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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,BCa, sMnO3 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.
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[. INTRODUCTION The relaxor behavior has been clearly demonstrated in
Cr-doped Ng:Ca sMnO; (Refs. 14, 16 which is found to

In the hole-doped perovskite manganites, the strong couse phase separated in the form of FM clusters in a CO-O0
pling of the spin, charge, and orbital degrees of freedoninsulating matrix. For example, an aging effect in which the
leads to the nearly degenerate localized and itinerant ele¢hagnetization and conductance increase slowly in a mag-
tronic states. Offering opportunities for phase control andnetic field at low temperature and magnetic-field-annealing
their applications, those systems have in the past ten yeaf§ the magnetic and transport properties has been obsetved.
attracted  considerable attentibn.Particularly, recent 1he physics of the relaxor system is important for the phase-
researchés have revealed that coexistence of the insulating?@ntrol between the CO-OO AF and FM phases. For this

and conducting states plays a crucial role in determining th@UrPose, the knowledge of magnetic-domain structures and

overall macroscopic transport properties. Therefore, micro_;pano—temporal distribution of the FM phase, and their rela-

scopic study is indispensable for better understanding thgOn to the expe_rlmental v_anableésemperature, applied f|eld,'
€tc,) are essential. Especially, the length scale of the resulting

origin of the macroscopic properties. This is especially true . P . o
for the study of magnetic propertfi which the domain domain structurg¢the Fukuyama-Lee-Rice length in a similar

random field effect in the charge-density-wav€DW)
, : : , el Systen”] should provide a clue to the nature of the random
ingredients for interpreting the magnetization curve and fog;q 4

designing the magnetic recording media. In this article we present macroscopic and microscopic
Due to the small average size of theé Prand C&" cat- study on the magnetic  properies of a
ions, hole-doped perovskite manganiteg REAMnO; re-  pr, .Ca) Mny o(Crp 0405 thin film. To investigate the mag-
main insulating for the entire range ok°>® The netic properties of the system, we have chosen a sample in
ferromagnetic-metallidFM) state by the double-exchange thin film form, the surface flatness of which is suitable for
mechanisrhis suppressed by the charge-orbital order and thehe detection of magnetic-domain structures with a magnetic
electron-lattice coupling because of the small transfer inteforce microscope(MFM) in a submicrometer scale. Thin
gral between Mn sites. Charge-orbital orde(€®D-0OO) state  film form also facilitates optical measurements for further
in Pr,_,CaMnQO; is most stabilized wher=0.5, the com-  study of the system and is necessary when application for
mensurate value for the formation of 1:1 RidMn** devices is taken into account. A diffuse phase transition and

arrangement. The insulating state, however, can be trans-glassy magnetic properties of the film are shown. We then
formed into metallic state by external stimffi-%the tran- ~ €xhibit magnetic microstructures of the film and delayed and

sition by a magnetic field is called colossal magnetoresisslow variation of the patterns using a home-built low-
tance(CMR). temperature MFM. It is revealed that even in a microscopic
Recently, it has been shown that the small amount ofcale, inversion of the magnetization occurs slowly; fine ran-

B-site substitution with Cr also results in the CO-OO to FMdom domain structures appear after reversal of the applied
transition®! It is qualitatively understood in terms of the ran- field and then are smoothed by cumulative field effect. The

dom field effect?>*3due to the C¥' ions which fix the local behavior observed here is consistent with the macroscopic
phase of the CO-OO state due to thgorbital deficiency. relaxor behavior. It is rather different from that of a typical
The term relaxor ferromagriétcoined to describe the phe- broad-band FM manganite.

nomena in analogy with the relaxor ferroelectfiseems to

be appropriate, although the situation is more complex in Il. THIN FILM SAMPLE
that the frustration between the out-of-phase domains does '
not lead to the high-temperature random phgs&ramag- We prepared a BeCa) sMng o¢Crg 005 film with thick-

netic insulatoy but leads to another ground statEM). ness of 350 nm on a Mg@O01) substrate by pulsed-laser
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Temperature (K) tization curves at 1.5 TFig. 1(B)] were measured in cooling

