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We have studied the magnetic relaxation properties of the phase-separated manganite compound
Lag o5P10.37<Ca 379MN05. A series of polycrystalline samples was prepared with different sintering tempera-
tures, resulting in a continuous variation of phase fraction between méfaliiomagnetitand charge-ordered
phases at low temperatures. Measurements of the magnetic viscosity show a temperature and field dependence
which can be correlated to the static properties. Common to all the samples, there appears to be two types of
relaxation processes: at low fields associated with the reorientation of ferromagnetic domains and at higher
fields associated with the transformation between ferromagnetic and nonferromagnetic phases.
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[. INTRODUCTION we focus on the temperature and magnetic field dependence
of the magnetic relaxation after a sudden decrease in the
The perovskite manganites with  composition applied magnetic field. We find that the magnetic viscosity
Ln;_4R,MnO;, where “Ln” is a lanthanide and R”is an  has a complex temperature dependence which correlates well
alkaline earth, are a particularly important class of materialgvith the static properties of the material. Furthermore, we
because of the close coupling between their structural, magan identify two different relaxation mechanisms, at large
netic, and transport propertiéRecent work has suggested and small applied magnetic fields, which appear to be asso-
that the magnetoelectronic ground state of many of theseiated with fluctuations between ferromagnetic and charge-
materials can be inhomogeneous due to the coexistence ofasdered or paramagnetic phases and reorientation of ferro-
ferromagnetid FM) metallic phase and an antiferromagnetic magnetic domains, respectively.
(AFM) charge-orderedCO) phase and that this phase sepa-
ration governs many of the observed physical properties of Il. EXPERIMENTAL DETAILS
these material$:®
The coexistence of ferromagnetic and antiferromagnetic Our polycrystalline samples of basdry 37:C8 374MN0O3
tendencies in the manganites suggests that there should tere prepared from L®;, PO,;, CaCQ, and Mn metal
glassy behavior associated with the frustration of the differby a citrate gel technique. Stoichiometric amounts of the
ent interactions. Indeed, logarithmic time dependence hastarting materials were dissolved in diluted nitric acid
been observed in the relaxation of both resistivity and mag¢HNO,) to which was added an excess of citric acid and
netization after sudden changes in magnetic field,and ethylene glycol to make a metal complex. After all the reac-
there have been numerous reports of spin-glass-like behavitants had completely dissolved, the solution was mixed and
in these materiat§~??(although the qualitative details of the heated on a hot plate resulting in the formation of a gel. The
behavior are not necessarily consistent with the conventionael was dried at 300 °C, then heated to 600 °C to remove the
behavior of spin glass&3. While this sort of glassy behavior organic and to decompose the nitrates. The resulting powder
and the slow relaxation can be attributed to domains in ferwas pressed into pellets, each of which was sintered at a
romagnets, to superparamagnetism, or to conventional spimlfferent temperature(900, 950, 1000, 1100, 1200, and
glass phases associated with local disorder, another possibil300 °Q. The samples we studied are thus labeled by their
ity in the phase-separated materials is that the relativeintering temperature. All the samples showed single-phase
fractions of the different phases slowly adjust to changes ix-ray patterns, and the average grain sigestimated by
the external environment. This explanation is consistent wittscanning electron microscop§SEM)] increased with in-
the observation that the relaxation effects seem to be espereasing annealing temperature as discussed below:
cially pronounced in materials near=0.5081%1516where The resistivity and magnetization of the samples were
there is often a crossover between predominantly ferromagneasured in Quantum Design PPMS cryostats and MPMS
netic conducting and antiferromagnetic charge ordereduperconducting quantum interference deyB8@UID) mag-
state* and phase separation appears to dominate the physietometers respectively. The latter systems were also used to
cal propertie$:?® study the time dependence of the magnetization with the
In this work we investigate a series of poly- following procedure: (1) the superconducting magnet was
crystalline  samples  with nominal composition de-gaussed by oscillating the magnetic figR), the sample
(Lag 25¢PM0 379 Cay 379MIN0O5 in which the relative fraction of was zero-field cooled from 300 K to a base temperalye
the coexisting phases is varied, but the charge-ordering an@®) the sample was held @t=T, for a timet,,; = 1000 s,(4)
Curie temperatures remain virtually constant. In particularthe magnetic field was ramped up to a valig for another
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t,2.=1000 s, and5) the magnetic field was reduced to near  © L S
zero and the magnetization was recorded for a time interva —e—(d)
longer than 3500 s. The end field was chosen to be 0.002 ~ . N
(which is slightly higher than the typical magnitude of the M
residual field in these cryostatsn order to avoid a reversed 4 i
residual field. The applied magnetic fidit}, was set to 0.05, -
0.1,0.2,03,05, 1, 2, and 4 (Tt takes 200 s to ramp the ¢ - 0.20
field to 1 T) and the time-dependent measurements were pers L2
formed at 2, 5, 10, 25, 50, 75, 100, 130, and 160 K. We fit ©
the relaxation of the magnetization with the form(t)

