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Domain-wall dynamics in the disordered ferromagnet LaMnO3.075
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Low-field ac susceptibility measurements have been made on the cation-deficient perovskite manganite
LaMnO3.075. As the temperature is increased towardTC ~122 K!, the real part of the ac susceptibility (x8)
exhibits discontinuous jumps at roughly regular intervals, followed by gradual decays on the high-temperature
side, resulting in a series of spikes in thex8 vs temperature plot. It is argued that the spikes appear as a
consequence of disaccommodation, combined with periodic, spontaneous domain-wall jumps.
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I. INTRODUCTION

Domain walls in ferromagnets have a strong influence
the magnetic properties. For instance, the coercivity and
initial permeability, two important parameters in the applic
tion of magnetic materials, vary over many orders of mag
tude, depending on the mobility of the domain walls.1 In
mixed-valence perovskite manganites,2–10 a group of materi-
als extensively studied for the colossal magnetoresistanc
fect, the domain walls affect not only the magnetic propert
but also the transport properties. Recent studies2,3 on
La0.7D0.3MnO3 thin films (D5Ca or Sr) have shown that th
domain-wall resistance is higher by orders of magnitude t
expected from a simple model based on the double-excha
mechanism, indicating that the domain walls play a sign
cant role in the low-field magnetoresistance.

Along with direct observation of magnetic domains
various techniques, such as magnetic force microscopy3 and
Kerr microscopy,4 ac susceptibility measurements have be
employed to study domain-wall dynamics in mixed-valen
manganites.5,6 Wang et al.5 have measured the ac suscep
bility ( x5x81x9) of La0.7Ca0.3MnO3 as a function of tem-
perature~T! and observed a number of steps in thex8 vs T
curves. They interpret the discontinuous jumps ofx8 as re-
sulting from domain-wall jumps activated by thermal ener
and the magnetic field.5 We have recently studied the tim
dependence ofx in LaMnO3.075 and discovered disaccom
modation or a decrease inuxu with time after demagnetiza
tion which has been ascribed to the coupling of local m
ments in the domain walls with electronic transitions
various types.6

In this work, we have measured the ac susceptibility
LaMnO3.075 as a function of temperature and found a ser
of spikes, similar to the steps reported in Ref. 5, in thex8 vs
T curves. We discuss these spikes in terms of spontan
domain-wall jumps combined with disaccommodation.

II. EXPERIMENTAL PROCEDURE

The sample used in this study was a sintered pellet~4.5
mm in diameter and 3.0 mm in thickness! of LaMnO31d
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(La12d/(31d)Mn12d/(31d)O3), identical to the one used in
previous study.6 It was prepared by standard ceramic pr
cessing, described in detail in Ref. 7. The final heat treatm
in air at 1000 °C, followed by quench into liquid nitroge
resulted in a cation-deficient composition LaMnO3.075
(La0.976Mn0.976O3).7 The sample was about 85% dense w
the grain size ranging between 2 and 4mm. X-ray diffrac-
tion analysis has indicated that the sample is single ph
and has a quasicubic perovskite structure with a slight rho
bohedral distortion.7 Measurements of magnetization we
made using a superconducting quantum interference de
~SQUID! magnetometer, while those of ac susceptibil
were made using a mutual inductance bridge with a lock
amplifier for signal detection. The field was applied alo
the symmetry axis of the pellet in the measurements of b
types.

III. RESULTS AND DISCUSSION

In Fig. 1, the magnetizations~M! measured in fields~H!
of 100 Oe and 70 kOe are plotted as functions of tempera
(T). The measurements were made with increasing temp
ture after the sample was cooled in the field. ForH5100 Oe,

FIG. 1. Temperature dependence of magnetization~M! mea-
sured inH5100 Oe and 70 kOe~field cooled!.
©2001 The American Physical Society23-1
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a relatively sharp ferromagnetic transition is observed be
150 K, with aTC ~defined as the temperature correspond
to the inflection point of theM vs T curve! of 122 K. For
H570 kOe, on the other hand, the ferromagnetic transitio
much broader with significant tailing of theM vs T curve on
the high-T side. Tailing of theM vs T curve in a high field
has also been observed in other manganites8 and is consisten
with the increase in the magnetic correlation length unde
high field over a wide temperature range aboveTC .9 The
low-temperature saturation magnetization is 3.70mB /Mn
site, a value slightly smaller than, but close to, the spin-o
value expected for a mixture of 85% Mn31 and 15% Mn41,
3.85mB /Mn site.7

