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Abstract

We report the characterization of the crystal structure, low-temperature charge
and orbital ordering, transport and magnetization of Pry¢Cap4MnOs3 films
grown on LaAlO3, NdGaOj3 and SrTiOj3 substrates, which provide compressive
(LaAlOs3) and tensile (NdGaOs3 and SrTiOs3) strain. The films are observed to
exhibit different crystallographic symmetries from the bulk material and the
low-temperature ordering is found to be more robust under compressive—as
opposed to tensile—strain. In fact, bulk-like charge and orbital ordering is not
observed in the film grown on NdGaOs, which is the substrate that provides
the least amount of measured, but tensile, strain. This result suggests the
importance of the role played by the Mn—O—Mn bond angles in the formation
of charge and orbital ordering at low temperatures. Finally, in the film grown
on LaAlOs3, a connection between the lattice distortion associated with orbital
ordering and the magnetization is reported.

1. Introduction

Manganite films have been of interest since the first observation of the colossal
magnetoresistance (CMR) effectin a perovskite-type Lag 67Cag 33MnO3 film [1]. The enhanced
change in resistivity upon application of a magnetic field—compared to that observed in
the more well-known giant magnetoresistance materials—immediately suggested device
applications based on the sensitivity to magnetic fields. More recently, ferroelectric field
effect [2], bolometric [3], optical [4] and spintronic [5] devices, which take advantage of the
additional properties exhibited by some manganite films, have also been proposed.
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For all manganite film applications, a key parameter in the behaviour of the system is
the substrate-induced strain caused by the lattice mismatch between the manganite material
and the substrate. Substrate-induced strain has been reported to change a wide variety
of properties, with examples including the crystal symmetry [6-9], transport [10, 11] and
magnetic [12] anisotropies, the magnitudes of ferromagnetic 7, [13, 14] and charge order
melting field [15, 16], the spin and orbital order structure [17] and the tendency toward
phase separation [18]. Theoretical work also predicts substrate-induced strain effects on the
properties exhibited by manganite films. For example, a 2% tensile strain is expected to alter
the antiferromagnetic ground state of LaMnO3 from (w77 0)- to (;r w7 )-type ordering [19].

The influence that substrate-induced strain appears to exhibit over so many properties
of manganite films suggests that it could be used advantageously—in order to enhance the
property of interest in a given material. That is, substrate-induced strain could be used to
tune the behaviour of the films. But before such tuning becomes more than a possibility,
the role of substrate-induced strain in these materials needs to be more clearly understood.
In a step towards this goal, we report a study of the effects of substrate-induced strain
on PrysCapsMnOs—a CMR material for which the bulk properties have been thoroughly
investigated [20-27], and which is therefore ideal for studies of this kind. The questions that
we hope to address are: how does substrate-induced strain affect the type of low-temperature
ordering, the ordering temperature and the correlation length? And how do these results
connect to transport and magnetization in the films? In order to address these questions, we
have studied three Prg ¢Cap 4MnOj3 films grown on LaAlO3; (LAO), NdGaO; (NGO) and StTiO3
(STO) substrates. The results of this study are that both compressive (film grown on LAO) and
tensile (films grown on NGO and STO) strain result in films with a different room-temperature
crystallographic symmetry than is observed in the bulk material. We also observe bulk-like
charge and orbital ordering—with a reduced ordering temperature and a shorter correlation
length—in the film grown on LAO. In addition, we find that tensile strain has a stronger effect
on the low-temperature ordering than does compressive strain and that even a 0.3% measured
tensile strain appears to inhibit the formation of bulk-like charge and orbital order in the film
grown on NGO. Finally, in the film grown on LAO, we observe a connection between the
lattice distortion associated with orbital ordering and the magnetization.

The paper is organized into several sections. We begin by briefly describing the bulk
material in section 2, and then move on to reporting the results of studies carried out on three
films with compressive, and different amounts of tensile, substrate-induced strain. These latter
results are grouped into sections on the crystal structure (section 3), low-temperature ordering
(section 4) and transport and magnetization (section 5). Finally, we conclude with a summary
of our results in section 6.

2. Bulk Pr( ¢Cay 4MnO3

Pro 6Cap 4MnOs; has a perovskite structure, with Pbnm symmetry at room temperature [20]. It
exhibits the so-called GdFeO; distortion due to the tilting of the MnOg octahedra, as well as a
cooperative Jahn—Teller distortion at temperatures below ~245 K. Associated with this latter
distortion is believed to be a complicated charge and orbital ordering pattern, which consists
of a checkerboard arrangement of inequivalent Mn sites that are conventionally referred to
as Mn** and Mn** Vo¢8  These planes are stacked in phase along the ¢ axis. In addition,
there is a doubling of the unit cell along the b axis that is commonly associated with an

8 Note that the Mn** and Mn** description of the Mn ion sites is qualitative and not meant to imply complete
disproportionation. A partial disproportionation of magnitude §—resulting in Mn33=9* and MnG->*9)* sites—is
also consistent with the scattering data from the bulk material [28].
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Table 1. Substrate-induced strain.

