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Reentrant charge ordering transition in the manganites as experimental evidence
for a strain glass
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A reentrant charge ordering transition occurs

within the pm-scale phase-separated manganite

(La,Pr)s;sCas;sMnOj3. This low-temperature state, in which charge-ordered and ferromagnetic-metallic phases
coexist, accompanies spin-glass-like magnetism. Furthermore, thermal conductivity measurements reveal an
irreversibility characteristic of a freezing transition in the latfice degrees of freedom, strongly suggesting the
presence of inhomogeneous long-range strain. Our results point to a unique phase transition from a “strain
liquid” to a “strain glass” state where phase-separated regions strongly interact via martensitic accommodation
strain resulting in a cooperative freezing of the combined charge/spin/strain degrees of freedom.
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Spatial phase coexistence in strongly correlated electron
systems appears to be associated with a number of puzzling
phenomena, including high-7~ superconductivity and colos-
sal magnetoresistance (CMR), and surprisingly, it can hap-
pen on an astounding variety of length scales. For example,
at the surface of the layered cuprates, a superconducting
phase is finely mixed on the nanoscale with an unusual
“pseudogap” phase at low temperatures (7), especially in the
underdoped regime.! Itinerant charge carriers in the CMR
manganites tend to form nanoscale charge-ordered (CO) re-
gions in the insulating paramagnetic (PM) state above the
ferromagnetic (FM) 7.>3 In addition, the spatial coexistence
of metallic-FM regions with insulating-CO regions, unex-
pectedly, occurs on a larger, micron-sized length scale near
the FM/CO phase boundary [in, e.g., Las;_ Pr,Cas;sMnO;
(LPCMO)].4+?

This phase coexistence problem remains highly contro-
versial, especially regarding the large length scale involved.
One broad viewpoint holds that atomic-scale disorder alters
the bicriticality of competing FM and CO interactions in the
manganites,® seemingly consistent with the fact that
um-scale phase separation (PS) occurs in systems with sig-
nificant chemical substitution. However, this idea does not
consider long-range strain or Coulomb interactions in a real-
istic way, a view difficult to reconcile with the observed um
scale. Alternatively, there is considerable evidence that mar-
tensitic accommodation strain plays a dominant role, perhaps
reducing the PS problem to a manifestation of a martensitic
structural transition.”?

Here we report evidence for an entirely new property of a
pm-scale phase mixture in LPCMO. It appears that a system
of strongly interacting (largely via strain) PS regions under-
goes a cooperative, random freezing from a “dynamic” to
“static” PS state reflected in the charge, spin, and lattice de-
grees of freedom. We label this phenomenon as a “strain
glass” in analogy to a spin-glass transition.” The primary
distinction is that interactions between wm-scale regions are
driven by long-range martensitic accommodation strain. This
“strain liquid” to “strain glass” transition is signaled by a
reentrance of CO as well as magnetic field (H) and T hyster-
esis that has clouded previous studies in this regime. Our
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observations reconcile the conflicting viewpoints of PS in
manganites, in that both bicriticality in the presence of
atomic disorder and cooperative martensitic strain effects
may be explicitly needed to explain this strain glass
transition.'?

Single- and polycrystalline LPCMO, with a nominal Pr
content of x~0.41, were synthesized in an optical floating
zone furnace and with solid-state reaction methods, respec-
tively. This composition is very near to the CO/FM first-
order phase boundary, where um-scale PS has been seen.*
The four-probe resistivity, p(7), and thermal conductivity,
k(T), were measured down to 2 K, and in H up to 9 T in a
Quantum Design physical property measurement system.
Magnetization, M(T), measurements were carried out with a
Quantum Design SQUID magnetometer.'!

