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Domain-wall dynamics in the disordered ferromagnet LaMnO; 75
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Low-field ac susceptibility measurements have been made on the cation-deficient perovskite manganite
LaMnO; 575. As the temperature is increased towdrg (122 K), the real part of the ac susceptibility ()
exhibits discontinuous jumps at roughly regular intervals, followed by gradual decays on the high-temperature
side, resulting in a series of spikes in tlg¢ 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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. INTRODUCTION (Lay— 53+ yMN1— 513+ 503), identical to the one used in a
previous study. It was prepared by standard ceramic pro-
Domain walls in ferromagnets have a strong influence orcessing, described in detail in Ref. 7. The final heat treatment
the magnetic properties. For instance, the coercivity and thg air at 1000 °C, followed by quench into liquid nitrogen,
initial permeability, two important parameters in the applica-resulted in a cation-deficient composition LaMys
tion of magnetic materials, vary over many orders of magni{La, o;dVing ¢7¢03) 7 The sample was about 85% dense with
tude, depending on the mobility of the domain walll)  the grain size ranging between 2 andgm. X-ray diffrac-
mixed-valence perovskite manganifes?a group of materi-  tion analysis has indicated that the sample is single phase
als extensively studied for the colossal magnetoresistance efnd has a quasicubic perovskite structure with a slight rhom-
fect, the domain walls affect not only the magnetic propertieshohedral distortiod. Measurements of magnetization were
but also the transport properties. Recent stdidieen  made using a superconducting quantum interference device
Lag /Do gMNO; thin films (D= Ca or Sr) have shown that the (SQUID) magnetometer, while those of ac susceptibility
domain-wall resistance is higher by orders of magnitude thaivere made using a mutual inductance bridge with a lock-in
expected from a simple model based on the double-exchanggnplifier for signal detection. The field was applied along
mechanism, indicating that the domain walls play a signifi-the symmetry axis of the pellet in the measurements of both
cant role in the low-field magnetoresistance. types.
Along with direct observation of magnetic domains by
various techniques, such as magnetic force microstaps
Kerr microscopy’ ac susceptibility measurements have been ll. RESULTS AND DISCUSSION
employed to study domain-wall dynamics in mixed-valence
manganites:® Wang et al®> have measured the ac suscepti-
bility (x=x"+ x") of Lag .Ca, ;MnO; as a function of tem-
perature(T) and observed a number of steps in jplevs T
curves. They interpret the discontinuous jumpsyoéfas re-
sulting from domain-wall jumps activated by thermal energy
and the magnetic field We have recently studied the time
dependence of in LaMnO; 475 and discovered disaccom-
modation or a decrease || with time after demagnetiza-
tion which has been ascribed to the coupling of local mo- 4

In Fig. 1, the magnetizationd) measured in field¢H)
of 100 Oe and 70 kOe are plotted as functions of temperature
(T). The measurements were made with increasing tempera-
ture after the sample was cooled in the field. Her 100 Oe,

o

5L 70 kOe 180

ments in the domain walls with electronic transitions of & 100 Oe 190 B

various types. 2 5t g
In this work, we have measured the ac susceptibility of < 4 40 g

LaMnGQ; o75 as a function of temperature and found a series = 50

of spikes, similar to the steps reported in Ref. 5, in ftevs 120

T curves. We discuss these spikes in terms of spontaneous 1 < g
domain-wall jumps combined with disaccommodation.
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Il. EXPERIMENTAL PROCEDURE T (K)
The sample used in this study was a sintered péle&s FIG. 1. Temperature dependence of magnetizath mea-

mm in diameter and 3.0 mm in thickngssf LaMnO;, s  sured inH=100 Oe and 70 kO€ield cooled.
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= FIG. 3. Intervals between spikes in ty¢ vs T curves(Fig. 2
> plotted as functions of temperature.
g 20 kHz
s
= 5 Kz that observed in LaMng),,*° and characterized by a
ety smooth asymmetric curve having a peak nd&gr and a
(decreasing T) steeper decrease on the high-temperature side. Superimposed
on it is a series of spikes, which persists up to a temperature