: Csubstrate —Cbulk Cfilm —Chulk
Nominal ( lqalulk ) (%) Measured ( - ) (%)
Pry.¢Cag4MnO3 on LAO —14 —14+03
Pry.¢Cag4MnO3 on NGO 0.6 03+0.3
Pr0.6Ca0,4MnO3 on STO 1.9 05+03

alternating pattern of occupied 3d.>_,>-type orbitals of Mn®* ions. At lower temperatures,
below ~140 K, Pry sCap4MnOs3 orders magnetically in a structure consisting of ferromagnetic
zigzags, coupled antiferromagnetically. And finally, below ~40 K, the magnetic moments are
believed to become canted with a net moment along the ¢ axis [21], which can be thought of
as a compromise between the ordering exhibited at a doping of x = 0.5 (moments in the a—b
plane and stacking antiparallel along the ¢ axis) and x = 0.3 (moments lying—and stacking
parallel—along the ¢ axis).

Recently, resonant x-ray scattering—in which the incident photon energy is tuned near the
Mn K absorption edge—has been shown to be sensitive to the presence of charge and orbital
order [29], such as exhibited in Pry ¢Cap4MnO3. With this technique, the scattering intensity
at charge and orbital ordering wavevectors is significantly enhanced, which enables high-
resolution, quantitative studies of these cooperative ordering phenomena. Resonant scattering
from ordered systems also exhibits polarization- and azimuthal-dependent properties that
provide additional information about the details of the ordering. In bulk PrysCag4MnOs,
resonant x-ray scattering has been used to verify the type of orbital order—described above—
and measure the temperature dependence of both the charge and orbital order correlation
lengths [22, 25]. From the latter measurements, the charge order was observed to drive the
orbital order and the orbital order was found to be short-ranged at all temperatures below the
transition temperature (7,), reaching a maximum correlation length of 320 4 10 A at low
temperatures. In addition to the resonant scattering observed at both the charge and orbital
order wavevectors, nonresonant scattering was reported and attributed to the presence of lattice
distortions—with both transverse and longitudinal components—with the same periodicities
as the charge and orbital order [25]. These low-temperature lattice distortions indicate that
the material undergoes a change in crystallographic symmetry, and other space groups have
recently been proposed [26].

3. Room-temperature crystal structures of films

A commercially obtained, polycrystalline pellet was used to grow the 2500-3000 A thick,
Pry 6Cap 4MnOs films with the pulsed laser deposition method at the University of Marylandg.
LAO, NGO and STO substrates were chosen in order to provide compressive (LAO) and
different amounts of tensile (NGO and STO) strain to the films (see table 1). The crystal
structures of the films were investigated using x-ray diffraction on beamline X22C at the
National Synchrotron Light Source and the CMC-CAT beamline 9-ID at the Advanced Photon
Source. Both beamlines are equipped with double-crystal monochromators (Ge(111) and
Si(111), respectively) and 6-circle diffractometers in vertical scattering geometries. For all
measurements reported here, a graphite analyser was used.

The substrate surface-normal orientations of LAO(100), NGO(110) and STO(100) were
observed to result in Prg ¢Cag 4MnQOj5 films with (110) or (002) orientations, in Pbnm notation.

° Note that the stoichiometry of the films was confirmed using Rutherford backscattering spectrometry measurements
on other films that were grown from the same pellet.



16 C S Nelson et al

Longitudinal Scans, T = 100 K

o on LAO
e on NGO

S
&

/

(HHO)
1.98 2.00 2.02 2.04

1.94 1.96

Figure 1. Longitudinal scans through the (220) and (200) peaks for films grown on LAO (O) and
NGO (@).

Because of the similar values of @, b and ¢/+/2—as well as the large diffraction widths of the
Bragg peaks, which would obscure the presence of any crystallographic twins—the particular
orientations of the films remain ambiguous. For simplicity in notation, we assume that the
films are (110)-oriented in what follows. The mosaic widths of the films, as characterized at
the (220) Bragg peaks, were 0.2°, 0.1° and 0.1°-0.3° full width at half-maximum for the films
grown on LAO, NGO and STO'? respectively.

For the films grown on LAO and NGO, clear evidence of a crystal symmetry lower than
orthorhombic was observed at room temperature. This evidence is displayed in figure 1, which
shows longitudinal scans through the (220) and (200) Bragg peaks. The scans are plotted in
reciprocal lattice units of the bulk material, and along (H 00) and (0K 0) (not shown) are found
to peak at near-integer values. In contrast, for scans along (H HO0), which corresponds to
the direction of the surface normal, the peaks are shifted away from the positions expected,
assuming the bulk orthorhombic symmetry. This shifting indicates that y—the angle between
the a and b axes—deviates from 90°. Specifically, in the film on LAO (NGO), the component
of substrate-induced strain on a and b is compressive (tensile), which results in the two axes
being pushed together (pulled apart) and therefore y is less (greater) than 90°.

In order to determine the lattice parameters at room temperature, the positions of six peaks
were measured. This enabled a determination of the values of a, b, ¢ and y, while initially
assuming a monoclinic symmetry for all films (note that in the film grown on STO, y was,
in fact, measured to be 90° and the film has a higher symmetry—tetragonal—than either the
two other films or the bulk material). The measured values are displayed in table 2. Note
that these values are the average lattice constants of the films and, given their thicknesses, it
is likely that the atomic spacings and microstructure vary throughout the films. For example,
it is possible that the film layers closest to the substrate are contracted (expanded) under
compressive (tensile) strain—in order to maintain perfect epitaxy with the substrate—and that
this strain is relaxed for film layers further away from the substrate. As we shall discuss below,
relaxation is in evidence in the film grown on STO.

