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Probing magnetic anisotropy effects in epitaxial CrQ thin films
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The magnetic anisotropy in ferromagnetic chromium dioxide thin filg{(393 K) grown epitaxially on
(100 TiO, substrates, is probed using precise rf transverse susceptihililynjeasurements. Singular peaks
in yr are observed that are associated with the anisotrapi) and switching (-H,) fields in CrQ.
Theoretical calculations of+ based on a simple coherent rotation model display remarkable agreement with
the experimental data, indicating that these thin films behave like single-domain magnetic particles. Magneto-
elastic contributions to the total anisotropy energy are needed to describe the evolutipperks at lower
temperatures.

Magnetoelectronics is a field of current topical interestdeposition technique at atmospheric press@i@oth CrO,
and several materials exhibiting a high degree of spin polarand TiO, have rutile structures, but the lattice mismatch be-
ization are being investigated for use in tunnel junctions andween the film and substrate has been noted to be significant,
spin-based devicés: Among the different classes of mate- leading to an anisotropic in-plane tensile strain being im-
rials, chromium dioxide (Crg ranks as the leading con- posed on the film.
tender for exhibiting complete spin polarization at the Fermi  The structural and magnetic properties of these films have
level and is classified as beifglf-metallic® Band-structure  been extensively characterized using x-ray diffraction and
calculations predict almost 100% spin polarization for thissuperconducting quantum interference devit@8QUID)
system, and some experimental observations like spinmagnetometry:®'2 The films used in this study showed a
polarized photoemissirand superconducting point-contact ferromagnetic Curie temperature of 393 K, with well-defined
spectroscopy have validated this prediction. This property magnetic easy and hard axis along fl#®1] (c axis) and
makes CrQ a very attractive candidate for the fabrication of [010] (b axis), respectively. Thé1-H data measured at room
magnetic tunnel junctions with enhanced low-field magne-and low temperatures with a SQUID magnetometer are
toresistance. Large magnetoresistance has also been ahown in Figs. (a) and Xb) with magnetic fields applied
served in granular powder compacts of chromium dioxideparallel and perpendicular to the easy axis. An important
where the effect is due to intergranular tunneling of spinproperty of CrQ is the very large in-plane uniaxial anisot-
polarized electron§. ropy that is reflected in the shapes of the hysteresis loops as

Structural, transport, and magnetic properties of chroseen in Fig. 1. As we show in this paper, this anisotropy can
mium dioxide have been investigated by several gréuls. be probed sensitively, and explored in great detail using pre-
As there is a thrust toward device miniaturization andcise transverse susceptibility experiments.
achieving faster switching times, it is likely that magnetic
recording materials will be operating at higher frequencies. 600+ T=300K .
In view of this, it is vital to obtain a good understanding of 300
the dynamic magnetic response in Gror applied rf elec- ]

tromagnetic fields. 0+
In this paper, we present rf transverse susceptibility) ( 300
measurements on high-quality epitaxially grown thin films of z :
CrO,. Singular peaks are observedyn at the characteristic g %1
anisotropy fields that differ by an order of magnitude for g 6°°'_
static magnetic fieldH) applied parallel and perpendicular =

300
to the magnetic easy axis. We also observe evidence of th 1
temperature dependent influence of strain in the films due tc ]
lattice mismatch between the film and substrate materials  -300
All the observed data are well described by the Stoner—  _ ] 54
Wobhlfarth coherent rotation mod&l. e ; :

CrO, is a metastable phase, and it is a challenge to obtair 2000 +1000 0 1000 2000
this phase using conventional thin film growth techniques
under ambient conditions. The films used in this study were F|G. 1. M-H data measured with a SQUID magnetometer with
5x5mn? in size and typically 2000 A thick, grown on applied fields parallel and perpendicular to the easy axisc800
single-crystal(100) TiO, substrates using chemical vapor K and (b) 10 K.
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Transverse susceptibility is an extremely useful method to
study the magnetic properties of materials in general and the
effective anisotropy in particuld® 6 The basic idea behind 0.010-0%;
these experiments is to measure the change in transvers
component of the magnetization as the applied static field is
varied. Recently, we developed a way to conduct transverst
susceptibility measurements at radio frequencies with high
sensitivity!” and used this method to explore the anisotropy ~ 0.005- |
in magnetic nanoparticlés.

