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Temperature dependent memory effects in the bilayer manganite
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We report on the low-temperature resistance and magnetization of a single crystal of the bilayer manganite
(Lag.4Pry.e) 1051 gMn,04. 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 ef tlectrons of MA®.
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. INTRODUCTION down to the lowest temperaturst®in contrast to its parent
compound La,Sr; gMn,0; (LSMO) which becomes metal-
Since the discovery of colossal negative magnetoresidiclike below Tc~125 K2® This different behavior is
tance (CMR) in manganese perovskites of the type caused by the substitution of Pr at the La site which modifies
R;_.D,Mn0O;, with R a trivalent rare earth anid a divalent  the lattice constants, suggesting a change in Jahn-Téllgr
ion, a considerable research effort has been devoted to tiistortion® Both at room temperature and in the ground state,
understanding of the properties of these compodniise the_ lattice parameter_ratio/a increases with increasing
partial substitution of the rare earth by the divalent element hiS 1eads to a lowering of ¢ and an enhancement of the
introduces a mixing of MA* and Mrf* ions, responsible for CMR-effect due to a change in the orbital occupancy of the
the observed electronic and magnetic properties. These cubfe States. In the undoped crysta=0) the planard,z. 2

. + ) ;
manganites are the=«~ members of the Ruddlesden—Popper?rb'tals of '\t/'lr?FI,\/IWhlcdh are respogsm_le fr(,?f! It-Te Iong—rgnge
series R,D),,1Mn,03, 1.2 More recently, bilayer manga- erromagnetic(FM) ordering, are dominant. However by

. L substituting the smaller Pr atom for La, the MynGctahedra
n;tedsi V(\j”thr? d—2 r?]f tﬁe;ﬁpet;éixsr“ég‘_'\g?ﬁo7 :t? Vett\)/\(/ai(tak? elongate along the axis, modifying the crystal field and
studied and compared 1o 1 case. contras _favoring theds,_ 2 orbitals of Mr?™, directed perpendicular
those of the cubic materials, the electronic and magneti

: hen— | highl ) ic Th fo the MnQ planes® This reduces the transfer integtabf
properties of then=2 crystals are highly anisotropic. The ,q e, electrons and weakens the FM interaction, ultimately

charge transport within theb plane generally is similar 0 yegiroying the spontaneous phase transition aran@.5.
that in the cubic manganites with a transition from a paray,, 5 similar way, the character of the preferegstates can
magnetic semiconducting state to a ferromagnetic metalligg gjtered by either changing the Sr content in LSt by

state at a reduced Curie temperaflige=120 K. The resis-  dgoping the system with other rare earths such as Nd instead
tivity along the c axis p, shows the same features, but is of pyl”

typically two orders of magnitude larger than the resistivity
pap IN the ab plane. This is due to the layered structure, Il. EXPERIMENTAL
which confines the charge carriers within the Mn@anes of
the material. Furthermore, a close relation between the mag- Single crystals of (LgyPry.)1.25n gMn,O; were grown
netotransport and the magnetoelastic properties has been dbem sintered rods of the same nominal composition by the
served for these compount|8. floating-zone technique, using a mirror furndéeA thin

A magnetoresistive memory effect has been reported foplatelet shaped sample with a shiny surface was cleaved
several manganites, for which the resistivity depends nofrom one of these crystals after orientation by Laue x-ray
only on the applied magnetic field but also on the magnetidiffraction. The flat side of the platelet corresponds todbe
history of the samplé:'® This occurs mainly in materials plane and thec axis is perpendicular to its surface with a
characterized by competing electronic ground states. In thigisorientation of approximately 5°. No cubic or other sec-
paper we report on the magnetoresistive memory effecond phases were found in the x-ray powder pattern of part of
(MME) observed in a single crystal of the bilayer manganitethe cleaved crystal. The dimensions of the sample were 5
(La; _,Pr); ,SK gMn,0; with z=0.6. This material shows X4 mn? in theab plane and 0.4 mm along theaxis. Six
no spontaneous ferromagnetic ordering, and stays insulatirgvaporated and annealed gold pads on the flat side served as
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FIG. 1. Temperature-dependent resistivity within tie plane
of a (Lay 4Prp.6) 1,28rl_gl\_/ln2(_)7 single cry_sta_l. All measurements were FIG. 2 Field-dependent resistivity of the
Eerformed upon cooling in a magnetic field oriented parallel to the(La0,4Pr0.6)1.ZSr1_8Mn207 crystal at 10 K(@) and 30 K(b). The solid
c axis of the crystal. lines are a guide to the ey) and(d) show the magnetic moment

per Mn ion as a function of field for 10 and 30 K, respectively. For
low-resistive current- and voltage probes. Resistivity meaall measurements the sample was first heated to room temperature
surements were performed in a He4-flow cryostat with vari-and then zero-field cooled. The magnetic field was always oriented
able temperature insert by sending a pulsed and polarityalong thec axis.
reversed current of 10 nA through the sample and measuring
the induced voltage with a nanovoltmeter. A magnetic ﬁe|dmagnetic and antiferromagnetic transitions, but a
up to 12 T could be applied parallel or perpendicular to thespontaneous long-range order is not established. Below 50
c-axis of the sample. Magnetization measurements were peg however, the sample goes from an antiferromagnetic
formed in a Quantum Design SQUID magnetometer operatyround state to a metastable ferromagnetic state in a field of
ing between 5 and 300 K, with fields up to 5 T, again ori-several T. This is clearly related to the field-induced elec-
ented either parallel or perpendicular to tbeaxis of the  {onic and lattice transitions, and is caused by the increasing
crystal. gxziayz character of the occupieg}, states in high magnetic
ields.
IIl. RESULTS AND DISCUSSION The enhanced CMR effect of six orders of magnitude and
o ) the field-induced ferromagnetic transition might be explained

