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Magnetic anisotropy in epitaxial CrO, and CrO,/Cr,0; bilayer thin films
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We have investigated the effective magnetic anisotropy in CVD-grown epitaxial CrO, thin films and
Cr,03/CrO, bilayers using resonant radio-frequency transverse susceptibility (TS). While CrO, is a highly
spin polarized ferromagnet, Cr,O5 is known to exhibit magnetoelectric effect and orders antiferromagnetically
just above room temperature. In CrO,, the measured values for the room temperature anisotropy constant
scaled with the film thickness and the TS data is influenced by magnetoelastic contributions at low temperature
due to interfacial strain caused by lattice mismatch with the substrate. In CrO,/Cr,O5 bilayers M-H loops
indicated an enhanced coercivity without appreciable loop shift and the transverse susceptibility revealed
features associated with both the ferromagnetic and antiferromagnetic phases. In addition, a considerable
broadening of the anisotropy fields and large K. values were observed depending on the fraction of Cr,O3
present. This anomalous behavior, observed for the first time, cannot be accounted for by the variable thickness
of CrO, alone and is indicative of possible exchange coupling between CrO, and Cr,O5 phases that signifi-

cantly affects the effective magnetic anisotropy.
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I. INTRODUCTION

Exchange bias (EB) is a shift of the hysteresis loop along
the field axis which occurs when a ferromagnetic (FM) film
is in contact with an antiferromagnetic (AFM) film.! The
shift occurs when the AFM is ordered in the presence of a
field or an already ordered FM film. EB in thin films has
technological applications in devices such as magnetoresis-
tive sensors.” Even though the phenomenon was discovered
almost 50 years ago, its microscopic origin is not completely
understood. The shift in the hysteresis loop (Hy) is also ac-
companied by an increase in the hysteresis loop width en-
hancing the coercivity (H). The increase in H is observed
in many systems? and found to be dependent on the thickness
of FM and AFM layers.* It is believed that both the exchange
bias and H are the results of interfacial exchange coupling
of the AFM and FM layers. In general Hy is observed when
the AFM anisotropy is large and for small AFM anisotropy
only an enhancement of H is observed.’ Both the effects are
observed simultaneously due to the variation of AFM aniso-
tropy by structural defects or grain size distribution. In this
paper we present the influence of exchange coupling be-
tween the ferromagnetic CrO, and antiferromagnetic Cr,03
with varying FM and AFM layer thickness.

Cr,05 is antiferromagnetic with a Néel temperature of
307 K. In zero magnetic field, the Cr** ions are antiferro-
magnetically aligned parallel to the rhombohedral ¢ axis.
When an external magnetic field is applied along the ¢ axis,
a spin-flop transition occurs above a critical field with the
spins switching to lie on the basal plane.’ Rado ef al.” were
the first to experimentally study the existence of both mag-
netic and electric field-dependent magnetoelectric (ME) ef-
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fect in Cr,O53 powders, and their experiments also unequivo-
cally revealed the existence of antiferromagnetic domains.
Domain formation in Cr,0O5 as the system is cooled below
the antiferromagnetic transition has been widely studied. In a
recent paper, Borisov et al.® report the influence of these
domains on the exchange bias effect in Cr,05/(Co/Pt); that
reveals some switching behavior. The electric-field induced
magnetization (MEy) is ascribed due to the distortion in the
lattice that breaks the compensation between the two sublat-
tice magnetizations of the antiferromagnet and results in a
weak net magnetization.

Another chromium oxide phase, viz. CrO, belongs to an
important class of magnetic oxides.’ It is a half-metallic fer-
romagnet (FM) with a Curie temperature (T.) of 395 K.
Band structure calculations predict a nearly 100% spin po-
larization (P) and this has been confirmed by Andreev reflec-
tion and tunneling spectroscopies.!” The high value of P
makes it an attractive material for spintronic devices such as
magnetic tunnel junctions and spin valves. Combining this
material with Cr,O5 to form a composite multilayer and
studying the overall magnetic response is the motivation of
the present work. Dual functionality that combines spintronic
and multiferroic properties would be of considerable interest
from basic and applied materials perspectives.

