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Effect of pressure on the steplike magnetostriction of single crystalline bilayered manganite
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We report the effect of pressure on the steplike magnetostriction of single crystalline bilayered manganite
(Lag 4Prg6)1 2Sr §Mn,05, for our understanding of the ultrasharp nature of the field-induced first-order transi-
tion from a paramagnetic insulator to a ferromagnetic metal phase. The application of pressure suppresses a
steplike transformation and causes a broad change in the magnetostriction. The injection of an electric current
to the crystal also weakens the steplike variation in both the magnetostriction and magnetoresistance. The
stabilization of ferromagnetic interaction or the delocalization of charge carriers is promoted with the applied
pressure or applied current, resulting in the suppressed steplike behavior. Our findings suggest that the step
phenomenon is closely related to the existence of localized carriers such as the short-range charge-orbital-

ordered clusters.
DOI: 10.1103/PhysRevB.78.132411
I. INTRODUCTION

Perovskite manganites show a great variety of fascinating
properties such as colossal magnetoresistance (CMR) effect
and charge-ordered insulating phase.! The most interesting
one is the existence of a phase-separated state, the coexist-
ence of antiferromagnetic charge-orbital-ordered (COO) in-
sulating and ferromagnetic (FM) metal regions.” Several re-
cent studies on metamagnetic transition in phase-separated
manganites have revealed that ultrasharp steps in magnetiza-
tion curves appear at low temperatures.>® To account for
this, a martensitic model due to local strain fields stored in
the lattice between competing COO and FM phases with
their different unit cells has been proposed though questions
have been raised against this model.

For our understanding of the dynamics of a steplike first-
order transition from a paramagnetic insulating (PMI) to a
ferromagnetic metal (FMM) phase in CMR manganites, we
examine the pressure effect on c-axis magnetostriction of
single crystalline (Lag4Prog); »Sr; gMn,0;. For the Pr-
substituted (Lag 4Pry¢); 2Sr; §Mn,O; crystal, a spontaneous
ferromagnetic metal phase (originally present with no Pr
substitution) disappears at the ground state but a field-
induced PMI to FMM transformation is observed over a
wide range of temperatures.”!® A magnetic (H,T) phase dia-
gram, established from magnetic measurements, is separated
into three regions labeled as PMI, FMM, and bistable states,
as shown in Fig. 1 of Ref. 11. The proximity of free energies
between the PMI and FMM states is of importance to realize
the bistable state where the FMM and PMI states coexist. A
stronger field is needed to induce the PMI to FMM transition
at low temperatures since the thermal energy is reduced upon
lowering temperature.

II. EXPERIMENT

Single crystals of (La,_,,Pr,);,Sr; Mn,0; (z=0.6) were
grown by the floating-zone method using a mirror furnace.
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The calculated lattice parameters of the tetragonal crystal
structure of the crystals used here were shown in a previous
report.!” The dimensions of the z=0.6 sample were 3.4
X3 mm? on the ab plane and 1 mm along the ¢ axis. Mea-
surements of magnetostriction along the ¢ axis were done by
means of a conventional strain gauge method at the Tsukuba
Magnet Laboratory, the National Institute for Materials Sci-
ence (NIMS) and at the High Field Laboratory for Supercon-
ducting Materials, Institute for Materials Research, Tohoku
University. Except for an initial cooldown, the sample was
zero-field cooled from 200 K down to low temperatures. We
then started measuring the isothermal magnetostriction upon
increasing (or decreasing) the applied fields, parallel to the ¢
axis. Next, warming the sample from low temperatures up to
200 K in the absence of field and keeping the sample fixed at
200 K for 2 h, the sample was then cooled down to the low
T. The typical cooldown time needed was about 2 h. Check-
ing the stability of the sample’s temperature, we restarted
measuring the magnetostriction. For each measurement, we
repeated the same procedure. The normal sweep rate was set
to be 0.26 T/min. Hydrostatic pressures in the magnetostric-
tion experiment were applied by a clamp-type cell using
Fluorinert as a pressure-transmitting medium. The pressure
was calibrated by the critical temperature of lead. After the
magnetostriction measurement under the pressure, we re-
started measuring dL .(H) using the same clamp-type cell but
without the applied pressure. Next, we examined the c-axis
magnetostriction as a function of the applied current on the
ab plane at ambient pressure. Once the sample was removed
from the clamp-type cell, it was set in a conventional cry-
ostat for magnetotransport measurements. On both ends of
the sample the electrodes for injection of the electric current
were formed using a gold paste and Cu wires were then
attached with silver paste. For magnetoresistance measure-
ments, we carried out the same temperature profile as that in
the magnetostriction experiments.

