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The detailed crystal structure and antiferromagnetic properties of a 42 nm thick CaMnOj; film grown
on a LaAlOj; substrate with a 9 nm Lag ¢;Cag 33MnOj3 buffer layer have been investigated. Compared
with a CaMnOs film directly grown on a LaAlOj; substrate, only one kind of orthorhombic b axis
orientation along the [100] axis of the substrate is observed in the CaMnO; film with a
Lag ¢7Cag 33MnO; buffer layer. To determine the antiferromagnetic ordering type of our CaMnOj;
film with a buffer layer, the first-principles calculations were carried out with the results, indicating
that the CaMnOs; film, even under a tensile strain of 1.9%, is still a compensated G-type antiferro-
magnetic order, the same as the bulk. Moreover, the exchange bias effect is observed at the interface
of the CaMnOs/Lag 7Cag33MnO; film, further confirming the antiferromagnetic ordering of the
CaMnO; film with a buffer layer. In addition, it is concluded that the exchange bias effect originates
from the spin glass state at the Lag ¢7Cag 33Mn0O3/CaMnOj5 interface, which arises from a competition
between the double-exchange ferromagnetic Lag¢7Cag33MnO;3 and super-exchange antiferromag-

netic CaMnO; below the spin glass freezing temperature. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.5003815]

Single phase perovskite multiferroic materials with an
ABO;j structure have been attracting attention from both the
fundamental physics study and technological applications in
recent years.'> However, within the empirical “d’-ness”
rule, the magneto-electric couple is always limited by ferro-
electricity and magnetism originating from different lattice
sites. For example, in EuTiOs,*® ferroelectricity originates
from the off-centering of B (Ti*") sites, while magnetism
stems from the 4f moment of A (Eu’") magnetic cation sites.
In BiMnOs3, magnetism arises from B (Mn3+) magnetic ion
sites, while ferroelectricity results from the 6s electron lone
pair of A (Bi*") sites.® To enhance the coupling between
electric polarization and magnetization, it is suggested that
they can be driven by the same cation site.”* Recent first
principles calculation shows that both antiferromagnetism
and ferroelectricity can be associated with the Mn*" cation
in the tensile-strained perovskite RMnO5; (R =Ca, Sr, and
Ba) films.” !

Bulk CaMnOj; (CMO) possesses G-type antiferromag-
netic (AFM) ordering with a Néel temperature of 125K and
is non-polar. It has been reported in Ref. 9 that strain can
induce ferroelectricity in CMO. Actually, the emergence of
polarity in CMO epitaxial films grown directly on a LaAlO;
substrate has been observed below 25 K by second harmonic
generation measurements.'> However, it is noticed that in
the above CMO films, there are three different domains asso-
ciated with three different orientations of the orthorhombic
unit cell of CMO with respect to the substrate, namely, the
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orthorhombic b axis is along the x, y, or z direction of the
substrate.

It has been reported that the use of a buffer layer is an
effective method to control the rotations of oxygen octahedral
in perovskite oxide films. For example, the insertion of a
SrTiO; buffer at the Lay;3Sr;3MnO3;/NdGaO; interface
changes the octahedral tilt and rotation in the La,/3Sr;,3MnO;
layer, leading to a reorientation of the magnetic easy axis."?
The introduction of a BaTiO; buffer layer at the SrRuOs/
GdScO;s interface results in a stable tetragonal structure in the
SrRuOj; film rather than the monoclinic structure when grown
directly on a GdScOj; substrate.'* Considering that bulk
Lag ¢7Cag33MnO; (LCMO) has the same crystal structure as
bulk CMO and is a better match with CMO with respect to
the Mn-O-Mn bond angle, a 9-nm-thick buffer layer LCMO
was inserted between the CMO/LaAlO; interface to induce a
single orthorhombic b axis orientation in the whole CMO
film. In addition, the LCMO buffer layer is ferromagnetic
(FM), which also brings the possibility to prove that the
CMO film is antiferromagnetic (AFM) through the exchange
bias effect at the interface of the CMO/LCMO bilayer.

It is well known that the epitaxial strain affects not only
the Néel temperature but also the AFM ordering type of the
perovskite oxide films by tuning the c/a ratio of the unit
cell.'>™" In our paper, we investigate the growth and crystal
structure of the CMO film with buffer layer LCMO. We
carry out the first-principles calculation to determine the
AFM ordering type of CMO film under a tensile strain of
1.9% and then investigate the exchange bias effect and its
origin at the interface of LCMO/CMO bilayers in detail.