10 Note that the mosaic widths of the three (220) peaks of the film grown on STO varied in the range 0.1°-0.3°. The
possible origin of the three peaks is described in section 3.
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Table 2. Room-temperature lattice parameters.

a(A) b (A) c(A) y (deg)

Bulk Prg ¢Cag4MnO3* 5.415 5.438 7.664 90

Prp6Cap4MnO3 on LAO 543 +0.01 544+0.01 7.56+£0.02 88.2+0.1
Prp6Cap4MnO3 on NGO  5.424+0.01 542+0.01 7.69+£0.02 91.4=£0.1
Prp.6Cap4MnO3 on STO 544+0.01 544+£001 7.70£0.02 90.0+0.1

2 Values for bulk material taken from [20].

In all three films, the measured values of the a and b lattice constants are observed to
be close to the bulk values, while the in-plane lattice constants, ¢, follow the substrate. As a
measure of this latter effect, note the experimentally observed values of the substrate-induced
strain displayed in table 1. In this table, we have defined the nominal strain as the difference
between the in-plane lattice constants of the substrates and the c¢ lattice constant of bulk
Prp6Cap4MnOs. Note that the nominal strain would be the strain experienced by the films if
they were perfectly lattice-matched to the substrates. The other gauge of substrate-induced
strain listed in table 1 —the measured strain—is defined as the difference between the observed,
¢ lattice constants of the films and the ¢ lattice constant of the bulk material, and is the actual
strain experienced by the films. The close correspondence between the nominal and measured
strain is especially pronounced for the films grown on LAO and NGO. In contrast, for the
film grown on STO a significant lattice mismatch between the film and the substrate exists.
In this film, there is also evidence of relaxation of the strain in longitudinal scans through
(H HO) peaks, in that these peaks are extremely broad and have three maxima. Since only
two peaks can arise from twinning, the shape of the (H HO) peaks suggests that there is a
range of out-of-plane lattice constants that is due to a relaxation of the strain within the film.
We note that such relaxation has been observed via x-ray microdiffraction measurements in
La;_,Sr,MnOj; films that were also grown under tensile strain [30].

To test for different thermal expansion coefficients, which would result in temperature-
dependent strain, the Bragg peak intensities and widths were also measured as a function of
temperature. The results from fits to these data for the films on LAO and STO are displayed in
figure 2. While both the intensity and width of the (200) Bragg peak of the film grown on STO
remain nearly constant as a function of temperature, the peak changes dramatically for the film
grown on LAO. Between 100 and 300 K, the correlation length, which is inversely proportional
to the half-width at half-maximum (HWHM), nearly doubles. These results indicate that the
film grown on LAO is affected by the difference in thermal expansion coefficients between it
and the substrate and that it is more strained at low temperatures.

4. Low-temperature ordering in films

The presence of charge and orbital ordering—such as observed in the bulk material—was
investigated in each film at low temperatures. This search was aided by the fact that in the
bulk material, scattering associated with charge and orbital ordering occurs at structurally
forbidden reflections. Using the bulk orthorhombic notation for which the Bragg peaks occur
at (02K 0), peaks associated with charge and orbital order occurat (02K +1 0) and (0 K +% 0),
respectively, for integer K.

4.1. Compressive: on LAO

The PrpsCap4MnOs3 film grown on LAO was cooled to the base temperature of a closed-
cycle cryostat (~10 K) and then heated to 100 K before being exposed to the incident x-ray
beam—in order to avoid possible x-ray induced melting of the ordering that is known to occur
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Figure 2. Fitted values for the (200) Bragg peak intensities (a) and widths (b) for films grown on
LAO (O) and STO (®). The peak intensities are normalized to equal 1 at a temperature of 100 K.

in bulk Pr;_,Ca,MnOs; for x near 0.3 [31]. At a temperature of 100 K, peaks at the charge
and orbital order wavevectors for the bulk material were observed and were found to exhibit
a resonant enhancement upon tuning the incident photon energy near the Mn K edge. The
(300) charge order peak was observed to have a width of similar magnitude to that of the
nearby Bragg peaks, while the (2.5 0 0) orbital order peak was significantly broadened''.
Using a Lorentzian-squared lineshape to fit the data and defining the correlation length as
& = a/2n AH, where a is the lattice constant and A H is the HWHM value of the fit to the
scan along H, the orbital order correlation length was determined to be 90 # 10 A.

Longitudinal scans through the (2.5 0 0) and (300) peaks were carried out as a function
of temperature and the fitted peak intensities are shown in figure 3. The (2.5 0 0) peak was
observed to disappear at a temperature below 200 K. In contrast, the (300) peak was observed to
reach a minimum in intensity at this temperature and then increase in intensity with increasing
temperature. This intriguing behaviour at the charge order wavevector was accompanied by a
dramatic change in the energy dependence of the scattering, which can be seen in the insets
displayed in figure 3. While the (300) peak intensity exhibits a maximum at an incident photon
energy of ~6.555 keV at a temperature of 100 K, the resonant enhancement decreases with
increasing temperature and is absent at a temperature of 240 K.