and heating between 150 K and 5 K. The changes of the
FIG. 1. (A) Temperature dependence of the resistivity under Oyresistivity and magnetization are rather gradual, and the tran-
1.5, and 9 T for RysCa gMno.eeCro.0405 thin film on MgO (001 sjtion is at lower temperature than those of the bulk
substrate(B) Temperature dependence of the magnetization undeéamp|é1 The difference is possibly due to oxygen stoichi-
1.5 T for the same sample measured from 166 & and back 10 ometry, existence of the substrate which prevents the lattice
150 K. constant change associated with the IM transition, or dimen-
sionality of percolative behavior in the system. However, we
. o o suggest that the behavior of the transitions and CMR, and
deposition(PLD). For the target, stoichiometric mixtures of |arge residual resistance and relatively low value of magne-
Pr,0O;, CaCQ, Mn;O,, and CpO; were ground, calcined at  tization in the FM state, are all consistent with the diffuse
1000 °C for 14 h, gro_und again, pressed into a pglle¢of phase transition and phase separation.
20 mmx4 mm, and sintered at 1400°C for 24 h in air. A \easurements of magnetization after zero-field-cooling
substrate was held at 800°C in an atmosphere of 1 mTOf(fZFC) and fie|d_coo|ing(FC) runs respective|y show com-
oxygen during deposition. ArF excimer laser pulses of aboupjetely different resultsFig. 2) as is the case for the spin
100 mJ with a repetition rate of 10 Hz were focused onto th%|ass materials. The magnetization measured in a field-
target. After deposition, the film was annealed for 30 minutesheating(FH) run under 10 mT of the field after the ZEC run
at 700 °C and then cooled to room temperature in an hour ifs much smaller than that measured in the same condition
a 760 Torr oxygen atmosphere. X-ray diffraction indicatedafter the 10 mT-FC run. The reversibility of the FC/FH
that the film was polycrystalline partially oriented with curves is also shown in Fig. 2. The difference between ZFC
pseudocubi¢001) and(011) along the film normal. The sub- and FC measurement is not due to the change of the volume
strate inflicts little stress effect upon the Sample. fraction of the FM regions by the magnetic f|e|d, but prob_
ably due to the freezing of the magnetization of the FM
clusters. This view is justified from the result of the resistiv-
ity measurement as a function of temperature under 0 and 10
Figure 1 showsA) resistivity in magnetic field measured mT which showed identical values in both cooling and heat-
by four-probe method anB) magnetization in 1.5 T of the ing runs. We have also observed an extremely slow relax-
field with a superconducting quantum interference devicetion of the magnetization~5% increase in 30 mjnafter
(SQUID) both as a function of temperature. The samplethe field application on the ZFC sample; a distinctive feature
shows a broad resistivity peak characteristic of a diffuseof the relaxor. The magnetization was measured only when
insulator-metallM) transition as temperature decreases, andhe relaxation slowed down after several tens of minutes.
a gradual increase in the magnetization in the temperature The frozen magnetization of the FM clusters is also seen
region where the resistivity decreases. From these results, thiethe magnetic hysteresis loop. In Fig. 3, magnetization ver-
diffuse appearance of a FM state over wide temperatursus magnetic field plot at 5 K after ZFC is shown. The first
range is confirmed. On applying magnetic field, the sampleanagnetization curve is lower than the curves taken afterward
exhibits CMR effect. It is to be noted that the CMR effect and out of the hysteresis loop, being consistent with the
occurs over broad range of temperat(egen at the lowest ZFC/FC experiments.

IIl. RESISTIVITY AND MAGNETIZATION

094420-2



DIFFUSE PHASE TRANSITION AND . .. PHYSICAL REVIEW B3 094420

3

5K

FIG. 4. Topographic images @A) Pry sCa, sMng 9¢Crp 0405 and
- (B) Lag ¢Sr.aMnO; thin film samples. Image6A) and (B) are ob-
—o—first curve | tained over a 1.&«m square; the white line ifA) indicate 1 um.
3 . \ ) \ The maximum peak-to-peak roughness is 8 nm while its root mean
6 -4 2 0 2 4 6 square is 1.0 nm. Atomically flat terraces and steps are observed in
Magnetic Field (T) (B). The steps are 0.4 nm high corresponding to a unit cell of the
cubic perovskite structure.

