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The variety and complexity of the metal-insulator transitions that V,0; undergoes, in both pure form
and when doped with other transition-metal ions, have resulted in widespread interest in the electronic
structure of this oxide. We report here the results of a photoemission study of the electronic structure of
Cr-doped V,0; in metallic and insulating states. At room temperature, insulating Cr-doped V,0; exhib-
its a low emission intensity at Er. When cooled, a transition to a metallic state is observed at 210 K.
The emission intensity at E, and the width of the V 3d emission increase below this transition. Addi-
tionally, the O 1s and V 2p core-level structure changes, resembling that of the metallic state of pure
V,0;. When cooled further, another transition occurs from the metallic state to a second insulating
state. The emission intensity at E; decreases and the V 3d emission narrows. The core-level emission
structure reverted to that of the room-temperature insulating state. The changes in density-of-states and
bandwidth were found to be consistent with a Fermi-liquid theory of these transitions; the changes in
core-level emission are identified with different core-hole screening in the metallic and insulating states.

I. INTRODUCTION

The variety and complexity of the metal-insulator tran-
sitions which V,0; undergoes, in both pure form and
when doped with other transition-metal ions, have result-
ed in widespread interest in the electronic structure of
these oxides. Pure V,0; goes through two metal-
insulator transitions as a function of temperature: a first-
order transition at 150 K from a monoclinic antiferro-
magnetic insulator at low temperatures to a trigonal me-
tallic state, and a broad (=150 K) second-order transi-
tion from this metallic state to a semiconducting one at
450-500 K.! When doped with Cr, additional transitions
occur. First, the metallic state becomes progressively
more insulating at a fixed temperature with the addition
of Cr, the resistivity rising by an order of magnitude for
each atomic % Cr incorporated into the crystal.” Second,
a transition is observed as the temperature is increased
above 170 K;>3 the trigonal metallic state is observed to
revert to an insulating state, but with no change in crystal
symmetry. The temperature at which this transition
occurs is a function of the Cr concentration. (This transi-
tion from the metallic to the insulating state with increas-
ing temperature will be referred to here as the high-
temperature transition; the transition from an antiferro-
magnetic insulator to a metallic state at approximately
150-170 K, which also occurs in pure V,0;, is referred
to here as the low-temperature transition.) These transi-
tions are clearly visible in the resistivity versus tempera-
ture plot of Kuwamoto, Honig, and Appel,> which is
reproduced in Fig. 1. The nature of these transitions has
been the subject of numerous studies (see Refs. 1, 2, 4-38,
and references therein).
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Many experimental techniques have been used to study
the nature of the metal-insulator transitions in Cr-doped
V,0,.2 However, despite the fact that photoemission
spectroscopy is a powerful tool for determining electronic
structure in solids, it has not been widely applied to these
oxides. The goals of the study reported here were to use
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FIG. 1. Variation of resistivity with temperature for Cr-
doped V,0;. (From Ref. 2.)

1382 ©1994 The American Physical Society



50 PHOTOEMISSION STUDY OF COMPOSITION- AND . .. 1383

photoemission spectroscopy to measure electronic struc-
ture in the Cr-V,0; system, as a function of temperature
and Cr content. We report the first observation using
photoemission of metal-insulator transitions in single-
crystal Cr-doped V,0; cleaved in UHV. Dramatic
changes in the density-of-states at the Fermi level (E)
are observed as both the low- and high-temperature tran-
sitions are crossed, and as the Cr content is varied. The
effect of screening on the core-level spectra is revealed by
examining the V 2p core levels in both metallic and insu-
lating phases; the origin of a previously observed®!° dou-
blet structure of the V 2p; , and V 2p, ,, lines is assigned
to well-screened and poorly-screened emission.