The resistivity pg, of a single crystal  of jn terms of a competition between the ferromagnetic double
(Lag.4PTo.) 125K MN,07 (LSMO) is shown in Fig. 1 as a exchange interaction and short-range charge/orbital ordering
function of temperfmjre, for different external magnetic fieldsjnteractions at low temperatures. It has been suggested re-
in the geometryB||c. The room temperature valup,, cently that in LSMO short-range charge and orbital ordering
=130 Om corresponds well to that reported for similar Pr- exist in the paramagnetic phase, but disappear balgw®
doped compound$** In zero field the sample is insulating By doping the system with Pr, which changes the lattice
down to the lowest temperatures, in contrast to the metalliconstants and influences the orbital character ofethelec-
behavior of the parent compound Li&n gMn,0;, which  trons, the short-range order might be enhanced and the
has a Curie temperatufB.=125 K2 On applying a mag- double exchange mechanism suppressed. This would lead to
netic field, the resistivity decreases very fast at low temperaa weakening of the spontaneous ferromagnetic transition,
tures, and a transition to a quasimetallic state is observed fand consequently cause a larger CMR effect. The observed
B=3 T. This transition is accompanied by a field-inducedfield-induced transition in (LaPry e 125 gMn,O; can in
contraction of thes axis and an expansion of b plane’*  this scenario be interpreted as a melting of the ordered state.
According to Moritomeet al.,} this points to a field-induced In order to study the low-temperature properties in more
change in orbital occupancy of the electrons of MA*, detail, we have performed magnetoresistance measurements.
which favors the 8,22 states with respect to thedg,> 2 Figures 2a) and Zb) show the field dependent resistivity at
states, leading to a long-range FM interaction. For fieldslO and 30 K, respectively, with the field applied along the
above 3 T and temperatures below 50 K, a colossal negativaxis. Before each measurement the sample was zero-field
magnetoresistandeCMR) with an amplitude of 6 orders of cooled from room temperature, while during the measure-
magnitude is observed. In undoped LSMO however, thaments the magnetic field was increased from OH®2 T,
maximum amplitude of the CMR effect aroufi@ is only 2 lowered to—12 T, and finally raised to+-12 T again, at a
orders of magnitude.The field dependence of the magne- sweep rate of 100 mT per minute. At these low temperatures
toresistivity at constant temperatures above 50 K can be deve observe a difference in low-field resistivity before and
scribed by a spin-dependent hopping modeh which fer-  after magnetization of the sample in a field 612 T. This
romagnetic clusters(ferrong are able to move in a means that the resistivity becomes dependent on the mag-
paramagnetic or antiferromagnetic backgrotm@he com-  netic history of the crystal. This is in accordance with several
plex magnetic behavior of (laPry g4 ,SHh Mn,O, is dis-  cubic manganites for which a similar magnetoresistive
cussed elsewheré!® The system undergoes several ferro-memory effec{MME) was reported-'?The MME was also
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FIG. 3. Time-dependent magnetizatioM(t) of the FIG. 4. Temperature dependence of the relaxation time
(Lao 4P1o.¢)125m gMIN,07 crystal at several temperatures after Mag- s aresand the parametes (circles as obtained from the fits in
netization in a field of 5 T wittB||c. The solid lines are fits of the Fig. 3. The solid lines are fits of the datais thermally activated
stretched exponential function to thé(t) data, as described in \ith an activation energyA =18.6 meV, while 8 is linear in

the text. temperature.