Published by AIP Publishing.


http://dx.doi.org/10.1063/1.5003815
http://dx.doi.org/10.1063/1.5003815
http://dx.doi.org/10.1063/1.5003815
http://dx.doi.org/10.1063/1.5003815
http://dx.doi.org/10.1063/1.5003815
http://dx.doi.org/10.1063/1.5003815
http://dx.doi.org/10.1063/1.5003815
mailto:wliu@imr.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5003815&domain=pdf&date_stamp=2017-09-19

122902-2 Wang et al.

42nm CMO films with a buffer layer of 9nm LCMO
(referred hereafter to as the b-CMO film) were grown on
(001)-oriented LaAlO5 substrates by pulsed laser deposition.
As reference samples, the LCMO and CMO single layers
were grown under the same conditions. The energy fluency
of the laser is approximately 1.5 J/cm?, and the frequency is
2Hz. All films were deposited on a LaAlO; substrate at an
oxygen pressure of 0.4 mbar and at a substrate temperature
of 750°C. Then, they were annealed in an oxygen atmo-
sphere of 0.5bar for 2h to remove oxygen vacancies.
Coherent epitaxial growth, detail crystal structure, and film
orientation were analyzed using a high resolution transmis-
sion electric microscope (HRTEM) and X-ray diffraction
(XRD). The measurements of magnetic properties were per-
formed using a superconducting quantum interference device
magnetometer (SQUID). In all magnetic measurements in
our paper, the magnetic field was applied along the in-plane
direction of the thin film.

The bulk CMO crystal is a distorted orthorhombic struc-
ture with space group Pnma, with the lattice parameters of
a=5279A,b=7.448 A, and c =5.264 A."* For the calcula-
tion of lattice mismatch between bulk CMO and substrate, it
is often described as a pseudo-cubic perovskite structure
with a lattice parameter of alv2 ~ b2 ~c/V2 ~agme
=3.72 A. The (001)-oriented single crystal LaAlOj5 substrate
with a pseudo-cubic in-plane lattice constant of 3.79 A was
used to induce a nominal epitaxial strain of 1.9% in the
CMO film. Figure 1(a) shows the out-of-plane XRD pattern
of the b-CMO film grown on a (001)-oriented LaAlO5 sub-
strate. Only (001) reflections of both the CMO layer and
LCMO layer are observed, suggesting a c-axis orientation of
the b-CMO film. Figure 1(b) shows symmetric X-ray recip-
rocal space maps (RSM) of the b-CMO film and substrate
around the (103) diffraction peaks (no spots in RSM for
the LCMO layer are detected due to its small thickness
of 9nm). It is found that the CMO layer is fully strained
with lattice constants of a=b=3.79A and c=3.71A.
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Figure 1(d) shows the HRTEM image of the b-CMO film.
Clear and well-defined interfaces (marked by a dotted line)
are observed not only between the CMO layer and the
LCMO layer but also between the LCMO layer and the
LaAlO; substrate. Figures 1(e) and 1(f) show the Fourier
transformation patterns of the CMO layer and LCMO layer,
respectively. It can be seen that, compared with the simple
orthorhombic structure of the LCMO layer, additional reflec-
tions of the CMO layer (marked by red color) are observed
due to MnOg octahedral distortion and rotation about the
orthorhombic b axis. Moreover, the orthorhombic b axis is
only along the [100] direction of the LaAlOj substrate. For
comparison, the TEM measurement was also carried out for
the CMO film grown directly on a LaAlOj substrate, and the
HRTEM image is shown in Fig. 1(c). Similar to results pre-
viously reported,'? the Fourier transformation pattern (not
shown here) reveals three different regions (marked by col-
ored circles) in the HRTEM image of the CMO film corre-
sponding to three different orthorhombic b axis orientations
along the x, y, or z direction of the LaAlO; substrate. This
clearly indicates that the LCMO buffer layer induces the sin-
gle orthorhombic b axis orientation in the top CMO layer.
The main reason for this phenomena may be ascribed to the
following: (1) The LaAlOj substrate has a rhombohedral
crystal structure with the R-3c¢ space group, whereas the
LCMO and CMO have the same Pnma orthorhombic struc-
ture; and (2) the magnitude of the CMO bond angle (156°)
has a lower mismatch with LCMO (163°) than that of the
LaAlO;z (171.4°) substrate. The crystallographic symmetry-
match and the smaller difference in the bond angle of LCMO
and CMO will lead to a strengthened oxygen octahedral cou-
pling and the formation of a single orthorhombic b axis orien-
tation in the CMO layer. In addition to the crystallographic
symmetry-match and octahedral bonding angle, the strain is
also crucial to determine the oxygen octahedral rotations.
Although a LCMO buffer layer was inserted at the CMO/
SrTiO; interface, the multi-domain state with three different

