
that dopant aggregation, caused by tem- 
uerature instabilities in the island region 
huring the crystal growth, is the origiYn of 
the island-like domains. A gradual transi- 
tion from sharp to d i f f~~se  domain bound- 
aries is again evident in Q and fo profiles 
at z = 73 p,m (Fig. 3B), and the domain 
structure gradually loses its original peri- 
odicity approaching the island domain. 
For stable growth, the periodic modulation 
of dopant level should have a single fre- 
quency (which is the frequency of crystal 
rotation) (1 ,  8 ) ,  whereas disturbances in 
the system, such as melt or air convection 
and power flyctuations, may introduce ad- 
ditional moaulations with different fre- 
quencies. When these additional frequen- 
cies are close to the crystal rotation fre- 
quency (with a period of -7 p,m in Fig. 3) ,  
interference eventually drives the solid- 
liquid interface out of stability, causing 
dopant aggregation and island domain for- 
mation during crystal growth (Fig. 3B). 

A "butterfly" image of the dielectric con- 
stant is an indication of a lattice "edge dis- 
location" defect (Fig. 4A). The large'hiffer- 
ence in dielectric constant adjacent to the 
dislocation is causecFby compressive and ten- 
sile stresses in lattice structure induced by 
the dislocation. The stress-induced E contour 
is qualitatively consistent with the theoreti- 
cal prediction for a lattice "edge dislocation" 
defect (1 3). The E profile of a line scan along 
the z axis at x = 38.7 pm (Fig. 4B), which 
cuts through regions with compressive and 
tensile stresses, shows large opposite changes 
in E on either side of the edge defect. This 
profile also indicates that our spatial resolu- 
tion in this configuration (mainly limited by 
the radius of the tip) is better than 1 p,m, 
because between the two points (0.6 p m  
apart), E changed from the minimum to near 
maximum. Lattice dislocations in LiNbO, 
crystals are not observable by optical micros- 
copy with polarized light because of the crys- 
tal's large birefringence. 
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Observation of Magnetic Domain Behavior in 
Colossal Magnetoresistive Materials With a 

Magnetic Force Microscope 
Qingyou Lu, Chun-Che Chen, Alex de Lozanne* 

Magnetic domain behavior was imaged in calcium-doped lanthanum manganese trioxide 
films. Magnetic domains behave differently at temperatures that are well below and near 
the Curie temperature Tc. At low temperatures the domains are very stable. As tem- 
perature rises toward T,, domain-domain interactions become weaker and domains 
become highly mobile and subject to merging and splitting, yet the domains are still 
traceable. The contrast (which is a measure of magnetization) and size of domains 
continuously reduce to zero. The temperature at which the domains disappear agrees 
with the Tc obtained by a macroscopic magnetization measurement. Sample defects 
such as scratches tend to attract magnetic domains. 

Meta l l ic  double-exchange ferromagnets, 
such as LaMn03 doped with doubly va- 
lenced impurities, were discovered and 
studied by Jonker and Van Santen in 1950 
(1 ). Pure LaMn03 is an  antiferromagnetic 
insulator with a well-known perovskite 
structure. When a divalent dopant D (D  
can be Ca ,  Sr, Ba, or Pb) is introduced, the 
La,-,D,Mn03 that is generated exhibits 
paramagnetism at high temperatures and 
ferromagnetism at low temperatures for a 
wide doping range around x = 113. This 
phase transition has been commonly in- 
terpreted in terms of the double-exchange 
interaction model that was first proposed 
in 195 1 (2) .  The  substitution of La3+ by a 
D2+ cation results in a mixed Mn3+/Mn4+ 
valence. The  electron can hop from one 
Mn  ion to another Mn  ion through 0'- in 
between. Because Hund's rule must be 
obeyed on Mn  sites, this hopping process 
can occur only when the ionic spins of two 
Mn  ions are parallel. The  motion of the 
electrons thus causes a partial alignment 
of the Mn  spins that in turn lowers the 
kinetic energy and favors the occurrence 
of ferromagnetism. However, there are 
other results that do not  support this mod- 
el (3). 

Another intriguing feature of doped 
LaMnO, is the magnetoresistive effect that 
was first measured on a flux-grown single 
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crystal in 1969 (4 ) .  Shortly thereafter, the 
dependence of resistivity on temperature 
and the applied magnetic field was obtained 
by Kubo and Ohata by exploitation of the 
well-known Drude approximation in terms 
of a Kondo lattice with ferromagnetic cou- 
pling (5). 