Putting the results together, the film on LAO appears to exhibit the same charge and orbital
ordering as in the bulk material, but with a reduced ordering temperature and shorter orbital
order correlation length. Another difference between the film and the bulk material is that,
while the nonresonant scattering associated with the charge ordering is observed to disappear at
the transition temperature in the bulk material, it remains present at this wavevector even after
the disappearance of the ordering in the film. As a result, we do not associate the nonresonant
scattering with the charge order, but rather as a further indication that the film and bulk material

1 Note that orbital order peaks were observed along both (H00) and (0K 0), which suggests either the presence of
crystallographic a/b twins or orbital twins within a single crystallographic domain.
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Figure 3. Fitted values for the (300) charge (®) and (2.5 0 0) orbital (O) order peak intensities,
normalized to equal 1 at a temperature of 100 K. Insets show energy scans carried out at the (300)
peak at temperatures of 100 and 240 K.

have different crystallographic symmetries, as was already noted in section 3. That s, the (300)
peak can be thought of as a structural Bragg peak—a conclusion that is further supported by
a comparison of the high-temperature behaviours of the (300) and (200) peaks (see figure 2),
in which both peaks are observed to increase in intensity with increasing temperature. For the
(200) Bragg peak, we argued that this behaviour was due to a difference in thermal expansion
coefficients between the film and the substrate that resulted in the film being more strained at
low temperatures, and the same explanation would apply to the behaviour of a structural (300)
peak. We also note that temperature-dependent strain could also be at least partially responsible
for the reduced orbital order correlation length of the film compared to that observed in the
bulk material.

Scattering at the orbital order wavevector was also studied at a second point in reciprocal
space—at (2 1.5 0). The peak intensity at this Q was approximately 50 times stronger than
that at (2.5 0 0), which is presumably due to the lattice distortion being primarily transverse
to the orbital order wavevector (i.e. the scattering intensity varies as (é . 3)2, so the transverse
component of the lattice distortion does not contribute to the scattering at (2.5 00)). At (2 1.50),
possible x-ray illumination effects were investigated at a temperature of 10 K. No such effects
were observed and temperature-dependent data were collected over an extended range relative
to the results described above. These measurements, which show scattering consistent with the
temperature-dependent behaviour of the scattering at (2.5 0 0), will be discussed in section 4.3.

4.2. Tensile: on NGO and STO

In both of the PrycCap4MnOj3 films grown on substrates that provide tensile strain, peaks at
the charge order wavevector for the bulk material were observed'?. However, these peaks

12 Note that for all the measurements described in this section, care was initially taken to avoid x-ray-induced effects
during the search for low-temperature charge and orbital ordering. But, as in the film grown under compressive strain
on LAO, no evidence of x-ray-induced effects was observed.
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Figure 4. Reciprocal space scans through the (2K0) peak, measured as a function of temperature,
in steps of 20 K. For clarity, each data set is shifted upward by 10 s~! with respect to the next
higher temperature data set.

did not exhibit a resonant enhancement at low temperatures, had widths similar in magnitude
to nearby Bragg peaks and were found to persist up to the highest temperatures investigated
(>600 K in the film grown on NGO and 800 K in the film grown on STO). The similarity in
behaviour between these peaks and Bragg peaks suggests that they are also allowed structural
peaks—and the result of the different crystallographic symmetry of the films compared to the
bulk material—as was also concluded for the film grown on LAO.

In the film grown on NGO, broad peaks with no evident resonant enhancement were
observed at the orbital order wavevector for the bulk material at low temperatures. Reciprocal
space scans as a function of temperature through one of these peaks—(2 1.5 0)—are shown in
figure 4. The peak is observed to disappear in the temperature range 200-220 K, which is less
than the transition temperature of the bulk material, and the low-temperature correlation length
was measured to be 40 + 10 A. In addition to this commensurate peak, a hint of peaks with an
incommensurability, €, of ~0.04 rlu was observed. These peaks can be most clearly seen at
a temperature of 40 K, as shown in figure 4. Unfortunately, the extremely weak intensities of
these possible peaks make it impossible to extract temperature-dependent information about
them.

An unsuccessful search for peaks with the commensurate orbital ordering wavevector
along (0K 0) was also carried out for the film grown on NGO. Based on the weak scattering
intensity observed for peaks near the (220) Bragg peak, this failure is perhaps not surprising.
That is, any scattering at (0 2.5 0) would be expected to be prohibitively weak to observe—
assuming that the lattice distortion is primarily transverse to the orbital order wavevector, as is
believed to be the case in both the bulk material and the film grown on LAO (see section 4.1).

In the film grown on STO, no peaks at the orbital ordering wavevector for the bulk material
were observed near either the (220) or (020) Bragg peaks. Wide scans over regions in reciprocal
space that would include peaks due to incommensurate orbital ordering were also carried out,
but no peaks were observed.
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4.3. Low-temperature, charge and orbital ordering summary

The film grown on STO, which is subject to the most, nominal, substrate-induced strain, exhibits
no low-temperature, charge or orbital ordering. The nonuniform strain distribution suggested
by scans in which Q is parallel to the surface-normal direction is a possible explanation for
this absence. That is, relaxation of the film may result in the presence of defects that inhibit
the formation of charge and orbital ordering. We note that a similar effect has been observed
in Pry 5Cag sMnOs films, as characterized by the reduced magnitude of the melting field [16].