To our knowledge, there are not too many investigations
of all-oxide, layered composite structures in which one of the
layers is a known ME material (like Cr,03) and the second is
a ferromagnet or ferroelectric material.'' The recent study of
Cr,05/(Co/Pt); and the striking exchange bias effects ob-
served underscore the need for more studies on Cr,Os-based
sandwich junctions. The characterization of native oxide
Cr,05 surface layer on CrO, films by Cheng et al.'? revealed
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that CrO, might polarize the Cr,O5 layer. The native Cr,05
surface layer acts as a tunnel barrier and is useful for appli-
cations with desirable magneto-transport properties.!> This
prompted us to undertake a systematic investigation of mag-
netism in Cr,03/CrO, bilayers.

In this paper, we present M-H characteristics and radio-
frequency (RF) transverse susceptibility (x7) results that di-
rectly probe the change in effective magnetic anisotropy in
Cr,03/CrO, bilayers. An anomalous trend is observed for
varying thickness of Cr,O; that we believe is likely associ-
ated with the interface coupling and ME effect in these ma-
terials.

II. EXPERIMENTAL
A. Growth of Cr,03/CrO, bilayers

High quality epitaxial CrO, films were grown on (100)-
oriented TiO, substrates using an atmospheric pressure
chemical vapor deposition (CVD) technique with chromium
trioxide (CrO;) as a precursor, as has been reported
previously.'* In brief, oxygen is used as a carrier gas in a
two-zone furnace to transport the precursor from the source
region to the reaction zone where it decomposes selectively
on the substrate to form CrO,. The films are grown at a
substrate temperature of about 400 °C, with the source tem-
perature maintained at 260 °C, and an oxygen flow rate of
100 sccm. We have studied the transport and magnetic prop-
erties of CrO, in detail and the results have been reported in
several presentations.'3-10

It is commonly recognized that formation of a natural
Cr,05 layer will occur on the CrO, surface because it is
thermodynamically a much more stable phase than
CrO,.'1216 Because of its metastability, bulk CrO, will also
irreversibly be reduced to antiferromagnetic Cr,O5 at tem-
peratures much higher than about 425 °C. We have taken
advantage of this transformation to grow CrO,/Cr,O5 het-
erostructures of varying relative thickness. For example, by
post-annealing a CrO, film at 450 °C for varying lengths of
time, the film starting from the top surface layer can be con-
trollably converted to Cr,0O5. All films studied were grown
on TiO, single crystal (100) substrates with 5X5 mm? di-
mension and of varying thicknesses and Cr,0O; content. In
order to decouple the effect of thickness on magnetic aniso-
tropy from that of interface coupling in bilayers, we have
grown CrO, films with varying thickness in the range of
20 nm to 725 nm whereas the total thickness of all the bilay-
ers of CrO,/Cr,05 was kept constant at 200 nm (except for
the variation in volume arising due to the density variation of
CrO, and Cr,03) with different proportions of CrO, and
Cr203.

The CrO, and CrO,/Cr,0j5 bilayer films were studied us-
ing x-ray diffraction (Philips X’Pert) and electron micros-
copy. Electron microscopy observations were carried out in
an aberration corrected scanning transmission electron mi-
croscope (STEM) VG Microscopes HB501UX operated at
100 kV. Specimens for STEM were prepared by conven-
tional methods, grinding, dimpling and Ar ion milling.