II. PURE AND CR-DOPED V,0;:
BULK AND SURFACE PROPERTIES

V,0; has the corundum structure with a trigonal
(rhombohedral) Bravais lattice. When doped with Cr,
V,0; retains the corundum structure at room tempera-
ture, with the Cr entering the lattice substitutionally.!
The unit cell consists of a ten-atom basis made up of two
M,0; molecular units. The crystal field splits the atomic
d states into a pair of eé’ orbitals, a pair of esf’ orbitals,
and an a;, orbital.! The room-temperature metallic
phase in V,0; displays a variety of anomalous properties,
among them an extremely large T2 term in the electrical
resistivity (10° times larger than in transition metals),"
and a very large electronic specific heat.'> Central to un-
derstanding V,0; is the realization that it possesses two
types of 3d electrons; with a 3d? configuration, both the
a,, and e, bands are partially populated. The order of
these bands in energy was originally determined from op-
tical experiments.!> The most comprehensive theory of
the metallic states assumes a Hubbard model and has the
a, orbital half full, with 0.5 electrons per V atom con-
tained within it and the remaining 1.5 electrons per V
atom residing in the e; band.'* Ej lies within both
bands, but the thermodynamic and transport properties
of metallic V,0; are postulated to be determined primari-
ly by the e electrons. The electronic structure for single
crystals of pure V,0; has been studied by a number of
groups using photoemission spectroscopy.’>”!® The
reader is referred to Refs. 15 and 16 for discussion of
band dispersion and hybridization in this system.

V,0, single crystals cleave to expose the (1012) sur-
face. The electronic structure of nearly perfect
V,04(1012) surfaces has been previously shown by pho-
toemission to have the same general structure as the bulk,
and the ion bombardment was found to remove oxygen
from V,0,(1012), reducing the surface.” In general, the
adsorption properties of V,05(1012) are similar to those
of the related compound Ti,04(1012).!%2°

III. EXPERIMENTAL METHOD

The experimental apparatus and sample preparation
techniques are briefly described here; a detailed discus-
sion of the former topic can be found elsewhere.>?! ™23
Ultraviolet photoemission spectroscopy (UPS) using both
resonance lamps and synchrotron radiation, and x-ray-

photoemission spectroscopy (XPS) using an x-ray anode
source were used in this study. HelI photons at 21.2 eV
were obtained from a He microwave discharge lamp, and
spectra presented here were corrected for impurity lines
in the lamp. X-ray photons were obtained from an Al
anode x-ray source. Unless otherwise stated, spectra
were recorded with the sample held at room temperature.
Ep was determined from an atomically clean gold foil in
contact with the sample, and all binding energies are
referenced to the Au 4f,,, peak at 84.0 eV. All spectra
were recorded in an angle-integrated mode, using a
double-pass cylindrical mirror analyzer (CMA) to mea-
sure electron kinetic energies; the overall energy resolu-
tion for UPS spectra was 250 meV and for XPS was 800
meV. Experiments using synchrotron radiation were per-
formed on beamline U14A at the National Synchrotron
Light Source, Brookhaven National Laboratory. Angle-
integrated spectra were taken using a CMA. Spectra
were taken with the photon beam incident at approxi-
mately 60° off the sample normal and the CMA axis at
45°.

Nearly perfect (1012) surfaces of pure and Cr-doped
V,0; (1.5 and 3 at. %) were prepared by cleaving in pres-
sures <2X107!° Torr. The crystals were oriented using
Laue x-ray diffraction and cut into rods approximately
3X3X10 mm?, with the long axis perpendicular to the
(1012) plane. Shallow grooves were cut every 1 mm on
the side of the rods to facilitate cleavage. High-defect-
density V,0; surfaces were prepared by Ar™ ion bom-
bardment of the cleaved surface. Ion bombardment was
performed with the chamber pressure at 5X 1073 Torr of
Ar. Samples could be heated to above 900 K and cooled
to approximately 125 K by using a combined resistance
heated/liquid nitrogen cooled sample holder.

IV. RESULTS

A. Pure and Cr-doped V,0; at 300 K

Figure 1 shows the temperature and Cr concentration
dependence of the resistivity of Cr-doped V,0; single
crystals. It is clear from this figure that both the 1.5 and
3 at. % Cr samples should be insulating at room tempera-
ture, with resistivities three to four orders of magnitude
larger than that of pure V,0,, which is metallic at this
temperature. Thus the incorporation of Cr into the lat-
tice induces a metal-insulator transition at room tempera-
ture in V,0,. Figure 2 shows the UPS spectra obtained
from both pure and Cr-doped V,0; (1012) (3 at. % Cr)
single-crystal surfaces using synchrotron radiation
(hv=44 eV). The spectra of Fig. 2 are normalized to
have the same O 2p emission intensity (area). A dramatic
shift of the V 3d emission away from E is visible in Fig.
2 for the Cr-doped V,03; Ej lies within the V 3d band in
pure, metallic V,0,, and consequently the spectrum from
V,0; exhibits significant emission at Er. However, the
intensity at Ep for the Cr-doped sample is much smaller.
Thus the opening of a gap, or a very large decrease in the
electron density at Ep, is clearly visible in the spectra
from room temperature V,0; doped with 3 at.% Cr
when compared with pure V,0;. The relative V (3d)/0O
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FIG. 2. Room temperature UPS spectra for pure and 3%
Cr-doped V,0,(1012). (hv=44¢V.)

