.=247.1 K. Focusing first on the 0.2 Oe data [the right-
most curve in Fig. 2(a)], a significant increase in y is evident
well above T,. Similar behavior was reported previously in
La,/;3Ca;3sMnO; and attributed to the formation of magnetic
clusters.!® With larger applied fields, this increase is pushed
downward closer to 7. This behavior is highlighted in the
inset of Fig. 2(a) where the initial increase in y at
T =273 Kin H=0.2 Oe is clearly visible; it is also evident
in the y~! data of Fig. 2(b). A very important aspect is that no
signature of this feature is observed in our high-resolution
thermal-expansion or heat-capacity (not shown) measure-
ments, illustrating that it is not a bulk effect. Furthermore,
significant hysteresis [inset of Fig. 2(b)] occurs in the region
between T, and 7*. We observed a similar downturn in y~!
above T, in Lag 7551, ,5MnOs5. In addition, similar behavior is
observed!*?" in single crystals and La,_,Ba,MnO;. Thus, this
behavior is typical of CMR oxides.

Temperature hysteresis [inset of Fig. 2(b)] in ™! reveals
irreversibility in the region T.<T<T", suggestive of mag-
netic frustration. We conducted extensive measurements of
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FIG. 2. (a) Magnetic susceptibility in several magnetic fields
(highlighted in inset) and thermal-expansion coefficient u at zero
field and (b) y! at the same fields. Inset shows hysteresis in ! at
1.5 Oe.

M(H) above T" to H as high as 80 kOe (see below). These
data reveal M as linear in H (i.e., paramagnetic) below 18
kOe. Thus, even though formation of magnetic dimers*!”
occurs above T, there is no evidence of saturation of M or
the formation of magnetic domains in moderate magnetic
field, which would signify the existence of long-range order.
The M versus H data are discussed in detail below.

The Griffiths phase is claimed!? to be identified by
X ' (T-T,)'™ with 0<\<1. Our evaluation of the pub-
lished literature shows that the criterion 0 <A <1 does not
serve to identify a Griffiths phase at all. In fact, A<<1 is
predicted only for the quantum Griffiths phase?! (7.=0) in
the special case of heavy-fermion materials. Here two further
problems are revealed: the dependence of N on H and the
thermal history. The upper inset of Fig. 1 shows y versus
(T-T.)/T, with (T,=247.1) on a log-log scale for
H=0.2, 1.5, 1000, and 5000 Oe. Above T" the exponent
y=1-A=0.98 is close to the value expected for a conven-
tional paramagnet. In the region between 7T* and T, the value
A=-1.2 is obtained (at 0.2 Oe); note that the range of T
where we extract \ is similar to the critical range in thermal-
expansion data.'® Measurement at H=1 kOe (same field as
used previously'?) results in A=—0.3. However, at this field
the critical region is far narrower and a second linear region
closer to 7T, is apparent with A=0.12, close to the reported
value.'3 The strong-field effect on N\ underscores the impor-
tance of measuring y at low field and the pronounced hys-
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FIG. 3. M versus H loops for T near T,. Upper inset shows
similar data for [H| =300 Oe. Lower inset shows the coercive force
H, versus T; vertical dashed line is at T.,.

teresis in T [inset of Fig. 2(b)] illustrates the importance of
the measurement history.

Although Fig. 2 suggests that y measured on cooling is
larger for smaller field near T, hysteresis in T [inset of Fig.
2(b)] and H must be considered. Figure 3 shows example of
M(H) loops. There are a number of striking aspects of these
data. Two distinct saturation plateaus are evident: one near
300 Oe (highlighted in upper inset of Fig. 3) and one at much
higher field. This behavior is sometimes attributed to first-
order nature®? of the phase transition at 7, but recent work
shows that the transition is continuous (second order).!? Fo-
cusing on the low-field plateau, hysteresis is evident. We
determine the width of the hysteresis loops, the coercive
force H,, by measuring the spacing between the M(H) curves
at M=0 (plotted in the lower inset of Fig. 3). H.=0 above
T*, reaches a maximum immediately above T, and decreases
as T, is approached.?® The high-field plateau is also interest-
ing. Using the data at 248.5 K as an example, there is hys-
teresis in the intermediate field range (800<<H <2800 Oe).
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FIG. 4. Magnetization versus magnetic field above and below

T
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FIG. 5. Maximum value of the electrical resistivity pyax and its
corresponding temperature Tyax versus H. Inset shows p(7) in
magnetic field.