‘ : : : nearT.. The spikes are asymmetric, as can be seen more
60 65 [N 80 85 clearly in Fig. Zb), where parts of the;’ vs T curves are
() magnified. In they’ vs T curves measured with increasing
FIG. 2. (3) Temperature dependence pf, the real part of ac temperature, the low-temperature side of the spikes is almost
susceptibility, measured id .= 350 mOe. The top two plots were Vertical, while the high-temperature side is more gradual.
obtained from measurements at different ac-field frequencies witf'he temperature interval between spikes is smaller ffor
increasing temperature, and the bottom plot from a measurement at20 kHz than forf=5 kHz, and tends to decrease with
5 kHz with decreasing temperature. The curves are normalized tincreasing temperature as can be seen in Fig. 3, where the
the values at 40 K, and the top two plots are displaced verticallytemperature intervals between spikes are plotted as functions
Parts of the plots are magnified in the inset dbd of temperature. In thg' vs T curve measured with decreas-
ing temperature, the asymmetry is reversed; that is, the high-
a relatively sharp ferromagnetic transition is observed belowemperature side is steeper. However, the spikes are much
150 K, with aT¢ (defined as the temperature correspondingsmaller and irregular than in the case of increasing tempera-
to the inflection point of theM vs T curve of 122 K. For  ture. This is probably due to significant undershooting of
H=70 kOe, on the other hand, the ferromagnetic transition isemperature, which was difficult to avoid when the tempera-
much broader with significant tailing of thé vs T curve on  ture was swept downwardTemperature overshooting was
the highT side. Tailing of theM vs T curve in a high field negligible in the case of upward swegp.
has also been observed in other mangahies is consistent We interpret the appearance of spikes in ffe/s T curve
with the increase in the magnetic correlation length under @s resulting from periodic domain-wall jumps, combined
high field over a wide temperature range abdve.’ The  with disaccommodation, or a decreaseyinwith time, ob-
low-temperature saturation magnetization is xgOMn  served recently in LaMngy,s.° Below T, a ferromagnet,
site, a value slightly smaller than, but close to, the spin-onlyunless it is small enough to be in the single-domain regime,
value expected for a mixture of 85% Mhand 15% MA*, s divided into magnetic domains to reduce the magnetostatic
3.85ug/Mn site/ energy associated with free poles appearing on the surface.
In Fig. 2(a), the real part of the ac susceptibility () At a given temperature, the equilibrium positions of the do-
measured in an ac fieldH;.) of 350 mOe is plotted as a main walls are determined so as to minimize the sum of the
function of temperature. The top two curves were obtainedvall energy and the magnetostatic energy, the magnetocrys-
from measurements at two different frequendi@swith in-  talline anisotropy energy or the magnetostrictive elastic en-
creasing temperature and the bottom curve from a measurergy, depending on the type of the domainBecause of
ment atf =5 kHz with decreasing temperatur@he tem- inhomogeneity, always present in real materials, the domain-
perature was swept at a constant rate of 1.3 K/min in allall distribution, in general, is not in equilibrium; rather, the
measurementsThe curves are normalized to the values atdomain walls are located in positions corresponding to local
40 K and for clarity the top two curves are displaced verti-potential minima and oscillate around these metastable posi-
cally. The overall temperature dependencg bfs similar to  tions in response to a small ac field. The amplitude of this
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oscillation and hencg’ decrease with time as the potential 1.004

well becomes deep&rThis time decay ofy’, or disaccom- e Q (40K
modation, corresponds to the gradual side of the spikes, 1.002 T

which naturally appears on the higtlew-) temperature side

when the temperature is swept upwaidbwnward. The 1.000

equilibrium domain-wall positions change with temperature, -5

since the saturation magnetization, magnetocrystalline an- 0.998

isotropy constant, and magnetostriction constant are all tem-

perature dependent. Thus, as the temperature incréases 0.996

decreases the domain-wall distribution deviates more from
equilibrium, and the magnetic pressure on the domain walls 0.994 ! ! !
increases. This, on the one hand, lowers the potential barrier ~ 1.005 |
that keeps the domain walls in metastable positions and, on
the other, decreases the curvature at the bottom of the poten-

tial well. The latter effect counteracts the increase in the 1.000
curvature due to disaccommodation; this accounts for the flat
sections between spikes in the vs T curve. The potential =

barrier eventually becomes comparable to the thermal en- 0.995
ergy, and the domain walls jump to establish a new meta-
stable distribution closer to equilibrium. This accompanies a
sudden increase ig’, since the newly created domain walls 0.990
oscillate at a larger amplitude. The repetition of the above 1.005
process results in a series of spikes in fHevs T curve.