FIG. 1. (a) 0-20 XRD scans of the
b-CMO film on a (001) LaAlO5; sub-
strate. (b) Reciprocal space maps
around the (103) reflections of the
b-CMO film and LaAlOj; substrate. (c)
Cross-sectional HRTEM image of the
CMO film directly grown on a LaAlO5
substrate along the direction [010]
zone axis of substrate LaAlOsz. (d)
Cross-sectional HRTEM image of the
b-CMO film along the direction [010]
zone axis of substrate LaAlOs. (e) Fast
Fourier transform patterns of the CMO
layer in the b-CMO film. (f) Fast Fourier
transform patterns of the LCMO layer in
the b-CMO film.
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FIG. 2. The temperature dependence of the magnetization of the b-CMO
film under a magnetic field of 50 Oe and reference CMO single layer under a
magnetic field of 5 kOe.

b axis orientations would be formed inevitably.'® It is con-
cluded that the formation of the single orthorhombic b axis is
closely related to epitaxial strain, crystallographic symmetry-
(mis)match, and the octahedral bonding angle and length at
the interfaces.

As introduced above, bulk CMO has a G-type AFM order-
ing with Néel temperature, Ty, near 125 K. Figure 2 shows the
temperature dependent magnetization of both the b-CMO and
the CMO film directly grown on a LaAlO; substrate. It is seen
from Fig. 2 that Ty is around 100K in the CMO film directly
grown on the LaAlO; substrate, which is similar to a previous
report,'® indicating that the AFM ordering temperature is sup-
pressed in the tensile strained CMO film compared to the bulk.
For the b-CMO film, the Ty of the CMO layer cannot be
detected due to a strong ferromagnetic signal of the LCMO
layer, and the Curie temperature of the LCMO layer is
observed to be around 200 K. As mentioned above, epitaxial
strain may change the AFM ordering type in a perovskite
oxide film, so we wonder if the AFM ordering type of the
CMO layer in our b-CMO film, under a tensile strain of 1.9%,
is still the same as the bulk and is G-type AFM ordering. It is
noted the AFM ordering type of the CMO film under epitaxial
strain was not clearly defined thus far although its AFM behav-
ior was demonstrated by an adjacent FM layer.'®'"

To explore the effect of lattice strain on the AFM order-
ing type of the CMO layer in the b-CMO film, first-principles

Appl. Phys. Lett. 111, 122902 (2017)

density functional calculations were performed within the
generalized gradient approximation GGA + U method”*?! as
implemented in the Vienna ab initio simulation package.”
The on-site Coulomb interaction U=2.7eV and exchange
interaction Ji;=1eV were used to treat the localized d elec-
tron for the Mn ion, from which a good agreement with the
experimental magnetic moment of Mn ion is obtained.'®*
The projector-augmented-wave pseudopotentials®® and the
Perdew-Burke-Ernzerhof>® exchange-correlation functional
were used. The experimental lattice constants of the CMO
layer (a=b=3.79 A) were adopted in our calculations. In
order to simulate different antiferromagnetic ground states of
CMO at the (001) surface, a 2 x 2 x 1 supercell was used,
where an 18 A vacuum space was added in the (001) direc-
tion to avoid the inter-surface interaction. The lattice
constants were a=b=7.58 A and ¢=25A as shown in
Fig. 3(a). The Brillouin zone of the super cell was sampled
by a 4 x4 x 1 k-point mesh. The electronic kinetic-energy
cutoff for the plane-wave basis was set to be 500eV, and a
total-energy difference below 10™*eV between subsequent
electronic iterations was set as the criterion of self-
consistency. All geometries have been optimized using the
conjugate-gradient method,”® until none of the residual
Hellmann-Feynman forces exceed 102eV/A. In order to get
the ground-state spin structure, we start from four common
spin states (FM, A-type AFM, G-type AFM, and C-type
AFM), as shown in Fig. 3(b). The most stable spin structure
from our energy calculations is the G-type AFM, as
highlighted by the dashed frame in Fig. 3(b). The order of
the relative stability of these spin states are G-type AFM
> C-type AFM > A-type AFM > FM with the energy differ-
ence around 9—60 meV per CMO formula unit between the G-
type and others. The spin moment at each Mn site at the inter-
face is 2.681 ug. The Mn sublayer below the interface Mn
layer is also in a G-type AFM order but with a slightly smaller
spin moment (2.525 ug). Our first-principles calculation
results indicate that the top CMO layer maintains a compen-
sated G-type AFM spin order under a tensile strain of 1.9%.
Figure 4(a) shows the hysteresis loops of the b-CMO
film and the reference LCMO single layer measured at 4 K
after field cooling from room temperature. It is seen from Fig.
4(a) that the hysteresis loops shift along the magnetic-field