In Fig. 1, we display p(7) measured upon warming in
various fixed H after zero-field cooling (ZFC) (upper panel).
In zero field, p(T) exhibits a sharp feature at ~210 K, indi-
cating the PM to CO transition. Below ~60 K, the sample
becomes too resistive to obtain accurate measurements. Even
modest H produces drastic changes in this zero-field behav-
ior. For example, for H=8 kOe, while CO still occurs at
210 K, p(T) exhibits a sharp hundredfold drop at ~80 K.
Interestingly, p(7) suddenly increases (within <0.1 K) by
several orders of magnitude at ~30 K, indicating a reen-
trance of CO. At higher H, the sharp, low T upturn tends to
occur at lower T with increasing H. At still higher H (e.g.,
25 kOe) this sharp upturn disappears, yet a kink in p(7)
remains.

The sharp low-T transition from the reentrant CO insulat-
ing to a more metallic state is accompanied by a large in-
crease in M, indicating FM, shown in the lower panel of Fig.
1. At higher T, M(T) sharply decreases as the CO state is
recovered, with FM being lost. Finally, the CO to PM tran-
sition is also reflected by a peak in M at ~210 K. In the FM
state, the saturation moment varies considerably for different
H, nearly reaching the full, expected moment for H
=25 kOe, as can easily be compared with the 50 kOe data.
This indicates the increasing FM volume fraction as H is
increased, so that FM and nonmagnetic (CO) regions coexist
in this 7 and H regime. The p(T) data corroborate the PS, in
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FIG. 1. Upper panel: p(T) in various magnetic fields up to H
=90 kOe. For each field measurement, the sample was first cooled
in zero field, then measured on warming (ZFC-W). At lower T, a
reentrance of the CO state is observed. Bottom panel: ZFC-W M(T)
measured at various fields. Each feature in p(7T) closely corresponds
with those found in M(7) at each field. Open symbols denote M(T)
measured in very low field (0.1 kOe), magnified by 500 for clarity.
Note that there is a clear sign of the CO reentrance even at this very
low field.

that metallicity (dp/dT>0) is realized at very high absolute
magnitudes of p, a signature of percolative conduction.* This
same behavior is also seen below 30 K at high H where p is
reduced to measurable levels, indicating electronic inhomo-
geneity in this regime as well. Note that the low-field
(100 Oe) M(T) curve continues to show sharp, well-defined
anomalies consistent with the higher H data. This shows
that these transitions occur even at very low, and likely in
zero, H.

The above observations are succinctly summarized within
the magnetic phase diagram shown in Fig. 2. Here, transi-
tions in p(7) and M(T) from Fig. 1 were determined by
peaks in dlog(p)/dT and dM/dT, respectively, at each
H. For comparison, we also show the phase boundary as
determined through isothermal M(H) curves (not shown),
measured after ZFC to a prescribed 7. The ZFC-W measure-
ments of p(7) and M(T) roughly give consistent phase
boundaries between the CO, FM, and PM phases. However,
there are noticeable differences, particularly around
10-20 kOe. This may simply be due to the effects of perco-
lative conduction in p(7T), while M(T) more accurately re-
flects the relative volume fraction of the FM phase. Note,
however, the large disagreement between the M(H) phase
boundary and that from p(7) and M(T). This is clearly dis-
played in the inset of Fig. 2, which shows the 7-H phase
diagram for the same sample as determined from p(H) after
ZFC (not shown), the method by which similar phase dia-
grams have been constructed for many other manganites.'?

Clearly, the ZFC p(H) or M(H) considerably obscures
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FIG. 2. The phase diagram for LPCMO, with x=0.41, con-
structed from the ZFC-W p(T) and M(T), shown in Fig. 1. Phase
boundaries were ascertained from peaks in dlog p(7)/dT (open
squares), M(H) curves recorded after ZFC from 300 K to the de-
sired T (open triangles), and peaks in dM/dT (closed circle). For
T<5 K, sharp steps appear in the M(H) curves. Note the pro-
nounced difference between the M(H) curves and the ZFC M(T)
data, for which the latter reveal the clear presence of a new sus-
pected phase boundary. Inset: Corresponding phase diagram ob-
tained solely from p(H) curves recorded after ZFC from 300 K to
the desired 7. Due to the strong first-order nature of the CO to FM
transition, the new phase boundary is dramatically obscured by hys-
teresis for ZFC p(H) measurements.

several important aspects of this phase diagram. M(T) and
p(T) measurements show the presence of an additional phase
boundary at low T appearing to extend to zero H. This new
boundary could signal the appearance of a new phase, which
is indicated by the dashed area labeled “strain glass” (SRG).
Evidently, it is difficult to detect this new phase boundary
using ZFC p(H) and M(H) measurements, due to the pro-
nounced H and T hysteresis.

