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Giant positive magnetoresistance in metallic VOx thin films

A. D. Rata,1 V. Kataev,2,3 D. Khomskii,2,4 and T. Hibma1
1Chemical Physics Department, Groningen University, Nijenborgh 4, 9747 AG Groningen, The Netherlands
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We report on giant positive magnetoresistance~MR! effect observed in VOx thin films, epitaxially grown on
SrTiO3 substrate. The MR effect depends strongly on temperature and oxygen content and is anisotropic. At
low temperatures its magnitude reaches 70% in a magnetic field of 5 T. Strong electron-electron interactions in
the presence of strong disorder may qualitatively explain the results. An alternative explanation, related to a
possible magnetic instability, is also discussed.

DOI: 10.1103/PhysRevB.68.220403 PACS number~s!: 75.47.2m, 73.50.2h, 75.70.2i, 76.50.1g
gh
n
s
o
le
nd
id
n
an
li

n
. I

r
-
m
om
h

al
i-

r.

e
-

lli
th
-
to

so
ty

re
O

d in

of
ich
b-
nts

r-

ial
r, at
ure-
nd
in
nt
onal
re
the

ers
e
r

o

s.
on

the

re,

es.
l
ly
duc-
Transition-metal oxides~TMO! with strong electronic
correlations show many fascinating phenomena, like hi
temperature superconductivity, metal-insulator transitio
heavy fermion behavior, or colossal negative magnetore
tance. The rich physics of TMO is due to strong coupling
spin, orbital, and lattice degrees of freedom. Their comp
interplay is controlled by a large number of structural a
chemical factors, which makes the search for the new ox
materials, where the fine tuning of chemical composition a
steric parameters might yield new unexpected electronic
magnetic properties of an apparent fundamental and app
interest.

A quite unexplored class of oxides containing transitio
metal ions are the monoxides of vanadium and titanium
these oxides the overlap of the metalt2g orbitals can be
tuned by changing the oxygen stoichiometry, which offe
the control of the width of thet2g band responsible for elec
tron conductivity. Owing to a broad characteristic stoichio
etry range, small changes in composition and/or local ge
etry can induce rather diverse physical properties. T
oxygen contentx in vanadium monoxide VOx may deviate
substantially from 1 (0.8,x,1.3). Remarkably, already
small variations ofx can induce changes in the electric
conductivity. A gradual transition from a metallic to a sem
conducting behavior has been observed in the bulk1 and in
thin films.2 Another important feature is an intrinsic disorde
Even stoichiometric VO contains;16% atomic vacancies in
both sublattices, distributed at random.

In this paper we report on giantpositive magnetoresis-
tance~up to 70% in a magnetic field of 5 T! observed at low
temperatures in compressively strained metallic VOx thin
films (0.8,x,1). The positive sign of the effect, i.e., th
increaseof the resistance with applied magnetic field, im
plies different underlying physics as compared to meta
multilayers or manganite perovskites, where, as a rule,
resistancedecreaseswith field.3 We discuss possible mecha
nisms of this unusual effect, which might be related
electron-electron interaction in the presence of strong di
der, or to the proximity of the system to magnetic instabili

The 100-Å-thick VOx films were grown on SrTiO3
~001!~STO! substrates by molecular beam epitaxy. To p
vent after oxidation, the films were capped with a thin Mg
layer. The oxygen contentx was determined using
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18O2-Rutherford backscattering spectrometry, as describe
Ref. 2. Single-phase material was obtained forx values vary-
ing from 0.8 to 1.22.In situ reflection high-energy electron
diffraction proved thelayer-by-layergrowth, with the same
orientation as the underlying substrate. The high quality
our samples was further confirmed by x-ray analysis, wh
shows that the film grows in a full coherence with the su
strate, i.e., the in-plane film and substrate lattice consta
are identical~3.903 Å!. The out-of-plane lattice constant va
ies between 4.003 Å forx50.8 and 3.974 Å forx51.22.
Resistance and magnetoresistance~MR! were measured by
the standard four-point probe method, in a commerc
PPMS system, equipped with a rotatable sample holde
temperatures between 2 and 300 K. For the MR meas
ments the magnetic field was varied between 5 T a
25 T, applied either perpendicular to the film plane, or
the film plane and parallel to the current. The Hall coefficie
was measured in the square geometry using a conventi
ac bridge. Electrical contacts of 10 nm of Cr metal we
evaporated on the STO substrates, prior to deposition of
VOx layers.

In a previous study we found that the resistivity of VOx
films grown under tensile strain on MgO substrates is ord
of magnitude larger than for bulk material of the sam
composition.2 Consistently, in this study we find much lowe
resistivities for VOx films on STO. Apparently, this is due t
the increase in the direct overlap between t2g orbitals of
neighboring metal ions in the compressively strained film
From Fig. 1 it is evident that there is a gradual transiti
from metallic to semiconducting behavior at aboutx50.94.