FIG. 3. Relative stability of spin states
on the CMO surface. (a) Atomic sur-
face structure of CMO. (b) Four typical
spin states: (b-1) FM, (b-2) A-type
AFM, (b-3) G-type AFM, and (b-4) C-
type AFM. The G-type highlighted in
the red dashed frame is relatively more
stable than the other three types.
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axis, indicating that the exchange bias effect exists in this b-
CMO film. The absolute values of the exchange bias field
(Hgg) and coercivity (Hc) are calculated using Hgg = [H; +
H,|/2 and Hc = |H; — H,|/2, where H; and H, are the values
of the magnetic field at which the magnetization goes to
zero. The shift of the hysteresis loops is found to be highly
reversible with respect to the cooling field direction, namely,
Hgg ~ —260 Oe and Hgg =270 Oe correspond to the cooling
field of +4kOe and —4kOe, respectively. However, no
exchange bias effect is observed in the LCMO single layer at
4K after +4kOe field cooling from room temperature. So, the
exchange bias phenomenon in the b-CMO film unambigu-
ously stems from the interface coupling. The temperature
dependence of Hgg and H¢ are shown in Fig. 4(b). The expo-
nential dependence of the thermal variation of Hgg and Hc
are observed, which also has been reported in Lag 7Sty ;MnO5/
SI'MI’IO3, Lao_67SrO.33MnO3/BiFeO3, and La0A7Sr0A3MnO3/
La,CuOQ, systems.”’* This is a typical characteristic of the
interface spin glass state, which generally originates from the
competition between Mn**-Mn** FM double-exchange and
Mn*"-Mn*" AFM super-exchange interactions in manganite
oxide systems.?’2° Moreover, it is clearly seen in zero field
cooling and field cooling (ZFC-FC) curves of the b-CMO film
[as shown in Fig. 4(c)] that a peak temperature (Tp) in the
ZFC curve and the irreversibility temperature (Tj,), below
which a notable bifurcation between the ZFC curve and the
FC curve occurs, are very close. This also suggests a spin
glass behavior occurring at the LCMO/CMO interface.
Similar ZFC-FC curves have also been observed at other
applied fields. It is clear from the inset of Fig. 4(c) that the
applied magnetic field dependence of the irreversibility
temperature (Tj,) follows the Almeida-Thouless line?’
through fitting (marked by red line) by the following formula:
H(T;.)/AT (1 — T;/Tr)*?, where Tr is the zero field freez-
ing temperature and AJ is the width of the distribution of
the exchange interaction. This is commonly observed in spin
frustrated systems.'®?” To further confirm that the spin frus-
tration in our paper is spin glass, we measured the frequency

2500

5000 7500

t(s)

dependence of ac susceptibility; however, the signal is too
weak and it is difficult to get reliable data. We investigated
the time dependence of the magnetic relaxation behavior at
4K after 1000e field cooling as shown in Fig. 4(d). The
decay curve can be fitted by a stretched-exponential function:
M=M, + (M, —M,) exp [~(t/1)"], where M, and M, are the
final and initial magnetizations, 7 is the relaxation time, and f§
is the shape parameter. The fitting parameter f§ is determined
to be 0.47, which is similar to the values reported for other
spin glass systems.*>>" So, we believe that the spin frustration
in our b-CMO film is a spin glass state.

In summary, we carried out detailed crystal structure
and magnetic property studies of multiferroic CMO thin
films with an LCMO buffer layer. Compared with CMO
films directly grown on a LaAlOj; substrate, it is found that
the buffer LCMO layer favors a single orthorhombic b axis
orientation throughout the CMO layer. First-principles calcu-
lations results indicate that the 1.9% tensile strained CMO
layer is still G-type AFM ordering, the same as the bulk. The
exchange bias effect observed at the interface between the
CMO layer and the LCMO layer further confirms that the
top CMO thin film is antiferromagnetic. However, whether it
is G-type or not cannot be determined experimentally needs
further neutron diffraction investigation in the future.
Moreover, it is concluded that the above exchange bias effect
originates from the spin glass state at the LCMO/CMO inter-
face due to the competition between the Mn*"-Mn*" FM dou-
ble exchange interaction of the LCMO layer and the Mn*"-
Mn** AFM super-exchange interaction of the CMO layer.
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