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Diffuse phase transition and magnetic-domain microstructures in a Cr-doped manganite thin film
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Diffuse phase transition in a thin film of Cr-doped Pr0.5Ca0.5MnO3 has been studied in both macroscopic and
microscopic properties. Diffuse changes of the resistivity and magnetization and the glassy magnetic properties
of the film suggest ferromagnetic regions of finite sizes. Images of magnetic microstructures of the film have
been observed with a magnetic force microscope from room temperature to 40 K. The structure consists of a
wide variety of length scales: structure of different length scale responding to the applied magnetic field
differently. The behavior is consistent with the idea that Cr acts as a local random field resulting in the slow
relaxation in diffuse phase transition as in the case of relaxor ferroelectrics.

DOI: 10.1103/PhysRevB.63.094420 PACS number~s!: 75.30.Vn, 75.50.Lk, 75.70.Kw, 72.80.Ga
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I. INTRODUCTION

In the hole-doped perovskite manganites, the strong c
pling of the spin, charge, and orbital degrees of freed
leads to the nearly degenerate localized and itinerant e
tronic states. Offering opportunities for phase control a
their applications, those systems have in the past ten y
attracted considerable attention.1 Particularly, recent
researches2,3 have revealed that coexistence of the insulat
and conducting states plays a crucial role in determining
overall macroscopic transport properties. Therefore, mic
scopic study is indispensable for better understanding
origin of the macroscopic properties. This is especially t
for the study of magnetic properties4 in which the domain
structure and its behavior under external field is the ba
ingredients for interpreting the magnetization curve and
designing the magnetic recording media.

Due to the small average size of the Pr31 and Ca21 cat-
ions, hole-doped perovskite manganites Pr12xCaxMnO3 re-
main insulating for the entire range ofx.5,6 The
ferromagnetic-metallic~FM! state by the double-exchang
mechanism7 is suppressed by the charge-orbital order and
electron-lattice coupling because of the small transfer in
gral between Mn sites. Charge-orbital ordered~CO-OO! state
in Pr12xCaxMnO3 is most stabilized whenx50.5, the com-
mensurate value for the formation of 1:1 Mn31/Mn41

arrangement.6 The insulating state, however, can be tran
formed into metallic state by external stimuli;6,8–10 the tran-
sition by a magnetic field is called colossal magnetore
tance~CMR!.

Recently, it has been shown that the small amount
B-site substitution with Cr also results in the CO-OO to F
transition.11 It is qualitatively understood in terms of the ra
dom field effect12,13 due to the Cr31 ions which fix the local
phase of the CO-OO state due to theeg orbital deficiency.
The term relaxor ferromagnet14 coined to describe the phe
nomena in analogy with the relaxor ferroelectric15 seems to
be appropriate, although the situation is more complex
that the frustration between the out-of-phase domains d
not lead to the high-temperature random phase~paramag-
netic insulator! but leads to another ground state~FM!.
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The relaxor behavior has been clearly demonstrated
Cr-doped Nd0.5Ca0.5MnO3 ~Refs. 14, 16! which is found to
be phase separated in the form of FM clusters in a CO-
insulating matrix. For example, an aging effect in which t
magnetization and conductance increase slowly in a m
netic field at low temperature and magnetic-field-anneal
of the magnetic and transport properties has been observ14

The physics of the relaxor system is important for the pha
control between the CO-OO AF and FM phases. For t
purpose, the knowledge of magnetic-domain structures
spatio-temporal distribution of the FM phase, and their re
tion to the experimental variables~temperature, applied field
etc.! are essential. Especially, the length scale of the resul
domain structure@the Fukuyama-Lee-Rice length in a simila
random field effect in the charge-density-wave~CDW!
system17# should provide a clue to the nature of the rando
field.

In this article we present macroscopic and microsco
study on the magnetic properties of
Pr0.5Ca0.5Mn0.96Cr0.04O3 thin film. To investigate the mag
netic properties of the system, we have chosen a samp
thin film form, the surface flatness of which is suitable f
the detection of magnetic-domain structures with a magn
force microscope~MFM! in a submicrometer scale. Thi
film form also facilitates optical measurements for furth
study of the system and is necessary when application
devices is taken into account. A diffuse phase transition
glassy magnetic properties of the film are shown. We th
exhibit magnetic microstructures of the film and delayed a
slow variation of the patterns using a home-built low
temperature MFM. It is revealed that even in a microsco
scale, inversion of the magnetization occurs slowly; fine r
dom domain structures appear after reversal of the app
field and then are smoothed by cumulative field effect. T
behavior observed here is consistent with the macrosc
relaxor behavior. It is rather different from that of a typic
broad-band FM manganite.