Figure 1 shows a high resolution cross-sectional
Z-contrast image of a CrO,/Cr,0;5 bilayer film formed by
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FIG. 1. (Color online) Cross-section high resolution STEM mi-
crograph of heteroepitaxial Cr,O5 formed by thermal conversion of
CrO,. A Co layer was deposited on top of Cr,O3 to fabricate a
tunnel junction structure. A grain boundary defect that propagates
across the CrO,/Cr,0j5 interface is marked by arrows.

partial thermal decomposition of CrO, as discussed above.
The two layers are well aligned and form an abrupt interface.
The Cr,05 layer is crystalline and it grows coherently on top
of the CrO, with very few defects. Occasional defects, such
as the grain boundary marked by an arrow, propagate directly
from the CrO, layer. Although we have not studied in detail
the epitaxial relationship between the CrO, and Cr,05 layers,
the x-ray and STEM results suggest that the (0001) plane of
the Cr,0O5 with a corundum structure is parallel to the (100)
plane of rutile CrO,. Further, the in-plane [010] and [001]

directions of CrO, are aligned with the [1120] and [1100]
directions of Cr,0;, respectively. This epitaxial relationship
is consistent with what has been observed for the naturally
formed Cr,O5 surface layer on commercial acicular CrO,
particles.!’

B. Magnetic characterization

The static magnetic properties of the films were studied
using an alternating gradient magnetometer (AGM) and a
physical property measurement system (PPMS). Figures 2(a)
and 2(b) show the magnetization versus applied magnetic
field (M-H) curves for the CrO, films of 21.5 nm and
725 nm thickness, respectively, and Fig. 2(c) shows the
M-H curves for the 200 nm CrO, film (inset) along with the
CrO,/Cr,05 bilayer films with varying content of CrO,. The
step observed in the hysteresis loops near the saturation field
in Fig. 2(b) is an artifact of the AGM measurement. As re-
ported earlier for the CrO, films, the magnetic easy axis at
room temperature changes orientation with thickness.!¢ The
M-H curves at room temperature for the 200 nm and 725 nm
show an easy axis for films along the [001] direction and a
hard axis along the [010] direction. For the 21.5 nm film, the
M-H data indicate an easy axis along the [010] direction and
a hard axis along the [001] direction. The decrease in satu-
ration magnetization for the bilayer films is due to the de-
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FIG. 2. Hysteresis loops of CrO, films and CrO,/Cr,05 bilay-
ers. (a) 21.5 nm thick CrO, film; (b) 725 nm thick CrO, film; (c)
200 nm films of varying CrO, content after thermal decomposition
into CrO,/Cr,0O5 bilayers. The inset is for the pure CrO, film with
200 nm thickness.

crease in ferromagnetic content (CrO,) by annealing and
conversion to antiferromagnetic Cr,O3. The thickness of the
Cr,05 layers was deduced from the decrease in saturation
magnetization of the bilayer in comparison to the pure CrO,
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FIG. 3. (a) Normalized magnetization of CrO, film as a function
of anneal time at 450°; (b) variation of coercivity as a function of %
CrO, in CrO,/Cr,05 bilayer film.

film as the Cr,0O5 contribution is negligible. The estimated
percent content of CrO, remaining in different bilayer films
measured were 64%, 50%, and 32%. Figure 3(a) shows the
normalized magnetization of bilayer films as a function of
anneal time at 450 °C. The annealing time for the 64%,
50%, and 32% bilayer films are 14 h, 24 h, and 34 h, respec-
tively. For all the bilayers, the room temperature M-H curves
show a magnetic easy axis along the [001] (c axis) and a
hard axis along the [010] (b axis). In Fig. 3(b) the tempera-
ture dependence of the coercivity with variation of CrO,
content in CrO,/Cr,05 bilayers is compared with the pure
CrO, film of the same total thickness of 200 nm. H of the
bilayer increases in comparison to the pure CrO, film de-
pending on the thickness of Cr,O5. For the bilayer with 64%
of CrO, content (~64 nm AFM thickness) enhancement in
H_ persists even above the Néel temperature (307 K) up to
350 K. Increase in H. above Ty is reported in single crystal-
line exchange biased antiferromagnetic FeF, films with Co
or Fe (FM) layers.'®!? This is interpreted due to the short
range order induced in the AFM by the ferromagnet. As the
CrO, (Cr,053) content in the bilayer decreases (increases) the

024420-3



FREY et al.