(2p) intensity ratio is 0.11 in pure V,0; and 0.12 in Cr-
doped V,0; (Fig. 2), although this small a difference in
intensity may not be significant. The addition of Cr into
V,0; also results in a shift of the O 2p emission away
from E, but by a smaller amount than for the V 3d emis-
sion; the top of the O 2p band shifts to higher binding en-
ergy by 0.15 eV. As described elsewhere, the photon en-
ergy dependence of the V 3d and O 2p emission intensity
from Cr-doped V,0; is very similar to that from pure
V,0,.16

Figure 3(a) shows the O 1s and V 2p core-level XPS
spectra from room-temperature cleaved Cr-doped
V,04(1012) (1.5% Cr); Fig. 3(b) shows the equivalent
spectra from pure V,0; as determined previously.”!°
The V 2p emission is multiplet split into V 2p,,, and V
2p;,, peaks. For illustrative purposes only, the V 2p
peaks were deconvoluted into the minimum number of
Gaussians which would adequately fit the spectra (above
the straight line background shown in Fig. 3). For pure
V,0,, it was found that the V 2p,,, 2p;,, emission
features could only be satisfactorily deconvoluted by two
pairs of Gaussians.” These were constrained to have the
same peak separation (6.9 eV) and approximately the
same relative intensity and full width at half maximum
(FWHM). The pairs were then shifted rigidly in binding
energy until the best fit was obtained; the resultant shift
was 2.2 eV. These parameters are listed in Table I. The
binding energies of the major V 2p;,, and V 2p, ,, Gauss-
ians were found to be 516.5 and 523.4 eV, respectively.’

The V 2p emission from room-temperature cleaved
Cr-doped V,0; (1.5% Cr), however, can be satisfactorily
reproduced by using only one pair of Gaussian peaks; this
is shown in Fig. 3(a). These Gaussians are almost identi-

Binding Energy (eV)

FIG. 3. O lsand V 2p spectra from room temperature (1012)
surfaces. (a) pure V,0; (from Ref. 4); (b) V,0; doped with 1.5%
Cr. (hv=1486.6¢V.)

cal to the major pair of Gaussians used in the pure V,0,
deconvolution (the relative intensity ratio is slightly
larger), but they are shifted to lower binding energy by
0.6 eV. The parameters for these peaks are listed in
Table I. Thus, the minor pair of peaks required to model
the V 2p emission from pure V,0; (at 2.2 eV lower bind-
ing energy than the major pair) are not required in the
case of Cr-doped V,0; at room temperature. Note also
that there exists an asymmetry on the high-binding-
energy side of the O ls emission from pure V,0; [Fig.
3(b)]; this asymmetry is significantly reduced in the O 1s
emission from Cr-doped V,0;. The binding energy of the
O 1s emission in both pure’ and Cr-doped V,0; is 530.9
eV. The origins of the significant charges in line shape of
both cation and anion core-level emission from V,0,
when doped with Cr will be discussed below.

B. Cr-doped V,0; at <300 K

The resistivity vs temperature plot of Fig. 1 indicates
that a V,0; crystal doped with 1.5 at. % Cr should be in-
sulating at room temperature and have nearly the same
resistivity as one doped with 3% Cr. The UPS spectra
from both 1.5 and 3% Cr-doped samples were found to
be essentially identical at room temperature; the 3% Cr
spectrum is shown in Fig. 2. As the V,0; crystal doped
with 1.5% Cr is cooled below room temperature, it ex-
periences two metal-insulator transitions (Fig. 1). At ap-
proximately 240 K the resistivity drops by almost three
orders of magnitude and the sample becomes metallic;
note, however, that the resistivity in this state is still al-
most two orders of magnitude larger than that of the me-
tallic state in pure V,0;. Further cooling of the crystal
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TABLE 1. Parameters for Gaussians used to fit the V 2p emission features in Fig. 3. WS = well

screened, PS = poorly screened.