In order to investigate whether p(T) and M(T) really in-
dicate a phase transition, we have observed the effects of
different field-cooling conditions: field-cooled-warming (FC-
W), FC-C, as well as ZFC-W, as displayed in Fig. 3 for H
=10 kOe. The ZFC-W p(T) shows a sharp decrease of p and
increase of M at ~30 K. After FC, p is dramatically reduced
at low 7. However, upon warming, there is a small but no-
ticeable further decrease of p at ~30 K, more clearly de-
picted in the inset of the upper panel of Fig. 3. Similarly,
shown in the inset of the upper panel of Fig. 3, there is a
small p(T) drop upon FC-C at ~30 K. This change is less
clear for FC-C, due to the large hysteresis associated with the
CO to FM transition realized upon cooling (T-=50 K for
cooling, 100 K for warming). Similar features are evident in
M(T) at ~30 K for all cases of ZFC-W, FC-C, and FC-W.
The ZFC-W p(T) behavior that suggests a reentrant CO tran-
sition below ~30 K could be caused by a small free-energy
difference between the competing FM and CO states.'! How-
ever, this comparison of the FC conditions clearly demon-
strates the highly glassy nature of the charge/spin degrees of
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FIG. 3. p(T) and M(T) of Lass_,Pr,CazsMnOs, with x=0.41
measured under ZFC-W, FC-W, and FC-C indicated by the arrows
shown. At low temperature, a new transition is proposed (~30 K).
Note that even FC-W shows a characteristic decrease in p as the CO
reentrance transition is traversed.

freedom, closely associated with this new inhomogeneous
SRG phase.

In order to understand the lattice properties of this SRG
phase, we have investigated «(7,H) on polycrystalline
LPCMO with x=0.4.13 As can be seen in the top panel of
Fig. 4, k(T) exhibits a number of interesting features. First,
there are distinct, well-known anomalies at the FM and CO
transitions, arising from (local) structural changes associated
with each transition. At still lower 7, there exists a slight, but
noticeable, downward kink (determined by d«/dT) at ~30 K
where the reentrance of CO is observed in p(7). A large
positive magnetothermal conductivity is observed right after
the CO to FM (high-T PS) transitions, followed by a pro-
nounced drop at still lower 7. Note that in the whole 7" and H
range, the electronic contribution to «, estimated from the
Weidemann-Franz law, is negligible. In addition, the spin-
wave « has been shown to be insignificant in the manganites,
so that the main contribution to « should be acoustic
phonons.'* We also emphasize that the system is crystalline
even though the magnitude of « at low T is comparable to
that of typical glasses such as a-SiO,.'?

The most intriguing aspect of this result is the pronounced
FC and ZFC difference in «(T) at various fixed H at low T,
similar to that in p(T) and M(T) of Fig. 3. Very near to where
the kink in x(7) appears, the FC and ZFC data start to differ,
i.e., k(T) becomes irreversible at the SRG transition. In a
spin glass, performing ZFC and then applying H at low T
below the freezing temperature produces a metastable state,
resulting in a lower value of y, compared to that for FC.° In
this case, the ZFC metastable SRG state then has a lower
value of « as compared to FC. Evidence for such metastabil-
ity, very likely strain-related, already exists. Measurements
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FIG. 4. Upper panel: x(T) measured at H=0, 10, and 19 kOe for
polycrystalline Las,g_,Pr,Cas;sMnO5, with x=0.4. Solid lines indi-
cate ZFC-W measurements. Dashed lines indicate FC-W measure-
ments. The onset of irreversibility of the lattice «(7) as determined
from ZFC and FC measurements indicates a spin-glass-like transi-
tion. Lower panel: p (open circles), xpc-kzpc (open squares), and
Sp/ p (lines) are shown as a function of 7 at 10 kOe measured upon
warming. dp/p indicates the standard deviation of the measured p,
normalized by the magnitude of p. The fluctuations, quantified by
dp, indicate the dynamic nature of the “strain liquid” phase, which
then disappear at the “strain glass™ transition.