In Fig. 2~a!, the real part of the ac susceptibility (x8)
measured in an ac field (Hac) of 350 mOe is plotted as a
function of temperature. The top two curves were obtain
from measurements at two different frequencies~f! with in-
creasing temperature and the bottom curve from a meas
ment at f 55 kHz with decreasing temperature.~The tem-
perature was swept at a constant rate of 1.3 K/min in
measurements.! The curves are normalized to the values
40 K and for clarity the top two curves are displaced ve
cally. The overall temperature dependence ofx8 is similar to

FIG. 2. ~a! Temperature dependence ofx8, the real part of ac
susceptibility, measured inHac5350 mOe. The top two plots wer
obtained from measurements at different ac-field frequencies
increasing temperature, and the bottom plot from a measureme
5 kHz with decreasing temperature. The curves are normalize
the values at 40 K, and the top two plots are displaced vertica
Parts of the plots are magnified in the inset and~b!.
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that observed in LaMnO3.07,10 and characterized by a
smooth asymmetric curve having a peak nearTC and a
steeper decrease on the high-temperature side. Superimp
on it is a series of spikes, which persists up to a tempera
nearTC . The spikes are asymmetric, as can be seen m
clearly in Fig. 2~b!, where parts of thex8 vs T curves are
magnified. In thex8 vs T curves measured with increasin
temperature, the low-temperature side of the spikes is alm
vertical, while the high-temperature side is more gradu
The temperature interval between spikes is smaller fof
520 kHz than for f 55 kHz, and tends to decrease wi
increasing temperature as can be seen in Fig. 3, where
temperature intervals between spikes are plotted as funct
of temperature. In thex8 vs T curve measured with decrea
ing temperature, the asymmetry is reversed; that is, the h
temperature side is steeper. However, the spikes are m
smaller and irregular than in the case of increasing temp
ture. This is probably due to significant undershooting
temperature, which was difficult to avoid when the tempe
ture was swept downward.~Temperature overshooting wa
negligible in the case of upward sweep.!

We interpret the appearance of spikes in thex8 vs T curve
as resulting from periodic domain-wall jumps, combin
with disaccommodation, or a decrease inx8 with time, ob-
served recently in LaMnO3.075.

6 Below TC , a ferromagnet,
unless it is small enough to be in the single-domain regim
is divided into magnetic domains to reduce the magnetost
energy associated with free poles appearing on the surf
At a given temperature, the equilibrium positions of the d
main walls are determined so as to minimize the sum of
wall energy and the magnetostatic energy, the magnetoc
talline anisotropy energy or the magnetostrictive elastic
ergy, depending on the type of the domains.1 Because of
inhomogeneity, always present in real materials, the dom
wall distribution, in general, is not in equilibrium; rather, th
domain walls are located in positions corresponding to lo
potential minima and oscillate around these metastable p
tions in response to a small ac field. The amplitude of t
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FIG. 3. Intervals between spikes in thex8 vs T curves~Fig. 2!
plotted as functions of temperature.
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oscillation and hencex8 decrease with time as the potenti
well becomes deeper.6 This time decay ofx8, or disaccom-
modation, corresponds to the gradual side of the spi
which naturally appears on the high-~low-! temperature side
when the temperature is swept upward~downward!. The
equilibrium domain-wall positions change with temperatu
since the saturation magnetization, magnetocrystalline
isotropy constant, and magnetostriction constant are all
perature dependent. Thus, as the temperature increase~or
decreases!, the domain-wall distribution deviates more fro
equilibrium, and the magnetic pressure on the domain w
increases. This, on the one hand, lowers the potential ba
that keeps the domain walls in metastable positions and
the other, decreases the curvature at the bottom of the po
tial well. The latter effect counteracts the increase in
curvature due to disaccommodation; this accounts for the
sections between spikes in thex8 vs T curve. The potential
barrier eventually becomes comparable to the thermal
ergy, and the domain walls jump to establish a new me
stable distribution closer to equilibrium. This accompanie
sudden increase inx8, since the newly created domain wal
oscillate at a larger amplitude. The repetition of the abo
process results in a series of spikes in thex8 vs T curve.