II. THIN FILM SAMPLE

We prepared a Pr0.5Ca0.5Mn0.96Cr0.04O3 film with thick-
ness of 350 nm on a MgO~001! substrate by pulsed-lase
©2001 The American Physical Society20-1
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deposition~PLD!. For the target, stoichiometric mixtures o
Pr2O3 , CaCO3, Mn3O4, and Cr2O3 were ground, calcined a
1000 °C for 14 h, ground again, pressed into a pellet of
20 mm34 mm, and sintered at 1400 °C for 24 h in air.
substrate was held at 800 °C in an atmosphere of 1 mT
oxygen during deposition. ArF excimer laser pulses of ab
100 mJ with a repetition rate of 10 Hz were focused onto
target. After deposition, the film was annealed for 30 minu
at 700 °C and then cooled to room temperature in an hou
a 760 Torr oxygen atmosphere. X-ray diffraction indicat
that the film was polycrystalline partially oriented wit
pseudocubic~001! and~011! along the film normal. The sub
strate inflicts little stress effect upon the sample.

III. RESISTIVITY AND MAGNETIZATION

Figure 1 shows~A! resistivity in magnetic field measure
by four-probe method and~B! magnetization in 1.5 T of the
field with a superconducting quantum interference dev
~SQUID! both as a function of temperature. The sam
shows a broad resistivity peak characteristic of a diffu
insulator-metal~IM ! transition as temperature decreases, a
a gradual increase in the magnetization in the tempera
region where the resistivity decreases. From these results
diffuse appearance of a FM state over wide tempera
range is confirmed. On applying magnetic field, the sam
exhibits CMR effect. It is to be noted that the CMR effe
occurs over broad range of temperature~even at the lowes

FIG. 1. ~A! Temperature dependence of the resistivity unde
1.5, and 9 T for Pr0.5Ca0.5Mn0.96Cr0.04O3 thin film on MgO ~001!
substrate.~B! Temperature dependence of the magnetization un
1.5 T for the same sample measured from 150 to 5 K and back to
150 K.
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temperature! and not only near the resistivity peak. Magn
tization curves at 1.5 T@Fig. 1~B!# were measured in cooling
and heating between 150 K and 5 K. The changes of
resistivity and magnetization are rather gradual, and the t
sition is at lower temperature than those of the bu
sample.11 The difference is possibly due to oxygen stoich
ometry, existence of the substrate which prevents the lat
constant change associated with the IM transition, or dim
sionality of percolative behavior in the system. However,
suggest that the behavior of the transitions and CMR,
large residual resistance and relatively low value of mag
tization in the FM state, are all consistent with the diffu
phase transition and phase separation.

Measurements of magnetization after zero-field-cool
~ZFC! and field-cooling~FC! runs respectively show com
pletely different results~Fig. 2! as is the case for the spi
glass materials. The magnetization measured in a fi
heating~FH! run under 10 mT of the field after the ZFC ru
is much smaller than that measured in the same condi
after the 10 mT-FC run. The reversibility of the FC/F
curves is also shown in Fig. 2. The difference between Z
and FC measurement is not due to the change of the vol
fraction of the FM regions by the magnetic field, but pro
ably due to the freezing of the magnetization of the F
clusters. This view is justified from the result of the resist
ity measurement as a function of temperature under 0 an
mT which showed identical values in both cooling and he
ing runs. We have also observed an extremely slow re
ation of the magnetization (;5% increase in 30 min! after
the field application on the ZFC sample; a distinctive feat
of the relaxor. The magnetization was measured only w
the relaxation slowed down after several tens of minutes

The frozen magnetization of the FM clusters is also se
in the magnetic hysteresis loop. In Fig. 3, magnetization v
sus magnetic field plot at 5 K after ZFC is shown. The fi
magnetization curve is lower than the curves taken afterw
and out of the hysteresis loop, being consistent with
ZFC/FC experiments.

,

er

FIG. 2. Temperature dependence of the magnetization unde
mT of the field in the cooling run~FC!, the heating run after zero
field-cooling run~FH after ZFC!, and the heating run after 10 mT
field-cooling run~FH after FC!.
0-2
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IV. MAGNETIC FORCE MICROSCOPY

Our MFM measurements were carried out in frequen
modulation detection mode.18 The magnetic field gradien
]B/]z, wherez is taken along the film normal, is detected
a shift of the resonance frequency of an oscillating mag
tized cantilever, from which the magnetization pattern is
sualized. It takes about 5 minutes to obtain an image repo
here. The MFM is equipped with a small electromagnet
pable of applying a magnetic field of up to 30 mT parallel
the sample. The duration of the field is limited to about 1 s in
order to avoid the heating of the coil that has an adve
effect to the temperature stability. The usual procedure to
the response of the magnetic domains is to apply the field
1 s before each scan unless stated otherwise.