of several different manganite systems at very low 7' show
extremely sharp jumps in the M(H) curves, the details of
which depend on various “extrinsic” and time-dependent fac-
tors such as preparation conditions and H ramping rates. !

The lower panel of Fig. 4 illustrates these observations
more clearly. Here, FC-W p(T) is shown at 10 kOe for x
=0.41, in comparison with the xpc-kzpc and dp/p (the iso-
thermal standard deviation of p, normalized by p). At the
SRG transition (~30 K), p(T) shows a small but sharp de-
crease upon warming. dp/p is rather low below 30 K, but
continually increases, showing a feature at around 30 K, and
becomes large with a significant fluctuation above 30 K.
Note the large T dependence of Sp/p (semilog scale) in con-
trast to the minimal 7 dependence of p itself, especially be-
low 30 K. This indicates intrinsic fluctuations in p present
above 30 K that rapidly decrease starting at 26 K. The dif-
ference between the FC and ZFC «(T) curves increases ex-
actly where the noise starts to decrease.

The following observations suggest a cooperative freezing
transition of phase-separated regions: (i) the sharp, well-
defined features that occur in p(T), M(T), and «(T), consis-
tently indicating a new phase boundary in the 7-H phase
diagram; (ii) spin-glass-like irreversibility between the ZFC
and FC p(T), M(T), and «(T) at the aforementioned phase
boundary; and (iii) the presence of fluctuations (8p) that rap-
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idly disappear at the proposed “strain liquid” to “glass” tran-
sition. Note that these combined considerations suggest that
the transition cannot be considered solely a reentrance
of CO."

The cross coupling of the relevant degrees of freedom is
likely provided by inhomogeneous long-range strain, the
presence of which is suggestive of small « values. Funda-
mentally, the strain glass transition must directly couple to a
stress, which is more closely analogous to H in a spin glass.
In other words, H, through, e.g., magnetostriction, may act as
a uniaxial stress so that ZFC and FC can now be thought of
as “zero stress” cooling and “stress” cooling, respectively. In
this way, the effect of a strain glass can be manifested in the
properties we have measured. For example, the T hysteresis
of k could result from a greater proportion of inhomoge-
neous strain realized in the ZFC state, which could strongly
scatter phonons due to anharmonicity.'

Strong interactions among competing PS regions, ran-
domly nucleated by atomic-scale disorder, can occur through
long-range martensitic accommodation strains, resulting
from the lattice mismatch between the pseudotetragonal CO
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and pseudocubic FM phases.” Currently such strains are sim-
ply thought to stabilize the large-scale PS, but our results
suggest that they can transform the PS state at low 7, leading
to a cooperative transition from a dynamic liquidlike to ran-
domly frozen glasslike state. Note that our results cannot be
simply explained by invoking static energy barriers due to
strain, since this would lead to broad features in, e.g., M(7),
from a “slow” blocking-out process (comparable to what
happens in superparamagnets'®), contrary to the sharp tran-
sitions we have seen. Various irreversible sensitivity effects
seem only to occur in this low-7 SRG regime with um-scale
PS, such as persistent conductivity induced by photo/x-ray
irradiation. Energy barriers associated with the cooperative
freezing of PS regions may allow the system to “persist” in
an irradiation-perturbed state in the observed highly
T-dependent way.'”
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