Binding energy

Material (eV) Origin FWHM (eV) Relative area
V203 at 300 K 516.5 A\ 2p3/2 PS 4.1 1
(Refs. 9 and 10) 523.4 V 2p,,, PS 5.2 0.53
514.3 V 2p;,, WS 22 1
521.2 V 2p,,, WS 2.6 0.64
Cr-doped V,0, 515.9 V 2p;,, PS 4.1 1
(1.5% Cr) at 300 K 522.8 V 2p,,, PS 5.2 0.41
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causes the resistivity to rise again; at approximately 170
K the sample returns to an insulating state, with a six
order-of-magnitude change in resistivity from the metal-
lic state. Note here that the resistivity of this low-
temperature insulating state is more than a thousand
times larger than that of the room-temperature insulating
state.

Figure 4 presents the UPS spectra obtained from a
cleaved (1012) surface of V,0, doped with 1.5% Cr as
the crystal is cooled below room temperature. The spec-
trum taken with the crystal at 240 K is similar to the
room-temperature spectrum, with a very low density of
electrons visible at Er. Upon cooling the sample to 210
K, the UPS spectrum changes dramatically, with the V
3d states shifting towards Er. Further cooling to 180 K
does not result in any significant change in the UPS spec-
trum. However, when the crystal is cooled to 130 K, the
UPS spectrum again changes dramatically: the V 3d
emission moves away from E and a gap in the emission
is seen to open up at E.. Thus, as the crystal is taken
through the two metal-insulator transitions described

V503 (1072)
1.5% Cr

n(E)

Binding Energy (eV)

FIG. 4. UPS spectra from cleaved 1.5% Cr-doped V,0;
(1012) cooled to 240, 210, 180, and 130 K. (hv=21.2eV.)

above, large changes in the density of states at Ep are ob-
served. This is the first unambiguous valence-band pho-
toemission observation of the high- and low-temperature
metal-insulator transitions in Cr-doped V,0;.

The intensity of the V 3d emission changes only slight-
ly as the crystal undergoes these metal-insulator transi-
tions. The integrated area of the V 3d emission above a
linear background decreases 6% in going from the
room-temperature insulating state to the metallic state at
210 K. Upon going from the metallic state to the low-
temperature insulating state, the V 3d emission increases
in intensity by 3%. However, these changes are small
enough that they may not be significant. Additionally,
the O 2p band is observed to shift during the metal-
insulator transitions. At the high-temperature transition,
the top of the O 2p band moves towards E by approxi-
mately 0.1 eV as the material becomes metallic. At the
low-temperature transition, the O 2p band moves away
from E by the same amount as the material reverts to an
insulating state.

The O 1s and V 2p XPS spectra for this sample in both
the insulating phase at 240 K and the metallic phase at
180 K are shown in Figs. 5(a) and 5(b), respectively. The
240 K spectrum is very similar to that obtained in the
low-temperature insulating phase at 130 K, and conse-
quently the latter spectrum is not shown. The spectrum
obtained from the 240-K-insulating sample is also very
similar to the room-temperature spectrum of Fig. 3(a).
As in that case, the V 2p spectrum can be reproduced by
using only one pair of Gaussians. The separation of these
Gaussians and their FWHM and relative intensities are
identical to the Gaussians required to fit the room-
temperature spectrum; these parameters are listed in
Table II. Note that the binding energies of these Gauss-
ians are 0.1 eV lower for the 240-K spectrum than for the
room-temperature spectrum. When the crystal goes
through the high-temperature transition and becomes
metallic, the V 2p core-level spectra change dramatically.
The O 1s and V 2p spectra from a crystal at 180 K are
shown in Fig. 5(b). It is clear in this figure that two pairs
of Gaussians are now required to adequately fit the spec-
trum. The parameters for these Gaussians are also listed
in Table II. These parameters are, with the exception of
the absolute binding energies, remarkably similar to those
of pure, metaliic, V,0; (see Table I); there is, however, an
increase in the separation of the two pairs of Gaussians of
0.2 eV, from 2.2 eV for pure V,0; to 2.4 eV for V,0;
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FIG. 5. O 1s and V 2p XPS spectra from cleaved 1.5% Cr-
doped V,05(1012) surfaces at (a) 240 K, and (b) 180 K.
(hv=1486.6¢V.)