From the above model, it is expected that domain-w
jumps, and hence discontinuous increases inx8, occur more
frequently in a range where the magnetization depends m
strongly on temperature, since the domain-wall jumps
induced by magnetic pressure arising from changes in
magnetostatic energy, which is proportional toM2.1 Figures
1 and 3 indeed show that the temperature interval betw
spikes decreases as the temperature dependence of ma
zation becomes stronger.

The f dependence of the temperature interval betw
spikes is consistent with thef dependence of disaccommod
tion observed in Fig. 4, where the variations ofx8 with time
measured at various temperatures are shown forf 55 and 20
kHz. (x8 was recorded for 180 s after the sample was
magnetized by reducing the amplitude of an additional
field of 100 Hz from 50 Oe to zero in 1 s; these conditio
are the same as those adopted in a previous study.6! It can be
seen that the decrease inx8 is roughly proportional to lnt
and faster forf 55 kHz than forf 520 kHz at any tempera
ture belowTC , 122 K. This means that the domain wa
stabilize themselves more~i.e., the potential well become
deeper! in a given time for a lowerf than for a higherf. Thus,
for a lowerf the magnetic pressure~plus the thermal energy!
needs to be increased more to induce the next domain
jumps, consistent with the larger temperature interval
tween spikes in thex8 vs T curve for f 55 kHz than forf
520 kHz.

The f dependence of disaccommodation may be explai
as follows. Let us consider the region occupied by a dom
wall of width W in Hac50. As the domain wall oscillates
with an amplitude ofA in response toHac , only part of the
region ~region I!, having a total width ofW22A, is within
the domain wall at all times. The remaining region~region
II !, having a total width of 2A, stays within the domain wal
only for periods varying betweent/2 andt at a time, where
t(51/f ) is the period of the domain-wall oscillation. As w
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have argued in a previous paper,6 the disaccommodation in
LaMnO3.075 results from interactions of the domain wal
with electronic transitions of the following three type
which induce favorable exchange interactions and magn
crystalline anisotropy, thereby stabilizing the domain wa
~i! eg-electron hopping from a Mn31 ion to a Mn41 ion,
which changes the charge distribution;~ii ! eg-electron hop-
ping within a Mn31 ion, which changes the orientation of th
occupiedeg orbital; and~iii ! localization or delocalization of

FIG. 4. Real part of ac susceptibility (x8) measured at various
temperatures as a function of time after demagnetization. The p
are normalized to the values att51 s, and for clarity the plots for
f 520 kHz are displaced vertically by 0.002. The straight lines
the best fits of the data points to the equationxn85xn08 2S ln t.
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eg electrons, which converts Mn ions in the mixed-valen
state into Mn31 and Mn41 ions or vice versa. Since region
remains in the domain wall only for periods less thant,
those transitions that take times longer thant cannot take
place and do not contribute to the relaxation process in
region. Thus, in region II the transitions that take times
tween 1/20 000 and 1/5000 s contribute to disaccommoda
for 5 kHz but not for 20 kHz, resulting in a faster decay
x8 for the lowerf.

There is an apparent inconsistency between the data
sented in Fig. 2 of Ref. 6 and those in Fig. 2: the form
show that the disaccommodation becomes negligibly sm
as the temperature increases towardTC(5122 K), whereas
the latter show that the spikes persist up to about 140
although the height of the spikes decreases quickly with
creasing temperature aboveTC . This discrepancy is ex
plained as follows. In standard disaccommodation meas
ments,x8 is recorded at a constant temperature as a func
of time after the sample is demagnetized by applying
additional ac field, greater in amplitude than the ac field u
for the measurement ofx8, for a short time. At low tempera
tures, this procedure will place a domain wall in a new me
stable position as intended, since the thermal energy is
likely to be high enough to overcome all the energy barri
associated with minor potential wells in the vicinity of th
original domain-wall position. At higher temperatures, ho
ever, minor energy barriers are overcome by the thermal
ergy, and there is a significant probability that a domain w
returns to the original position where the potential energy
already been lowered through disaccommodation prior to
ac demagnetization procedure. The subsequent decrea
x8 with time is small, as a result. In measurements ofx8 as
a function of temperature, by contrast, most of the dom
walls, after spontaneous jumps, will settle in new positio
regardless of temperature, since the domain-wall jumps
this case are induced by changes in the equilibrium dom
wall configuration with temperature and the resultant m
netic pressure. Time dependence ofx8 and hence spikes in
the x8 vs T curve are therefore observed as long as dom
walls are present and the mechanisms of their stabiliza
with time are operative.@It is reasonable to expect that do
main walls are present in the temperature range of up
about 150 K, considering that the ferromagnetic transition
not sharp andM remains significant in that temperature ran
even inH5100 Oe~Fig. 1!, and thatTC was defined as the
temperature corresponding to the inflection point of theM vs
T curve measured in 100 Oe on a sample having a relati
large demagnetization factor.#

