
elgium

PHYSICAL REVIEW B, VOLUME 64, 092408
Temperature dependent memory effects in the bilayer manganite
„La0.4Pr0.6…1.2Sr1.8Mn2O7
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We report on the low-temperature resistance and magnetization of a single crystal of the bilayer manganite
(La0.4Pr0.6)1.2Sr1.8Mn2O7. In zero field the sample is an insulator at all temperatures while at fields larger than
3 T a transition to a ferromagnetic metallic state is observed. Below 50 K the sample shows a pronounced
memory effect, in which both resistivity and magnetization become dependent on the magnetic history and
clearly demonstrate hysteretic behavior. At these low temperatures a difference in zero-field resistivity before
and after magnetization of six orders of magnitude has been measured. The relaxation of the memory effect
follows a stretched exponential function with a characteristic decay time of 5 hours at 10 K, which decreases
to less than 1 ms above 40 K. These low-temperature properties can be related to magnetostriction data,
indicating the presence of a field-induced change in the orbital occupancy of theeg electrons of Mn31.
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I. INTRODUCTION

Since the discovery of colossal negative magnetore
tance ~CMR! in manganese perovskites of the ty
R12xDxMnO3, with R a trivalent rare earth andD a divalent
ion, a considerable research effort has been devoted to
understanding of the properties of these compounds.1 The
partial substitution of the rare earth by the divalent elem
introduces a mixing of Mn31 and Mn41 ions, responsible for
the observed electronic and magnetic properties. These c
manganites are then5` members of the Ruddlesden-Popp
series (R,D)n11MnnO3n11.2 More recently, bilayer manga
nites withn52 of the type La222xSr112xMn2O7 have been
studied and compared to then5` case.3–5 In contrast with
those of the cubic materials, the electronic and magn
properties of then52 crystals are highly anisotropic. Th
charge transport within theab plane generally is similar to
that in the cubic manganites with a transition from a pa
magnetic semiconducting state to a ferromagnetic meta
state at a reduced Curie temperatureTC'120 K. The resis-
tivity along the c axis rc shows the same features, but
typically two orders of magnitude larger than the resistiv
rab in the ab plane. This is due to the layered structu
which confines the charge carriers within the MnO2 planes of
the material. Furthermore, a close relation between the m
netotransport and the magnetoelastic properties has bee
served for these compounds.4,6

A magnetoresistive memory effect has been reported
several manganites, for which the resistivity depends
only on the applied magnetic field but also on the magn
history of the sample.7–13 This occurs mainly in materials
characterized by competing electronic ground states. In
paper we report on the magnetoresistive memory ef
~MME! observed in a single crystal of the bilayer mangan
(La12zPrz)1.2Sr1.8Mn2O7 with z50.6. This material shows
no spontaneous ferromagnetic ordering, and stays insula
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down to the lowest temperatures,14,15 in contrast to its paren
compound La1.2Sr1.8Mn2O7 ~LSMO! which becomes metal
liclike below TC'125 K.3,5. This different behavior is
caused by the substitution of Pr at the La site which modi
the lattice constants, suggesting a change in Jahn-Teller~JT!
distortion.6 Both at room temperature and in the ground sta
the lattice parameter ratioc/a increases with increasingz.
This leads to a lowering ofTC and an enhancement of th
CMR-effect due to a change in the orbital occupancy of
eg states. In the undoped crystal (z50) the planardx22y2

orbitals of Mn31, which are responsible for the long-rang
ferromagnetic~FM! ordering, are dominant.16 However by
substituting the smaller Pr atom for La, the MnO6 octahedra
elongate along thec axis, modifying the crystal field and
favoring thed3z22r 2 orbitals of Mn31, directed perpendicula
to the MnO2 planes.6 This reduces the transfer integralt of
the eg electrons and weakens the FM interaction, ultimat
destroying the spontaneous phase transition aroundz50.5.
In a similar way, the character of the preferredeg states can
be altered by either changing the Sr content in LSMO,4 or by
doping the system with other rare earths such as Nd ins
of Pr.17