The probe tip is coated with a magnetic thin film, which
magnetized axially due to the shape anisotropy. Usin
magnetic recording disk, basic performance of the tip
been confirmed.~1! The reversal of the tip magnetizatio
direction reverses the image contrast, hence the imag
solely due to the sample magnetization.~2! The resolution is
better than 50 nm.~3! The 30 mT field by the electromagne
which is less than the coercive force of the disk, does
affect the image, hence the tip magnetization is unaltered~4!
The surface roughness of several nanometers does not
up in the MFM images because the tip is positioned tens
nanometers away.

The magnetic field from the tip is in general weak enou
so that the images of the manganite films are reproduc
after repeated scans. When the coercive force of the film
extremely small~as is the case shown in Fig. 7 below!, the
tip-induced magnetization noise is clearly seen.

The topographic images of the two film sampl
Pr0.5Ca0.5Mn0.96Cr0.04O3 and La0.6Sr0.4MnO3, measured with
an atomic force microscope are shown in Fig. 4. A typi
broad-band manganite La0.6Sr0.4MnO3 was chosen as a ref
erence to compare the MFM images, and will be discus
later. The patterns are similar in any regions of the samp
The root mean square of the surface roughness of
Pr0.5Ca0.5Mn0.96Cr0.04O3 film is 1.0 nm ~the maximum peak
to valley depth is 8 nm!, and the size of the observed patte

FIG. 3. Magnetic hysteresis loop at 5 K after the zero-field-
cooling run.
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is much smaller than 1mm @Fig. 4~A!#. No distinct features
as large as those of the MFM images shown below are
served. The La0.6Sr0.4MnO3 thin film was epitaxially grown
on a SrTiO3 substrate and has atomically flat terraces se
rated by 0.4 nm-high steps corresponding to a unit cell len
of the perovskite@Fig. 4~B!#. The step and terraces are al
clearly different from the MFM images below. It is to b
noted that the contrast in the MFM image roughly cor
sponds to 100 nm in the topological feature, if it were due
the surface roughness.

Because the MFM is sensitive to]B/]z, the image inter-
pretation is always troublesome. It has been shown, for
ample, that for manganite films the MFM image tends to
diffuse when the magnetization lies in the film plane where
clear domain boundaries are seen when the magnetizatio
along the film normal.19 Our MFM images shown below al
lack clear boundaries and thus seem to belong to the for
category. On the other hand, the bubblelike appearanc
our domain patterns resembles those observed in a laye
manganite with a Hall probe, in which the magnetizati
is along the film normal.20 The normal magnetization seem
to be more plausible when one considers that one can
draw an arrow from a peak to a valley~or vise versa! in a
manner consistent with the reversal of the applied fi
~shown below!. Because more knowledge on the detail of t
tip-sample interaction in the image-forming process
needed to settle the issue, we avert the question of the in
pretation of the image in the present work. We instead
the MFM images simply as an indicator that delineates
extent of the uniformly magnetized region.

With this caveat in mind, we show MFM images of th
magnetization pattern of the Pr0.5Ca0.5Mn0.96Cr0.04O3 thin
film at 95 K in Fig. 5. The temperature~95 K! is at the peak
of the resistivity curve and in the middle of the gradual slo
of the magnetization curve~Fig. 1!; it is the temperature a
which the FM domains are created in the insulating mediu

The time course of the experiment is illustrated at t
bottom of the figures. The abscissa is the elapsed time
the tick marks indicate the magnetic field applicati
(;1 s, 30 mT!. The scanning~duration;5 min) was done
every 5 min almost continuously except for the sh