variation in H decreases and above the Néel temperature it
becomes equal to that of pure CrO, film. The inset of Fig.
3(b) shows the variation of H, with CrO, content at room
temperature. H. increases from 47 Oe for the 100% CrO,
film of 200 nm to 174 Oe for the bilayer film with 64%
CrO, and with further decrease in CrO, content H. de-
creases. The films with 50% and 32% content CrO, have a
Hc of 145 Oe and 83 Oe, respectively. H for the CrO, films
alone is inversely proportional to the film thickness whereas
for the bilayers, H is directly proportional to the FM thick-
ness (fpy). The enhancement and functional dependence of
H on tpy, thickness in the bilayer films strongly suggests the
existence of a coupling between the CrO, and Cr,O5 layers
in the bilayer films. To probe the nature of the coupling, we
measured the hysteresis loop (not shown) of the bilayer
samples by cooling it from above the Néel temperature in a
field of 1 Tesla in the same manner as discussed in Ref. 5.
We did not see any shift in hysteresis even at 7=10 K except
for the film with the minimum CrO, content of 32% (64 nm
thickness) for which a small exchange field (Hy) of 12 Oe is
observed, indicating that the exchange coupling mechanism
in this system is primarily manifested in the enhancement of
H and not accompanied by Hp.

The role of thickness of the AFM and FM layers in a
number of exchange bias systems has been studied in detail.
In general either the FM layer or AFM layer thickness is only
varied and the main result of these studies indicates that the
exchange bias (Hg) and coercivity (H ) are inversely propor-
tional to the thickness of the FM layer.? Furthermore, H and
H are independent of AFM layer thickness (f5py) for thick
films and Hj abruptly decreases and goes to zero for thin
tapm-> In our system, the functional dependence of Hy, H on
tems Iapv 1S rather complicated as both fgy and 75py are
varying in this system. It is the total thickness (200 nm) of
the bilayer which is held constant. Apart from this the fgy
falls in the range of CrO, film thickness wherein both the
inhomogeneous strain and the magnetocrystalline anisotropy
compete and the easy axis of magnetization switches with
both thickness and also temperature. This point will be fur-
ther discussed in the following sections.

C. Transverse susceptibility as a probe of magnetic anisotropy

RF transverse susceptibility (TS) is known to be an excel-
lent direct method for probing the dynamic magnetization
and in particular the effective anisotropy with the external
field applied in different orientations with respect to the
sample. Over the years, we have successfully applied the TS
method to study a wide range of magnetic materials of dif-
ferent forms such as thin films, nanoparticles, and single
crystals.!>-20-22

The experimental technique is based on a sensitive, self-
resonant tunnel-diode oscillator (TDO).?* In this technique a
small fixed amplitude (<10 Oe) perturbing RF (12 MHz)
field is generated in a coil either parallel or perpendicular to
the variable external dc field (Hg,) and the relative change in
the parallel and transverse components of susceptibility are
measured independently. Since the sample is placed in an
inductive RF coil that is part of a self-resonant circuit, the
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FIG. 4. Transverse susceptibility data with static field applied
perpendicular to the easy axis (easy axis for 21.5 nm is [010], for
200 nm and 725 nm [001]) of CrO, films of varying thickness at
room temperature. The data for the 21.5 nm film is scaled by a
factor of 2 for clarity.

shift in the resonant frequency with varying dc field and/or
temperature gives a direct measure of the change in induc-
tance and thus the sample susceptibility. Aharoni** proposed
the first theoretical model of TS based on the Stoner-
Wohlfarth formalism. The transverse susceptibility in a uni-
polar field scan from positive to negative saturation reveals
three singularities of which two occur at the anisotropy fields
(xH,) and one at the switching field. However, in most ex-
perimental studies two symmetrical peaks located at the an-
isotropy fields are easily seen while the third peak is either
broadened or merged with one of the peaks due to distribu-
tion in grain size and/or close proximity of the switching and
anisotropy fields. We will show in this paper that as the tem-
perature is lowered, the change in interfacial strain and the
associated magnetoelastic contribution effectively splits the
merged peaks and helps in resolving all three peaks in the TS
data. TS experiments were done on films of CrO, with vary-
ing thickness (21 nm, 200 nm, 725 nm) and on bilayers of
CrO,/Cr,05 grown by annealing 200 nm CrO, films for dif-
ferent times. The TS curves were measured over a broad
range in temperature (10 K<7<300 K), accessible in a
commercial physical property measurement system from
Quantum Design, and by applying the external field either
along the b or ¢ axes.

