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LEED and photoemission study of the stability of VO, surfaces
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We present low-energy electron-diffractinEED) and photoemission measurements of single-crystal sur-
faces of V@, made possible using samples oriented and characterizel. LEED shows that th€100)
surface has &1x2) reconstruction, but th€l10) and (101) surfaces have diffraction patterns consistent with
those expected from termination of the bulk. TI0®1) surface is evidently unstable: gentesitu heating of
our samples causes faceting, while similar heating of cleaved single crystals results in irreversible changes in
photoemission spectra, which we interpret as surface relaxati@0df facets. At the metal-insulator transi-
tion, photoemission spectra of the nearly sixfold coordinated stdldl® and (101) surfaces change greatly,
but spectra of th€001) surface change only slightly. We suggest a coupling between the electronic and
structural instabilities of V@may be responsibl¢S0163-18297)10507-0

INTRODUCTION have succeeded in obtaining Y@urfaces that we have used
to obtain LEED patterns and angle-resolved photoemission
The metal-insulator transitiofMIT) in transition-metal measurements on this prominent compound. We observe
oxides has attracted much interest over the last decade. THerge changes in the photoemission spectra at the metal-
interest was renewed by the discovery of high-temperaturensulator transition, which shed light on the nature of the
superconductivity in copper oxides, which exhibit a MIT as aelectronic states involved in this transition. In addition, our
function of doping. Besides their potential value in applica-results help resolve inconsistencies between different authors
tions, transition-metal oxides are valuable testing grounds foin the photoemission literature on \y@oncerning the inten-
basic research, since they appear to belong to the class sity at the Fermi energy; and a feature in the spectra at a
strongly correlated electrons, and the Hubbard model hasinding energy of about 10 eV. For example, Bermudez
been utilized to describe their properties. In particular, vanaet al® observed on cleaved single crystals time-dependent
dium oxides are fascinating because the vanadium-oxygefeatures at the bottom of the oxygem dand, which they
phase diagram displays many compounds, with vanadiunhterpreted as due to OH adsorbates, while the spectra of
ions in various valence states, which exhibit Ml transitionsshin et al* have a different shape and do not exhibit time
as a function of temperature. Most widely studied of thesejependence. We show these inconsistencies are due to the
are \,O; and VO, which show a MIT combined with a jnstability of some VQ surfaces, which causes surface re-

structural transition. While the transition in,W; is often  construction and concomitant changes in the photoemission
considered to be Mott-Hubbard, this is not completely clearspectra.

for VO,.2

Photoelectron spectroscopy, which has proved to be a
powerful tool in the investigation of correlated electron sys- EXPERIMENT
tems, has been carried out on Y& However, as photo-
emission is surface sensitive, and angle-resolved photoemis- VO, single crystals were grown in a gradient furnace by
sion (which reveals the electronic properties in more detailchemical transport reaction, using Tg@k a transport agent.
than angle-integrated photoemissisaquires atomically or- The growth temperature was600 °C. Under such condi-
dered single-crystal surfaces, a major difficulty in these meations crystals close to the Vf/gO,5 phase boundary are
surements has been the lack of well-characterized, orienteabtained, some of which show specular surfaces. Electrical
surfaces. A standard procedume,vacuocleaving of single resistivity and magnetic susceptibility measurements show
crystals, produces rough surfaces in the case of ¥Prob-  the MIT at T, =340 K. The crystal orientation was deter-
ably for this reason, to our knowledge, no previous low-mined ex situby Laue diffraction using a standard Philips
energy electron diffractiofLEED) or angle-resolved photo- x-ray Laue camera before introducing the crystals into the
emission investigations of VOhave been carried out. By ultrahigh vacuum{UHV) chamber. Several cycles of heating
adopting a strategy of gently heating, under suitable oxygeto 600—700 K under suitable oxygen partial pressure then
conditions, single crystals grown by chemical transport, weproduced good quality LEED patterns; those presented be-
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low were all measured in the rutile phase just above the MIT,
using an Omicron Spectaleed system and software for con-
trast enhancement.