FIG. 4. Topographic images of~A! Pr0.5Ca0.5Mn0.96Cr0.04O3 and
~B! La0.6Sr0.4MnO3 thin film samples. Images~A! and ~B! are ob-
tained over a 1.8mm square; the white line in~A! indicate 1mm.
The maximum peak-to-peak roughness is 8 nm while its root m
square is 1.0 nm. Atomically flat terraces and steps are observe
~B!. The steps are 0.4 nm high corresponding to a unit cell of
cubic perovskite structure.
0-3
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OSHIMA, ISHIHARA, NAKAMURA, AND MIYANO PHYSICAL REVIEW B 63 094420
FIG. 5. ~Color! Images of the magnetic microstructures of Pr0.5Ca0.5Mn0.96Cr0.04O3 thin film sample at 95 K. Special attention is give
to the structures marked as~a!–~c! showing delayed and slow relaxation.~A! With no field except the residual field.~B! After applying the
field ~30 mT!. ~C! After reversing the field.~D! Total delayed inversion of the domains.~E! After reversion of the field.~F! The sixth image
after~E!. ~G! The appearance of internal fine structures signaling the commencement of the magnetization reversion.~H! Reversion of all the
domains. All images are obtained over a 5mm square. The white line in~A! indicates 1mm. Solid arrows under the images indicate t
directions of the applied field before each scanning. Dotted arrow in~A! indicates the direction of the residual field. Below the images,
time course of the experiment is shown; the field applications for about 1 s are denoted by the tick marks above which the directions of
field are shown. Each of the scans takes about 5 minutes after the field application.
h

st
-
ld

tru

p
on
A
eld
el
n
m
e

s
of
d

ob-
xor

s by
ea-
s
d

of

uc-

n in
he
ic
-
s

intervals of the field application. The labels~A–H! indicate
the corresponding images in the figures. The diagram t
shows that another frame was taken after~D! without the
application of the field to insure the reproducibility. The fir
frame~A! was taken~after cooling down from the room tem
perature! without an applied field except for the residual fie
of about 1.5 mT from the core of the magnet.

There can be seen three distinguishable magnetic s
tures marked~a!, ~b!, and~c!. First, the magnetic field of 30
mT was applied from left to right@Fig. 5~B!# before the
measurement. One can see the inversion of the spot~c! into
blue, and the disappearance of the fine structures of the s
~a! and~b!. This behavior of the spots indicates the inversi
of the domain or the growth of the domains in their sizes.
the images showed no further change after two more fi
applying and scanning runs, the direction of the applied fi
was reversed. In the first field-scan run, the image show
Fig. 5~C! was obtained, which is not much different fro
Fig. 5~B!. In the second run, the image remained unchang
In the third run@Fig. 5~D!#, however, colors of all the spot
~a!, ~b!, and~c! are reversed indicating the total inversion
the magnetic moment of those domain structures. The
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layed relaxation of the magnetic-domain microstructures
served here is in accordance with the macroscopic rela
behavior.

Next, we observed reappearance of the microstructure
switching the field at the same temperature. After the m
surement of Fig. 5~D!, the direction of the applied field wa
again reversed@Fig. 5~E!#. The repeated field application di
not change the structures~a!, ~b!, and ~c! until we reached
~F!. Small spots in~a! and~b!, together with the blue shadow
in the left part of~c!, appeared gradually in the images one
which is in Fig. 5~G!. Finally, blue ~a! and ~b! turned into
yellow and red, and red~c! with blue shadow on its left
turned into blue with yellow shadow@Fig. 5~H!#. Here again,
delayed and slow relaxation of magnetic-domain microstr
tures were seen clearly. It should be noted that Fig. 5~H! is
quite similar to Fig. 5~B!.

At a lower temperature~80 K!, slower relaxation of the
magnetic domain microstructure was observed as show
Fig. 6. The sample was cooled to 80 K without the field. T
first image@Fig. 6~A!# was taken after applying the magnet
field from right to left ~in the opposite direction to that ap
plied before cooling!. Then, the direction of the field wa
0-4
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DIFFUSE PHASE TRANSITION AND . . . PHYSICAL REVIEW B63 094420
FIG. 6. ~Color! Images of the
magnetic microstructures o
Pr0.5Ca0.5Mn0.96Cr0.04O3 thin film
sample at 80 K. The spot marke
~d! shows slow relaxation.~A! Af-
ter applying the field.~B! The sev-
enth image after reversing the d
rection of the field.~C!–~F! From
the eighth to eleventh images. Th
spot ~d! reverses gradually. Im-
ages~A!–~F! are obtained over a
7 mm square. The white line in
~A! indicates 1mm. Arrows indi-
cate the direction of the applied
field. The white square in~B! in-
dicates the area where frustrate
disorder of the structures can b
seen. Below the images, the tim
course of the experiment is
shown; the field applications fo
about 1 s are denoted by the tick
marks above which the direction
of the field are shown. Each of th
scans takes about 5 minutes aft
the field application.
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reversed. Subsequently, seven images were taken app
the field before every scanning, but no distinctive chan
was observed up to the seventh one@Fig. 6~B!#. In the eighth
image@Fig. 6~C!#, there appeared blue part in the left of th
spot marked~d!. The blue area grew gradually and final
whole of the spot~d! turned into blue: Figs. 6~B!–6~F! rep-
resent five successive field/scan sequences. These fig
clearly show the process of slow relaxation of the magne
domain microstructure. The behavior is slower than tha
95 K. At even lower temperature~40 K!, we could not ob-
serve such inversion. The FM clusters were too stiff to
affected by the applied field of 30 mT, or the change was
sluggish. It is notable that these delayed relaxation sho
above in Figs. 5 and 6 could be observed up to 126 K wh
there is only a little magnetization as seen in Fig. 1, a
could not be detected at higher temperatures.