From the above model, it is expected that domain-wall
jumps, and hence discontinuous increaseg’inoccur more 1.000
frequently in a range where the magnetization depends more
strongly on temperature, since the domain-wall jumps are =
induced by magnetic pressure arising from changes in the 0.995
magnetostatic energy, which is proportional\d.! Figures
1 and 3 indeed show that the temperature interval between
spikes decreases as the temperature dependence of magnet  0.990
zation becomes stronger.

The f dependence of the temperature interval between 1.002
spikes is consistent with tHedependence of disaccommoda-
tion observed in Fig. 4, where the variationsydfwith time 1.000
measured at various temperatures are showh#d and 20
kHz. (x" was recorded for 180 s after the sample was de- -3 gos
magnetized by reducing the amplitude of an additional ac
field of 100 Hz from 50 Oe to zero in 1 s; these conditions
are the same as those adopted in a previous $utdgan be
seen that the decrease i is roughly proportional to Irt
and faster fof =5 kHz than forf=20 kHz at any tempera- 0-9940 ] 1' 1'0 1(')0 1000
ture belowTc, 122 K. This means that the domain walls ' t (se0)
stabilize themselves morg@.e., the potential well becomes
deepeyin a given time for a lowef than for a highef. Thus, FIG. 4. Real part of ac susceptibility() measured at various
for a lowerf the magnetic pressufplus the thermal enerQly  temperatures as a function of time after demagnetization. The plots
needs to be increased more to induce the next domain wadke normalized to the valuestat 1 s, and for clarity the plots for
jumps, consistent with the larger temperature interval bef=20 kHz are displaced vertically by 0.002. The straight lines are
tween spikes in thg’ vs T curve forf=5 kHz than forf the best fits of the data points to the equatigi= x;,o—S In t.
=20 kHz.

Thef dependence of disaccommodation may be explainetiave argued in a previous papehe disaccommodation in
as follows. Let us consider the region occupied by a domainaMnQO; 475 results from interactions of the domain walls
wall of width W in H,,=0. As the domain wall oscillates with electronic transitions of the following three types,
with an amplitude ofA in response tdH,., only part of the  which induce favorable exchange interactions and magneto-
region (region |, having a total width oW—2A, is within  crystalline anisotropy, thereby stabilizing the domain walls:
the domain wall at all times. The remaining regioegion (i) eg-electron hopping from a MH ion to a Mrf* ion,
I), having a total width of 2, stays within the domain wall which changes the charge distributidii) es-electron hop-
only for periods varying between'2 andr at a time, where  ping within a Mr?* ion, which changes the orientation of the
7(=1/f) is the period of the domain-wall oscillation. As we occupiedey orbital; and(iii) localization or delocalization of

0.996
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ey electrons, which converts Mn ions in the mixed-valence 1.10 ‘ i
state into MA* and Mrf* ions or vice versa. Since region |l dc demagnetization £=5kiz
remains in the domain wall only for periods less than 1.08 |- J Lt .
those transitions that take times longer thamannot take N e e lwag 150K
place and do not contribute to the relaxation process in that 1.06 | e e TNy :'.’%,
region. Thus, in region Il the transitions that take times be-  _ . ) IR
tween 1/20 000 and 1/5000 s contribute to disaccommodation ™= qoal ° . . ]
for 5 kHz but not for 20 kHz, resulting in a faster decay of ) i R E AT 130 K
x' for the lowerf. e e
There is an apparent inconsistency between the data pre-  1.02 [ R 1
sented in Fig. 2 of Ref. 6 and those in Fig. 2: the former ac demagnetization M‘& : 120 K
show that the disaccommodation becomes negligibly small 1.00 b oo e-esee .
as the temperature increases towagd =122 K), whereas w w w .
0.1 1 10 100 1000