=M ((t=0)[1-S(T,Hy)l0g:o(t/70)], where S(T,H) is the
magnetic viscosity which characterizes the relaxation
process®2’

We found that the magnetometers were subject to a re- o , . ' —
sidual time-dependent magnetic field of the fomd{ (t) 900 1000 1100
=H{+alog,Jt] (presumably attributable to relaxation in the T.(K)
magnet or in nearby magnetic materials in the buildifidne
residual field parameters, i.ed; and a, depended on the
applied fieldH, and were temperature independéfypical
values were a=0.014 Oe and H(=24.7 Oe for H,
=0.05T,a=0.142 Oe andH,=3.92 Oe forH,=4T.) The
magnetic moment induced in the d_gfry 37:Ca 374VIN0O;
samples by this field was obtained from the measured low
field susceptibility and then subtracted from the measure
magnetic moment in order to obtain the actual magnetic vis
cosity. This correction was small, but significant wHgap-
proached zero.
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FIG. 1. Average grain size of the polycrystalline samfesm
scanning electron microscopwand the volume fraction of ferro-
magnetic phase at 5 Krom M(H) data as described in the téxt

samples withy=0.375, we find that the grain size increases
monotonically with annealing temperature, as shown in Fig.
. Since this composition is near the edge of the composi-
onal transition between the metallic and insulating ground
States, one might expect a dramatic effect on the resistivity
from this change in grain size. Indeed, we do observe a strik-
ing difference between the samples in the temperature-
dependent resistivity which is plotted in Fig. 2 in zero ap-

Il. RESULTS plied magnetic field and in a field of 10 T. For samples 900
o and 950, the resistivity increases monotonically with de-
A. Time-independent measurements creasing temperature in zero magnetic field to the lowest

We chose to examine a composition from the serie§emperature we could measure. For the other samples, the
(Lasis_Pr,) CaygMnO; in which the varying Pr fractiorty) zero-field resistivity begins to decrease at a temperature near
controls the fraction of the ferromagnetic metallic phase inff€ onset of ferromagnetism seen in the magnetization data
the ground state. Previous studies have demonstrated twéfliscussed below All samples have a sharply suppressed
phase coexistence, involving a predominantly FM metalliceSistivity in the high magnetic field, and this large magne-
state at smaly, a predominantly charge-ordered state at large
y, and the relative fractions changing wigt?®~3! Further- 10° —

more, there is strong evidence that all of the magnetotrans- ol :gzmp:: ggg |

port properties are dominated by the coexistence of the two +Samgle 1000

phases, since the application of a magnetic field simply con- 10° - —«— Sample 1100 1

verts the sample from the charge-ordered state to the ferro- , —— Sample 1200

magnetic conducting state. Kiryukhit al3? examined the c 107 —— Sample 1300 |

phase diagram foy=0.35, and they found that with decreas- 3 4

ing temperature the compound first undergoes a transition to <3

a predominantly charge-ordered phaseTat~200 K and e 10

then an insulator-metal transition dt~70 K to a mixed 1o

phase consisting of CO insulating, paramagnetic, and FM A oa e tL ey

metallic regions. They also concluded that a non-charge- 10" e AN —

ordered paramagnetic phase is present b&lgwwhich co- = JJUUOS NEN0S:

exists with the charge-ordered phase and thétiher than 107 e apaeleee=—

the charge-ordered phasevolves into the ferromagnetic 107 oo ettt | ]

metallic phase below ¢ in zero magnetic field. 0 50 100 150 200 250 300
Due to the strong coupling between the lattice and other T(K)

physical properties, the strain associated with the grain

boundaries and other types of structural defects can dramati- FIG. 2. Temperature dependence of the resistivity on cooling in
cally affect the electrical and magnetic behavior of polycrys-zero magnetic fieldsolid symbol$ and inH=10 T (open symbols
talline manganited®>** In our series of polycrystalline of the entire series of samples.
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H“\' T ' ' ' netic. The Curie temperatur-~85 K can be determined