III. RESULTS AND DISCUSSION
A. TS measurements on CrQO, films

Figure 4 shows the field-dependent change in transverse
susceptibility [Ax/ x7(%) = xr] obtained for the CrO, films
with different thicknesses at room temperature with the static
magnetic field H applied perpendicular to the easy axis (b for
21.5 nm and c in the case of 200 nm and 725 nm films) of
magnetization. Identical peaks are seen in y7, symmetrically
located around H=0, followed by an approach to saturation
at higher fields. The fields at which the singular peaks in xr
are observed are identified as the effective magnetic aniso-
tropy fields (H,). The peak height increases with increase in
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TABLE I. Saturation magnetization, anisotropy field, and anisotropy constants for CrO, films at room

temperature (RT) and low temperature (LT).

CrO, M, H; Kegt M; H; Kegt
thickness (emu/cc) (Oe) (erg/cc) (emu/cc) (Oe) (erg/cc)
(nm) (RT) (RT) (RT) (LT) Ref. 18 (LT) (LT)
21.5 465 80 1.9x 10* 640 815 2.6X10°
200 436 514 1.1X10° 640 390 1.2X10°
725 486 1050 2.6 X 10 640 1340 43X 10

film thickness. An increase in anisotropy field H, with in-
crease in film thicknesses is observed. The positions of these
peaks along with the values of saturation magnetization ex-
tracted from the M-H curves allow for calculation of the
effective anisotropy constant K. at room temperature using
the standard relation H;=2M /K. For the 21.5 nm CrO, film
M, and H; are 465 emu/cc and 80 Oe, respectively, yielding
a K g value of 1.9 X 10* erg/cc. The value of H, increases to
514 Oe for 200 nm and 1050 Oe for the 725 nm films, lead-
ing to the effective anisotropy of 1.1X10° and 2.5
X 103 erg/cc, respectively. These K values extracted from
our RF susceptibility data agree well with values of K. re-
ported by Miao et al.'® from dc magnetic measurements.
Room temperature y; results along with low temperature
values of H) and K. are presented in Table 1.

The TS measurements for the case when the field is ap-
plied parallel to the easy axis show only a single peak con-
sistent with soft ferromagnetic loops seen in the M-H mea-
surements with sharp switching characteristics at very low
fields. This aspect of TS dependence on the field orientation
is used to probe the temperature dependence of easy axis of
magnetization in these films. Temperature dependent TS
measurements were done on all three CrO, films of different
thicknesses in the temperature range of 10 K—300 K. For the
21.5 nm and 725 nm films, the peak in y; shifts to higher
fields as the temperature decreases and at 10 K the aniso-
tropy fields are close to 815 Oe and 1340 Oe, respectively,
and the effective anisotropy values are 2.6 X 10° erg/cc and
43X 10° erg/cc. Figure 5 shows the temperature depen-
dence of H,, for all three films studied. For the 21.5 nm and
725 nm films, a decrease in H; with increase in temperature
is apparent. The temperature variation is dominated by sub-
strate strain effects which introduces a magnetoelastic term
to the effective anisotropy. We believe that this data is the
first systematic comparison of thickness (strain) effects on
the film anisotropy through direct measurements of aniso-
tropy fields over a broad range in temperature.