Magnetization (u/B site)
o

FIG. 3. Magnetic hysteresis loopg & K after the zero-field-

cooling run. . . .
is much smaller than Ze:m [Fig. 4(A)]. No distinct features

IV. MAGNETIC FORCE MICROSCOPY as large as those of the MFM images shown below are ob-

. . served. The LggSIy,MnO; thin film was epitaxially grown
Our MFM measurements were carried out in frequency- : o .
modulation detection modé&. The magnetic field gradient on a SrTiQ substrate and has atomically flat terraces sepa-

dBlaz, wherezis taken along the film normal, is detected as rated by 0.4 nm-high steps corresponding to a unit cell length

a shift of the resonance frequency of an oscillating magne(-)f the perovskitgFig. 4B)]. The step and terraces are also

tized cantilever, from which the magnetization pattern is Vi_clearly different from the MFM images below. It is to be

sualized. It takes about 5 minutes to obtain an image reportgdPted that the contrast in the MFM image roughly corre-
here. The MFM is equipped with a small electromagnet caSPonds to 100 nm in the topological feature, if it were due to
pable of applying a magnetic field of up to 30 mT parallel tothe surface roughness.
the sample. The duration of the field is limited to abbs in Because the MFM is sensitive tB/dz, the image inter-
order to avoid the heating of the coil that has an advers@retation is always troublesome. It has been shown, for ex-
effect to the temperature stability. The usual procedure to sedmple, that for manganite films the MFM image tends to be
the response of the magnetic domains is to apply the field fofliffuse when the magnetization lies in the film plane whereas
1 s before each scan unless stated otherwise. clear domain boundaries are seen when the magnetization is

The probe tip is coated with a magnetic thin film, which is along the film normat? Our MFM images shown below all
magnetized axially due to the shape anisotropy. Using #Ack clear boundaries and thus seem to belong to the former
magnetic recording disk, basic performance of the tip ha§ategory. On the other hand, the bubblelike appearance of
been confirmed(1) The reversal of the tip magnetization OUr domain patterns resembles those observed in a layered-
direction reverses the image contrast, hence the image f§anganite with a Hall probe, in which the magnetization
solely due to the sample magnetizati¢?). The resolution is is along the film normat® The normal magnetization seems
better than 50 nm(3) The 30 mT field by the electromagnet, to be more plausible when one considers that one cannot
which is less than the coercive force of the disk, does notiraw an arrow from a peak to a vallégr vise versain a
affect the image, hence the tip magnetization is unaltédgd. manner consistent with the reversal of the applied field
The surface roughness of several nanometers does not shgshown below. Because more knowledge on the detail of the
up in the MFM images because the tip is positioned tens ofip-sample interaction in the image-forming process is
nanometers away. needed to settle the issue, we avert the question of the inter-

The magnetic field from the tip is in general weak enoughpretation of the image in the present work. We instead use
so that the images of the manganite films are reproducibléhe MFM images simply as an indicator that delineates the
after repeated scans. When the coercive force of the film igxtent of the uniformly magnetized region.
extremely smallas is the case shown in Fig. 7 belpwhe With this caveat in mind, we show MFM images of the
tip-induced magnetization noise is clearly seen. magnetization pattern of the 2Ca& sMngoeCro 05 thin

The topographic images of the two film samplesfilm at 95 K in Fig. 5. The temperatui®5 K) is at the peak
Pry.5Cay sMNg g6Crg 0403 and La Sip sMNnO5, measured with  of the resistivity curve and in the middle of the gradual slope
an atomic force microscope are shown in Fig. 4. A typicalof the magnetization curvérig. 1); it is the temperature at
broad-band manganite }g5r, ,MnO; was chosen as a ref- which the FM domains are created in the insulating medium.
erence to compare the MFM images, and will be discussed The time course of the experiment is illustrated at the
later. The patterns are similar in any regions of the sampledottom of the figures. The abscissa is the elapsed time and
The root mean square of the surface roughness of ththe tick marks indicate the magnetic field application
Pry <Cay sMng 9eCro.0003 film is 1.0 nm(the maximum peak (~1 s, 30 m7. The scanningduration~5 min) was done
to valley depth is 8 nii and the size of the observed patternevery 5 min almost continuously except for the short
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time (min)

FIG. 5. (Color Images of the magnetic microstructures of #¥a, sMng o¢Crp 03 thin film sample at 95 K. Special attention is given
to the structures marked &—(c) showing delayed and slow relaxatidi) With no field except the residual fiel@B) After applying the
field (30 mT). (C) After reversing the field(D) Total delayed inversion of the domain&) After reversion of the field(F) The sixth image
after (E). (G) The appearance of internal fine structures signaling the commencement of the magnetization rékgiRieversion of all the
domains. All images are obtained over aun square. The white line ifA) indicates 1um. Solid arrows under the images indicate the
directions of the applied field before each scanning. Dotted arraW )inndicates the direction of the residual field. Below the images, the
time course of the experiment is shown; the field applications fortabsuare denoted by the tick marks above which the directions of the
field are shown. Each of the scans takes about 5 minutes after the field application.