15000 Lo, | from these data as the maximum in the temperature deriva-

—_ \ — Sample 900 tive. In Fig. 4, we show the field dependence of the magne-

) AW —— Sample 950 e ’ - 4 ’

o ~— Sample 1000 tization, M(H), after zero-field cooling at various tempera-

E o000l —— Sample 1100 | tures for sample 1100. This plot demonstrates paramagnetic

g 12222:2 1588 behavior at high temperaturflél (H) is linear and evidence

L for ferromagnetism at the lowest temperatuli@sthat there

= 5000 . is downward curvature oM (H)]. BetweenTp and T,
H=1T there is a small ferromagnetic risehh(H) and then upward

curvature—presumably indicating the presence of a small
0 i

250 300 ferromagnetic fraction which grows to encompass the entire
sample in a sufficiently strong field. At the lowest tempera-
turesM (H) exhibits a plateau at around 1 T which presum-

FIG. 3. Magnetization as a function of temperature measured o@bly corresponds to fields which are sufficient to align the
cooling of the entire series of samples. moments of those regions which are ferromagnetic at zero

field, but which are not sufficient to transform charge-

toresistance is presumably associated with a field-inducedrdered regions into ferromagnetism. We can estimate the
ferromagnetic metallic state indicated by the saturated movolume fraction which is ferromagnetic after zero-field cool-
ment observed in magnetization measurements as a functiang (fgy) by taking the ratio of the plateau magnetization to
of field (see Fig. 4 beloyw The onset of charge ordering is the theoretically expected magnetizatit 6 25ug/f.u.) for
discernable as a steep change in the resistance afgd complete alignment of all the Mn moments. The values of
~220K for all samples, an@co can be determined from a ., at 5 K for all the samples are plotted in Fig. 1, and it is
maximum in the slope of the resistivity. The electrical behav-notable that the ferromagnetic fraction at low temperature
ior of the samples is similar to that reported previot%/>°  increases with annealing temperature as the samples become
for (La,Pr,Ca)MnQ in which the magnetotransport data more conducting. Furthermore, whég, exceeds the three-
could be described in terms of percolative transport throughyimensional percolation threshold of 14.5(Ref. 36 for

the ferromagnetic metallic regions which increased in vol-g5h1e 10001300, the low-temperature zero-field state of

ume with La content. The resistivity data indicate that they . samples changes from insulating to conducting. Thus we

fraqtlon of _the metal!|c phase analogously Increases MoNGzan conclude that the relative fractions of the two phases are
tonically with annealing temperatufand grain sizgin the

series of samples studied here and also increases with

0 50 100 150 200

Temperature (K)

acr_1anging across our sample series, but that the individual
plied magnetic field at all temperatures beldwg. _Bhase‘f"‘s characterized bjco andTc) are unchanged. It is

In Fig. 3, we show the temperature dependence of thgwte_rest_mg to note tha_t our obgerved d_ependench,@fon
magnetization of the samples in a 1-T magnetic field, showd"ain Size and annealing time is opposite that seen by Levy
ing a feature neaffco~200 K and a sharp rise at lower ©talin LasCa MnOs,”" perhaps due to the inverted order

temperatures where part of the sample becomes ferroma f Tc and Tco in that material compared to
Lasg—Pry) CaygMnO;. Due to the smooth variation dy
4.0 ‘ : : . in our series, we can thus examine the relaxation process as
a function of the fractions of the coexisting phases, as de-
] scribed in the following section.

B. Relaxation measurements

We studied the magnetic relaxation of each of the samples
in the series using the procedure described above to obtain
the magnetic viscosity. We focused our studies on low tem-
peratures T=160 K) in order to examine the regions in
which two-phase coexistence clearly dominates the behavior.
Figure 5 shows representative profiles of the magnetic relax-
ation for sample 1000 with an applied field Bif,=0.05 T
i and different temperaturg&ig. 5a)] and with different ap-
plied magnetic fields foff =130 K [Fig. 5b)]. The magne-

o g . . . tization in each case was normalized to the corresponding
0 10000 20000 30000 40000 value att=0 (immediately after the field was stabilized near
H(Oe) zerg and M(t)/M(0) was plotted versus lqgt). The

