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Ferromagnetism and spin-polarized charge carriers in In,O; thin films
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We present evidence for spin-polarized charge carriers in In,Oj3 films. Both In,O5 and Cr doped In,Oj films
exhibit room-temperature ferromagnetism after vacuum annealing, with a saturation moment reaching approxi-
mately 0.5 emu/cm?’ for the Cr doped samples. We used point contact Andreev reflection measurements to
directly determine the spin polarization, which was found to be approximately 50% = 5% for both composi-
tions. These results are consistent with suggestions that the ferromagnetism observed in certain oxide semi-

conductors may be carrier mediated.
DOI: 10.1103/PhysRevB.79.165208
I. INTRODUCTION

The potential technological applications of magnetic
semiconductors to the field of spintronics have motivated the
study of many promising systems, including (Ga,Mn)As
(Refs. 1 and 2) and transition metal doped semiconducting
oxides (DMSO).>* Some of these latter systems have been
predicted to exhibit room-temperature ferromagnetism,
which has been observed experimentally in Co doped TiO,.%
Co doped ZnO,” and Cr doped In,05.2 The origin of ferro-
magnetism in these DMSO materials remains controversial,
in part because of the possibility of a magnetic signal arising
from undetected transition metal oxide impurity phases.” At
the same time, ferromagnetism has been observed in a num-
ber of undoped oxide samples including HfO,,'° TiO,,!! and
In,05."! However, attempts to reproduce these results on un-
doped samples have not always been successful, leading to
considerable uncertainty concerning magnetism in these ma-
terials.

In,O5 is a transparent semiconductor and can be highly
conductive at room temperature when doped, making ferro-
magnetic In,O5; films attractive candidates for magneto-
optical and spintronic devices. Room-temperature ferromag-
netism has been predicted for Mo doped In,O5 films'?> and
observed in Ni, Fe, and Co doped samples13 as well as un-
doped In,05."! It has been shown that the electrical and mag-
netic properties of Cr:In,O5 films are both sensitive to the
oxygen vacancy defect concentration and that the ferromag-
netic interaction depends on carrier density.® While it has
been suggested that ferromagnetism in Cr:In,05 films is car-
rier mediated,'* the precise relationship between the spin
transport properties of the charge carriers and the net ferro-
magnetic moment remains unclear. In this paper we demon-
strate that the charge carriers in undoped In,O5 films have a
significant spin polarization at helium temperatures.

II. MATERIALS AND METHODS

We prepared ceramic samples of In,O5 (with a base purity
of 99.99%) and In,O doped with 2 at % Cr using a standard
solid-state process.'> The powder samples were pressed into
2 in. diameter sputtering targets, then annealed in air at
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1100 °C for 6 h. In,O5 and Cr:In,Oj5 thin films were depos-
ited by reactive magnetron sputtering of this target using an
rf power source. High-purity argon was used as the sputter-
ing gas and a small partial pressure of oxygen was main-
tained to obtain stoichiometric films. Oxygen at a partial
pressure of 10~ torr and argon at a partial pressure of 1.4
X 1072 torr were used as reactive and sputtering gases, re-
spectively. The films were deposited onto (0001) oriented
single crystal sapphire substrates, which have a small intrin-
sic magnetic background and are conducive to optical char-
acterization of the films. The as-prepared samples were insu-
lating and non- or very weakly magnetic. All films became
conducting and ferromagnetic when annealed in vacuum for
6—8 h to add oxygen vacancies. We found that vacuum an-
nealing the samples for shorter times, from 2 to 5 h, still
produced ferromagnetic samples, but yielding somewhat
smaller (=25% relative decrease) magnetizations.