II. EXPERIMENTAL

Single crystals of (La0.4Pr0.6)1.2Sr1.8Mn2O7 were grown
from sintered rods of the same nominal composition by
floating-zone technique, using a mirror furnace.14 A thin
platelet shaped sample with a shiny surface was clea
from one of these crystals after orientation by Laue x-r
diffraction. The flat side of the platelet corresponds to theab
plane and thec axis is perpendicular to its surface with
misorientation of approximately 5°. No cubic or other se
ond phases were found in the x-ray powder pattern of par
the cleaved crystal. The dimensions of the sample wer
34 mm2 in the ab plane and 0.4 mm along thec axis. Six
evaporated and annealed gold pads on the flat side serve
©2001 The American Physical Society08-1
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low-resistive current- and voltage probes. Resistivity m
surements were performed in a He4-flow cryostat with va
able temperature insert by sending a pulsed and pola
reversed current of 10 nA through the sample and measu
the induced voltage with a nanovoltmeter. A magnetic fi
up to 12 T could be applied parallel or perpendicular to
c-axis of the sample. Magnetization measurements were
formed in a Quantum Design SQUID magnetometer ope
ing between 5 and 300 K, with fields up to 5 T, again o
ented either parallel or perpendicular to thec axis of the
crystal.

III. RESULTS AND DISCUSSION

The resistivity rab of a single crystal of
(La0.4Pr0.6)1.2Sr1.8Mn2O7 ~LSMO! is shown in Fig. 1 as a
function of temperature, for different external magnetic fie
in the geometryBW icW . The room temperature valuerab
5130 Vm corresponds well to that reported for similar P
doped compounds.6,14 In zero field the sample is insulatin
down to the lowest temperatures, in contrast to the meta
behavior of the parent compound La1.2Sr1.8Mn2O7, which
has a Curie temperatureTC5125 K.5 On applying a mag-
netic field, the resistivity decreases very fast at low tempe
tures, and a transition to a quasimetallic state is observed
B>3 T. This transition is accompanied by a field-induc
contraction of thec axis and an expansion of theab plane.14

According to Moritomoet al.,17 this points to a field-induced
change in orbital occupancy of theeg electrons of Mn31,
which favors the 3dx22y2 states with respect to the 3d3z22r 2

states, leading to a long-range FM interaction. For fie
above 3 T and temperatures below 50 K, a colossal nega
magnetoresistance~CMR! with an amplitude of 6 orders o
magnitude is observed. In undoped LSMO however,
maximum amplitude of the CMR effect aroundTC is only 2
orders of magnitude.5 The field dependence of the magn
toresistivity at constant temperatures above 50 K can be
scribed by a spin-dependent hopping model,18 in which fer-
romagnetic clusters~ferrons! are able to move in a
paramagnetic or antiferromagnetic background.15 The com-
plex magnetic behavior of (La0.4Pr0.6)1.2Sr1.8Mn2O7 is dis-
cussed elsewhere.14,15 The system undergoes several ferr

FIG. 1. Temperature-dependent resistivity within theab plane
of a (La0.4Pr0.6)1.2Sr1.8Mn2O7 single crystal. All measurements wer
performed upon cooling in a magnetic field oriented parallel to

cW axis of the crystal.
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magnetic and antiferromagnetic transitions, but
spontaneous long-range order is not established. Below
K, however, the sample goes from an antiferromagne
ground state to a metastable ferromagnetic state in a fiel
several T. This is clearly related to the field-induced ele
tronic and lattice transitions, and is caused by the increas
dx22y2 character of the occupiedeg states in high magnetic
fields.

The enhanced CMR effect of six orders of magnitude a
the field-induced ferromagnetic transition might be explain
in terms of a competition between the ferromagnetic dou
exchange interaction and short-range charge/orbital orde
interactions at low temperatures. It has been suggested
cently that in LSMO short-range charge and orbital order
exist in the paramagnetic phase, but disappear belowTC .19

By doping the system with Pr, which changes the latt
constants and influences the orbital character of theeg elec-
trons, the short-range order might be enhanced and
double exchange mechanism suppressed. This would lea
a weakening of the spontaneous ferromagnetic transit
and consequently cause a larger CMR effect. The obse
field-induced transition in (La0.4Pr0.6)1.2Sr1.8Mn2O7 can in
this scenario be interpreted as a melting of the ordered s