Thin-film samples are placed in the core of an inductive
coil that forms part of a self-resonant ultrastable tunnel diode
oscillator, with a resonant frequency around 5 MHz. The __
change in resonance frequency is measured as the static fie32 0.000
is ramped from negative to positive saturation, and vice = 0.010
versa. This quantity is proportional to the change in induc- & 1.0
tance that in turn is governed by the transverse susceptibility 0.8/
(x7) of the films. The field dependence gf is plotted as a
dimensionless ratio,

T=300K
1.|I=900

—o— H increasing
—&— H decreasing

H)— 0.2
Axt/x71(%)= MX].OO, (1) 0.005 4 ool
Xsat ’
10 -5 0 5 10
where x4 iS the transverse susceptibility at a saturation field | H/H, 0.1 0.0 0.1
of H=5 kOe. It should be noted that the rf field amplitude is (b)

very small(typically 1-2 Oe, and at the most can be con-

sidered only a perturbation that does not affect the magneti- 0,000 —O—H increasing

zation in the film. ) —e—H decreasing
The main panel of Fig. @) shows the field-dependent T 7 - T L

e - . -6 -4 -2 0 2

transverse susceptibility at room temperature, with the static H (kOe)

magnetic fieldH applied perpendicular to the easy axés

axis) for both increasing and decreasing field ramps. The F|G. 2. (a) Measured room-temperature transverse susceptibility

striking features clearly seen in the data are the presence @fith static field applied perpendicular to the easy axis. Inset: Cal-

identical peaks inyt, symmetrically located aroundd =0,  culated y; for the same geometryy=90°. (b) Measured room-

with the peak positions at-600 Oe. This is followed by temperature transverse susceptibility withapplied parallel to the

gradual approach to saturation at higher fields. easy axis. Insetright): Exploded view of the data at low fields.
We have calculated the transverse susceptibility based dnset(left): Calculatedy for ¢=0°.

the Stoner—Wohlfarth modét!®for the same field geometry o o

(i.e., #=90), and this is plotted in the inset of Figa2 The the rf field in the transverse direction is a very small pertur-

remarkable qualitative agreement between thedata and batio_n. Thus the equilibriL_Jm_position of magneti_zation is de-
the model is obvious. In particular, the fields at which Sin_termmed only by the static f'eIFj’ as expressed in @

gular y1 peaks are observed in the data can be unambigl,‘:| _F|gure_Zb) shows the expenment_{;ﬂT for_the case yvhen
ously identified with the magnetic anisotropy fields i) is applied parallel to the easy axise., ¢=0). The inset

for this system. This is in good agreement with the value$" the right. is an exploded view qf the data closétte 0,
obtained from thévi-H loop for this geometry shown in Fig. and the left inset shows the numerically calculated transverse

1(b). susceptibil_ity for this field geometry _usin_g the same model.
The experimentally observed peaks in this case occur at very
low fields around=60 Oe. While the heights of the singular
peaks are suppresséotesumably due to the lack of resolu-
tion at very low fields in our measurement sysjethe order
in which peaks occur as the field is ramped is in qualitative
E(6) =K, sir? 6— MH cod y— 6), 2) agreement with the theor_etical model. It is important to note
that unlike the case in Fig.(d), where two peaks are ob-
whereK is the anisotropy constang,is the angle between served when the field is varied in one direction from negative
the magnetization vector and the easy axis, @mlthe angle to positive saturation, only one peak occurs for this geom-
betweenH and the easy axis. In this expression, the magneetry. This variation of the transverse susceptibility is repre-
toelastic contribution is neglected, and only the first-ordersentative of magnetization switching and the measured peak
approximation to the magnetocrystalline energy is considfields (=60 O are associated with the switching fields
ered, as is done with standard uniaxial anisotropy. (*=Hy), which are equal to the anisotropy-Hy) and coer-
The transverse susceptibility is then calculated by minicive (=H_) fields in this case. Our results are also consistent
mizing the total-energy density and determining the tensowith the M-H hysteresis loops seen with parallel to the
dMt/dH+, whereMt andH+ are transverse components in easy axis shown in Fig.(d), indicating that CrQis a soft
the perpendicular direction to the applied fi¢gld[Note that  ferromagnetic material in this direction showing almost ideal

The basic framework of the model can be briefly de-
scribed as follows. As Crgis a ferromagnetic material with
uniaxial anisotropy, the total-energy density can be ex
pressed as
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switching characteristics. It is also remarkable to note the

large difference inHy¢ for #=0° and 90°, which seems 5'0__ (a)
unique to this material and not commonly found in conven- 4.5 1
tional soft ferromagnetic materials with uniaxial anisotropy. 40 ]
A significant property of Cr@that clearly emerges from our .
experimental and theoreticgl results presented in Fig. 2 is 3.5
that the sample behaves like a Ston@fohlfarth single- 3.0
domain particle, i.e., coherent rotation dominates the mag- ]
netization process 2.5

Considering a low-temperature saturation magnetization < 20

of 650 emu/cm for the film, and taking our measured i
value of 600 Oe from Fig. (@) and using the standard rela- 1.5
tion Hy=2K,/Mg, we have estimated the anisotropy con- 1.0
stantK, to be 1.9< 10° erg/cnt. This value is in agreement -
with K, values reported in other studi#$?° However, we 0.5
would like to present a note of caution that the large varia-
tion of Hi with ¢ raises the issue of whether a simple picture
for the magnetocrystalline anisotropy, as assumed in(Bgq. -6
is alone sufficient to describe the behavior in Gr@h fact,

the higher-order anisotropy constai,) needs to be taken 55 ]
into account for a complete quantitative description of the 5.0
magnetic anisotropy. The full angular dependenckl pf as 1
determined from transverse susceptibility experiments and |
rigorous theoretical and numerical analysis, including the 4.0 H
higher-order terms, will be the subject of a forthcoming 1