The x-ray diffraction (XRD) spectra for the In,O; and
Cr:In,05 samples are shown in Fig. 1(a). The polycrystalline
films are textured, with strong diffraction peaks indicating a
preferred orientation along (222) or (400). There is no evi-
dence for secondary phase formation. The high-resolution
transmission electron microscopy (HRTEM) image of a
Cr:In,O5 film shown in Fig. 1(b) indicates the absence of
defects, secondary phases, or clusters in these high-quality
samples, with the exception of the clear grain boundaries
seen in Figs. 1(c) and 1(d). The well-defined lattice fringes at
2.92 A are consistent with a (222) orientation for the
sample. Figure 1(c) shows an image of a typical region in the
grain boundaries in the Cr:In,O5 film. We do not observe
any evidence for secondary phases developing in these re-
gions. We show a cross-sectional TEM image in Fig. 1(d),
which indicates that the film has a regular, columnar growth.
The difference in the contrast at the grain boundaries and the
grain interiors of the bright field image in Fig. 1(d) indicates
that there can be preferential etching of the film during ion-
beam milling HRTEM studies on undoped In,O; samples
showing qualitatively similar features. We focus on present-
ing the data on the Cr:In,O; samples here since these
samples would be most likely to express secondary impurity
phases due to the presence of the Cr dopant ions.

Previous studies have established Raman spectroscopy as
a powerful tool for identifying impurity phases in doped ox-
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FIG. 1. (a) X-ray diffraction spectrum for a pure In,O3 sample
(lower curve) and a Cr doped to 2 at % In,O; thin film (upper
curve). (b) HRTEM of the Cr:In,0j thin film, showing the crystal-
line structure and absence of any impurity phase. (¢) HRTEM im-
age of a grain boundary in the film, which shows no evidence for
any secondary phase precipitation. (d) Cross-sectional TEM image
showing the highly textured thin film.

ide semiconducting materials.'® In order to more carefully
search for very small amounts of impurity phases, which
could fall below the XRD detection limit or be missed in the
local HRTEM studies, we also conducted extensive Raman
studies on these films. We plot a representative Raman spec-
trum for Cr:In,0O5 in Fig. 2, together with a spectrum mea-
sured for Cr,O;, the most stable oxide of Cr. In the In,0O;
spectrum, we observe Raman bands at =305 cm™,
367 cm™!, 496 cm™!, and 628 cm™'; these positions and in-
tensities are characteristic of the standard Raman spectra ex-
pected for In,O;.'” The Raman spectrum of the Cr,Os
sample shows a sharp peak centered at =549 c¢cm~' which
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FIG. 2. Raman spectra for the Cr:In,O5 thin-film sample (upper
curve, black) and bulk Cr,O; (bottom curve, gray). The vertical
scale for the two curves is different and the curves have been offset
for clarity.
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FIG. 3. (Color online) Representative SEM EDAX area scans of
the In,O5 film for (a) Fe and (b) In. (¢) EDAX spectrum for the
In,0;5 film. (d) EDAX spectrum for the Cr:In,05 film showing the
presence of Cr in this sample.

corresponds to the A;, mode of Cr,0;.'® Since the A;, Ra-
man peak of Cr,0j5 is strong,'” Raman spectroscopy provides
higher sensitivity to identify any small amount of the Cr,0O4
phase in In,O5; compared to x-ray diffraction technique. As a
final check to rule out the possible presence of macroscopic
impurity phases in the In,O; and Cr:In,O5 films, we used
scanning electron microscopy energy dispersive x-ray analy-
sis (SEM EDAX) to do area measurements of the transition
metal concentrations, including Cr, Co, Fe, Ni, and Mn. Fig-
ures 3(a) and 3(b) show representative scans for Fe and In in
an In,05 film. We find no evidence for any Fe signal above
background. Similar scans for the other transition metals
show no indication of any signal. We plot the spectrum for
the In,O5 and Cr:In,0;5 films in Figs. 3(c) and 3(d), respec-
tively. In both, we see only peaks corresponding to In, O, Al,
and Cr (for the Cr:In,O5 sample), with the Al signal coming
from the sapphire substrate. Taken collectively, these studies
rule out the possibility of any significant accidental contami-
nation of the In,O5 and Cr:In,O5 films with magnetic tran-
sition metal impurities.

