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Thickness Dependence of Magnetic and Transport
Properties of Chromium Dioxide (CH) Strained
Epitaxial Thin Films

A. Anguelouch, A. Gupta, and Gang Xiao

Abstract—Chromium dioxide (CrO ) thin films of different 2600 A c-axis 800 A b-axis 300 A c-axis
thicknesses (120-2600A) have been grown epitaxially on 600} 4 wm——] o) mun
(100)-oriented TiO, substrates by the chemical vapor deposition 400 — fmmmoogw-=
technique. The thicker films, with a Curie temperature of 395 K, g 200[ 5 s« : T h
exhibit in-plane magnetocrystalline anisotropy with the magnetic < o io o8
easy axis along thec-axis direction. At low temperatures, the easy ~ § -200 H :
axis is deflected from thec- toward the b-axis in the thickness = -400:_ _/_c"m%oowmn‘xg[
range 1500-6001 . For even smaller thicknesses, the-axis and the -600 | s —
magnetic easy axis coincide again. However, at 300 K, theaxis -500-250 0 250 500 -500-250 O 250 500 -500-250 O 250 500

is always the magnetic easy axis in every film studied. Resistivity
measurement in the temperature range of 4.2 to 420 K has also
been performed. Temperature dependence of the resistivity is

highly anisotropic between theb- and the c-axis, due to thickness Fig- 1. Magnetization hysteresis loops obtained at 6 K and 300 K for film
induced anisotropic strain in the CrO, films. thickness: (a) 2600\ and field along:-axis, (b) 750A and field alongb-axis

(c) 300A and field along:-axis.

Magnetic Field (Oe)

I. INTRODUCTION . . ) ] . )
magnetic properties of strained Gr@ilms to thinner films.

C HROMIUM dioxide (CrG;) is a ferromagnetic oxide that Fyrthermore, we have measured the temperature and thickness
- has been widely used as a particulate magnetic recordifighendence of resistivity of these films. We will show that
medium [1]. Theoretical [2] and experimental [3], [9] studieghe induced strain also plays an important role on the electron
have confirmed that Crois a half-metallic solid with a nearly transport.
100% spin polarization in the conduction band. This half- \we have grown Cr@ films with varying thicknesses
metallicity property makes CrOa good material Candidate(lZO—ZGOOA) on single crystal Ti@ substrates using the CVD
for magnetic tunnel junctions and other magnetoelectronigchnique. The details of the synthesis have been published
devices that _require a Iarge spin_ polarization. F.abrication. agfbewhere. [5] Thé- andc-axis of the films are in-plane and
characterization of epitaxial Ce(films are essential for basic he,-axis is along the growth direction. Thickness profilometry
studies and potential applications. It remains a challengin@q Rutherford backscattering analysis have been used for
task to synthesize CeOfilms, as this particular phase is agjckness determination. Magnetic hysteresis loops have been
metastable oxide. So far, high-quality single-crystal £fiins  easured in the Quantum Design SQUID magnetometer at
have been prepared using the technique of chemical vagahperatures of 6, 150, and 300 K. The magnetic field was
deposition (CVD) on the single crystal substrate of FiO giong hoth the- andc-axis directions for the characterization
The close lattice matching between Gr@nd the substrate is of magnetic anisotropy. We have used the standard four-probe
necessary to stabilize the growth of the Gihase. The lattice technique to measure resistivity on photo-lithographically
constant difference between Gr@nd TiO; is —3.79% along patterned samples.
(100) and(010) crystalline axes, ane-1.48% along th&001) e have measured the magnetic properties of eight films in
axis. Therefore the induced strain in the Gridm is expected  the thickness range of 300-2680 No significant influence of
to be anisotropic for films with in plang- andc-axis. Earlier, - the film thickness on the Curie temperature has been observed.
our group [4] has shown that the strain in Gr@ims affects However, marked changes in the hysteresis loops have been seen
the magnetic anisotropy significantly in the thickness rangg, the films become thinner. As shown in Fig. 1(a) for a 2600
of 800 A-1.2 um. The present work extends our research @hick film, the hysteresis loops are square with the field along
thec-axis both 46 K and 300 K, indicating that theaxis is the
Manuscript received October 16, 2000. magnetic easy axis in thick films. As the film thickness is re-
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Fig. 3. Temperature dependence of the resistivity fore{a)is and (bp-axis
200t . 1 1 forvarious thicknesses. Inset shows the low-temperature region forakes
. . . 30.0 I350 400 measurement of the 375 film (note the resistivity upturn).
0 100 200 300 400
T(K) the c- andb-axis, respectively. The value @, as indicated by
the slope change in the&T) curves, remains a constant inde-
Fig. 2. Resistivity vs. temperature alomg and c-axis for a 2600A film  pendent of thickness, which is consistent with results obtained
t(glnt?ltr;eegteulrcgg(;zsslsél)\flty scale). The inset shows the resistivity near the CuH%m magn_etic measuremgnts. -
Comparison between Fig. 3(a) and (b) shows that the thick-
ness has a more dramatic effect on thaxis resistivity than
in Fig. 1(b) for an 80QA film. In this hysteresis loop, the field the c-axis resistivity. In the thickness range studied, the residual
is along theb-axis. The fact that the loop at 6 K is close to bgesistivity increases about one order of magnitude along the
square-like indicates that the easy axis is nearly aligned with theixis, whereas it increases more than two orders of magnitude
b-axis. As we increase the temperature to 300 K, the easy axjsng theb-axis. This is due to the fact that lattice mismatch be-
switches back to the-axis as in the thicker films. tween the TiQ substrate and the CsGilm is 3.79% along the
Interestingly, when we reduce the thickness further to, e.g-axis, and 1.48% along theaxis. Therefore, the strain in the
300 A, the easy axis becomes theaxis again at both 6 and film is highly anisotropic, stronger alorigaxis thanc-axis.
300 K. This can be seen in Fig. 1(c), where the magnetic hys-We have found that the functional forms ") taken along
teresis loops at 6 and 300 K are square-like with the field alofige c-axis do not change appreciably with thickness. The most
the c-axis. These results show that the magnetic anisotropdportant effect of the thickness variation is the change in the
in strained CrQ films can be easily affected by the thicknessgesidual resistivity as temperature approaches zero. Our analysis
as well as temperature. Furthermore, the evolution of th@s shown that the residual resistivity is inversely proportional
anisotropy is not monotonic against a varying thickness. Ao the thickness. This is consistent with surface induced disorder