Ultraviolet photoemissiofUPS experiments using a He
discharge lamp were performed in a mu-metal shielded sys-
tem equipped with a VSW CLASS 100 analyzer. A total
resolution of 20 meV could be achieved. Additional mea-
surements were performed at beam line U4A of the NSLS at
Brookhaven National Laboratory, using a toroidal grating
monochromator operated in a constant resolution mode with
a resolution of about 150 meV and overall resolution of 500
meV. In both systems the temperature could be varied be-
tween 80 and 1000 K and the base pressure was belo¥ 10
mbar. Since the secondary electron background of the UPS
spectra changes when passing through the MIT, all UPS
spectra shown are background subtracted employing a
Shirley-like method introduced by Li and Henrich.In ad-
dition, all spectra are normalized to the area under the spec-
tra.

RESULTS: LOW-ENERGY ELECTRON DIFFRACTION

In its metallic phase, V@forms the rutile structure with
space group 136, P4/mnm’ and lattice vectors
a,=b,=4.551 A andc,=2.851 A® In this paper we refer all
surface indices to this rutile structure. The main structural
effect at the MIT is a dimerization of vanadium ions along
the ¢, axis, forming zigzag chains and doubling the unit cell
along thec, axis. This insulating phase has the MoSruc-
ture with space grou@2,/c.®'° We investigated th€100),
(001), (110, and (101) surfaces in both the metallic and
insulating phases.

(110 Surface , .
FIG. 1. (a) Projected bulk structure of the ruti{@10 surface of

On this surface, six oxygen atoms coordinate each vanayo,. Thec axis is up(toward top of pageand theab diagonal is
dium ion. Of the various low-index VOsurfaces we have to the right. Small(large) spheres represent {O). Outermost V
studied, this corresponds most nearly to the bulk coordinaions are highlighted(b) LEED pattern of(110y surface of VQ,
tion, and we therefore expect this surface to be the mosiriented as ir(a), at incident electron energy of 56 eV.
stable, as also suggested by Henfitfhis belief is sup-
ported by superstructure calculations, based on linear combity in the LEED pattern may be due to the fact that V has a
nation of muffin tin-type orbitals, by Kasowsky and Paibn  much larger electron scattering cross section than O, so the
isostructural TiQ, which show no additional gap states on scattering, and the observed LEED pattern, is dominated by
the projected surface density of states, in contrast to thg TiGthe V sublattice. It must be noted, however, that LEED on
(001) surface, on which the same calculations show surfacénhe isostructural TiQ (110 surface does show the bulk
states in the gap region. periodicity® at least at a higher electron enel@2 eV). We

Figure 1a) shows a section of the V110 surface ter- observe large variations in the intensity of the individual

minated by the V ion plane. Axes referred to the rutile latticereflections as a function of electron energy, but have not yet
are sketched on the figure. Smélrge) spheres represent analyzed this quantitatively.

vanadium(oxygen ions. The outermost layer of V ions is
highlighted in white. Figure (b) shows a LEED pattern of (101) Surface
this (110) surface oriented as in Fig(d), taken at a sample

temperature above the MI transition, i.e., in the rutile phase, The surface V-O coordination of tH&01) surface should
with an incident electron energy of 55 eV. The LEED patternbe similar to that of thg110) surfacet! Evidence for the
shows a face centered structure whose surface unit cell &tability of this surface is the fact that single crystals grown
illustrated in Fig. 1a). Quantitative analysis yields a real- by chemical transport show predominantly smo@th0) and
space periodicity of 3:60.7 A, in agreement witd,,,, the (101 surfaces, terminated by rougf®@0l surfaces. We
distance between adjacent V ions at the bulk-terminated sutherefore expect that th@01) surface structure corresponds
face, which is 3.52 A[Fig. 1(a)]. This appears surprising to the bulk structure, as found for ti&10) surface.