In order to study the low-temperature properties in mo
detail, we have performed magnetoresistance measurem
Figures 2~a! and 2~b! show the field dependent resistivity a
10 and 30 K, respectively, with the field applied along thec
axis. Before each measurement the sample was zero-
cooled from room temperature, while during the measu
ments the magnetic field was increased from 0 to112 T,
lowered to212 T, and finally raised to112 T again, at a
sweep rate of 100 mT per minute. At these low temperatu
we observe a difference in low-field resistivity before a
after magnetization of the sample in a field of112 T. This
means that the resistivity becomes dependent on the m
netic history of the crystal. This is in accordance with seve
cubic manganites for which a similar magnetoresist
memory effect~MME! was reported.7–12The MME was also

e
FIG. 2. Field-dependent resistivity of th

(La0.4Pr0.6)1.2Sr1.8Mn2O7 crystal at 10 K~a! and 30 K~b!. The solid
lines are a guide to the eye.~c! and~d! show the magnetic momen
per Mn ion as a function of field for 10 and 30 K, respectively. F
all measurements the sample was first heated to room temper
and then zero-field cooled. The magnetic field was always orien

along thecW axis.
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BRIEF REPORTS PHYSICAL REVIEW B 64 092408
detected in a double layered thin film of LSMO.13 At 10 K
the resistivity decreases by a factor of 106 on applying a field
B*5 T. Upon removing the field however, the resistivi
does not rise to its original zero-field value but remains v
low, giving an MME of 6 orders of magnitude. At 30 K th
same qualitative behavior is observed, but the amplitude
the effect is already much smaller. Above 50 K it complete
vanishes. A similar temperature-dependent hysteresis
been noted for the magnetostriction of thec-axis and theab
plane of (La0.4Pr0.6)1.2Sr1.8Mn2O7.14 This clearly indicates
that the MME is related to the observed metastable magn
ordering at low temperature, caused by a field-induc
change in the orbital occupancy of theeg electrons. After
magnetizing the sample, the original state is recovered
heating the crystal above 50 K or by waiting for the spon
neous relaxation of the system, which is highly temperat
sensitive.

Figures 2~c! and 2~d! show magnetization measuremen
at 10 and 30 K, respectively, showing also the memory
fect. The crystal was always zero-field cooled before a m
netic field of 5 T was applied along thec axis. The virgin
curve at 10 K shows a steep increase around 3.5 T, co
sponding to a field-induced transition to a metastable fe
magnetic state. After magnetizing the sample in a field o
T, a narrow rectangular hysteresis loop with a coercive fi
of 0.2 T is obtained upon sweeping the field between15 and
25 T. The virgin curve itself lies outside this loop. When t
magnetic field is switched off, the magnetic moment dro
from its saturated value, but does not go to zero immediat
Unless the sample is heated above 50 K, the magnetiza
relaxes very slowly to zero with a characteristic relaxat
time of the order of several hours. At temperatures above
K @compare the curve at 30 K in Fig. 2~d!#, the hysteresis
loop becomes more and more slanted, and the virgin cu
moves closer towards the loop. Above 50 K the whole eff
vanishes and hysteresis can be no longer observed. T
results closely resemble those for the low-temperature re
tivity and magnetostriction,14 and are related to the MME
effect. When the magnetic field is applied in theab plane,
the magnetization is smaller by typically 15%, even at 5
indicating that thec-axis is the easy magnetization axis. Fu

FIG. 3. Time-dependent magnetizationM (t) of the
(La0.4Pr0.6)1.2Sr1.8Mn2O7 crystal at several temperatures after ma

netization in a field of 5 T withBW icW . The solid lines are fits of the
stretched exponential function to theM (t) data, as described in
the text.
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thermore no remanent magnetization or sign of a mem
effect is found even at 10 K.