The above argument is supported by the data presente
Fig. 5, where the time dependence ofx8 is shown for two
types of measurement: one in which the sample was dem
netized by applying an ac field of 50 Oe~100 Hz! and de-
creasing the amplitude to zero in 1 s, a standard proce
employed in the experiments described above and in Re
~ac demagnetization!, and the other in which the sample wa
demagnetized by applying a dc field of 1 kOe~parallel to the
ac field used for the measurement ofx8) and then reducing it
to zero in 2.5 s~dc demagnetization!. The coercivities are
essentially zero at these temperatures, and the dc dema
02442
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tization procedure ensures that all the domain walls
newly created. It can be seen that in the case of dc dem
netization the disaccommodation is significant at 120
('TC), decreases with increasing temperature, and beco
negligibly small at 150 K, while in the case of ac demagn
tization the disaccommodation is negligibly small already
120 K, fully consistent with the above argument. It is not
that the decrease inx8 with time cannot be ascribed to mag
netic viscosity, because at these temperaturesx8 decreases
with increasing dc field~and henceM ), reflecting the
concave-downwardM vs H curve (H>0),7 and a decrease in
M with time after dc demagnetization~magnetic viscosity!
would result in anincreasein x8 with time.

We next discuss the model proposed by Wanget al.5 to
explain the steps observed in thex8 vs T curves of
La0.7Ca0.3MnO3. In their model, it is assumed that the d
main walls are released periodically from the pinning cent
by the combined action of the dc field, the ac field and
thermal energy, and the discontinuous jumps ofx8 are as-
cribed to the smaller magnetic pressure exerted on the
main walls in new metastable positions. We do not think t
model provides a reasonable explanation of the appear
of spikes in thex8 vs T curves of LaMnO3.075~Fig. 2! for the
following reasons.~1! Since no dc biasing field was applie
in our measurements ofx, there was no driving force to
change the magnetization of the sample. Domain-wall jum
and the resultant discontinuous jumps ofx8 were neverthe-
less observed.~2! The amplitude of domain-wall oscillations
to whichx8 is proportional, is determined by the curvature
the bottom of the potential well that characterizes the pinn
center and is not influenced by the magnetic pressure its
This is because the Zeeman energy termEz52aHdcx,
wherea is a constant andx is the displacement of the do
main wall from an equilibrium position inHdc50, is linear

FIG. 5. Real part of ac susceptibility measured at various te
peratures as a function of time after demagnetization. The bot
plot corresponds to the case where the sample was demagnetiz
applying an additional ac field of 50 Oe~100 Hz! and reducing the
amplitude to zero in 1 s~ac demagnetization!, while the top three
plots correspond to the cases where the sample was demagne
by applying a dc field of 1 kOe and reducing it to zero in 2.5 s~dc
demagnetization!. The plots are normalized to the values at 180
and the top two plots are displaced vertically for clarity.
3-4
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FIG. 6. Temperature dependence ofx8, the real part of ac susceptibility, measured inHac5350 mOe (5 kHz) with increasing
temperature for~a! La0.7Sr0.3MnO3, ~b! Pr0.7Sr0.3MnO3, ~c! La0.6Y0.07Ca0.33MnO3, and~d! Tb ~99.99%!. Part of the plot is magnified in the
inset in each graph.
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in x and henced2Ez /dx250. ~The magnetic pressure doe
change the position of the potential minimum, which cou
result in either an increase or a decrease inx8 depending on
the shape of the potential well.11! Thus, domain-wall jumps
by themselves do not account for a discontinuous increas
x8. ~This is consistent with the fact that not all ferromagne
materials exhibit spikes and steps in thex8 vs T curves; see
below.! ~3! Without disaccommodation the decreases inx8
between spikes and steps~in both Fig. 2 and thex8 vs T
curves presented in Ref. 5! should not occur.~4! The physi-
cal meaning of thef 2 dependence of the excitation energ
assumed in Ref. 5 to explain thef dependence of the tem
peratures at which discontinuous jumps ofx8 occur, is not
clear. We believe our model involving periodic domain-w
jumps and disaccommodation provides more reasona
consistent explanations of the observations described in
paper, as well as in Ref. 5.