detected in a double layered thin film of LSM®At 10 K thermore no remanent magnetization or sign of a memory
the resistivity decreases by a factor of 1h applying a field ~ effect is found even at 10 K.
B=5 T. Upon removing the field however, the resistivity In order to investigate the relaxation behavior of the
does not rise to its original zero-field value but remains verymemory effect, time-dependent magnetization measurements
low, giving an MME of 6 orders of magnitude. At 30 K the were performed at different temperatures below 50 K, as
same qualitative behavior is observed, but the amplitude o$hown in Fig. 3. The crystal was always zero-field cooled
the effect is already much smaller. Above 50 K it completelybefore a field of 5 T was applied along tleaxis. After
vanishes. A similar temperature-dependent hysteresis ha&gmoving this field, the magnetizatidn(t) was measured as
been noted for the magnetostriction of thaxis and theab @ function of time. During the field sweep to zero field, the
plane of (Lag 4Pl e 1.Sr gMn,0,.2* This clearly indicates magnetization drops at all measured temperatures from its
that the MME is related to the observed metastable magneti®@aximum value at 5 T to a lower, nonzero valMg0) be-
ordering at low temperature, caused by a field-inducedore relaxing much slower to the ground state. The higher the
change in the orbital occupancy of tieg electrons. After ~temperature the larger this initial drop becomes, and at tem-
magnetizing the sample, the original state is recovered bperatures above 50 K, the magnetization relaxes almost in-
heating the crystal above 50 K or by waiting for the sponta-Stantaneously. This agrees well with the observed hysteresis
neous relaxation of the system, which is highly temperaturéehavior of magnetization, resistivity, and magnetostriction.
sensitive. The relaxation behavior can be described by the stretched
Figures 2c) and Zd) show magnetization measurementsexponential functioM (t) = M- {1—exd —(7/t)]}, wherer
at 10 and 30 K, respectively, showing also the memory efis the characteristic decay time, afch dispersion parameter
fect. The crystal was always zero-field cooled before a magbetween 0 and 1. The fits of the relaxation curves are pre-
netic field of 5 T was applied along theaxis. The virgin ~ sented as solid lines in Fig. 3. A similar relaxation behavior
curve at 10 K shows a steep increase around 3.5 T, corrés common to many physical phenomena, including the re-
sponding to a field-induced transition to a metastable ferrolaxation of photoinduced conductivity in YB&u;O;_ 5.
magnetic state. After magnetizing the sample in a field of 55everal cubic manganites show a relaxation of their mag-
T, a narrow rectangular hysteresis loop with a coercive fielchetic properties which can also be described by a stretched
of 0.2 T is obtained upon sweeping the field betweehand ~ exponential functiod™?? The temperature dependence of the
—5 T. The virgin curve itself lies outside this loop. When the fitparametersr and g is shown in Fig. 4. We find that
magnetic field is switched off, the magnetic moment dropglecreases from approximately 5.5 hours at 10 K to less than
from its saturated value, but does not go to zero immediatelyl ms atT>40 K. The temperature dependencerdt ther-
Unless the sample is heated above 50 K, the magnetizatiomally activated according tor= roexdA/(kgT)] with A
relaxes very slowly to zero with a characteristic relaxation=(18.6+0.2) meV. The dispersion paramej@rcan be fit-
time of the order of several hours. At temperatures above 1@&d with the linear functiorB(T)= —0.07+T(K)/128. The
K [compare the curve at 30 K in Fig(d], the hysteresis fits are presented as solid lines in Fig. 4. These results agree
loop becomes more and more slanted, and the virgin curvevell with those found for the cubic manganites
moves closer towards the loop. Above 50 K the whole effect.a;;,Ca;,MnO; and Lgy,gPrssCasMn05.22 When the field
vanishes and hysteresis can be no longer observed. Theseapplied in theab plane and then removed, the magnetiza-
results closely resemble those for the low-temperature resigion at all temperatures immediately drops to zero and no
tivity and magnetostrictioh? and are related to the MME sign of a memory effect is observed. An understanding of the
effect. When the magnetic field is applied in thb plane, time scales of these relaxation effects requires detailed infor-
the magnetization is smaller by typically 15%, even at 5 T,mation about the orbital orientations in the nonmagnetized
indicating that thec-axis is the easy magnetization axis. Fur- ground state and in the metastable conducting state. The
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magnetostriction data on our compotiidvere measured tude at the lowest temperatures. Furthermore, a magnetore-
with the field parallel to theab plane, i.e., in the direction sistive memory effect is observed below 50 K where the
where the magnetization decays instantaneously at all tentesistivity, the magnetization and the magnetostriction of the
peratures. Upon increasing the field, thb plane expands sample become dependent on its magnetic history and show
while thec axis is compressed, meaning that tyeorbitals ~ a large hysteresis. This effect is strongly temperature depen-
become mainly directed parallel to the Mp®ilayers. The dent, and is especially large around 10 K where the differ-
improved orbital overlap within thab plane enhances the ence in zero-field resistivity before and after magnetization
charge-transfer probability and mediates ferromagnetic interin a field of 12 T, is a factor of 10 The original state is only
actions. In this sense, the ferromagnetic alignment is corregained by heating above 50 K, or by waiting for the sample
roborated by the orbital structure itself. Since magnetizatiorio relax spontaneously. The relaxation of the memory effect
along thec axis results in identicgd,,, values, we suppose to was studied by time-dependent magnetization measurements.
deal also here with a field-induced preferential in-plane ori-After a initial steep decrease, the magnetization follows a
entation of the orbitals. The higher stability of the magneti-stretched exponential behavior with a thermally activated
zation along thee axis compared to thab plane points to a time constant. The low-temperature properties can possibly
possible spin-orbit coupling. A situation with the spins stand-be explained in terms of a field-induced change in the orbital
ing perpendicular on the orbitals rather than pointing in theoccupancy of the, electrons of MA* at low temperatures,
orbital plane seems to be energetically preferred. which favors the planad,2_,2 orbitals, leading to a meta-
stable ferromagnetic state.

IV. CONCLUSIONS AND SUMMARY
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