In the two other films—those grown on LAO and NGO—peaks with wavevectors
consistent with the presence of charge and orbital ordering as exhibited by the bulk material are
observed. In both of these films, the correlation length of the peak associated with orbital order,
and the transition temperature that is determined by this peak’s disappearance, are reduced
compared to the bulk material. With respect to the peaks at the charge ordering wavevector,
the two films behave differently from the bulk material, in that scattering is observed to persist
above the transition temperature. In fact, in the film grown on LAO, a decoupling of this high-
temperature scattering and that due to the charge order is clearly evident from measurements of
the energy dependence of the peak intensity, which exhibits a dramatic change at the transition
temperature. The two films also behave differently from each other at this wavevector, in that
no resonant enhancement that would be indicative of charge ordering is observed in the film
grown on NGO.

A question that follows from these results is: do the films grown on LAO and NGO
exhibit the charge and orbital ordering that is observed in the bulk material? The answer to
this question appears to be yes for the film grown on LAO. While the different crystallographic
symmetry of the film compared to the bulk material appears to lead to additional scattering at
the charge order wavevector, which results in the different high-temperature behaviour of the
peak at this wavevector, the low-temperature ordering wavevectors, resonant enhancements
and temperature dependences of the charge and orbital order peaks are strikingly similar
to those observed in the bulk material. In this film, the reduced orbital order correlation
length and transition temperature can be attributed to the presence of a temperature-dependent
substrate-induced strain, which is strong enough to affect the behaviour of the Bragg peaks.
Unfortunately, additional studies of the resonant scattering—specifically, polarization- and
azimuthal-dependence studies, which might further identify this ordering with that observed
in the bulk—are not feasible due to the thickness and orientation of the film. Nevertheless, the
similarity between the bulk material and this film remains compelling.

For the film grown on NGO, the above question is more difficult, but we believe that the
answer appears to be no. This is based primarily on the fact that no resonant enhancement at
either the charge or orbital order wavevectors was observed. Near the (220) Bragg peak, the
lack of aresonant enhancement at the orbital order wavevector can be attributed to the fact that
scattering from a primarily transverse lattice distortion will dominate any resonant contribution,
but the absence at the charge order peaks along (0K 0) cannot be so easily explained. In both
the bulk material and the film grown on LAO, the resonant enhancement at the charge order
wavevector results in a scattering intensity more than three times that of the nonresonant
scattering, as measured for incident photon energies below the Mn K edge [25]. The lack of
an observed resonant enhancement is therefore not due to a lack of intensity (the nonresonant
scattering was > 1000 s~!) but appears to be an intrinsic property of the film.

Another piece of evidence against bulk-like ordering being established in the film grown
on NGO is the temperature-dependent behaviour of the correlation length associated with the
peak at the orbital order wavevector. This can be seen in figure 5, which contrasts the fitted
values of the intensities and widths of the (2 1.5 0) peaks for the films grown on LAO and NGO.
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Figure 5. Fitted values for the (2 1.5 0) peak intensities (a) and widths (b) for films grown on
LAO (O) and NGO (®). The peak intensities are normalized to equal 1 at the lowest temperature
studied.

Focusing on the widths, the behaviour of the peak for the film grown on LAO is indicative
of a transition in that the width appears to diverge at the transition temperature. In contrast,
for the film grown on NGO, the width of the peak is only weakly temperature-dependent
and does not appear to broaden as the peak intensity diminishes and the peak ultimately
disappears. This behaviour is, in fact, more reminiscent of the short-range correlations that
are observed in manganite systems that exhibit no ordering in their low-temperature ground
states—for example, in the paramagnetic insulating phase of bulk Laj;Cag3MnO3 [32-34].
This observation suggests that the tendency to exhibit charge and orbital order exists in the film,
but competing interactions—perhapsrelated to the tensile substrate-induced strain—inhibit the
transition into an ordered phase. The possible presence of incommensurate peaks, which was
discussed above, would add additional information to this picture. That is, incommensurate
peaks could suggest the presence of ordered discommensurations or an additional phase that
is characterized by an incommensurate modulation.

Finally, we note the interesting drop in intensity of the peaks at the bulk orbital order
wavevector at low temperatures in both films (see figure 5(a)). While the intensity of a peak
at this wavevector in the bulk material is observed to increase gradually with decreasing
temperature and then remain constant below ~100 K [25], the intensity of the peaks in the
two films reaches a maximum value around a temperature of 60 K before it decreases with
decreasing temperature. The explanation for this behaviour is unclear, but a possible connection
between it and the magnetization will be discussed in the next section.

5. Resistivity and magnetization measurements of films

The resistivities of the Pry¢Cap4MnOj3 films grown on LAO, NGO and STO were measured
at the University of Maryland using the conventional four-probe method and the resulting data
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Figure 6. Resistivity as a function of temperature for films grown on STO (— - —), NGO (——)
and LAO (- —-).

are displayed in figure 6. All films are observed to be insulating over the temperature range
of 100-300 K, as is also the case in the bulk material [21]. In terms of the magnitude of
the resistivities, the film grown on NGO, which experiences the least amount of nominal and
measured substrate-induced strain, is found to behave most like the bulk material.