the latter show that the spikes persist up to about 140 K,
although the height of the spikes decreases quickly with in- t(sec)
creasing temperature above: . T.h's dlscrepanlcy IS €ex- FIG. 5. Real part of ac susceptibility measured at various tem-
plained ‘:"S follows. In standard disaccommodation measgreﬁeratures as a function of time after demagnetization. The bottom
mer_1ts,X is recorded at a C_0nstant temperature asa fth'oBlot corresponds to the case where the sample was demagnetized by
of time after the sample is demagnetized by applying anppiying an additional ac field of 50 G&00 H2 and reducing the
additional ac field, greater in amplitude than the ac field usedmplitude to zero in 1 $ac demagnetizationwhile the top three
for the measurement gf’, for a short time. At low tempera- piots correspond to the cases where the sample was demagnetized
tures, this procedure will place a domain wall in a new metaby applying a dc field of 1 kOe and reducing it to zero in 2@s
stable position as intended, since the thermal energy is urtemagnetization The plots are normalized to the values at 180 s,
likely to be high enough to overcome all the energy barriersand the top two plots are displaced vertically for clarity.
associated with minor potential wells in the vicinity of the
original domain-wall position. At higher temperatures, how-tization procedure ensures that all the domain walls are
ever, minor energy barriers are overcome by the thermal emewly created. It can be seen that in the case of dc demag-
ergy, and there is a significant probability that a domain wallnetization the disaccommodation is significant at 120 K
returns to the original position where the potential energy ha¢~Tc), decreases with increasing temperature, and becomes
already been lowered through disaccommodation prior to theegligibly small at 150 K, while in the case of ac demagne-
ac demagnetization procedure. The subsequent decreasetization the disaccommodation is negligibly small already at
x' with time is small, as a result. In measurementybfas 120 K, fully consistent with the above argument. It is noted
a function of temperature, by contrast, most of the domairihat the decrease i’ with time cannot be ascribed to mag-
walls, after spontaneous jumps, will settle in new positionsnetic viscosity, because at these temperatw'eslecreases
regardless of temperature, since the domain-wall jumps iwith increasing dc field(and henceM), reflecting the
this case are induced by changes in the equilibrium domainsoncave-downwart¥l vs H curve (H=0),” and a decrease in
wall configuration with temperature and the resultant magM with time after dc demagnetizatioimagnetic viscosity
netic pressure. Time dependencexydfand hence spikes in would result in arnincreasein ' with time.
the x’ vs T curve are therefore observed as long as domain We next discuss the model proposed by Wanal.> to
walls are present and the mechanisms of their stabilizatioexplain the steps observed in the’ vs T curves of
with time are operativellt is reasonable to expect that do- LayCa sMnOs. In their model, it is assumed that the do-
main walls are present in the temperature range of up tonain walls are released periodically from the pinning centers
about 150 K, considering that the ferromagnetic transition idy the combined action of the dc field, the ac field and the
not sharp and/ remains significant in that temperature rangethermal energy, and the discontinuous jumpsy6fare as-
even inH=100 Oe(Fig. 1), and thafT - was defined as the cribed to the smaller magnetic pressure exerted on the do-
temperature corresponding to the inflection point oflthes ~ main walls in new metastable positions. We do not think this
T curve measured in 100 Oe on a sample having a relativelynodel provides a reasonable explanation of the appearance
large demagnetization factor. of spikes in they’ vs T curves of LaMnQ q-5(Fig. 2) for the

The above argument is supported by the data presented following reasons(1) Since no dc biasing field was applied
Fig. 5, where the time dependence f is shown for two  in our measurements of, there was no driving force to
types of measurement: one in which the sample was demaghange the magnetization of the sample. Domain-wall jumps
netized by applying an ac field of 50 @&#00 H2 and de- and the resultant discontinuous jumps)df were neverthe-
creasing the amplitude to zero in 1 s, a standard procedutless observed2) The amplitude of domain-wall oscillations,
employed in the experiments described above and in Ref. t which x' is proportional, is determined by the curvature at
(ac demagnetizationand the other in which the sample was the bottom of the potential well that characterizes the pinning
demagnetized by applying a dc field of 1 kQuarallel to the  center and is not influenced by the magnetic pressure itself.
ac field used for the measurementyd) and then reducing it This is because the Zeeman energy tey= — aHycX,
to zero in 2.5 s(dc demagnetization The coercivities are where« is a constant ana is the displacement of the do-
essentially zero at these temperatures, and the dc demagmaain wall from an equilibrium position it 4.=0, is linear
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FIG. 6. Temperature dependence pf, the real part of ac susceptibility, measuredHy.=350 mOe (5 kHz) with increasing
temperature fofa) Lag 7Sty sMnOs, (b) Pry ;Srp MNnOg, (€) Lag gY g g8 3qMNO3, and(d) Tb (99.99%. Part of the plot is magnified in the
inset in each graph.