asymptotic slopes of these curves, i.e., the long-time loga-
FIG. 4. Magnetization vs fieldafter zero-field cooling mea-  rithmic relaxation rates, were used to estimate the magnetic
sured at various temperatures for sample 1100. viscosity,
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1.01 — : . . . ' '
Sample 1000 0.00 7
1.00+ .
S 099t o : w ]
—+—T=2K et . i
E e T-5k ‘9%9 .... xvv;vv:“" 0.02
UL p— Y £ N
= a - T=25K e, “
097} —o-T=50K o i
Tt \%’% o 0.04
T = 100K a, -0. .
0981 _, 7y H=005T ™% 1
—o— T=160K e,
0.95F -s—T=200K %, J
15 20 25 30 35 40 -0.06 .
(@ log(t[seconds])
—v—T=130Kk sample 1100
—v— T =160K
1.00} i -0.08 L | \ L L 1 1 Il
0.1 1
S oot 1 1 H(T)
% 0.9 —C*:fg-?f | FIG. 7. Field dependence of the magnetic viscosity at different
s ' e H=02T T, temperatures for the sample 1100.
-0~ H=03T
094} —=—H=05T R . .. .
——H=1T symbols,H,<0.3 T) and a different characteristic behavior
—e—H=2T T=130K . . ¢ )
N | in larger fields(solid symbols,H,=0.5T). The difference
' . . . . . between the low- and high-field regimes can also be seen by
15 20 25 3.0 35 40 plotting the same datéFig. 7) as a function of the applied
(b) log(t[seconds]) field at different temperatures. Althoudis small and nearly

independent of the applied field at the lowest temperatures,

FIG. 5. (a) Profiles of the magnetization relaxation for sample for all higher temperatures there is a clear difference between
1000 forH,=0.05 T and a range of temperaturés.Profiles of the  the two field regimes. AT=25 and 50 K,S has a large

magnetization relaxation for sample 1000 at 130 K for diﬁerentmagnitude for small fields, but approaches zero rapidly up to

applied magnetic fieldsH3). H,~0.5 T where it saturates. For temperatures above 50 K,
S has weak field dependence uphig~0.5 T: then, it dra-
1 dM matically increases in magnitude for larger fields.
S= |\/TO d(log;o(t))’ Since the magnetic viscosity appears to have different be-

havior for low and high values of the applied magnetic field
which was then corrected for the residual field as describeéi, , we must conclude that there are two different relaxation

above. ~ processes responsible for the magnetic viscosity in this series
The temperature dependence $ffor sample 1100 is  of materials. We first discuss the smhl} processes shown
shown in Fig. 6 for a range of applied magnetic fieltl ).  in Fig. 8, whereShas an almost constant small magnitude at

As can be seen in this figure, the temperature dependence fie lowest temperatures €10 K), has the largest magni-
S has a characteristic behavior in low applied fieldpen tude just below T, and then has a small and almost

0.00 - sample 1100 | 000l |
-0.02 - -0.01F 7\ ! ; g i
N o4l -0.02 i
2]
-0.03 + —O— Sample 900 -
-0.06 | H=05T —v— Sample 950
—v¥—H=1T —=— Sample 1000
—&—H=2T 0044 —«— Sample 1100 |
008l —®=H=4T . . ’ —»— Sample 1200
0 50 100 150 —&— Sample 1300
T(K) -0.05 L » . .
0 50 100 150
FIG. 6. Temperature dependence of the magnetic viscosity for Temperature (K)

sample 1100 in different applied magnetic fieléls,J. Note the two
different characteristic behaviors at low and high fields as desig- FIG. 8. Temperature dependence of the magnetic visc8dity
nated by the open and solid symbols, respectively. all the investigated samples for a 0.05-T applied magnetic field.
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. . ; T 0.000 0.00 —————r——1—
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h m|
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0 50 100 150 | o T=10K ] \
o
Temperature (K —0— T=25K -0.04 - o0, i
P (K) —o— T=50K Y
. L1 | 1 Lo, 1 Q@

900 1000 1100 1200 1300
Sample

900 1000 1100 1200 1300
Sample

FIG. 9. Temperature dependence of the magnetic viscosity for
all the investigated samples for a 1-T applied magnetic field.

temperature-independent value abolvg. We do not at- FIG. 11. Magnetic viscosity as a function of the sample
tribute the observed relaxation processes in this low-fielgintering temperatures, measured at different temperatures and
range to changes in the relative fractions of ferromagneti¢i,=1T.