Although it has been studied for years, 
the behavior of doped LaMn03 is far from 
well understood and is still attracting exten- 
sive investigation because of its value in 
basic research as well as its possible appli- 
cation in magnetic recording. Whereas 
much attention has recentlv been  aid to 
bulk magnetization and structural proper- 
ties (6), we have been trying to understand 
the behavior of the local magnetization in 
thin films of this comuound at the micro- 
scopic level. We  used a low-temperature 
magnetic force microscope (LTMFM) to 
study the magnetic domain behavior in co- 
lossal magnetoresistive Lao,65Ca,,3,Mn03 - .  
films. 

The Lao,6,Cao,35Mn03 thin films were 
grown on SrTi03(100) substrates by elec- 
tron-beam and thermal co-evauoration ( 7 )  . . 
of the metallic elements in an  oxygen par- 
tial pressure of 4 X lop6 torr at a substrate 
temperature of 700°C. After deposition, ex 
situ annealing was performed at 960°C in 
air for 30 min. The thickness of the films 
was 300 nm (8). 

The dependence of sample resistivity p 
and magnetization M on temperature T in 
different magnetic fields H applied in the 
plane of the thin film (Fig. 1)  shows the 
colossal magnetoresistance effect. Without 
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an external H field, the curve peaks at Tp = 
277 K. When fields are applied, the peak 
shifts slightly but drops greatly. A paramag- 
netic-to-ferromagnetic phase transition is 
seen in the M-T data with a somewhat wide 
transition zone centered at 235 K. We de- 
fine Tc as the temperature at which the 
sample just begins to become ferromagnetic, 
which is 245 K in this case. This Tc is also 
close to the Tp obtained from the p-T 
curve. 

Our LTMFM has been described previ- 
ously (9) and can operate at temperatures as 
low as 6 K. In the topographic mode, the tip 
contacts the sample with a typical force of 
150 nN. We made the tip sensitive to mag- 
netic forces by depositing a film of Co on it 
and magnetizing it along its axis. In the 
magnetic mode, the tip oscillates at an av- 
erage distance of 570 nm above the surface 
(with feedback set to a force gradient of 
-2.4 x N/m). A quantitative calibra- 
tion of the actual local field and its gradient 
is very difficult in MFM. We have looked at 
VHS tape under similar conditions and ob- 
tained images with somewhat lower con- 
trast (9). The field is applied perpendicular 
to the thin film in all of the images shown 
here. 

A magnetic image taken at 100 K (far 
below Tc = 245 K) in 38 G (field-cooled) is 
shown (Fig. 2A), and the topographic image 
for the same area is given (Fig. 2C). By 
comparing these two images, we see that the 
main features in the magnetic image have no 
counterparts in the topographic image, 
which means that the black and white fea- 
tures (Fig. 2A) come from a nonuniform 
magnetic field distribution and are therefore 
magnetic domains. It is likely that the mag- 
netization of these domains is oriented par- 
allel to the film, although in MFM one could 
get similar images with domains that are 
magnetized perpendicular to the film if the 
local field exceeds the coercivity of the mag- 
netic particle on the tip. The domains are 
typically 6 pm long and 1 pm wide and are 
oriented along the (100) or (010) directions 
of the substrate (which are likelv to be the 

Fig. 2. (A) Magnetic image [12 pm by 14 pm by 25 nm (h by Ay by Az, where z is normal to the 
surface)], of a La,,,C%,,MnO, thin film taken at 100 K in a 38-G field that is applied perpendicular to 
the film. (B) Same as (A), after the applied field was reversed. (C) Topographic image of the same area 
(1 1 pm by 12 pm by 23 nm) taken at 80 K. 

The black and white domains are typically 
paired, which suggests that neighboring do- 
mains have opposite directions of magneti- 
zation. To check the strength of the domain- 
domain interactions, we switched the direc- 
tion of the applied field and obtained a 
magnetic image (Fig. 2B). The similarity 
between Fig. 2B and Fig. 2A indicates that a 
field change from +38 G to -38 G is not 
sufficient to disturb the magnetic domains, 
which implies that there are strong interac- 
tions between domains. (We also cooled the 
sample in zero field to the same T range and 
obtained similar magnetic images.) We con- 
clude that magnetic domains are spontane- 
ously formed and cannot be easily disturbed, 
provided that the temperature is well below 

Tc. 
Well below Tc, we generally did not see 

any movement or splitting of domains for 
fields up to 100 G, except for one exam- 
ple. A magnetic image taken at 104 K in a 
field of 55 G is shown in Fig. 3A, and after 
we temporarily increased the field to 100 
G for 3 s and then reduced it to 45 G, we 
obtained the image shown in Fig. 3B. The 
domain marked with the arrow clearly 
splits into three. However, this 100-G 
field still could not make any domain 
move, which may imply that at low tem- 
peratures, it takes more energy to rear- 

range domains (that is, to move domains) 
than to split them. 