doped with 1.5% Cr at 180 K. As mentioned above, fur-
ther cooling the sample to 130 K results in an O 1s/V 2p
spectrum very similar to the 240-K spectrum of Fig. 5(a).
Thus, in both the low- and high-temperature insulating
phases, only one pair of Gaussians is required to fit the V
2p spectrum, while two pairs are required in the metallic
phase (as for pure V,0;). Note also that the O 1s line in
Fig. 5 becomes more asymmetrical in the metallic phase.
The origins of these changes will be discussed in Sec. V.

C. Cr-doped V,0; (1012): Defect properties

The work function, ®, of a surface can be determined
via photoemission by measuring the vacuum level cutoff
in the UPS spectrum. Using this method, ® for room-
temperature insulating V,0, (1012) doped with 1.5% Cr
was determined to be 4.2 eV. This contrasts sharply with
the value of 4.9 eV obtained for pure V,04(1012).” When
the Cr-doped V,0; becomes metallic at 210 K, no change
in ® is observed. Preliminary results indicate that the in-
teraction of O, with cleaved Cr-doped V,0,(1012) (1.5%
Cr) at room temperature is similar to that on pure V,0,.
Art-ion bombardment of the cleaved Cr-doped
V,05(1012) surface (1.5% Cr) results in the preferential
removal of oxygen anions and consequent reduction of
the surface. Figure 6 shows the UPS spectra from
cleaved V,05(1012) doped with 1.5% Cr at room temper-
ature, and that surface sputtered for 30 min with 1-keV-
Ar™ ions. The cleaved surface is insulating at room tem-
perature, as discussed above, and has a low density of
electrons at Ep. The sputtered surface, in contrast,
shows a very high density of electrons at E, consistent
with the metallic nature of the reduced surface. The

Binding Energy (eV)

FIG. 6. UPS spectra from cleaved and sputtered 1.5% Cr-
doped V,0,(1012) at room temperature. (hv=21.2eV.)

work function of the sputtered surface is 4.4 eV, 0.2 eV
higher than that of the cleaved surface. Figure 7 shows
the changes in the O 1s and V 2p core-level structure in-
duced by sputtering. The O 1s line broadens but the
binding energy remains unchanged. The V 2p emission
becomes asymmetrical and shifts to lower binding energy.

300 K V03 (1072)

1.5% Cr

Sputtered

Cleaved

|
TS SO SR N SN N T U O S L
540 530 520 510
Binding Energy (eV)

Lo -

FIG. 7. O 1s and V 2p XPS spectra from cleaved and sput-
tered 1.5% Cr-doped V,03(1012) at room temperature.
(hv=1486.6¢V.)
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TABLE II. Parameters for Gaussians used to fit the V 2p emission features in Fig. 5. WS = well

screened, PS = poorly screened.

Binding energy -

Material V) Origin FWHM (eV) Relative area
Cr-doped V,0; 515.8 V 2p;,, PS 4.1 1
(1.5% Cr)
at 240 K)
Cr-doped V,0; 516.0 V 2p;,, PS 4.1 1
(1.5% Cr) 522.9 V 2p,,, PS 5.2 0.41
at 180 K
513.6 A\ 2p3/2 WS 2.2 1
520.5 V 2p,,, WS 2.6 0.8

Kurtz> !0 has fit the V 2p spectrum from sputtered V,0;
with six Gaussians. The relative O 1s-V 2p energy sepa-
ration of the emission from sputtered Cr-doped V,0;
(Fig. 7) is identical to that from sputtered pure V,03.%

V. DISCUSSION

The data presented in the previous section comprise
the first unambiguous ultraviolet and x-ray-
photoemission observation of both composition and
temperature-induced metal-insulator transitions in Cr-
doped V,0;. One previous photoemission investigation
of changes close to Ep during these transitions has been
published,?* but the surfaces used in that study were
severely oxidized; a discussion of the previously pub-
lished spectra will be presented later. First, each of the
metal-insulator transitions observed in this study will be
discussed below in the context of relevant theories.