In addition to large spots as in~d!, finer patterns are also
discernible as depicted in the white square in Fig. 6~B!. The
finer patternsappearafter the reversal of the applied ma
netic field @as in ~B!# but disappearafter repeated applica
tions of the field in one direction@as in~F!#. The tendency of
frequent appearances of fine random structures in only s
images after the inversion of the field was confirmed by
peated measurements. They are the frustrated magnetic
mains with slow relaxation: the frustration is triggered by t
field reversal but ‘‘ironed out’’ by the repeated application
the field. Closer inspection shows that the reversal of the s
~d! also involves the appearance of finer patterns in the
termediate states. Merging or smoothing down of the m
netic domains can sometimes be observed by application
sequential magnetic field in disordered magnetic media
consequence of the frustration induced by the domain w
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pinning.21 In this case the fine disordering of the domains
also caused by the frustration whose origin is probably
quenched random field. There are other spots in Fig. 6
do not show complete magnetization reversal. The rand
coercive field distribution, frustration, and delayed respo
~even in the small magnetic domains! are all consistent with
the microscopic relaxor behavior.

It should be added that, in Figs. 5 and 6, there exist
avoidable fine noises~horizontal dithering! probably due to
extrinsic mechanical vibrations. Although Fig. 5~D! seems to
be noisier than Fig. 5~A!, for example, close numerical in
spection shows that the amplitude of noise is in fact sim
in both figures. The different appearance is only superfic
When the small scale features disappear@as in Fig. 5~D!#, the

FIG. 7. ~Color! Images of the magnetic microstructures
La0.6Sr0.4MnO3 thin film sample at 120 K.~A! After applying the
field. ~B! After reversing the field. Further field application in th
same direction does not change the pattern. The white line in~A!
indicates 1mm. Arrows indicate the direction of the applied field
0-5
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noise stands out clearly against the slowly changing feat
less magnetization.

The difference between this sample and other FM man
nites is important to understand the particular behavior of
sample. For reference, we fabricated an epitax
La0.6Sr0.4MnO3 thin film 100 nm thick on SrTiO3 ~001! sub-
strate using the pulsed-laser deposition techniq
La0.6Sr0.4MnO3 is a typical broad-band FM manganite an
our sample has a highTC of 323 K and low coercive force
~0.5 mT at 79 K!. The MFM images taken at 120 K showe
complete change of the magnetization pattern after one
plication of the reversing field~Fig. 7! and no further change
after subsequent field application. However, the two patte
are not the negative of each other, which is probably due
the low coercive force of the sample and suggests that
mains move more easily than the Cr-doped Pr0.5Ca0.5MnO3
sample. Furthermore, many scratches are seen both in
7~A! and 7~B!. They are probably due to the interactio
between magnetization of the sample and the tip. As
coercive force of the sample is weak, sample magnetiza
can be influenced by the tip magnetization easily. Image
the La0.6Sr0.4MnO3 film at room temperature, slightly lowe
than TC , were also taken. Because of the weak magn
moment of the sample at room temperature, however,
image was extremely faint. It is in contrast to the results
the Cr-doped Pr0.5Ca0.5MnO3 sample which showed distinc
tive features even at the temperature above the resist
peak. The contrasting behavior of the typical FM mangan
attests peculiarity of the FM phase induced by the quenc
random field in the Cr-doped system.
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V. CONCLUSION

Diffuse phase change characteristic of relaxor systems
been observed in a thin film of a Cr-doped manganite in
temperature dependence of the resistivity and the magne
tion. A low-temperature MFM reveals distributions of th
magnetic field gradient perpendicular to the surface, he
the changes of magnetic structure in a wide range of te
perature. Microscopic magnetic behavior consistent with
relaxor has been detected; delayed and slow inversion
magnetic domains together with the frustrated disordering
the domains in the diffuse phase transition region w
clearly shown. It explains well the macroscopic glassy pro
erties. The random impurity effect, which has been inve
gated especially in the CDW systems, high-temperature
perconductors, and ferroelectrics, added a new way to
study of the CO-OO state in manganites as a local-fie
induced global frustration in the coherent state of correla
electrons.
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