other interesting observation from Fig. 1 is that the coercivigtattering, as the thickness becomes a limiting scale for the elec-
of the CrQ film is strongly thickness dependent, ranging fronfron mean free path [8].

tens of Oe in the thicker films to hundreds of Oe in the thinner |n the thickness range of interest, all Gr@ms remain
films. One should be particularly aware of this fact if Gr@  metallic over the temperature range measured. However, in
intended to be a magnetic component in any magnetoelectrogig thin film limit and at low temperatures, there appears an
devices. upturn in resistivity along thé-axis as temperature is lowered.
We have measured the resistivigZ"), of the films as a This behavior is best seen in the inset of Fig. 3 for the L£rO
function of thickness (120-2608) in the temperature range offilm with a thickness of 3754. We think that it is due to the
4.2-420 K. The temperature dependence of resistivity is shotenge induced strain in the thin film limit. Such a strain tends to
in Fig. 2 for a bulk 2600A film. The resistivity was measured reduce the wavefunction overlap and, possibly, causes electron
along both thé- and thec-axis, with results similar to those localization at low temperatures.
obtained in earlier studies on thicker films [7]. The resistivity In summary, the anisotropic strain in Gr@ms has a pro-
curves for theb- and thec-axis intercept at about 160 K. Thefound effect on both the magnetic and electron transport prop-
resistivity changes nearly two orders of magnitude between 4#ies of this half-metallic solid. As the thickness of the film de-
and 420 K, with the film being highly metallic at low temperacreases, the magnetic easy axis reorients twice, first froim
tures. The magnetic phase transition temperatfife~ 395 K  b-axis and then back te-axis again at low temperatures. The
for the bulk film) can be obtained from the resistivity versusagnetic coercivity also changes appreciably with thickness.
temperature curve (see inset of Fig. 2). Due to magnetic difhe main effect of thickness on the resistivity is the surface
order scattering, there appears to be a slope change in the cimdaced disorder scattering, which increases the residual resis-
as temperature moves acrdss Using this signature, we weretivity as films become thinner. There exists a large anisotropy
able to determin&’, for films of different thicknesses. in resistivity along the»- and thec-axis, due to the anisotropic
Fig. 3(a) and (b) show that temperature dependence of resgain in the CrQ films. In the thin film limit, resistivity at
tivity for films with varying thickness from 120 to 2600, along  low temperatures exhibits nonmetallic behavior alongtagis
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which is heavily strained. The reduced wavefunction overlap is[3] R. J. Soulen Jr., J. M. Byers, M. S. Osofsky, B. Nadgorny, T. Ambrose,
a potential cause for this behavior.
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