intervals of the field application. The labdla—H) indicate  layed relaxation of the magnetic-domain microstructures ob-
the corresponding images in the figures. The diagram thuserved here is in accordance with the macroscopic relaxor
shows that another frame was taken aft@y without the  behavior.
application of the field to insure the reproducibility. The first  Next, we observed reappearance of the microstructures by
frame(A) was taker(after cooling down from the room tem- switching the field at the same temperature. After the mea-
perature without an applied field except for the residual field surement of Fig. @), the direction of the applied field was
of about 1.5 mT from the core of the magnet. again reverseffFig. 5E)]. The repeated field application did
There can be seen three distinguishable magnetic structot change the structurdsa), (b), and(c) until we reached
tures markeda), (b), and(c). First, the magnetic field of 30 (F). Small spots ir(@) and(b), together with the blue shadow
mT was applied from left to righfFig. 5B)] before the in the left part of(c), appeared gradually in the images one of
measurement. One can see the inversion of the @atto  which is in Fig. 8G). Finally, blue(a) and (b) turned into
blue, and the disappearance of the fine structures of the spogsllow and red, and redc) with blue shadow on its left
(a) and(b). This behavior of the spots indicates the inversionturned into blue with yellow shadojfig. 5(H)]. Here again,
of the domain or the growth of the domains in their sizes. Asdelayed and slow relaxation of magnetic-domain microstruc-
the images showed no further change after two more fieldtures were seen clearly. It should be noted that Figl) 5s
applying and scanning runs, the direction of the applied fieldjuite similar to Fig. 5B).
was reversed. In the first field-scan run, the image shown in At a lower temperaturé80 K), slower relaxation of the
Fig. 5(C) was obtained, which is not much different from magnetic domain microstructure was observed as shown in
Fig. 5(B). In the second run, the image remained unchanged-ig. 6. The sample was cooled to 80 K without the field. The
In the third run[Fig. 5D)], however, colors of all the spots first image[Fig. 6(A)] was taken after applying the magnetic
(a), (b), and(c) are reversed indicating the total inversion of field from right to left(in the opposite direction to that ap-
the magnetic moment of those domain structures. The deplied before cooling Then, the direction of the field was
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FIG. 6. (Color) Images of the
magnetic  microstructures  of
PrysCay sMng o¢Cro 0405 thin film
sample at 80 K. The spot marked
(d) shows slow relaxatior(A) Af-
ter applying the field(B) The sev-
enth image after reversing the di-
rection of the field(C)—(F) From
the eighth to eleventh images. The
spot (d) reverses gradually. Im-
ages(A)—(F) are obtained over a
7 uwm square. The white line in
(A) indicates 1um. Arrows indi-
cate the direction of the applied
field. The white square iiB) in-
dicates the area where frustrated
disorder of the structures can be
seen. Below the images, the time
course of the experiment is
shown; the field applications for
abou 1 s are denoted by the tick
marks above which the directions

(A) (B) (C) (D) (E) (F) of the field are shown. Each of the
- e e e e e e o e e e o scans takes about 5 minutes after
l 3.4+ 1 {1 ¢k ) ¢ I .| - the field application.

0 30 60  time (min)

reversed. Subsequently, seven images were taken applyiminning?! In this case the fine disordering of the domains is
the field before every scanning, but no distinctive changelso caused by the frustration whose origin is probably the
was observed up to the seventh ¢R&. 6(B)]. In the eighth  quenched random field. There are other spots in Fig. 6 that
image[Fig. 6(C)], there appeared blue part in the left of the do not show complete magnetization reversal. The random
spot marked(d). The blue area grew gradually and finally coercive field distribution, frustration, and delayed response
whole of the spotd) turned into blue: Figs. @)—6(F) rep-  (even in the small magnetic domajree all consistent with
resent five successive field/scan sequences. These figurd® microscopic relaxor behavior.

clearly show the process of slow relaxation of the magnetic- It should be added that, in Figs. 5 and 6, there exist un-
domain microstructure. The behavior is slower than that advoidable fine noiseéhorizontal dithering probably due to

95 K. At even lower temperatur@O0 K), we could not ob- extrinsic mechanical vibrations. Although FigH seems to
serve such inversion. The FM clusters were too stiff to bebe noisier than Fig. @), for example, close numerical in-
affected by the applied field of 30 mT, or the change was tospection shows that the amplitude of noise is in fact similar
sluggish. It is notable that these delayed relaxation showm both figures. The different appearance is only superficial.
above in Figs. 5 and 6 could be observed up to 126 K wher&/hen the small scale features disapdearin Fig. 8D)], the
there is only a little magnetization as seen in Fig. 1, and

could not be detected at higher temperatures.