and nonferromagnetic regions because there is little magne-

tpre3|stance gt such low fieldehich |nd|cates_ that therg 'S This temperature dependence is qualitatively similar to that
little conversion from charge order to metallic conduction

There is also no consistent variation among the obtained Va[gbse_rved by Lpezet al. in LagsC ab__5M_nO3 after re_ducmg
ues ofS between the samples in the series, even though thé1e f_|e|d from 5 T(the only magnetic f|_e|d from_whlch they
resistivity and equilibrium magnetization data di:scussedStUdIed relaxatloh we attrlt_)ute relaxation in t.h's regime to
above indicate a changing ferromagnetic fraction among thi€ fraction of ferromagnetic volume decreasing after the re-
samples. We attribute the relaxation in this low-field regimemoval of the magnetic field, i.e., to the relaxation of the
instead to relaxation of the moment orientation of the ferroProportions of the coexisting phases. This view is supported
magnetic regions in the material which exist even after zeroPy the data in Fig. 11 where we pl&@for H,=1T as a
field cooling. This explanation is consistent with the largestfunction of sample numbetwhere the higher numbered
viscosity being observed just aroufig where the moments samples were sintered at higher temperature and have a
are more easily reoriented. We also observe ®att the larger ferromagnetic phase fraction as discussed above
lowest temperatures has a larger magnitude for samples 90@hile the data are somewhat noisy at the lowest tempera-
and 950 than for all of the other samples. Those samples atares (due to the smaller magnitude &), we see thatS
below the percolation threshold in their ferromagnetic frac-increases in magnitude significantlpy a factor of 2 or
tion, which presumably would have an effect on the mag-more with increasing ferromagnetic phase fraction in this
netic relaxation processes due to anisotropy factors. high-field regime. Since botfic and T are approximately
The temperature dependenceSiE quite different at the constant for all of the samples, the changeSiamong the
higher magnetic fields as shown in Figs. 9 and 10. In thissamples can be attributed to the changing ferromagnetic frac-
field regime,S is almost constant fol <Tc, but then in-  tion and thus the relaxation itself to relaxation of the propor-
creases abruptly in magnitude nel¢ and for higher tem-  tions of the coexisting phases. The increas& ime observe

peratures, i.e., in the predominantly charge-ordered statg;si ahoveT,. in this field regime is also consistent with this

explanation. While foiT<T the ferromagnetic fraction re-
mains roughly constant after removing the magnetic field,

T T T T

0.00 | i X ] . (
—o— Sample 1100 H = 2T the application of a.strong_magnetlc field to the CO phgse
@ Sample 1100 H =4T converts some fraction of it to a ferromagnetic conducting
-0.02 | —4— Sample 1300 H=2T

phase(see Fig. 4. After reducing the applied magnetic field,
the system reverts to the equilibrium predominantly charge-
] ordered staté® and we are apparently observing the relax-
ation of that process. An interesting point in the data is the
. trend of increasingS with the increasing sample number
which correlates with an increased fraction of the ferromag-
netic state within the predominantly charge-ordered matrix.
In other words, the system relaxes faster when the end point
has a larger fraction of the minority ferromagnetic phase.
This result should give insight into the dynamics of the con-

FIG. 10. Temperature dependence of the magnetic viscSsity version process between charge order and ferromagnetism
for the samples 1100 and 1300 fd,=2 and 4 T. with the application and removal of magnetic field.

—A— Sample 1300 H=4T

D o4l

-0.06 |-

-0.08 L L 1 1
0 50 100 150

Temperature (K)
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IV. CONCLUSIONS ditional aspect to the many unique properties of the perov-
skite manganites, but further studies of the detailed dynamics
f phase separation, through microscopic probes or theoreti-
| simulations, will be needed to fully characterize the na-

re of these processes.

In summary, we have examined the relaxation propertie
of a series of phase separated manganite materials in whic
the relative phase fraction was varied through sintering of th(?u
samples. We find that two different relaxational processes are
important in these systems corresponding to either the relax-
ation of moment orientation or the relaxation of phase frac-
tion. This latter process is unique to the phase-separated na- The authors gratefully acknowledge helpful comments
ture of the manganites and may constitute a new sort ofrom P. Levy and the support of NSF Grant No. DMR-
magnetic glassiness—based on the macroscopic yet dynan®d01318. B.G.K. and S.W.C. were supported by Grant No.
coexistence of two dissimilar phases. This would add an adNSF-DMR-0080008.
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