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.78.132411

BRIEF REPORTS

0.0005

-0.0005 |

-0.001 f

dL(H)/L(0)

-0.0015 |

-0.002 |4

-0.0005

-0.001

dL(H)/L(0)

-0.0015

FIG. 1. c-axis

(Color
dL,(H)/L,0), of (Lay4Prgg¢);Sr;gMn,07, under both ambient
pressure and a hydrostatic pressure of 0.8 GPa at low temperatures
of (a) 4 and (b) 6 K. The applied field is parallel to the ¢ axis (Hll¢).
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III. RESULTS AND DISCUSSION

Figure 1 shows the c-axis magnetostriction,
dL.(H)/L.(0), of (Lag4Pry);»Sr; sMn,05, under both ambi-
ent pressure and a hydrostatic pressure of 0.8 GPa at lower
temperatures, where the applied field is parallel to the ¢ axis
(Hllc). Here, the value of dL,(H) is defined as L;,(H)-L,0).
First of all, the steplike lattice transformations appear at 4
and 6 K at ambient pressure, as shown in Fig. 1.

On the other hand, the application of external pressure on
the crystal substantially suppresses the steplike transition,
causing a broad variation in the magnetostriction. At 4.3 K,
the critical field H, is increased from 6.1 T at ambient pres-
sure up to 6.6 T at 0.8 GPa. At 6 K, a huge steplike transition
vanishes under the pressure and a continuously smooth
variation is observed at high fields, followed by the appear-
ance of a tiny step around 8 T. However, the characteristic
field signifying the onset of the field-induced metamagnetic
transition, which is not the critical field of the step transi-
tions, is rather lowered at the presence of the applied pres-
sure, as the pressure data measured at high 7 in Fig. 2 show.

When the magnetic field is applied to the ab plane
(Hllab), we obtain similar results, as shown in Fig. 3. These
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FIG. 2. (Color online) The c-axis magnetostriction,
dL.(H)/L.(0), of (Lag4Prge);,Sr;§Mn,0;, under both ambient
pressure and a hydrostatic pressure of 0.8 GPa at 20 K: (a) Hllc and
(b) Hllab.

findings are indicative of the occurrence of steplike transfor-
mation almost independent of the easy axis of magnetization.
The small differences in the higher critical fields in the case
of Hllab probably arise from the easy axis of M lying along
the ¢ axis. Under the application of 0.8 GPa, we obtain both
H.~7.6 T at 43 K and 8.1 T at 6 K accompanied by a
degradation of a discontinuous jump and the disappearance
of any steplike profile in the dL.(H)/L.(0) curve at 8 K.

In our previous paper,'> we found out that the application
of pressure enhances a field-induced ferromagnetic state of
Pr-substituted La; ,Sr; §Mn,0O5. Our findings are understood
from the viewpoint that the double-exchange interaction-
driven FM state is strengthened by the applied pressure. For
the magnetic-field-cooled sample, the remarkable step ob-
served in dL (H)/L.(0) is monotonically decreased upon in-
creasing the cooling field from 1 up to 1.6 T, accompanied by
a nonlinear dependence of H..'3 The steplike behavior van-
ishes when the cooling field exceeds 1.6 T. For each field-
cooled run, we expect that the FM region is initially formed
within the PMI matrix before the magnetostriction measure-
ments are carried out. A larger volume fraction of the FM
phase causes a more suppressed variation in dL. Thus, a
pressure-induced suppression in the ultrasharp magnetostric-
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FIG. 3. (Color online) The c-axis magnetostriction,
dL.(H)/L.0), of (Lay4Prye);,Sr; sMn,0;, under both ambient
pressure and a hydrostatic pressure of 0.8 GPa at low temperatures
of (a) 4, (b) 6, and (c) 8 K. The applied field is parallel to the ab
plane (Hllab).

tion is a reasonable result since the applied pressure en-
hances the FM state.