The onset of charge and orbital ordering can be identified in the bulk material by a change
in slope in the measured resistivity. In two of the films, subtle changes may be observed at
temperatures of ~230 and ~270 K for the films grown on LAO and NGO, respectively. We
note that both of these temperatures exceed the temperatures at which the peaks at the bulk
orbital order wavevector disappear in the respective films. We also note the presence of small
kinks in the data at temperatures of 140 and 230 K for the film grown on STO. The origin of
these kinks is unknown.

The DC magnetization of the PrysCap4MnO; films grown on LAO and STO were
measured using a SQUID magnetometer, also at the University of Maryland (no magnetization
data for the film grown on NGO could be obtained due to the large moment of the NGO
substrate). For each film, two sets of data were collected—under zero-field cooling (ZFC) and
under field cooling (FC), where the latter was in a field of 100 G applied in the plane of the film.
These data are shown in figure 7. In the two films, an increase in the magnetization appears
at temperatures of ~150 and ~110 K for the films grown on LAO and STO, respectively. In
the ZFC data for both films, the magnetization then reaches a local maximum at a temperature
of ~60 K and decreases with decreasing temperature before exhibiting a slight upturn below
~10 K. Note that at the lowest temperature at which the magnetization was measured, a
finite moment indicating the presence of a ferromagnetic component was observed in both
films. This component could arise from spin canting, which is believed to occur in the bulk
material [21], the presence of a ferromagnetic phase or frozen spins in a glass-like phase.

The temperature dependences of the magnetization data suggest two possible scenarios.
First, the local maximum in the ZFC data at a temperature of ~60 K could indicate
the onset of antiferromagnetism, as reported from similar behaviour observed in studies
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Figure 7. Magnetization as a function of temperature for films grown on LAO (O) and STO (@®).
ZFC and FC refer to zero-field cooling and field cooling (in a field of 100 G applied in the plane of
the film), respectively. The inset shows a blow-up of the low-temperature data for the film grown
on LAO and the arrows indicate the direction in which the temperature was swept while the data
were collected.

of Laj 4Sr; ¢Mn,O7 [35]. In this scenario, we note the reduced Néel temperature in the
Pry 6Cap 4MnOs films compared to that observed in the bulk material (for which Ty ~ 140 K).
In the second scenario, the divergence between the ZFC and FC data could indicate a spin glass
transition [36, 37]. The local maximum in the ZFC data at a temperature of ~60 K would
therefore suggest a blocking temperature below which thermal energy is not sufficient to alter
the direction of the magnetic moments [38]. At present, we are unable to determine which of
these two scenarios better describes the magnetic state of the films at low temperatures.
Focusing now on the data from the film grown on LAO, we note the similar temperature
dependences of the ZFC magnetization and the scattering intensity at the orbital order
wavevector (see figure 5(a)). Intriguingly, it appears that the decrease in magnetization
observed at a temperature of ~60 K is correlated with a change in the orbital ordering in
this film. Since the correlation length of the peak at the orbital order wavevector exhibits
only a small change throughout this temperature regime (there is less than a 10% difference
in size of the ordered regions between the temperatures of 10 and 120 K), the decrease in
scattering intensity indicates a decrease in the magnitude of the lattice distortion at the orbital
order wavevector and/or a reduction in the number of ordered regions. Therefore, the change
in the magnetization appears to coincide with a destabilization of the orbital ordering in this
film. The explanation for this interesting effect is unclear and should be the focus of further
investigations. In this context, we note that if the decrease in magnetization observed at ~60 K
is indicative of the onset of antiferromagnetism, the destabilization of the orbital ordering is
the converse to what has been observed in bulk LaMnOs3 [39] and Pry 5Cag sMnO5 [25].
Turning now to the FC data for the film grown on LAQO, a slight hysteresis can be observed
(see the inset to figure 7). In bulk manganites, such hysteresis has been attributed to the
presence of disorder [40]—for example, in the distribution of the Pr and Ca cations—and this
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could also apply to the film. An additional source of disorder that is unique to the film could
be the effects of substrate-induced strain. Specifically, relaxation of the film could exceed the
elastic threshold and result in the presence of defects.

Finally, in the film grown on STO, the ferromagnetic component is observed to be much
larger than in the film grown on LAO. This result could explain the absence of charge and
orbital ordering in this film within a phase separation picture, since a ferromagnetic phase
would compete with a phase exhibiting charge and orbital order. A larger ferromagnetic
component would therefore arise at the expense of charge and orbital ordering. We note that
this explanation is also consistent with the different expected growth modes for the two films.
That is, the island growth mode that is expected to occur under compressive strain has been
found through magnetization measurements to disfavour the ferromagnetic metallic phase in
Lao,67Ca0,33MnO3 films [41]