The 200 nm film shows a slight increase in H; with in-
crease in temperature. At first glance, this looks counterintui-
tive but the decrease in anisotropy field with decrease in
temperature can be understood in light of a recent paper'®
wherein we had reported that the temperature dependence of
competing influence of magnetocrystalline and inhomoge-
neous strain anisotropy induces a change in easy axis of
magnetization for the films in the thickness range of
50-250 nm. The present TS measurements on 200 nm CrO,
films do seem to display a temperature dependent switching
of easy axis of magnetization due to the inhomogeneous

strain distribution resulting in a decrease in anisotropy field
at lower temperature. The evidence for the inhomogeneous
strain distribution in these films from the x-ray rocking mea-
surements of different thickness CrO, films is discussed in
our previous paper.'® The main results of the paper are the
thinnest film (25 nm) (which is heavily strained) exhibits a
sharp peak with a full width at half-maximum (FWHM) of
0.034°. A broader component develops with increase in
thickness until it completely dominates, resulting a FWHM
of 0.064° for the 310 nm. The two components are clearly
noticeable for the intermediate thickness films where double
switching is observed. The double switching in these CrO,
films was also confirmed from the TS measurements on the
200 nm film when the bias H field is applied along the [001]
direction at room temperature. No anisotropy peaks are ob-
served indicating that the [001] axis is the easy axis of mag-
netization. However, when the temperature is lowered, aniso-
tropy peaks start to appear, which would be consistent with a
hard axis of magnetization (Fig. 6). As expected, 21.5 nm
and 725 nm films when measured in this geometry do not
show any anisotropy peaks even at the lowest temperature
indicating the absence of magnetization switching.

The variation of H; as a function of temperature has dif-
ferent slopes for films of different thickness (Fig. 5). How-
ever, the effective anisotropy for all the films increases as the
temperature is decreased and this is in agreement with the
temperature dependence of bulk single crystals.”® In thin
films the strain anisotropy plays a major role and it depends

1500 1 0, o 215
o mm
A OO/OCI'.OZ E 200 nm
A A A 725nm
A 4
A 4 A 4,
1000 |
) e}
e}
< ° 4
T )
500 o 4 o  u "
m ® n 5 g g
)
@]
O
O
0 1 1 1 1 1 n 1 1 1 1 1 1 1 n
0 50 100 150 200 250 300 350

T(K)

FIG. 5. Temperature dependence of H; for various thicknesses
of CrO,.
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FIG. 6. TS data for 200 nm CrO, film taken at different tem-
peratures by applying the static magnetic field along [001], confirm-
ing the switching of the magnetic easy axis.

not only on the thickness of the films but also on the tem-
perature. It should be noted that the temperature dependence
of H, is influenced by several effects such as the temperature
and anisotropy dependence of the thermal expansion, mag-
netostriction coefficients and the Young’s modulus of the ox-
ide films and the substrate.

B. TS measurements on CrO,/Cr,0; bilayers

Transverse susceptibility measurements were carried out
on all the bilayer samples by applying the static field H par-
allel to the hard axis [010]. First, TS was measured on a fully
decomposed sample to look at the signature due to Cr,Oj
only. As expected for antiferromagnetic materials, a single
sharp peak was present at H=0 and the curves did not flatten
out at high fields, indicative of the failure to reach saturation.
Non saturating magnetization is a known feature in antifer-
romagnetic materials that is also commonly observed in M
-H curves. We also observe a distinct asymmetry in the shape
of the TS curves for negative and positive field polarities.
This could be associated with slightly different responses of
the sublattice magnetization components of the AFM order,
when the field is reversed.

The TS measurements on the bilayers interestingly exhibit
combined features associated with both the ferromagnetic
CrO, (anisotropy peaks) and antiferromagnetic Cr,0O5 (peak
at H=0) along with the nonsaturation and asymmetry dis-
cussed earlier. The TS data for all the samples containing
different amounts of CrO, percent content at room tempera-
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FIG. 7. TS data for CrO,/Cr,0O5 bilayer films with varying
CrO, content.

ture is presented in Fig. 7. The most noticeable feature of the
bilayer data is the shift in the anisotropy peaks to higher
fields as the content of Cr,O; increases. The anisotropy
peaks are not as sharp as in the case for CrO, films but
appear as broad shoulders about the center peak. This broad-
ening becomes more pronounced with increase in Cr,O5 con-
tent until at 32% CrO, anisotropy peaks can barely be made
out. There is also a prominent strain-associated peak (dis-
cussed earlier) that becomes sharper with increase in Cr,05
content.