The mechanisms underlying these transitions are the
subject of much controversy,” but all are related (to a
greater or lesser extent) to the concept of a Mott insula-
tor.”> A review of this concept is presented in Ref. 25;
here, it is useful to restate the most relevant features of
the theory. Mott’s hypothesis is that a crystalline array
of hydrogenlike atoms does not necessarily show metallic
conduction, and that as the lattice parameter of the array
is decreased there will be a sharp transition from an insu-
lating to a metallic state.%?> The origin of this effect lies
in the long-range part of the Coulomb force, which
creates electron-hole bound states unless there is a
sufficient density of electrons to screen the core poten-
tial.® Hubbard introduced U /W as the relevant parame-
ter for the problem, where U is the intra-atomic Coulomb
energy and W is the one-electron bandwidth.2¢ Typically,
when U /W <1 a rigid-band picture is a valid description
of the electronic structure, whereas if U/W >1 a highly
correlated electron-gas picture is usually more valid;’ in
V,0;, U/W=1. A variety of physical mechanisms has
been proposed to explain the transitions in Cr-doped
V,0;, particularly the high-temperature transition, and
many rely on the Mott-Hubbard concept. A thermo-
dynamic theory by Spalek, Datta, and Honig?’ based on
Fermi-liquid theory, and consisting of bands narrowed by
correlations transforming into a lattice of localized spins,

predicts many of the features of the Cr-doped V,0; phase
diagram.

A. Composition-induced transition

The UPS spectra of Fig. 2 indicate that as Cr is added
to V;0;, the material goes from a room-temperature me-
tallic state to an insulating one. A band gap opens up in
the cation 3d band, with a very low density of electrons
detected at Er in the Cr-doped samples. This is con-
sistent with the bulk resistivity data of Fig. 1. In the
theory of Spalek, Datta, and Honig,?’ the effective Hub-
bard parameter U /W increases linearly with Cr content,
with both an increase in U and a decrease in W. At the
critical value of U/W =1.646, a discontinuous transition
from a metallic to an insulating phase is predicted. The
UPS spectra of Fig. 2 indicate that, as Cr is added to
V,0;, the V 3d emission not only moves away from Ep,
but narrows as well. The width of the V 3d emission
above a straight-line background decreases by approxi-
mately 0.3 eV when the spectrum from pure V,0; is com-
pared with one from a crystal doped with 3% Cr. This
direct observation of a narrowing in the V 3d density of
states is consistent with the model described above. The
dramatic changes in the core-level spectra of Fig. 3 dur-
ing this composition-induced transition will be discussed
below, together with the similar changes observed during
the temperature-induced transition (Fig. 5).

B. Temperature-induced transitions

The photoemission spectra of Fig. 4 reveal sharp
changes in the density of states at E when a V,0; crystal
doped with 1.5% Cr is taken through both the high- and
low-temperature transitions. As the sample is cooled
from room temperature to 210 K it becomes metallic
(with no change in lattice symmetry), with the V 3d emis-
sion observed to shift towards E (Fig. 2). Note, howev-
er, that the metallic phase exhibits a smaller density of
electrons at E than does pure V,0; at room temperature
(Fig. 2). This is consistent with the observation that the
resistivity in the metallic phase of 1.5% Cr-doped V,0; is
almost one-hundred times that of pure metallic V,0,
(Fig. 1), and the assertion by Kuwamoto, Honig, and Ap-
pel’ that even in the metallic phase the density of elec-



1388

trons at Ex must be extremely low. The origins of this
high-temperature first-order transition are quite complex
and are the subject of much controversy; eight distinct
mechanisms are listed in Ref. 2. However, the theory of
Spalek, Datta, and Honig?’ discussed above predicts the
three metal-insulator transitions in Cr-doped V,0; (the
composition-induced and the high- and low-temperature
transitions). A common feature of many of these theories
is a narrowing of the V 3d bands in the insulating phase.
Analysis of the data in Fig. 4 reveals that the V 3d emis-
sion in the room-temperature insulating state is 0.15 eV
narrower than that in the metallic state at 210 K. This
observation is consistent with the above theories, and the
fact that the V 3d emission is consequently 0.15 eV nar-
rower in the metallic state of Cr-doped V,0; than the
metallic state of pure V,0; is consistent with the higher
resistivity of the 210 K Cr-doped V,0; metallic state.