6. Summary

Substrates providing compressive (LAO) and different amounts of tensile (NGO and STO)
strain were used to study the effects of substrate-induced strain on Pry¢Cap4MnO3 films. In
all three films, the room-temperature, crystallographic symmetry was observed to be different
from that of the bulk material. Specifically, the films grown on LAO and NGO were found to
be monoclinic, with the substrate-induced strain primarily affecting the values of the in-plane
lattice constant, ¢, and the angle between the out-of-plane, a and b, axes. In these two films,
the in-plane lattice constant was observed to be nearly clamped to the substrate, resulting in a
negligible lattice mismatch between the film and substrate at room temperature. In contrast,
in the film grown on STO, the in-plane lattice constant differed only slightly relative to the
bulk value and the film was observed to be tetragonal. The substrate-induced strain in this film
also appeared to undergo relaxation within the film, as evidenced by the broad peaks observed
in longitudinal scans. Perhaps not surprisingly, given that this relaxation may result in the
presence of defects, no low-temperature ordering or short-range correlations were observed in
this film. We also note in this context that recent work suggests that correlations of the type
seen in the film on NGO are suppressed in samples with tetragonal symmetry [42]. Thus it
is possible that the symmetry of the film on STO also plays a role in the suppression of any
correlations.

In the film grown on LAO, two sets of peaks with wavevectors, resonant enhancements
and temperature dependences similar to those associated with charge and orbital ordering in the
bulk material were observed at low temperatures, although both the transition temperature and
orbital order correlation length were found to be reduced. One explanation for this reduction
could lie in the increasing strain with decreasing temperature that results from the different
temperature dependences of the film and substrate lattice constants, which was observed
to affect the correlation length of the film Bragg peaks—broadening them with decreasing
temperature. In this film, we also observed a connection between the magnetization and
the scattering intensity due to the lattice distortion associated with the orbital ordering. The
onset of antiferromagnetic ordering or thermal blocking at a temperature of ~60 K appears to
coincide with a destabilization of the orbital ordering, resulting in a decrease in the magnitude
of the lattice distortion and/or a reduction in the number of ordered regions.

In the film grown on NGO, broad peaks at the bulk orbital order wavevector were observed
at low temperatures. However, the lack of resonant enhancements at the charge and orbital
order wavevectors, as well as the weak temperature dependence of the correlation length of
the peaks at the orbital wavevector, suggest that the film does not exhibit bulk-like charge and
orbital order. More likely, a tendency to order produces short-range correlations that result
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in the broad peaks at the bulk orbital order wavevector, but a transition into an ordered phase
never occurs.

Considering that of the three films investigated, the film grown on NGO experiences the
least amount of nominal and measured substrate-induced strain, the lack of bulk-like ordering in
this filmis a surprise. The charge and orbital ordering observed in bulk Pr ¢Cag 4MnOs3 appears
to be more robust under compressive, rather than tensile, strain. If one considers the effects
of substrate-induced strain on the structure of the material, a possible explanation presents
itself: the different effects of compressive and tensile strain on the Mn—O—-Mn bond angles.
That is, compressive (tensile) strain results in two out of the three bond angles being decreased
(increased), which decreases (increases) the bandwidth. A larger bandwidth destabilizes the
charge and orbital ordering, which is therefore more robust in this material in the presence
of a larger nominal, compressive strain than a smaller nominal, tensile strain. Note that
the complementary effect—the stabilization of a ferromagnetic metallic state under tensile
strain—has been reported in La;_,Ba,MnOs3 films [14, 43].

In conclusion, substrate-induced strain caused by a lattice mismatch between
Pro¢Cag4MnO3; and LAO, NGO and STO substrates is observed to have dramatic effects
on several properties—including the crystallographic symmetry, charge and orbital ordering
and magnetic behaviour—of Pry ¢Cag 4MnOj3 films. These results underline the importance of
carrying out thorough studies of the structure, low-temperature charge and orbital ordering,
transport and magnetization in any effort with an ultimate goal involving manganite film
applications.

Acknowledgments

The work at Brookhaven, both at the NSLS and in the Physics Department, was supported by
the US Department of Energy, Division of Materials Science, under contract no DE-ACO02-
98CH10886. The work at the University of Maryland was supported by the National Science
Foundation MRSEC (DMR-00-8008). The work at the CMC beamlines was supported, in part,
by the Office of Basic Energy Sciences of the US Department of Energy and by the National
Science Foundation, Division of Materials Research. Use of the Advanced Photon Source
was supported by the Office of Basic Energy Sciences of the US Department of Energy under
contract no W-31-109-Eng-38. We thank A Sharma for her contribution in the preparation of
the films.