H, for the 200 nm 100% CrO, film is ~515 Oe whereas
for the film with 32% CrO, it is ~2100 Oe. The shift in
anisotropy peaks to higher fields with decrease in CrO, con-
tent of the bilayer implies a change in effective anisotropy
(K.g). It is important to verify if the increase in H, corre-
sponds to an increase in K. after taking into account the
corresponding My of the tgy. The tgy; values based on the
percent content of CrO, was calculated and is presented in
Table II. The corresponding K. for these thicknesses is ob-
tained by a fit to a curve based on data in Ref. 16. When
comparing the observed room temperature K. values with
those calculated based on gy, it is clear that the observed
K. 1s consistently larger than what it would be if the Cr,04
were not present in the films. The maximum K. (2.4

TABLE II. Saturation magnetization, anisotropy field, and anisotropy constants for CrO,/Cr,O5 bilayer
films of different Cr,O3 content measured at room temperature (RT) and low temperature (LT).

Effective M, H, K. (erg/ce) Kogr H, Hg (Oe) M K
%  thickness (emu/cc) (Oe) (observed) (erg/cc) (Oe) TS (emu/cc)  (erg/ce)
CrO, (nm) (RT) TS (RT) (RT) (calculated) (cal) (LT) (LT) (LT)
100 200 436 514 1.1x10° 1.1X10° 514 390 660  1.3Xx10°
64 128 291 1448 2.1X10° 46x10* 314 2130 423 45%10°
50 99 227 2075 23x10°  62x10° 548 3150 326  5.0%10°
32 64 136 2100 1.4%x10° 7.7X10* 1136 3230 212 3.4%10°
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X 10° erg/cc) was obtained for a bilayer film with 50% con-
tent of CrO,, which is much larger in comparison to the K ¢
calculated (6.2 X 10* erg/cc). The results for all the films are
given in Table II. For the pure CrO, films H, is proportional
to CrO, thickness (Table I), whereas for the bilayers H, is
inversely proportional to the 7, (Table IT). The role of Cr,0;4
and its interface with CrO, is manifested not only by the
enhancement of H; but also by its functional dependence

The temperature dependence of H, for the bilayers is plot-
ted in Fig. 8. For all bilayer films, an increase in H; with
decrease in temperature is observed. This indicates that the
presence of Cr,O5 changes the temperature dependence of
the strain in comparison to the pure CrO, films thereby the
easy axis of magnetization remains along the ¢ axis through-
out the temperature range. This is also evident from the ab-
sence of the anisotropy peaks throughout the temperature
range when the TS is measured with the applied field parallel
to the easy axis. Similar to the room temperature measure-
ments, H; increases with increase in Cr,05 content through-
out the measured temperature range. Low temperature K
values were calculated from H) measured at 10 K. While the
values of K. for the CrO, thin films matched well with
those reported in Ref. 16, the K. values for the bilayers
were consistently larger throughout the temperature range,
again indicating coupling between the layers. The nature of
coupling can be probed by TS as it is also sensitive to the
presence of exchange coupling.?® The field dependent TS
with the static magnetic field applied parallel to the easy axis
would show a shifted hysteresis in TS with a single peak if
exchange anisotropy (Hg) were present. Our TS measure-
ments on these bilayer samples do not show the shifted hys-
teresis loops which are consistent with the absence of loop
shifting in the M-H curves.