When cooled further to 130 K, the spectra of Fig. 4
show that the material reverts to an insulating state. The
UPS spectra reveal that the density of states at E is con-
siderably smaller at 130 K than at 180 K. As with the
high-temperature transition, the V 3d emission narrows
as the material becomes more insulating. The symmetry
of the lattice changes during this transition, going from
trigonal in the metallic to monoclinic in the insulating
state.! Additionally, the volume increases by up to 3.5%
at the low-temperature transition.! The mechanism driv-
ing this transition (which also occurs in pure V,0,) is
somewhat different from that driving the high-
temperature transition although the previously men-
tioned theory of Spalek, Datta, and Honig?’ predicts
both. Specifically, low-temperature transition is driven
by the Coulomb interaction between vanadium d elec-
trons, which results in an antiferromagnetic arrangement
of relatively localized spins.? (The low-temperature insu-
lating phase is antiferromagnetic, while the metallic
phase is paramagnetic.) However, the observed narrow-
ing of the V 3d emission and opening up of a gap at Eg
are consistent with theory.>?’

C. Core-level structure

Dramatic changes occur in the V 2p,,, and V 2p;,,
core-level spectra when either the composition- (Fig. 3) or
temperature-induced (Fig. 5) transitions are encountered.
As described above, when Cr-doped V,0; is in an insulat-
ing state, either at room temperature or at 130 K, the V
2p doublet is adequately described by a single pair of
Gaussian peaks. This is in sharp contrast to the situation
in metallic V,0; at room temperature, or metallic Cr-
doped V,0; at 210 K, where two pairs of Gaussian peaks
are required to fit the V 2p doublet. The parameters for
these Gaussians are presented in Tables I and II. The
origin of these extra peaks in pure V,0; is a matter of
some dispute. They are seen only in single-crystal sam-
ples cleaved in UHV;>!° V,0, samples prepared in other
fashions do not show this structure.? The possibility
that these peaks are due to screening effects of the core
holes has been proposed previously as the most likely ori-
gin.’ The data presented here show conclusively that this
is indeed the case and that these extra peaks in the metal-
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lic phase are due to the different response of the electrons
in Cr-doped V,0; to the production of cation core holes
when the material is insulating or metallic. These
changes in the V 2p core-level structure are not related to
chemical shifts of the V 2p level as the material under-
goes a metallic-insulator transition, but rather are related
to the photoemission process itself (the 0.6-eV shift in the
binding energy of the major Gaussian peaks between pure
and Cr-doped V,0; listed in Table I is, however, likely to
be a chemical shift). The ability to turn on and off metal-
lic screening by taking this material through a metal-
insulator transition allows unambiguous identification of
the effects of such screening.

A variety of screening phenomena can occur in
transition-metal oxides during photoemission. Even in
the absence of a significant electron density near E, core
holes are to some extent screened by the electrons in the
solid.® 3! Thus when Cr-doped V,0, is insulating at
room temperature and has few electrons at E, the result-
ing V 2p binding energies are characteristic of poorly-
screened emission rather than unscreened emission.
When the crystal becomes metallic at 210 K, there are
many more electrons at E, with which to screen the core
hole, and metallic screening occurs. Thus, the small pair
of Gaussians which are seen in the deconvolution of the
V 2p doublet in the metallic state are associated with
well-screened emission from the V 2p levels and the large
pair with the poorly-screened emission. Note that the
valence-band satellite seen in V,0; below the O 2p emis-
sion has a somewhat different origin than these well-
screened peaks.!> 16

The O 1s emission also changes shape as a metal-
insulator transition occurs. In metallic V,0; and Cr-
doped V,0; the O 1s line has a large asymmetry on the
high-binding-energy side of the peak (Figs. 3 and 5). This
is explained as arising from the production of electron-
hole pairs at Ep as the high-energy photoemitted elec-
trons leave the crystal.>!® Creation of these electron-hole
pairs reduces the energy of the photoemitted O 1s elec-
trons, and they consequently appear to have higher bind-
ing energies. This asymmetrical line shape is known as a
Doniach-Sunjic line shape.’? If this is indeed the origin
of the asymmetry, then when the material becomes insu-
lating and the density of electrons at E. falls, this asym-
metry should be significantly reduced. This is precisely
what is observed in the insulating samples (Figs. 3 and 5),
thus conclusively identifying the origin of this asym-
metry.