In order to investigate the relaxation behavior of t
memory effect, time-dependent magnetization measurem
were performed at different temperatures below 50 K,
shown in Fig. 3. The crystal was always zero-field coo
before a field of 5 T was applied along thec axis. After
removing this field, the magnetizationM (t) was measured a
a function of time. During the field sweep to zero field, t
magnetization drops at all measured temperatures from
maximum value at 5 T to a lower, nonzero valueM (0) be-
fore relaxing much slower to the ground state. The higher
temperature the larger this initial drop becomes, and at t
peratures above 50 K, the magnetization relaxes almos
stantaneously. This agrees well with the observed hyster
behavior of magnetization, resistivity, and magnetostricti
The relaxation behavior can be described by the stretc
exponential functionM (t)5M0•$12exp@2(t/t)b#%, wheret
is the characteristic decay time, andb a dispersion paramete
between 0 and 1. The fits of the relaxation curves are p
sented as solid lines in Fig. 3. A similar relaxation behav
is common to many physical phenomena, including the
laxation of photoinduced conductivity in YBa2Cu3O72d .20

Several cubic manganites show a relaxation of their m
netic properties which can also be described by a stretc
exponential function.21,22The temperature dependence of t
fitparameterst and b is shown in Fig. 4. We find thatt
decreases from approximately 5.5 hours at 10 K to less t
1 ms atT.40 K. The temperature dependence oft is ther-
mally activated according tot5t0exp@D/(kBT)# with D
5(18.660.2) meV. The dispersion parameterb can be fit-
ted with the linear functionb(T)520.071T(K)/128. The
fits are presented as solid lines in Fig. 4. These results a
well with those found for the cubic manganite
La1/2Ca1/2MnO3 and La2/8Pr3/8Ca3/8MnO3.22 When the field
is applied in theab plane and then removed, the magnetiz
tion at all temperatures immediately drops to zero and
sign of a memory effect is observed. An understanding of
time scales of these relaxation effects requires detailed in
mation about the orbital orientations in the nonmagnetiz
ground state and in the metastable conducting state.

-
FIG. 4. Temperature dependence of the relaxation timet

~squares! and the parameterb ~circles! as obtained from the fits in
Fig. 3. The solid lines are fits of the data.t is thermally activated
with an activation energyD518.6 meV, while b is linear in
temperature.
8-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 092408
magnetostriction data on our compound14 were measured
with the field parallel to theab plane, i.e., in the direction
where the magnetization decays instantaneously at all t
peratures. Upon increasing the field, theab plane expands
while thec axis is compressed, meaning that theeg orbitals
become mainly directed parallel to the MnO2 bilayers. The
improved orbital overlap within theab plane enhances th
charge-transfer probability and mediates ferromagnetic in
actions. In this sense, the ferromagnetic alignment is c
roborated by the orbital structure itself. Since magnetizat
along thec axis results in identicalrab values, we suppose t
deal also here with a field-induced preferential in-plane o
entation of the orbitals. The higher stability of the magne
zation along thec axis compared to theab plane points to a
possible spin-orbit coupling. A situation with the spins stan
ing perpendicular on the orbitals rather than pointing in
orbital plane seems to be energetically preferred.

IV. CONCLUSIONS AND SUMMARY

We have investigated the low-temperature resistivity a
magnetization of a single crystal of the bilayer mangan
(La0.4Pr0.6)1.2Sr1.8Mn2O7. Although in zero field the crysta
is insulating, an applied magnetic field induces a transition
a ferromagnetic metalliclike state. This is accompanied b
colossal negative magnetoresistance of six orders of ma
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tude at the lowest temperatures. Furthermore, a magne
sistive memory effect is observed below 50 K where t
resistivity, the magnetization and the magnetostriction of
sample become dependent on its magnetic history and s
a large hysteresis. This effect is strongly temperature dep
dent, and is especially large around 10 K where the diff
ence in zero-field resistivity before and after magnetizat
in a field of 12 T, is a factor of 106. The original state is only
regained by heating above 50 K, or by waiting for the sam
to relax spontaneously. The relaxation of the memory eff
was studied by time-dependent magnetization measurem
After a initial steep decrease, the magnetization follows
stretched exponential behavior with a thermally activa
time constantt. The low-temperature properties can possib
be explained in terms of a field-induced change in the orb
occupancy of theeg electrons of Mn31 at low temperatures
which favors the planardx22y2 orbitals, leading to a meta
stable ferromagnetic state.
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