Finally, we discuss the conditions under which spikes
observed in thex8 vs T curve. From the foregoing argu
ments, the appearance of spikes is expected only when
following two conditions are satisfied:~1! domain walls
jump periodically as the temperature is swept and~2! the
material exhibits disaccommodation over a wide range
temperature.~As explained above, condition 1 isnot a suffi-
cient condition for the appearance of spikes.! Condition 1 is
satisfied in most ferro~ferri! magnetic materials, which nor
mally contain impurities and/or inhomogeneities that work
pinning centers and prevent the domain walls from establ
02442
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ing an equilibrium configuration; only in those specially pr
pared materials which are of high purity and free from inh
mogeneities would condition~1! not be satisfied. Condition
~2!, on the other hand, is not satisfied in most ferro~ferri!
magnetic materials. Pure magnetic materials in genera
not exhibit disaccommodation. Crystalline materials such
Fe3O4, Nd2Fe14B, and Y3Fe5O12 show disaccom-
modation,12–14which, however, is limited in certain tempera
ture ranges, because of narrow distributions of the activa
energies associated with relaxation processes. Some a
phous ferromagnets exhibit disaccommodation over a w
temperature range,15 and spikes in thex8 vs T curve may be
observed for these materials. In manganites having a h
TC , such as La0.7Sr0.3MnO3, disaccommodation is small be
cause of the dominance of double-exchange interactions
superexchange interactions.6 Large disaccommodation an
hence spikes in thex8 vs T curve are thus expected fo
lower-TC manganites, in which double-exchange and sup
exchange interactions are in competition.

The validity of the above predictions is demonstrated
Fig. 6, wherex8 vs T curves are presented for the followin
materials: ~a! La0.7Sr0.3MnO3 (TC5365 K), ~b!
Pr0.7Sr0.3MnO3 (TC5312 K), ~c! La0.6Y0.07Ca0.33MnO3
(TC5152 K), and~d! Tb (99.99%,TC5229 K). Spikes,
similar to those in Fig. 2, are observed in thex8 vs T curve
for La0.6Y0.07Ca0.33MnO3,16 in which TC is significantly sup-
pressed by partial substitution of much smaller Y ions for
3-5
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ions, but not for the higher-TC manganites or Tb, consisten
with the predictions.

IV. CONCLUSIONS

A series of asymmetric spikes has been observed in
real part of ac susceptibility (x8) vs temperature~T! curves
of the cation-deficient perovskite manganite LaMnO3.075. It
is shown that the occurrence of spikes, the dependence o
shape of the spikes on the temperature-sweep direction,
the dependence of the interval between spikes on the ac-
frequency are consistently explained in terms of period
spontaneous domain-wall jumps combined with disacco
modation. It is argued that domain-wall jumps by themsel
c
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do not result in a discontinuous change inx8; and therefore
that spikes in thex8 vs T curve are observed only for limited
classes of materials, such as perovskite manganites hav
lower TC and presumably some amorphous ferromagn
which exhibit disaccommodation over a wide range of te
perature.

This work highlights unique features of perovskite ma
ganites, namely, intrinsically inhomogeneous magnetic
electronic structures and strong coupling between the s
charge, and orbital degrees of freedom, which we argue
the origin of the weakly temperature dependent disaccom
dation, a property not expected in usual crystalline materi
and of the spikes in thex8 vs T curves.
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