Furthermore, the high-field saturation moves up strongly
with an increased temperature at =1300 Oe/K. The high-
field plateau remains evident to higher temperatures and
fields as shown in Fig. 4.

The M versus H data in Fig. 4 illustrate the behavior of M
for temperatures above and below 7" in higher magnetic
field. It can be seen that as T is approached from above, M
reveals only weak deviations from linearity for H <80 kOe
at 320, 310, and 300 K. At 290 K a more distinct tendency to
saturate appears near 60 kOe. This becomes significantly
more pronounced for 7<<290 K, below which the M(H)
data develop a high-field plateau similar to that observed in
Fig. 3 at lower field. Immediately above T (see the curve at
275 K) M remains linear until 15 kOe, above which the slope
dM/dH increases. This deviation from linearity, revealed as
an increase in dM/dH, moves to higher field as the tempera-
ture is increased; it is no longer evident at 320 K for 0<H
<80 kOe. The absence of hysteresis, H.=0, and the linear-
ity of M(H) suggest that above 7" the system is paramag-
netic, as long as the applied field remains below approxi-
mately 18 kOe.

Despite large variations in y with H near T, the electrical
resistivity p (Fig. 5) is barely influenced by fields below 2
kOe. Furthermore, it does not show hysteresis. These obser-
vations suggest that the regions of the sample responsible for
electrical conduction are not influenced until the magnetic
field reaches approximately 1000 Oe.

We now discuss the data. Below T,_z=705 K, the dis-
tinct deviation from Curie-Weiss behavior signals a compe-
tition between paramagnetism and the formation of ferro-
magnetic dimers. Presumably, orthorhombicity lowers the
energy necessary for dimer formation. We believe that this is
associated with the fact that the higher symmetry of the
rhombohedral phase does not allow Jahn-Teller distortions,2*
which, upon formation, promote local ferromagnetic double
exchange.!” Since M(H) is linear, the ferromagnetic
dimers*!7 between T* and T,,_g remain paramagnetic with
regard to neighboring magnetic moments as long as the mag-
netic field is below about 18 kOe. We identify these as small
ferromagnetic polarons,” of size comparable to the
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pseudocubic lattice parameter a. Neutron diffraction reveals
their growth in number?®° as the temperature is lowered, in
agreement with the picture of Tanaka et al.'” At T"=273 K,
the distinct downturn in 1/ y [Fig. 2(b)] indicates significant
growth in polaron size, probably a result of overlap; we hy-
pothesize that these are large ferromagnetic polarons, of size
larger than a. The M(H) data below T" support this conjec-
ture in that they reveal saturation and hysteresis, even in
small magnetic fields. What we refer to as large polarons can
also be thought of as regions of short-range order (SRO).
SRO above T, was predicted on a theoretical basis for some
doping levels in the double-exchange model; the data in Fig.
2 clearly show a distinct transition above 7., in support of
this prediction.?

SRO coexisting with a paramagnetic background in the
presence of strong charge, lattice, and spin coupling will be
extremely frustrated. X-ray and neutron-diffraction studies of
the polaron scattering” reveal a phase diagram including a
region of temperature with dynamic polarons that, upon
cooling, transform to a polaron glass phase just above T..
This glassy state is likely to exhibit frustration, which is
clearly evident in the hysteresis shown in the inset of Fig.
2(b). However, the diffraction data fail to reveal a distinct
feature®?27 at the temperature we refer to here as T*.

The influence of magnetic field in the region 7. <T<T*
provides further insight; note that M(H) is linear above T*
(as long as H<18 kOe) and H,=0, suggesting paramagnetic
behavior. We attribute the small saturation below 200 Oe
(upper inset of Fig. 3) to rotation of the polarons in the
direction of H; the hysteresis signifies polaron-lattice cou-
pling. At higher field, saturation of M is clearly evident. This
saturation is attributed to growth of the polarons through
overlap and their eventual formation into ferromagnetic do-
mains. Hysteresis in this region of field is evident. According
to the Néel theory?® of coercive force, the energy associated
with H,. in materials with large magnetostriction (as is the
case with CMR materials)?® is dominated by fluctuations in
strain. With this in mind, the lower inset of Fig. 3 suggests
that local strain associated with the large polarons maximizes
just above T, and decreases as the polarons coalesce at 7.,
forming long-range ferromagnetic order. These observations
are consistent with competition between thermal, magnetic
(i.e., wH, where w is the magnetic moment of a single Mn
ion), and magnetic exchange energies among the paramag-
netic Mn moments and magnetic polarons.