0.0 4

4.5 -

] 3.5
publication? 1
The evolution of the transverse susceptibility peaks shows 3.0
an interesting trend as the temperature is lowered below 300 25 ] 0
K, and reveals yet another aspect of the magnetic anisotropy = 1 y=86
in these films. Figure () shows the field-dependegt data 204
for four different temperatures in the geometry, wherés 1.5 0
perpendicular to the easy axis. The normalized curves are 10 y=87

relatively shifted by a constant value along the vertical axis |
for clarity. While the peaks at H¢ and +Hy remain rela- 0.5 0

tively unchanged, a very sharp peak just beférd shows 0.0 ] y=88
up, and rapidly increases in height at lower temperatures. In ’ N —
fact, this peak almost obscures the feature &tx to a broad -10 5 0 5 10
shoulder at lower temperatures. Note that all the curves in H/HK

Fig. 3(a) are for unidirectional field ramps from5 to +5
kOe. For the reverse polarity, the data look identical to the FIG. 3. (3) Measuredy at different temperatures for unidirec-
peak structure positions interchanged. tional field ramp from—5 to +5 kOe. (b) Calculated transverse

Since the experimenta| Configuration remains the same éysceptlblllty for small angular deviations betwddrand the easy
lower temperatures as it is at 300 K, the origin of this peakaXis_- Curves in@) and(b) are normalized, and relatively shifted for
must lie in the magnetic response intrinsic to the thin-filmclarity-
samples. We can reproduce the evolution of the peak struc- o o _
ture using the coherent rotation model by introducing a mis&ngular deviation betweei and the easy axis is equivalent
alignment in angle betweer and the easy axis in the per- 0 .|nclud|ng a net magnetoelastic energy term in the total
pendicular geometry. This trend is clearly illustrated in Fig.anisotropy energy, as shown below. _
3(b), that shows a series of calculated transverse susceptibil- The total anisotropy energy including the magnetoelastic
ity curves for several angles deviating from the90° case t€rmis
considered earlier.

The qualitative similarity between the measured and cal-
culated yt's is quite striking, and suggests that as the tem-
perature is lowered, a gradual angular misalignment devel-
ops between the applied static field and the magnetic easyhereH, is the stress field given by
axis in the sample. This effect can be accounted for by con-
sidering the influence of strain on the thin films. As noted H,=3\.0/Mq, (4)
earlier, the lattice mismatch between the ¢rfdms and
TiO, substrates introduces an in-plane tensile strain. The amwhere A is the magnetostriction coefficient, andis the
gular misalignment as the sample temperature is loweredtress applied at an angk®with the easy axis. A simple
could be associated with changing strain. Introducing thigransformatiof? of Eq. (3) can be done, yielding

EA(0)=%[HKsin2 6+H,sirf(6—6)], (3)
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Mg _ _ _ stress values along tlieandb axis due to lattice mismatch.
Ea(0)=—"[H* Sin?(6— 6* ) +H*sir? 6* +H,, sir? 5], It has been reported that as the film thickness is reduced to
<700 A, the in-plane strain causes switching of the easy axis
5 o N
from thec direction to theb direction? Our transverse sus-
ceptibility results and analysis indicate that this tendency for
the easy axis to gradually deviate by a small angular orien-
H*= \/H§+ Hf2’+2HKH"C0325 ©®) tation from the c axis towards the b axis in plane is evident
and even for 2000-A-thick filmsThis correlation of the rf data
) with an increasing influence of strain at low temperatures is
tan 26* = H,sin25 . (77  aso consistent with the rounding of the low-temperature
Hx+H,cos2 M-H curve for=90° noted in Fig. (b), in comparison to

Therefore, the total anisotropy energy is uniaxial with thethe ro_om-tem.pera.ture curve in Figal In concluglon, our
effective easy axis rotated with an anglé with respect to experlm(_ants identify sc_averal important featl_Jres_: in the mag-
the magnetocrystalline easy axis. ne_tlc amsotr(_)py of epitaxially grown_Cr2C1h|n _fllms, and
Assuming a magnetostriction coefficient;=5x10"6  this study brings forth some of the rich physics that needs
from Ref. 8 and including the value &1 andHy from our  further exploration in these technologically important oxides.
measurements, we can estimate the stwaggjuired to cause
the angular deviation of* =10° shown in Fig. &) using
Egs. (4) and (7). This gives us a value ofc=0.9
x 109dyn/cn?, which is smaller than the estimated in-plane

where
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