sinced,, evidently differs from either of the VQsurface In Fig. 2(a) we show a VQ section, similar to that of Fig.
lattice lengths. There are two V ions per unit cell, each withl(a), for the (101 surface, including axes with respect to the
differing oxygen coordination. The absence of this periodic-rutile structure. Figure ®) shows the corresponding LEED
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FIG. 3. (a) Projected bulk structure of the ruti{@00) surface of
VO,. Small (large spheres represent ). Outermost V ions are
highlighted.(b) LEED pattern of(100)r surface of VQ showing a
(1X2) reconstruction, oriented as {a).

FIG. 2. (a) Projected bulk structure of the ruti{@01) surface of
VO,. Small(large spheres represent ¥0). Outermost V ions are large as expected from the bulk structie58), implying a
highlighted.(b) LEED pattern of101)g surface of VQ, oriented as  (1x2) surface reconstruction. The resulting surface cell in
in (a), at incident electron energy of 44.3 eV. real space is shown in Fig(& (black rectanglge

Reconstructions of thel00 surface of isostructural TiOD
pattern, rotated 45° clockwise. The face centered LEED patwere observed by Chung, Lo, and Somotjaivho found
tern is similar to that of th€110) surface; quantitative analy- various modifications at different annealing temperatures
sis yields a measured surface unit cell length ofD18 A,  T,: a (1x3) reconstruction aff ,=500-600 °C,(1x5) at
in agreement with the value of 3.51 A fdy, expected from T,=800 °C, and(1X7) at T,=1200 °C. From Auger spec-
the bulk vanadium sublattice structufigig. 2(@)]. For this  troscopy, they concluded that oxygen loss from the surface
surface there are no theoretical or experimental studies of thegion increased with increasing annealing temperatire
corresponding Ti@surface. The observed reconstructions can be explained by a loss of
oxygen rows along the rutile axis. Figure 4 shows a surface
(100 Surface model of the rutile(100 surfat_:e with a typ_ical oxygen

vacancy'! The topmost oxygen ions form chains alonyg,.

We show in Fig. 8a) a section of thg100) surface in- The absence of every second oxygen row caus€bx&)
cluding again axes with respect to the rutile lattice. Thereconstruction; the absence of two adjacent oxygen rows a
darker V ions marked with a white dot, in the center of the(1x3) reconstruction, etc. We are currently studying the pos-
vanadium rectangle, ageab lattice constant4.53 A) below  sibility that such periodic oxygen loss occurs in ¥O
the upper brighter V layer. The LEED pattern of this surface
is shown in Fig. 8). Thek space surface unit cell is indi-
cated by the white lines. The LEED pattern is inconsistent (001) Surface
with the face centered structure expected for the termination Brief heating of the(001) surface caused the appearance
of the bulk structure: the ratib/c is 3.2, almost twice as of a fourfold symmetric LEED pattern with a surface unit
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FIG. 4. VO, surface model; reproduced from Ref. 11.
cell length of 4.9 A-0.8 A, in agreement with tha (or b)
lattice parameter of VQ Further heating resulted in a com- ! 0
plex LEED pattern consistent with faceting, behavior previ- e bttt
ously observed on the analogous Fi@01) surface?~14 12 10 8 6 4 2 0

Binding Energy [eV]
RESULTS: PHOTOEMISSION
FIG. 6. Photoemission specttdlell) of VO, surface produced

We now discuss photoemission measurements on thes§ cleaving. Freshly cleave@olid), above MIT (dotted, and after
single-crystal surfaces, focusing particularly on the effect ofooling to room temperatur@reyed.
the reconstructions of thel00) surface just described. For
comparative purposes, we describe spectra taken from suer and the appearance of additional intensity at the bottom of
faces produced by cleaving and by scraping,\éidgle crys- the valence bands. Spectra having the shape of the latter we
tals as well as those produced by heating in oxygen. refer to in the following as “type 1” spectra. Although the O