Hysteresis [inset of Fig. 2(b)] in y reflects a different
magnetic evolution of polarons depending on whether the
frustrated state is approached from above T* (i.e., from the
paramagnetic state) or below 7T, (from the ferromagnetic
state). In contrast, no hysteresis is observed in p(7, H) in the
low-field region for T, <T<T". This implies that the electri-
cal resistivity is dominated by the paramagnetic regions.
Within the polaron picture, on cooling below 7" in low field,
newly formed large ferromagnetic polarons can become
trapped with their moments restricted along a direction not
parallel to the applied field. As magnetic field approaches 2
kOe, enough magnetic polarization of the polarons and inter-
vening paramagnetic regions lead to percolative paths®
through the polarons and a sizable decrease in p. As a result,
the influence of small H on p should be minimal (as revealed
in the resistivity data of Fig. 5).
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Our discussion of the data in the upper inset of Fig. 1
reveals that 0 <A\ <1 is not satisfied. This condition on \ is
often claimed to indicate the existence of a Griffiths
phase.!3?% Unfortunately, this is misleading. The condition
A <1 was determined®' only for the specific case of heavy-
fermion systems near 7=0. This condition does not appear in
any of the theoretical work on the Griffiths phase.'*3!

The correctness of the Griffiths scenario for CMR systems
is doubtful on a fundamental basis. The key to the existence
of a Griffiths phase depends on the distribution of the parti-
tion function roots on the complex plane of the variable z
= 2#H/ksT \ith H as a complex number. For an Ising ferro-
magnet, Lee and Yang3? showed that the roots lie on the unit
circle |z|=1 for all temperatures. As the critical temperature
is approached from above, at z=1 the roots acquire nonzero
density below T,. At any T<T,, the density of the roots is
directly proportional to the magnetization. When randomly
broken bonds exist, each connected not-yet-percolated clus-
ter also respects the unit-circle theorem. With this in mind,
the possibility exists that a site may belong to various possi-
bly connected clusters with different probabilities. Griffiths
showed that the magnetization as a function of z is not ana-
lytical at |z|=1 for all T<T,(1) with T.(1) the critical tem-
perature of the nondiluted Ising model.'* For magnetic mod-
els other than Ising, the root distribution on the complex
plane is unknown, as are the curves or trajectories on which
the roots might be confined. Thus, the mathematical structure
does not allow for the prediction of a Griffiths phase. In fact,
the root distribution remains analytically unknown?? for the
antiferromagnetic Ising model. Some recent theoretical
work®* assumes the validity of the unit-circle theorem for
other magnetic models for application to CMR, thereby de-
riving asymptotic behaviors for the magnetization near 7T,
and T.(1). This lack of mathematical rigor fails to add clarity
to our understanding as the crux of the matter is to establish
what gives rise to the unique behavior of CMR manganese
oxides immediately above T.. Furthermore, if the Griffiths
scenario is correct for CMR systems, it must also lead to
explanations for anomalous physical properties such as the
huge negative magnetoresistance’ and extremely large effect
of pressure® on T.,.

To summarize, y(7) measurements at low magnetic field
reveal physical characteristics unique to CMR manganese
oxides. It is doubtful that this behavior can be attributed to a
Griffiths phase. Our interpretation is that ferromagnetic po-
larons play a dominant role and that the behavior in the
region between T, and T results from frustrated ferromag-
netic polarons. The existence and evolution of magnetic po-
larons over an extremely broad range of temperature (7,
<T<705 K) suggest that the phase transition at 7. should
be designated a polaronic to ferromagnetic phase transition
rather than a paramagnetic to ferromagnetic phase transition.
This realization may eventually lead to an order parameter
incorporating the strong interplay of charge, lattice, and mag-
netic degrees of freedom known to exist in CMR systems.
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