In Fig. 2 we compare the temperature dependence of
resistivity r of the VOx sample withx50.82 measured in
zero magnetic fieldH with that in an applied field of 5 T.
r(T) strongly decreases with decreasing temperatu
reaches a minimum with the value of;8 mV cm at T
525 K, and increases steeply at still lower temperatur
The strongT dependence ofr and extremely low residua
resistivity implies that the electronic conduction is main
due to electron-electron scattering. The decrease of con
tivity related to the steep upturn ofr(T) below 25 K follows
very well aAT law ~see left inset in Fig. 2!. As to the field
dependence, the two curves,r(T,H50) andr(T,H55 T)
©2003 The American Physical Society03-1
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are indistinguishable down to;70 K. Surprisingly, at lower
temperatures the application of magnetic field increases
resistivity.

In the inset at the right of Fig. 2 we show the temperat
dependence of MR defined as$@r(H)2r(0)#/r(0)%
100%. The sign of the MR is positive and its magnitu
increases smoothly with decreasing temperature, both
drastic contrast to the negative colossal MR observed in
manganites.4

A representative field dependence of MR for thex50.85
sample at several selected temperatures is shown in Fig.~a!.
The curves were obtained in all cases by increasing the
from 0 to 5 T, sweeping it then to25 T and turningH
finally back to zero. Under field cycles, the MR shows
hysteresis. Moreover, no sign of saturation is observed u
5 T. Except for small fields, the MR is proportional toAH at
low temperatures and gradually changes to an almost lin
and finally quadratic dependence with increasing temp
ture @see Fig. 3~c!#.

A remarkable feature of the positive MR in VOx films is
its strong dependence on the oxygen stoichiometry@Fig.
3~b!#. The effect is largest in the sample with the small
oxygen contentx50.8, where the MR amounts to 70% at
K in a magnetic field of 5 T. Increase ofx results in the
decrease of the MR which finally becomes unobservable
x.0.94, in an apparent correlation with the crossover fr
metallic to semiconducting regime of conductivity.

A clear dependence of the MR on the direction of t
applied field was found. In Fig. 3~d! we present the MR of
the x50.8 sample atT55 K with H perpendicular and par
allel to the film plane and current direction. Positive tran
verse magnetoresistance~TMR! of about 70% and a longitu
dinal, still positive, magnetoresistance~LMR! of 40% was
observed in a magnetic field of up to 5 T. Note that the TM
is always larger than the LMR.

The behavior of the MR is clearly correlated with the H
effect. Our measurements show that the Hall effect is q
strong, negative and linear in fields up to 5 T. In Fig. 4 w
plot the carrier concentration and Hall mobility obtain
from the Hall effect and resistivity data of the sample w

FIG. 1. Resistivity of VOx/STO films for differentx.
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x50.87. One can see that in the region of the strong cha
of the MR ~for T,;50 K) the carrier concentration is es
sentially constant, whereas the mobility which at low te
peratures is pretty high, starts to decrease. The Hall meas
ments for differentx show that effective carrier concentratio
decreases with increasingx for x between 0.8 and 1. The Ha
constant changes sign forx.1.

Unfortunately, due to the small thickness and correspo
ingly total small mass of our films, it was not possible
measure their magnetization directly by superconduct
quantum interference device. To elucidate magnetic pro
ties of the VOx films we have measured electron-spin res
nance~ESR! of the samples withx ranging from 0.8 to 1.2.
ESR has been measured using a Bruker spectromete
X-band frequency 9.48 GHz and at temperatures between
and 300 K. A set of representative spectra@field derivatives
of the absorbed microwave powerdP(H)/dH] is shown in
Fig. 5. The fingerprint of the VOx /STO samples withx,1
showing a large positive MR is the occurrence at low te
peratures of an intense broad microwave absorption con
ing of several overlapping peaks. The signal emerges be
20–25 K. At still lower temperatures it increases in intens
and acquires a structure@Fig. 5~a!#. Remarkably, in the same
temperature interval the resistivity shows an upturn~Fig. 2!.
In contrast, the samples withx.1 as well as the STO sub
strate itself are ESR silent and show only a small spuri
signal atHres.3.3 kOe@Fig. 5~b!#, which can be attributed
to the small amount of paramagnetic impurities in the s
strate.

The signal observed in the VOx films (x,1) is reminis-
cent of ferromagnetic resonance in strongly inhomogene
ferromagnetic films, like, e.g., as-grown manganite film5

Owing to an inhomogeneous distribution of the magneti
tion across the film multiple broad lines occur in the spe
trum. Apparently, a similar spectrum might be expected if
sample is not yet ferromagnetic but contains randomly d
tributed mesoscopic spin clusters.