D. Comparison with published data

Prior to this study, two photoemission investigations of
metal-insulator transitions in Cr-doped V,0; single crys-
tals have been published.?#3* Only Ref. 24 presents
valence-band UPS spectra, and these spectra are incon-
clusive and contradict the results presented here. The
spectra in Ref. 24 show a very small V 3d emission
feature near E,. This would imply that the surfaces are
heavily oxidized. [It is not stated in Ref. 24 how the sur-
faces were prepared, but it is stated that they were
cleaned until a reproducible O 1s line shape was obtained.
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If the materials were cleaned by sputtering, a reduction
of the surface would occur (Fig. 6), and the V 3d emission
would be very large. Thus it appears their surfaces may
have been annealed, which typically oxidizes the surface.]
The UPS spectra in Ref. 24 do not show any significant
changes during the metal-insulator transitions. Valence-
band XPS spectra were also taken, and these seem to
show effects similar to those seen in UPS spectra here for
the V 3d emission during the transitions. However, the
resolution of these XPS spectra is poor and the observed
shifts are small.?*

The second study, by Shin et al.,** examined the effect
of the metal-insulator transition in pure and Cr-doped
V,0; on the V 3p and 3s emission. The authors do not
present any valence-band spectra in this paper, but do ob-
serve changes in the V 3s emission as the samples are
cooled. These were used to extract information on local
magnetic moments, but provide no information on the
structure close to Eg. It is not clear in this paper how
the surfaces were prepared. (This paper erroneously
states that Refs. 15 and 16 reported no change in the
valence-band emission close to Er in V,0; when cooled
through the metal-insulator transition; the experiments in
Refs. 15 and 16 were performed at room temperature.)

The low-temperature transition in pure V,0; powders
has been observed using both UPS** 73 and XPS.2%35~%
The various surface preparations used in some of these
studies make the data ambiguous. However, in both the
work of Beatham and co-workers**** and Sawatzky and
Post,?® changes in the density states at E; were clearly
observed when pure V,0; was cooled through the low-
temperature metal-antiferromagnetic insulator transition.
Surprisingly, Shin et al.!® report no change in the UPS
spectra of scraped single-crystal V,0; when cooled
through this transition.

The metal-insulator transition in VO, powders
and small single crystals*’ has also been studied using
photoemission. VO, undergoes a metal-insulator transi-
tion at 340 K,! and UPS spectra obtained from single-
crystal samples by Bermudez et al*® clearly show
significant changes in the valence-band structure as the
material switches from an insulator at room temperature
to a metal at 340 K. The metal-insulator transition is

34,38,39

also visible in the XPS spectra obtained of powdered
VO0,.3* The V 2p doublet exhibits changes similar to
those seen here, but the authors do not attempt to explain
the line shape in terms of core-hole screening.*®

VI. CONCLUSIONS

The electronic structure of Cr-doped V,0; in metallic
and insulating states has been investigated using both
UPS and XPS. Addition of Cr to V,0, was seen to pro-
duce insulating samples at room temperature, with a low
density of electrons at E as indicated by the UPS results.
Pronounced changes in the core-level emission were also
observed when V,0; was doped with Cr. Insulating Cr-
doped V,0; was cooled and a transition to a metallic
state observed at 210 K. The density of electrons at Ep
was seen to rise and the width of the V 3d emission in-
creases following this transition. Additionally, the O 1s
and V 2p core-level structure changed, resembling the
metallic state of pure V,0;. As the crystal was cooled
further, a second transition occurred from the metallic
state to another insulating state. Again the density of
electrons at E; was observed to fall and the V 3d emis-
sion narrow. The core-level emission structure reverts to
that of the room-temperature insulating state. The
changes in density of states and bandwidth were found to
be consistent with a Fermi-liquid theory of these transi-
tions; the changes in core-level emission were identified
with different photoemission-related processes (core-hole
screening) in the metallic and insulating states.
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