References

[1] Jin S, Tiefel T H, McCormack M, Fastnacht R A, Ramesh R and Chen L H 1994 Science 264 413
[2] Mathews S, Ramesh R, Venkatesan T and Benedetto J 1997 Science 276 238
[3] Goyal A, Rajeswari M, Shreekala R, Lofland S E, Bhagat S M, Boettcher T, Kwon C, Ramesh R and
Venkatesan T 1997 Appl. Phys. Lett. 71 2535
[4] Kida N and Tonouchi M 2001 Appl. Phys. Lett. 78 4115
[S] Wolf S A, Awschalom D D, Buhrman R A, Daughton J M, von Molnar S, Roukes M L, Chtchelkanova A Y and
Treger T M 2001 Science 294 1488
[6] Koo TY,Park S H, Lee K-B and Jeong Y H 1997 Appl. Phys. Lett. 71 977
[7] Zandbergen H W, Freisem S, Nojima T and Aarts J 1999 Phys. Rev. B 60 10259
[8] Venimadhav A, Hegde M S, Rawat R and Das 12001 J. Appl. Phys. 89 8057
[9] SongJ H, Park J-H, Jeong Y H and Koo T Y 2001 Preprint cond-mat/0110303 unpublished
[10] Prellier W, Biswas A, Rajeswari M, Venkatesan T and Greene R L 1999 Appl. Phys. Lett. 75 397
[11] Klein J, Philipp J B, Carbone G, Vigliante A, Alff L and Gross R 2002 Phys. Rev. B 66 052414
[12] Wu X W, Rzchowski M S, Wang H S and Li Q 2000 Phys. Rev. B 61 501
[13] Millis A J, Darling T and Migliori A 1998 J. Appl. Phys. 83 1588



Substrate-induced strain effects on Prg ¢Cag 4MnQj3 films 27

[14]
[15]

[16]
[17]
[18]

[19]
[20]
[21]
[22]

[23]
[24]
[25]
[26]

[27]
[28]

[29]
[30]

[31]
[32]

[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]

[42]
[43]

Kanki T, Tanaka H and Kawai T 2001 Phys. Rev. B 64 224418

Prellier W, Haghiri-Gosnet A M, Mercey B, Lecoeur Ph, Hervieu M, Simon Ch and Raveau B 2000 Appl. Phys.
Lert. 77 1023

Yang Z Q, Hendrikx R W A, Bentum P J M v and Aarts J 2002 Europhys. Lett. 58 864

Izumi M, Ogimoto Y, Konishi Y, Manako T, Kawasaki M and Tokura Y 2001 Mater. Sci. Eng. B 84 53

Biswas A, Rajeswari M, Srivastava R C, Venkatesan T, Greene R L, Lu Q, de Lozanne A L and Millis A J 2001
Phys. Rev. B 63 184424

Ahn K H and Millis A J 2001 Phys. Rev. B 64 115103

Jirak Z, Krupicka S, Simsa Z, Dlouha M and Vratislav S 1985 J. Magn. Magn. Mater. 53 153

Tomioka Y, Asamitsu A, Kuwahara H, Moritomo Y and Tokura Y 1996 Phys. Rev. B 53 R1689

Zimmermann M v, Hill J P, Gibbs D, Blume M, Casa D, Keimer B, Murakami Y, Tomioka Y and Tokura Y 1999
Phys. Rev. Lett. 83 4872

Zimmermann M v et al 2001 Phys. Rev. B 64 064411

Hill J P et al 2001 Appl. Phys. A 73 723

Zimmermann M v et al 2001 Phys. Rev. B 64 195133

Daoud-Aladine A, Rodriguez-Carvajal J, Pinsard-Gaudart L, Fernandez-Diaz M T and Revcolevschi A 2002
Phys. Rev. Lett. 89 097205

Grenier S et al 2003 Preprint cond-mat/0305216 unpublished

See

von Zimmermann et al 1999 Phys. Rev. Lett. 83 4872

von Zimmermann et al 2001 Phys. Rev. B 64 195133

Grenier S et al 2003 Preprint cond-mat/0305216 unpublished

Murakami Y, Kawada H, Kawata H, Tanaka M, Arima T, Moritomo Y and Tokura Y 1998 Phys. Rev. Lett. 80
1932

Soh Y-A, Evans P G, Cai Z, Lai B, Kim C-Y, Aeppli G, Mathur N D, Blamire M G and Isaacs E D 2002 J. Appl.
Phys. 91 7742

Kiryukhin V, Casa D, Hill J P, Keimer B, Vigliante A, Tomioka Y and Tokura Y 1997 Nature 386 813

Dai P, Fernandez-Baca J A, Wakabayashi N, Plummer E W, Tomioka Y and Tokura Y 2000 Phys. Rev. Lett. 85
2553

Adams C P, Lynn J] W, Mukovskii Y M, Arsenov A A and Shulyatev D A 2000 Phys. Rev. Lett. 85 3954

Nelson C S et al 2001 Phys. Rev. B 64 174405

Zhu H, Xu X, Pi L and Zhang Y 2000 Phys. Rev. B 62 6754

Moritomo Y, Tomioka Y, Asamitsu A, Tokura Y and Matsui Y 1995 Phys. Rev. B 51 3297

Yusuf S M, Sahana M, Dorr K, RoBler U K and Miiller K-H 2002 Phys. Rev. B 66 064414

Mydosh J A 1993 Spin Glasses: An Experimental Introduction (London: Taylor and Francis)

Murakami Y et al 1998 Phys. Rev. Lett. 81 582

Moreo A, Mayr M, Feiguin A, Yunoki S and Dagotto E 2000 Phys. Rev. Lett. 84 5568

Biswas A, Rajeswari M, Srivastava R C, Li Y H, Venkatesan T, Greene R L and Millis A J 2000 Phys. Rev. B
61 9665

Kiryukhin V, Koo T Y, Ishibashi H, Hill J P and Cheong S-W 2003 Phys. Rev. B 67 064421

Yuan Q 2001 Preprint cond-mat/0112480 unpublished