III. RESULTS AND DISCUSSION

We plot the temperature-dependent electrical resistivity
for both the In,O5 and Cr:In,05; samples in Fig. 4(a). These
data were obtained on 1.1 um thick samples after vacuum
annealing. Room-temperature Hall measurements estimate
the carrier concentration to be 6 X 10" ¢cm™ for the In,04
films and 3.5X 10%° ¢cm™ for the Cr:In,05 films. Both the
In,O3 and Cr:In,05 films remain conductive down to low
temperatures and exhibit qualitatively identical behavior.
Similar temperature dependence with a minimum in p(7) has
been observed in other doped oxide semiconductors, includ-
ing Ga doped ZnO,?° where the metallic conductivity at high
temperatures is attributed to the highly degenerate nature of
the samples.

We measured the in-plane magnetization of these
thin-film samples using a high-sensitivity Quantum Design
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FIG. 4. (Color online) (a) Resistivity vs temperature for the
vacuum annealed In,O3 and Cr:In,O5 samples. (b) Magnetization
measured as a function of temperature for an In,O; film and a
Cr:In,0O3 film, measured in a magnetic field of 1 kOe. The solid
line is the fit to a Curie impurity tail, as described in the text. (c)
Magnetization vs magnetic field measured at 7=300 K for an
In,05 film and a Cr:In,O3 film. Inset: M(H) for a representative
as-prepared In,O5 film (black circles) and the as-prepared Cr:1In,O3
film (black triangles) prior to vacuum annealing. The scale for the
inset is the same as the scale for the main panel. For all panels, the
vacuum annealed In,O5 data are shown with filled (blue) circles and
the vacuum annealed Cr:In,O; data are shown with open (red)
triangles.

MPMS magnetometer. These magnetic data have been cor-
rected for a small diamagnetic background from the sapphire
substrate. The as-prepared films are non- or weakly mag-
netic, as shown in the inset to Fig. 4(c). The moment of a
representative as-prepared undoped In,O; sample is negli-
gible, but the as-prepared Cr:In,O5 film shows a small mag-
netization. We attribute this weak ferromagnetism to the
presence of some incidental oxygen vacancy defects intro-
duced during synthesis. We plot the temperature-dependent
magnetization for the vacuum annealed In,O5 and Cr:In,05
films in Fig. 4(b). The magnetizations for both samples ex-
hibit very similar behavior and are almost temperature inde-
pendent at higher temperatures, with the Cr:In,O; sample
showing a noticeable increase only at temperatures below 25
K. We attribute this upturn to a Curie tail arising from para-
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FIG. 5. (Color online) Magnetization curves for Cr:In,O5 films
having thickness ranging from 200 to 1100 nm, measured at T
=300 K.

magnetic Cr ions in the sample, which are absent in the
In,O5 film. Fitting this upturn to a Curie susceptibility plus a
spin-wave term as M(T)=My+HC/T+My(1-BT>?) with
M as a constant background, C as a Curie term, and B as the
spin-wave stiffness, as shown in Fig. 4(b), we find that this
anomaly can be accounted for by =75% of the Cr ions re-
maining paramagnetic. The Curie temperature estimated for
Cr:In,0O5 from this fit is approximately 7,=630 K.

We plot the room-temperature magnetization curves for a
vacuum annealed In,O; film and for both as-prepared and
vacuum annealed Cr:In,O5 films in Fig. 4(c). Both vacuum
annealed samples exhibit clear hysteresis loops consistent
with room-temperature ferromagnetic order. The vacuum an-
nealed In,O5 film shows a saturation magnetization of ap-
proximately 0.3+0.1 emu/cm? while the vacuum annealed
Cr:In,04 sample has a magnetization of 0.5+ 0.1 emu/cm?.
This magnetization is approximately one order of magnitude
smaller than observed in other Cr:In,O; films,® which we
attribute to differences in the techniques used to prepare the
samples.