FIG. 2. The resistivity of VOx film with x50.82 at zero field
and atH55 T. In the inset at the right, the magnetoresistance
shown. In the inset at the left we show the fit of the low-temperat
increase of resistivity by the 1/AT law.
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FIG. 3. ~a! The magnetoresistance of VOx

film with x50.85 for different temperatures.~b!
The magnetoresistance of VOx films at 5 K for
different x. ~c! AH dependence of MR at low
temperatures.~d! Comparison of the transvers
and longitudinal MR forx50.8 at 5 K.
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The positive magnetoresistance which we found in
VOx films is quite unusual in several respects. First of
surprising is the very large magnitude of the effect. The
dinary positive MR in metals is usually rather small, le
than a few percent. Its size is determined byvct, where
vc5eH/m* c is a cyclotron frequency, andt the relaxation
time, which is proportional to the mean free pathl. Heree is
the electron charge, m* is the effective carrier mass, andc is
the speed of light. One may conclude that in our sample
value of l is rather large, as the residual resistivity is qu
low. Still, it is difficult to expect a MR of 70%. Besides, th
MR is also very large (;40%) for the parallel field geom
etry @see Fig. 3~d!# for which one would not expect a stron
orbital contribution in our thin films.

Another feature which is different in our samples is t
field dependence. The conventional MR in metals is q
dratic in field ~only at the ultraquantum regime it may b
linear6!, whereas as one sees from Fig. 3, it is not the cas
our VOx films. As is discussed above, the character of

FIG. 4. The number of carriers/formula units and the Hall m
bility of VO x film with x 50.87 as the function of temperature
the field of 5 T.
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field dependence changes gradually with increasingT from
square root to linear and finally to quadratic. In particul
the linear regime resembles the MR in nonstoichiome
Ag26dSe, Ag26dTe ~Ref. 7! ~for which positive MR is linear
in field and larger in magnitude!.

The explanation of the unusual behavior of the MR
VOx films may be found in the specific electronic and crys
structure of this compound. On the one hand, as alway
transition metal oxides, the electrons are apparently ra
strongly correlated. On the other hand, there exists str
intrinsic disorder in VOx , which always contains about 10
20 % of vacancies in both anion and cation sublattices. T
role of the structural disorder has been recently discusse
Goodenoughet al.8 Thus, altogether one should view th
system as the one with strong disorder and strong interac

Theory predicts~see, e.g., Ref. 9! that in metals with the
electron-electron interaction and disorder, a square-root
gularity appears in the density of states at the Fermi le
with the corresponding anomalies in transport properties,
cluding MR. The correlation between the behavior of the M

-

FIG. 5. ESR spectra of VOx/STO samples, see text.
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in VOx films with that of the Hall effect, discussed abov
suggests that indeed the interplay between interaction
disorder may be decisive for the observed effects. Thus,
low-temperature resistivity of our metallic films of VOx is
;1/AT ~see left inset in Fig. 2!, which agrees with this
model. The MR should behave asAH in high fields, at least
for the case of relatively weak disorder and interactio
treated in these papers.9 Our MR effect is qualitatively simi-
lar to this behavior, although it is much stronger than tho
expected from theoretical considerations.10 One reason for
this may be the much stronger disorder and interaction in
system. The effect may be also enhanced by the parama
scattering.11

In spite of the qualitative similarity with the case of th
weakly interacting disordered systems, one still can not
clude alternative explanations of the observed large pos
MR in the thin films of VOx . In particular, one can expec
that our system may be rather close to magnetic instabi
Relatively broad bands and/or strong disorder may prev
the formation of long-range magnetic ordering, althou
short-range magnetic correlations may still exist. Indeed,
ESR study of VOx films has shown that a rather strong b
quite unusual~broad, consisting of several overlapping line!
ESR signal appears, which one might expect from, e.g.,
dom magnetic clusters.

Our situation is definitely different from, e.g., that
phase-separated manganites~see, e.g., Refs. 12 and 13!,
where the presence of ‘‘preformed’’ ferromagnetic meta
clusters and their growth in size with field leads to the c
lossalnegativemagnetoresistance. However, we can visu
ize the following scenario: In our inhomogeneous syst
there may be no preformed magnetic clusters, but the m
netic susceptibilityx may be strongly spatially inhomoge
neous, owing to, e.g., strong disorder. Then in the exte
field the parts of the film with largerx will develop larger
g,
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magnetization. But according to the conventional doub
exchange model the energy of conduction electrons in th
magnetized regions would decrease, and the electrons o
sample would redistribute. The electron concentration
these regions would increase, whereas the regions in betw
would be depleted. If the system is still below a percolati
threshold, this would lead to the total increase of resistiv
owing to creation of more insulating barriers,14 i.e., to the
total positive MR. This picture is also consistent with th
ESR data, although it is not clear whether it would give t
observed dependence of the MR onH andT.

To conclude, we observed a surprisingly large~up to 70%
in the field of 5 T! positive magnetoresistance in thin VOx

films, grown epitaxially on the SrTiO3 substrate, which be-
haves at low temperatures asAH in high fields. We argue
that the possible explanation of the observed behavior m
rely on the interplay of the electron-electron interaction a
disorder. The effect observed above is much stronger t
that predicted theoretically, but this can in principle be co
nected with the much stronger interaction and disorder in
case. Still, alternative explanations, e.g., relying on the in
mogeneous magnetic susceptibility and the proximity of o
system to magnetic ordering, cannot be excluded. In s
mary, the compressively strained VOx system seems to b
quite unusual in many respects, and its properties, espec
an extremely strong positive magnetoresistance, deserve
ther study, and possibly can be useful in applications, e.g
spintronics.
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