Figure 5 compares photoemission spectra taken with He 2p and V 3d states are hybridized, following an early model
radiation from a VQ surface freshly cleaved at room tem- of Goodenough’ we can identify the features in the binding
perature with those taken from the same surface heated &nergy region from 12 to 2 eV as primarily of Gp Zharac-
above the MIT(to T=400 K) and after cooling back to room ter and those features in the region betwegrand 2 eV as
temperature again. The initial spectrum clearly differs fromprimarily of V 3d character. Figure 5 shows that a type 1
those taken after heating: raising the temperature above trspectrum is characterized by additional intensity at the bot-
MIT causes an irreversible reduction of density of states atom of the O 2 band at~10 eV binding energy and de-
creased intensity in the Vdband region. These changes
develop on keeping the sample abdyg for 5-10 min; the
pressure remained less thar B0 1% mbar while heating. A
freshly cleaved sample kept at room temperature continues
to show unchanged spectra for at least several hours. On the
other hand, after a single bri€s—10 mir) heating above the
MIT, the sample exhibited only type 1 spectra. Subsequent
heating above the MIT then causes only the appearance of
the Fermi cutoff characteristic of a metal, although with very
low intensity ateg , and minor changes at the top of the @ 2
bands; the changes that heating above the MIT induces are
evidently irreversible. The surface of the cleaved sample of
Fig. 5 was rough and exhibited no LEED pattern either be-
fore or after heating.

Figure 6 shows three spectra taken from a surface pro-
duced by cleaving a different V\Ocrystal. The spectrum
taken immediately after cleavingsolid line) is somewhat
similar to the spectrum of the freshly cleaved sample of Fig.
5, which we henceforth refer to as type 2 spectra. When this
sample is heated above the M{T=400 K), a well-defined
Fermi cutoff appears, with much more intensityeatthan in
type 1 spectra, and, in further contrast to type 1 spectra, the
intensity at the bottom of the O2bands(~10 eV) increases
only slightly. Cooling to room temperaturéelow Ty,)
causes the intensity at to vanish and minor changes at the
top of the oxygen bands. These changes are reversible when

e e S [
T<T,, freshlycleaved

'T>TM|
T<Ty

Intensity

12 10 8 6 4 2 0
Binding Energy [eV]

FIG. 5. Photoemission specttBle) of VO, surface produced
by cleaving. Freshly cleave@olid), above MIT (dotted, and after
cooling to room temperatur@rayed.
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S B smooth (110 surface before cleaving. The surfaces were
T rough after cleaving, but in view of the initial orientation it is
likely that they still consisted largely d¢fL10) facets. Indeed,
their spectra are very similar to our type 2 spectra, which are
characteristic of thg110 face. Bermudezt al,® on the
other hand, used needlelike Y@®ingle crystals, which they
broke perpendicular to the needle axis. Our experience with
the growth of VQ crystals indicates that such needles con-
sist mainly of(110 and(101) surfaces perpendicular to the
needle axis, which usually terminate if@2) surface. The
surfaces produced by breaking a needle should then consist
mainly of (001) facets. Bermudeet al. measured in a de-
fined hydrogen atmosphere to study the effect of hydrogen
on the MIT? Their spectra immediately after cleaving are
similar to our type 2 spectra, and over time changed to spec-
tra similar to our type 1. The authors attributed this change to
OH diffusion along grain boundaries, by analogy to similar
behavior observed for 305 (Ref. 17 and TyO; (Ref. 18 on
the absorption of water. However, the fact that similar
changes occurred in our experiments, although the partial
pressure of water was negligible, supports our interpretation
of an intrinsic surface instability.

The LEED results show that each Y@urface behaves
like the corresponding TiQsurface, suggesting analogous
PR T S T SN BN I interpretations of the photoemission spectra of these sur-
12 10 8 6 4 2 0 faces. Taitet all* have measured the photoemission spectra

Binding Energy [eV] of annealed TiQ (001). They found changes in their spectra
on annealing similar to those we find for Y@On annealing.