We measured room-temperature magnetization curves for
Cr:In,05 films of different thickness. These results are plot-
ted in Fig. 5. We found that the volume magnetization was
approximately the same for all three films. This result sug-
gests that the magnetism is not simply an interfacial effect
but develops throughout the volume of the sample. More
significantly, this consistency between the different measure-
ments helps to confirm that the ferromagnetic signal is not
produced by impurities accidentally deposited during sample
preparation or annealing, since these would not be expected
to show a systematic dependence on film thickness.

In order to investigate the coupling between the charge
carriers and the ferromagnetic moment in the In,O; and
Cr:In,0; films we used PCAR spectroscopy,?’-*?> which has
recently emerged as a viable technique to directly measure
the transport spin polarization in magnetic materials?® in-
cluding dilute magnetic semiconductors.’*>> The PCAR
technique is based on the sensitivity of the quasiparticle-
supercurrent conversion process (Andreev reflection) at a
superconductor/normal contact to the degree of spin imbal-
ance.

All of the measured Sn/In,O5 and Sn/Cr:In,0O5 contacts
exhibit characteristic conductance curves, with the dip at
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FIG. 6. (Color online) (a) and (b) Normalized conductance
curves for two different Sn contacts for (a) Cr:In,O3 and (b) In,O5
samples at 7=1.2 K. One curve in each plot is offset for clarity.
Solid lines are the numerical fits obtained with the diffusive model
using the BCS gap of bulk Sn, A=0.57 meV. (a) Contact resistance
R.=48 Q (open circles) with fitting parameters: Z=0.44 and P
=47%; R.=35 Q (open triangles) with Z=0.47 and P=52%. (b)
R.=75 Q (open circles) with Z=0 and P=40%; R.=87 () (open
triangles) with Z=0 and P=42% (c) A single Nb contact with the
In,Oj thin film at different temperatures (R.=61 (}). The BCS tem-
perature dependence of the gap with A(0)=1.2 mV was used for all
the fits. The inset shows the temperature dependence of the result-
ing spin polarization in In,O3 with an average P=56%.

zero bias voltage indicating the suppression of Andreev re-
flection due to spin polarization of the current. Figures 6(a)
and 6(b) show representative conductance curves for two dif-
ferent contacts for both the In,O3 and Cr:In,0O5 films mea-
sured in Fig. 4. The data are analyzed using the BCS gap of
bulk Sn, which at the measurement temperature of 7
=1.3 K is approximately 0.57 meV. Additional contribution
to the spreading resistance of the films—in the range of
20-40 Q at 2 K—has been included in our analysis.?®
Using a typical value for the contact resistance of 50 (),
we estimate the contact size d (Ref. 27) to be much larger
than the mean free path L. Accordingly, we have used the
diffusive limit of Ref. 28 to analyze these data. The interface
barrier strength Z is generally quite low, Z=0.4 and there is
no evidence for any polarization dependence on Z. This
analysis, averaged over a number of different point contacts
in several samples, yields a spin polarization of 45% * 5%
and =50% * 5% in the In,O5 and Cr:In,05 samples, respec-
tively. We note that this robust spin polarization is compat-
ible with the small observed magnetic moment, as the carrier
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FIG. 7. (Color online) Temperature dependence of the Nb gap
parameter used to fit the PCAR measurements (solid symbols). The
dashed line shows the best fit to a BCS temperature dependence.

density in these films is also small, only on the order of n
=10%/cm’.