in x and hencad®E,/dx?=0. (The magnetic pressure does ing an equilibrium configuration; only in those specially pre-
change the position of the potential minimum, which couldpared materials which are of high purity and free from inho-
result in either an increase or a decreasg'irdepending on  mogeneities would conditiofil) not be satisfied. Condition
the shape of the potential wéfl) Thus, domain-wall jumps (2), on the other hand, is not satisfied in most fefferri)

by themselves do not account for a discontinuous increase ifhagnetic materials. Pure magnetic materials in general do
x'. (This is consistent with the fact that not all ferromagneticnot exhibit disaccommodation. Crystalline materials such as

materials exhibit spikes and steps in thevs T curves; see  Fe,0,, Nd,Fe,B, and YsFeO,, show disaccom-
below) (3) Without disaccommodation the decreasesxn  modation'?~t*which, however, is limited in certain tempera-

between spikes and stefi both Fig. 2 and they’ vs T e ranges, because of narrow distributions of the activation
curves presented in Ref) Should not occur(4) The physi-

; > o energies associated with relaxation processes. Some amor-
cal meaning of the* dependence of the excitation energy, phqys ferromagnets exhibit disaccommodation over a wide
assumed in Ref. 5 to explain thiedependence of the tem- temperature rang¥,and spikes in the’ vs T curve may be

peratures at \.Nh'Ch dlscontlnl_Jous J.umpsxljf oceur, IS not hqerved for these materials. In manganites having a high
clear. We believe our model involving periodic domain-wall . .
Tc, such as LgsSry sMnO;, disaccommodation is small be-

jumps and disaccommodation provides more reasonable,

consistent explanations of the observations described in thig!se of the dominance of double-exchange interactions over

paper, as well as in Ref. 5 Superexchange interactiohd.arge disaccommodation and

Finally, we discuss the conditions under which spikes ard'€Nce spikes in the’ vs T curve are thus expected for
observed in they’ vs T curve. From the foregoing argu- lower-T¢ manganl'_ces, in Whlch doubl_e_-exchange and super-
ments, the appearance of spikes is expected only when tifchange interactions are in competition. _
following two conditions are satisfiedl) domain walls The validity of the above predictions is demonstrated in
jump periodica”y as the temperature is swept 48y the Fig. 6, WhEI’EX' vs T curves are presented for the following
material exhibits disaccommodation over a wide range ofnaterials: (a) LagSihMnO; (Tc=365 K), (b)
temperature(As explained above, condition 1 i®ta suffi-  Pry;SpMnO; (Tc=312 K), (¢) LaggY oo 3dMIN0O;
cient condition for the appearance of spikeBondition 1is (Tc=152 K), and(d) Tb (99.99%T.=229 K). Spikes,
satisfied in most ferrdferri) magnetic materials, which nor- similar to those in Fig. 2, are observed in thevs T curve
mally contain impurities and/or inhomogeneities that work asfor Lag gY o ¢7Ca 3MnO;3,® in which T¢ is significantly sup-
pinning centers and prevent the domain walls from establishpressed by partial substitution of much smaller Y ions for La
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ions, but not for the highef- manganites or Tb, consistent do not result in a discontinuous changexihy and therefore

with the predictions. that spikes in thee’ vsT curve are observed only for limited
classes of materials, such as perovskite manganites having a
lower T¢ and presumably some amorphous ferromagnets,

A series of asymmetric spikes has been observed in th\évhlch exhibit disaccommodation over a wide range of tem-

real part of ac susceptibility\(') vs temperaturéT) curves peratgre. . . .

of the cation-deficient perovskite manganite LaMnp@. It Th|s work h|gh!|gh'ts unique features of perovskite man-
is shown that the occurrence of spikes, the dependence of t nltes,_ namely, intrinsically mhomogeneous magnetic ar_ld
shape of the spikes on the temperature-sweep direction, afeCctronic structures and strong coupling between the spin,

the dependence of the interval between spikes on the ac-filég'ar9e, and orbital degrees of freedom, which we argue are
frequency are consistently explained in terms of periodic,the origin of the weakly temperature dependent disaccommo-

modation. It is argued that domain-wall jumps by themselvegind of the spikes in thg" vs T curves.
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