FIG. 7. Photoemission spectra 301) and (110 surfaces of Band-structure calculations of VZ_O(Refs. 19 anq .ZD
VO, for T>T,, and T<T,, . Spectra of thg001) surface are of sr_\ow the lower part of the Of2bands is strongly hybridized
type 1, while those of thé110) surface are of type 2. Th@oy  With the V 3d states. On th€001) surface of VQ the V 3d

spectra were measured with Hewhile the (110 spectra were States, assuming the bulk structure, are partially filled due to
measured at U4A at 40 eV. the low oxygen coordination. Correspondingly there is emis-

sion from V 3d states neakp in the photoemission spec-

trum. The MIT is associated with a structural transition;
éhere is therefore structural instability and phonon mode
oftening?! Applying a model that has been used with suc-

Intensity

the sample is subsequently heated through the MIT.

To further investigate this behavior we compare thes§
photoemission spectra of cleaved crystals, which do no . o - .
show LEED patterns, with spectra of surfaces prepared b ess for T'Q'ﬂ.’m we suggest this mstabll_lty COUId. trigger
heating under oxygen, which showed the LEED patterns diS_un‘ace relaxation, helping the surface V ions achieve an O
cussed above Figure,7 shows spectra of(@84) and (110 coordination higher than on the unrelaxed surface. Such an
surfaces of VQ for T>T,, andT<T,, . [The (110 crystal increase in O coordination would decrease the occupancy of
was slightly doped with Mog, which does not affect the f[he M 3d state_s, deqreasmg .th¢ ¥ intensity ateg while
photoemission features but merely shifts the MIT to slightlyIncreaSIng the intensity O.f emission from 'ghe_ bottom of the O
lower temperaturelt is evident from Fig. 7 that th€001) p bands, as observgd in our photoemission Qata _When a
surface exhibits a type 1 spectrum, while #4.0) surface cleaved(001) surface is heated abovig,, for the first time

exhibits a type 2 spectrum. The spectra of both surfacegig' 5). These changes in electron configuration correspond

: : ; the energy gain which drives the surface relaxation. The
change reversibly, and in the ways described above for typ : ,
1 and type 2 spectra, respectively, when the sample is repe t—af(.ble(ﬂ% ?ﬁrface’ on tgeDtghSer_ h?rr]ld,\z%s) hl%her V coordi-
edly cycled through the MIT. nation an e occupie in the and region is

: . : igher than on the relaxe®01) surface. Therefore, the ef-
This apparent relationship between the surface plane arEég VO
the spectral features provides a natural explanation of th ct of the MIT on the DOS of th¢110 surface ater is

. . much higher. The stability of th€l10) surface means that
different types of spectra observed for cleaved sarplis. &he changes in the photoemission spectra of that surface

which occur at the MIT are associated with bulk properties
0and not with surface structural changes, as we suggest is the
case for thg001) surface.

below T, (Fig. 6 evidently consisted predominantly of
(110 facets. The freshly cleaved sample of Fig. 5 showe
spectra similar to those of théd01) face (Fig. 7) when
heated abovel,, suggesting that its surface then recon-

structed toward that surface. The evident sensitivity of the CONCLUSIONS

photoemission spectra to the surface plane also clarifies dif-

ferences between reported photoemission measurements onWe have succeeded in preparing and orienting single-
VO,. Shin et al**® used single crystals with an optically crystal surfaces of VQ which show high-quality LEED pat-
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terns and have measured photoemission on several low indeitivity of such photoemission to surface geometry and
planes. LEED shows that th@10 and (101 surfaces are morphology, and emphasize the need for careful character-
stable, while the(001) surface shows faceting. Thd 00 ization.

surface relaxes, a relaxation associated with the MIT. We

have shown that the corresponding observed photoemission

spectra and their changes upon annealing as well as photo- ACKNOWLEDGMENTS
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