Next, we carry out the magnetostriction measurement un-
der the applied electric current, to examine a relationship
between charge transport and steplike lattice deformation
that appeared in CMR manganites. In the case of ambient
pressure, the c-axis magnetostriction data at 4.3 K are pre-
sented in Fig. 4(a) as a function of excited current (/=0.01,
1, and 2 mA). Here, the electric current is applied on the ab
plane parallel to the MnO, double layers. Injection of the
electric current over 2 mA exhibits no discontinuous profile
in dL.(H)/L,(0). We note that the bath temperature is very
stable against the applied current up to 2 mA within ~0.5%
and Joule heating of the sample affects no contribution to the
present behavior.
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FIG. 4. (Color online) The c-axis magnetostriction,

dL.(H)/L.(0), of (Lag4Prge);,Sr; gMn,O7, under the electric cur-
rent applied on the ab plane at low temperatures of (a) 4 and (b) 6
K. The applied field is parallel to the ¢ axis. (c) The ab-plane
magnetoresistance R, of the z=0.6 sample at 4.3 K as a function of
the applied current from 0.1 up to 2.5 mA. The R,,(H) data are
normalized by R_,(0), which is the zero-field resistance at the low-
est applied current (0.1 mA); (Hllc).

For comparison, let us now display in Fig. 4(c) the
ab-plane magnetoresistance R, of the z=0.6 sample as a
function of the applied current from 0.1 up to 2.5 mA. First
of all, the application of higher current gives rise to a degra-
dation of the magnetoresistive steps observed at lower cur-
rents, which is almost consistent with the magnetostriction
data shown in Fig. 4(a). Next, the zero-field resistance mea-
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sured at 2 mA shows a substantial drop of ~80%, in com-
parison to R,,(0) at the lowest current (0.1 mA). This result
indicates the current-induced destabilization of the PMI ma-
trix, although the physical role of the application on an elec-
tric field is not clear. Similar results are reported in a system-
atic study on nonlinear transport of a non-charge-ordered
manganite Pry 3Ca,,MnO;, which is not so far from the COO
region.'* In a lightly Pr-substituted crystal of
(LaggPry); »Sr; gMn,0O with 7.~90 K, we also have ob-
tained a current-induced remarkable drop in the ab-plane re-
sistance at selected temperatures just above T, (not shown
here). The formation of short-range charge ordering in the
paramagnetic phase of an optimally doped parent crystal
La, ,Sr; ¢Mn,05 has been observed in a previous study.'> Ac-
cordingly, we expect that the application of the electric cur-
rent removes the localized carriers, such as the COO insulat-
ing clusters, from the PMI phase of the Pr-substituted crystal,
causing a substantial reduction in the zero-field resistance at
higher currents.

Furthermore, neutron-scattering measurements on a bilay-
ered manganite La, ,,Sr;,»,Mn,0; (x=0.38) revealed that
the CE-type (zig-zag FM chains with antiferromagnetic in-
terchain coupling) COO clusters freeze upon decreasing tem-
perature from 7~310 K, preventing the formation of a
long-range COO state.'® The authors also argued that the
PMI state of the crystal without Pr substitution is caused by
an orbital frustration and stabilized down to the FMM tran-
sition temperature 7.~ 114 K. For the present Pr-substituted
sample, one believes that the short-range COO clusters ac-
companied by the orbital frustration are present within the
PMI matrix. As discussed in Ref. 13, we suppose that the
orbital frustration has some relationship with the critical in-
stability of the metastable state of the free energy, resulting
in the steplike phase transition. The application of hydro-
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static pressure stabilizes the ferromagnetic interaction within
the paramagnetic matrix and the applied current reinforces an
itinerant state of charge carriers within the insulating matrix.
In other words, these external variables probably lead to a
collapse of the CE-type antiferromagnetic charge-ordered
clusters if clusters of this type are distributed within the
sample. In addition, Mahendiran et al? claimed that the
charge-orbital-ordered  domains in  the  Co-doped
Pry5sCapsMnO; are smaller than those in the undoped
Pry7Cag3MnO;, suggesting that the onset temperature of the
step transitions in the Co-doped compound is higher than
that in the undoped one. We emphasize that the distribution
of short-range COO clusters embedded in the matrix pro-
vides a significant clue for our understanding of the steplike
transformations in CMR manganites. The ultrasharp PMI-
FMM transition induced by the magnetic field at low tem-
peratures is in its origin quite different from the standard
insulator-metal transition associated with the metamagnetic
transition at higher 7.

In summary, we have demonstrated the influence of pres-
sure on the steplike lattice deformation of single crystalline
bilayered manganite (Lag4Pryg);,Sr; gMn,05. The external
perturbations such as the application of pressure and electric
current give a substantial suppression on the steplike transi-
tion, resulting in a broad change in the magnetostriction. It is
a future problem to resolve what role the COO clusters
within the PMI phase play in the occurrence of the steplike
phenomenon observed.
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