We have also performed a series of measurements in
In,05 at different temperatures using a Nb tip. These data,
shown in Fig. 6(c), show that the magnitude of the zero bias
dip decreases as the superconducting transition temperature
for Nb is approached [Fig. 6(c)]. We plot the temperature
dependence of the superconducting gap parameter deter-
mined from fitting of the PCAR data in Fig. 7. The tempera-
ture dependence is consistent with that expected for a BCS
superconductor, but the zero-temperature gap is 1.2 meV,
somewhat smaller than the 1.5 meV expected for Nb. We
attribute this gap reduction to the inelastic scattering in the
contact area,2* which is also consistent with the small ther-
mal broadening we observe. From these measurements, we
obtained a spin polarization of =55% over the entire tem-
perature range, as expected for temperatures well below the
Curie temperature as shown in the inset to Fig. 6(c).

The observation of carrier-mediated ferromagnetism co-
existing with n-type conductivity in In,O3 poses a serious
theoretical challenge. While it has been established that oxy-
gen vacancies are the most abundant intrinsic (donor) defects
in In,O; and can account for its room-temperature
conductivity,? they alone are unlikely to produce
ferromagnetism.? It has been proposed that cation vacancies
could be responsible for the observed ferromagnetic proper-
ties of nonmagnetic oxides.3%? It is also known that In,O5 is
highly compensated, with the concentration of the free car-
riers to the donor defects of about 1:5.33 Based on the ex-
perimentally observed n-type conductivity of the films, we
assume that In,O; films are self-doped with donors (oxygen
vacancies) of density N, and self-compensated by magnetic
acceptors (indium vacancies) of density N;<N,. Due to this
inequality all of the acceptors are negatively charged and
carry spin J=1. The interaction between the electron spins s;

and the localized acceptor spins J; is

Hexz_rexz 5(;1'_Rj)§i']js (1)

ij

where I, is the exchange coupling and 7; (R)) is the position
of the carrier (acceptor). The carriers can reside either in

165208-4



FERROMAGNETISM AND SPIN-POLARIZED CHARGE...

delocalized conduction states or in localized states of the
neutral donors. Ordering of the localized acceptor spins will
split the conduction band leading to a nonzero spin polariza-
tion of the conduction electrons. Our main assumption is that
the donors form a very narrow resonant impurity band above
the bottom of the conduction band.?® The existence of such
states in ionic crystals has been predicted theoretically.>* Due
to a very strong electron-lattice interaction the resonant states
can be treated as purely localized ones with almost infinite
effective mass. While the neutral donors forming the impu-
rity band carry the spin, the associated electrons will not
contribute to the transport due to their extremely low mobil-
ity. The density of the donors residing in the impurity band
and mediating magnetism is N,~ (2—4) X 10> cm™ with
only a fraction ~(5—10) X 10! cm™ of the donor electrons
populating the conduction band. This explains the observed
high Curie temperature at fairly modest carrier concentra-
tions. It is well known that a very high density of states
(DOS) at the Fermi level rather than the strength of the ex-
change interaction is primarily responsible for the high Curie
temperatures of the transitional metals.’> In our case this
DOS is formed by the quasilocalized donor states. We em-
phasize that while it is the impurity band electrons that are
mostly responsible for mediating magnetism, this is only
possible when N;,> N, so the development of ferromagnetic
order is intimately related to the presence of conduction elec-
trons. Using the self-consistent equation for the spin density,
M, of the In vacancies, we find®

M= NVJBJ[BJrex(S + VSd)] . (2)

Here N, is the number of In vacancies per unit volume, S and
S, are the spin densities of the free and donor (impurity
band) electrons given by

§=(1/2)N(BG_(Bu.pA), 3)

with G_ as a function of the Fermi integral defined in the
following, and

B N, sinh(BvA/2)
~ exp[B(e;— w)]+2 cosh(BrA/2)°

respectively, where A=I'_ M is the Zeeman splitting
of the conduction band, B=(kz7)~!, N.(B)=25
X 10" em=3(m*/my)¥*(300 KB)™2, N, is the number of
donors per unit volume, €, is the donor energy level (impu-
rity band), and u is the chemical potential. All energies are
counted from the bottom of the conduction band.