As discussed in the Introduction, an increase in H with-
out Hy is observed when the anisotropy of AFM is small but
in the case of CrO,/Cr,0; bilayers the anisotropy of the FM
and AFM are of similar magnitude ~2 X 10° erg/cm?. No
exchange bias was observed in the case of as-received com-
mercial CrO, particles of 50X 50X 200 nm?® size enclosed
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by epitaxial by 2.5 nm thickness Cr,O5 layer.!” To observe
the exchange bias based on the random field model using the
condition that the anisotropy of the AFM must be larger than
the interface coupling energy, i.e., 42VArpKapm/ 7™
<Kapmtapm Where Apy and Kapy are the exchange stift-
ness and anisotropy constant, the minimum thickness of the
AFM layer is calculated to be 5.7 nm.'” Zheng et al.'” an-
nealed these particle systems in air at 600° for 1 hour and the
thickness of the Cr,0O5 shell is increased thereby the #,py and
tpy Were 36 and 3 nm, respectively. In the case of annealed
particles the exchange bias of 220 Oe was observed consis-
tent with the theoretical value calculated using Hp
=272VA ApmiK apm/ (M gyitpy) - Though the minimum £y in
our bilayer system is ~64 nm, we do not see any exchange
shift which is rather surprising. The observed behavior in this
exchange coupled bilayers may be understood in terms of a
theoretical model proposed by Schulthess et al.?’ According
to this model, the spin-flop coupling between the FM/AFM
bilayers with perfectly flat interface gives rise to a uniaxial
anisotropy (increase in H) rather than a unidirectional an-
isotropy (Hg). The Cr,03/CrO, interface exhibits near-
perfect epitaxy as observed in high resolution STEM images.
Recently Kuch et al.?® based on their study of magnetic in-
terface coupling between AFM/FM films with well-defined
single crystalline interfaces report that flat interfaces do not
contribute to the exchange coupling and instead modifies the
uniaxial antiferromagnetic spin structure.

The total thickness (200 nm) of the bilayer under study
falls in the region of CrO, thickness which exhibits a double
switching phenomenon due to the inhomogeneous strain dis-
tribution caused by the substrate. Hence the magnetization of
the bilayers is the resultant of the inhomogeneous strain dis-
tribution caused by the substrate at one end and the exchange
coupling with the AFM Cr,O5 at the other end. Another
striking feature from these combined analyses of M-H and
TS on the bilayer system is the variation of H. and H; with
tem- Thus, Cr,O5 presence in the bilayer affects the two most
important magnetic properties, i.e., switching field (H) and
the anisotropy fields (H,) establishing the coupling between
the CrO, and the Cr,05 layers. It should be noted that the
CrO,/Cr,05 bilayer is a EB system in which the top layer is
a ME AFM (Cr,03) layer. Recently® magnetoelectic switch-
ing of EB is shown in Cr,03/(Co/Pt); wherein Co/Pt
multilayer is grown on Cr,05 single crystals of 0.7 nm thick-
ness. So apart from EB, ME may also play a role in the
observed variation of H- and H;. However, a true probe of
the ME effect would require investigating M-H loops and TS
under applied electric fields. We are currently setting up
these experiments which require a fair amount of technical
finesse in designing the inserts for PPMS. Our observations
of the ME effect under applied voltage bias will be investi-
gated and reported in the future but they are beyond the
scope of this paper.

For a complete understanding of the role of the interface,
more direct measurements such as polarized neutron reflec-
tivity probing the interface and also study of exchange bias
effect in bilayers with a rough interface are required and will
be further investigated in our continued study of these bi-
layers.
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IV. CONCLUSIONS

We have grown CrO, thin films and CrO,/Cr,0j5 bilayers
on (100)-TiO, substrates by chemical vapor deposition and
studied their static and dynamic magnetic properties. Our
results indicate that while H; varies with temperature for
most thicknesses of CrO, films, for a critical thickness
around 200 nm the temperature dependence of H is nearly
constant. This would imply that films of this thickness could
be optimized for uniform properties in devices such as mag-
netic tunnel junctions that are operational over a broad range
in temperature.

The transverse susceptibility measurements on the bilay-
ers exhibited features associated with both the antiferomag-
netic and ferromagnetic materials. We also observe an over-
all increase in H; and K. with increase in Cr,0O5 content.
The coupling between the CrO, and Cr,O5 layers is not only
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shown by the shift of anisotropy peaks to higher fields as
measured by TS but also by the variation of the coercivity
(which represents the switching field) with increase in Cr,0O5
content. Thus, Cr,05 presence in the bilayer effect the two
most important magnetic properties i.e., switching field and
the anisotropy fields establishing the coupling between the
CrO, and the Cr,05 layers.
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