In addition to large spots as i), finer patterns are also
discernible as depicted in the white square in Fi@®)6The
finer patternsappearafter the reversal of the applied mag-
netic field[as in (B)] but disappearafter repeated applica-
tions of the field in one directiofas in(F)]. The tendency of
frequent appearances of fine random structures in only some
images after the inversion of the field was confirmed by re-
peated measurements. They are the frustrated magnetic do
mains with slow relaxation: the frustration is triggered by the
field reversal but “ironed out” by the repeated application of P R
the field. Closer inspection shows that the reversal of the spot
(d) also involves the appearance of finer patterns in the in- FIG. 7. (Color) Images of the magnetic microstructures of
termediate states. Merging or smoothing down of the magta, ;Sr, ;MnO; thin film sample at 120 K(A) After applying the
netic domains can sometimes be observed by application offield. (B) After reversing the field. Further field application in the
sequential magnetic field in disordered magnetic media as same direction does not change the pattern. The white lid)n
consequence of the frustration induced by the domain walindicates 1um. Arrows indicate the direction of the applied field.
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noise stands out clearly against the slowly changing feature- V. CONCLUSION
less magnetization. . -
The difference between this sample and other FM mangaﬁeD'ffuse phase change characteristic of relaxor systems has

ites is | rant & derstand th ticular behavior of theten observed in a thin film of a Cr-doped manganite in the
nites 1S important to understand the particuiar behavior of 1 emperature dependence of the resistivity and the magnetiza-
sample. For reference, we fabricated an epitaxia

A . ; ion. A low-temperature MFM reveals distributions of the
Lag ¢St aMnO; thin film 100 nm thick on SrTiQ (001) sub-  magnetic field gradient perpendicular to the surface, hence
strate  using the pulsed-laser deposition techniquehe changes of magnetic structure in a wide range of tem-
Lap ¢Sth.sMnO;s is a typical broad-band FM manganite and perature. Microscopic magnetic behavior consistent with the
our sample has a highc of 323 K and low coercive force relaxor has been detected; delayed and slow inversion of
(0.5 mT at 79 K. The MFM images taken at 120 K showed magnetic domains together with the frustrated disordering of
complete change of the magnetization pattern after one aghe domains in the diffuse phase transition region were
plication of the reversing fieldFig. 7) and no further change clearly shown. It explains well the macroscopic glassy prop-
after subsequent field application. However, the two patternerties. The random impurity effect, which has been investi-
are not the negative of each other, which is probably due tgated especially in the CDW systems, high-temperature su-
the low coercive force of the sample and suggests that ddeerconductors, and ferroelectrics, added a new way to the
mains move more easily than the Cr-dopeg &, MnO; _study of the CO-O0O state in manganites as a local-field-
sample. Furthermore, many scratches are seen both in Figgduced global frustration in the coherent state of correlated
7(A) and 7B). They are probably due to the interactions €lectrons.
between magnetization of the sample and the tip. As the
coercive force of the sample is weak, sample magnetization

can be influenced by the tip magnetization easily. Images of We would like to thank H. Tamaru, Y. Taguchi, and M.
the La ¢Sy qMNnO; film at room temperature, slightly lower Tokunaga for technical assistance. We are also grateful to M.
than T¢, were also taken. Because of the weak magneti¢zumi, Y. Konishi, T. Manako, T. Kimura, M. Kawasaki, and
moment of the sample at room temperature, however, th¥. Tokura for valuable discussions and their help of our
image was extremely faint. It is in contrast to the results ofpreparation of PLD apparatus and samples. We are indebted
the Cr-doped Ri:Ca sMnOz; sample which showed distinc- to Y. Otani for valuable comments. The work was supported
tive features even at the temperature above the resistivityn part by a Grant-in-Aid for COE Research from the Min-
peak. The contrasting behavior of the typical FM manganitéstry of Education, Science, Sports and Culture, and by Japan
attests peculiarity of the FM phase induced by the quenche8cience and Technology CorporatiqdST) through the
random field in the Cr-doped system. CREST program.
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