The parameter v reflects the short-range character of the
exchange interaction between acceptor and donor spins,
which results in the reduction of the donor Zeeman splitting.
Technically v has to be either estimated from percolation
theory3® or calculated by Monte Carlo methods. In our cal-
culations we used it as a fitting parameter and found »=0.7.
For notational simplicity, we define G, a function of the
Fermi integral, as

(4)

Sy

Guley) = Fiale+92) % Fiae=y2)]  (5)

with F(7) as the Fermi integral of order j(j=1/2),
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FIG. 8. (Left panel) Magnetization vs temperature for different
carrier concentrations. The open triangles are calculated for a car-
rier concentration of 6.3 X 10! ecm™ while the closed circles are
for 7.3 10" c¢cm™. (Right panel) Room-temperature magnetiza-
tion vs carrier concentration. Inset: ferromagnetic Curie temperature
plotted as a function of carrier concentration.

1 * gdé
Ei(ﬂ)_[‘(j+1),[) 1+exp(é-1n)° (©)

and x and y as placeholder arguments for the function G ..
The chemical potential x can be found from the electro-
neutrality condition, N;=n+N,, or explicitly

explBle;— w)]
explB(e;— w)]+ 2 cosh(BrA/2)

=N(BG.(Bu.BA) +N;.
)

This expression can be used to estimate the magnetization
in In,O5 for a range of parameters. In Fig. 8(a) we plot the
predicted temperature dependence of the magnetization for
two carrier concentrations, and in Fig. 8(b) we plot the de-
pendence of the magnetization on carrier concentration at
room temperature. Both calculations use the parameters ¢,
=140 meV, m*/my=0.5, Ty=70 meV nm?, and N,=2
X 10?! cm™. We find that the magnetization is relatively
temperature independent at low temperatures with a magni-
tude depending only weakly on carrier concentration for con-
centrations well above the critical threshold, consistent with
the experimental observations. We plot the predicted Curie
temperature as a function of carrier concentration in the inset
to Fig. 8(b). This model predicts that room temperature fer-
romagnetism in undoped In,O5 should develop above a criti-
cal carrier concentration of approximately 4 X 10" cm™,
consistent with our observation that the as-prepared samples
are nonferromagnetic, but as the carrier concentration is in-
creased to =10?° cm™ a robust ferromagnetic moment de-
velops. Intriguingly, this model would also predict that fer-
romagnetism should develop only below room temperature
for a relatively narrow concentration of carrier concentra-
tions between roughly 2 10"/cm? and 3 X 10"/cm?. We
have not observed the onset of ferromagnetic order below
room temperature in any of our In,O; or Cr:In,O;5 films,
which we attribute to the restricted range of carrier concen-
trations exhibiting this behavior.

In conclusion, we have established that vacuum annealed
In,O5 thin films exhibit ferromagnetic order and that the
charge carriers exhibit a sizeable spin polarization at T
=1.3 K. Our direct measurement of the spin polarization
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using PCAR spectroscopy shows a spectrum characteristic of
the interface between a superconductor and ferromagnet,
with a spin polarization of =50% for both In,O; and
Cr:In,05 samples. The close agreement between both the
magnetic and transport measurements for In,O; and
Cr:In,O5 strongly suggests that the presence of magnetic
transition metal dopant ions is not necessary to produce
carrier-mediated ferromagnetism in this system. The obser-
vation of a finite spin polarization points to a strong coupling
between the charge carriers and the ferromagnetic moment.
While our conceptual model is by no means complete, and
would require additional experimental and computational
work to verify, it predicts the carrier concentration threshold
above which room-temperature ferromagnetism emerges,
consistent with our experimental observations. This study
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confirms one of the principal assumptions underlying the
study of room-temperature ferromagnetism in dilute mag-
netic semiconducting oxides, namely, that the charge carriers
themselves are spin polarized.
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