As we increased T toward Tc, the do- 
main-domain interactions became increas- 
ingly weaker, and the domains showed in- 
teresting responses (Fig. 4). All of these 
images were taken under the magnetic 
mode with one exception (Fig. 41), a topo- 
graphic image. We first cooled the sample 
to 77 K in zero field and warmed it up 
slowly to above Tc. Two domains at the 
lower left comer in Fig. 4A, which were 
originally separated at 180 K, moved toward 
each other and connected (Fig. 4C). This 
merged domain then moved upward, in an 
attempt to merge with the long dark object 
above it (Fig. 4D). They became connected 
(Fig. 4E) and then merged completely (Fig. 
4F). As the temperature kept increasing, 
the early connected domain became nar- 
rower, shorter, and lighter, which shows 
that it became smaller and its magnetiza- 
tion was reducing continuously. It then dis- 
appeared (Fig. 4H), leaving only the long 
dark object that was present all the time. 
This "unknown obiect" is actuallv a scratch 
in the film, as is seen in the topographic 
image (Fig. 41). The domains disappear at 
244 K (see Fig. 4H) [near Tc = 245 K, 
which was obtained by the magnetization 
measurement (Fig. I)], which confirms that 

Temperature (K) 
Fig. 3. (A) Magnetic image (1 2 pm by 14 Fm by 25 nm) of a &,,C%,,,MnO, thin film taken at 104 K 

Fig. 1. Resistivity and magnetization of a in a 55-G field. (B) Same as (A), after the applied field was increased to 100 G for 3 s and then reduced 
La,,65Ch,,Mn03 thin film that is 300 nm thick. to 45 G. Arrows indicate the splitting of one domain into three. (C) Topographic image of the same area 
The field is applied parallel to the film. (1 2 pm by 15 ~m by 25 nm) taken at 108 K. 
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the features were really magnetic domains. move toward and merge with the scratch Figure 5 exhibits a reverse procedure in 
The behavior of domains about the in spite of the fact that the domain shapes which the sample was cooled in zero field 

sample scratch is interesting and not well were different during these two processes from above Tc to below Tc. The behavior of 
understood. We did similar imaging pro- (the domain-disappearance temperatures domains is somewhat different from that 
cesses twice around the same scratch. In are the same). The boundary energy of the discussed above. The topography (not 
both cases, magnetic domains tended to scratch may favor the merging. shown here) is similar to that shown in Fig. 

41 but does not contain any large scratches. 
Above T-, there was no evidence of mag- 

Fig. 4. Magnetic images of a L+,,C+,,MnO, thin film taken in zero applied field at increasing 
temperatures of (A) 180 K (1 6 pm by 22 pm by 38 nm), (6) 188 K (1 6 pm by 22 pm by 41 nm), (C) 195 
K (17 pm by 25 pm by 43 nm), (D) 203 K (18 pm by 26 pm by 45 nm), (E) 223 K (21 pm by 30 pm by 
52 nm), (F) 227 K (22 pm by 31 pm by 54 nm), (0) 236 K (23 pm by 33 pm by 57 nm), and (H) 244 K 
(24 pm by 35 pm by 60 nm). The images change in size because the piezoelectric coefficients of the 
scanner are temperature dependent. The last image (I) is the topography, taken at 251 K (25 pm by 36 
pm by 63 nm). Arrows in (A) through (D) indicate the movement of domains. 

netic dokains (images not shown). D:- 
mains started to appear at 250 K (near Tc) 
(Fig. 5A). However, the domain contrast 
was small, which meant that there was a 
small domain maenetization. The contrast " 
increased rapidly during cooling and be- 
came fairly clear at 233 K (Fig. 5B) and 
stronger at 207 K (Fig. 5C). At  this time, 
domains showed extremely high mobility. 
Unlike the warning procedure presented in 
Fig. 4, it is now very difficult to trace the 
movement of any single domain in Fig. 5. 
Domains are everywhere, and they move, 
merge, and split randomly. This different 
behavior may be due to the lack of sample 
scratches. which ~robablv serve as domain- 
pinning sites. The ability to image these 
domains opens many possibilities for the 
study of their detailed behavior as a func- 
tion of temperature in any material with a 
magnetic transition below 400 K. 
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