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Elastic behavior near the metal-insulator transition of VO,
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We report on temperature-dependent sound velocity measurements of surface acoustic waves performed on
small VO, single crystals by means of ultrasonic microscopy. The elastic behavior of this compound has been
studied ultrasonically through its metal-insulator transition. The investigations reveal a strong elastic anisot-
ropy in the metallic phase which is reminiscent of the insulator,Ti®urprisingly, the anisotropy disappears
almost completely, when the insulating phase is developed. The accompanying changes in lattice entropy are
large and suggest that there is less reason to favor electron-electron correlations as a driving force of the
metal-insulator transition in VO [S0163-182@09)08243-7

Vanadium dioxide is one of the transition-metal com-common experimental methods. For instance, coherent in-
pounds that has been attracting much attention for almoslastic neutron scattering, well established to study the pho-
half a century due to its metal-insulator transition takingnon dispersion in crystals, is not feasible here due to the
place near ambient temperatdrelowever, the microscopic extremely large incoherent scattering cross section of
origin of the experimentally observed conductivity jumps upvanadium‘? Investigations by means of Raman spectroscopy
to 5 orders in magnitude &t ~339 K and the mechanism suffer from the absence of a significant narrow-line phonon
stabilizing the low-temperature structural order is still notspectrum of the metallic phas&’* As a consequence, nei-
fully understood. Whether the ground state of M&Dould be  ther neutron nor Raman experiments allow any definite con-
classified as a Mott-Hubbard insulator or may be explainedlusions about the phonon dispersion and the lattice force
within the conventional single-particle itinerant electron pic-constants in this system. Hence, there is an urgent need for
ture is still a matter of debafeln the past, most activities experimental data on this subject.
were devoted to the role of electron-electron correlations in  Bonding properties of crystal lattices are reflected in their
VO,. Their importance foiT>T, is particularly suggested elastic behavior. Especially in the long-wavelength limit, the
from the large Pauli-like magnetic susceptibility of the me-stiffness coefficients can be determined quite accurately from
tallic phase which is unusually high for a paramagneticsound velocity measurements usually performed by ultra-
metal. Within the free-electron model the roughly estimatedsound in the MHz range. In spite of the fact that sufficiently
density of states at the Fermi level exceeds 20 statesarge single crystals of VOcan be produced for quite some
(eV molecule (Ref. 3 whereas recent band-structure calcu-time, to our knowledge only one attempt is reported in the
lations yield a density of states of only 3.@8ef. 4 and 4.18 literature on this topi¢> Unfortunately, the authors were not
stategfeV moleculg (Ref. 5), respectively. able to determine any of the elastic constants. An unpleasant

The metal-insulator transition in ViQs of first order and  peculiarity of larger single crystals is their notorious ten-
the transformation entropy derived from latent heat data varglency to crack formation, triggered by the structural changes
between 12.6 JmoltK ™! (Ref. 6 and 13.8 Jmol*K L.’  accompanying the metal-insulator transition. In addition, it is
Assuming electron localization as the main source, the enannoying that the insulating monoclinic phase supports the
tropy jump is about five times larger than that what is ex-formation of domains typically some 10m in length. By
pected from band-structure calculations. Thus, in order to fimeans of optical microscopy the domain structure can be
the experimental data of both the latent heat and the mageasily identified under polarized light. Sound waves, how-
netic susceptibility, nearly the same enhancement factor isver, are typically excited over cross sections of several mm
needed. Although strong electron correlations might explainn diameter and both domains and cracks strongly influence
this coincidence, it is nevertheless important to take into conthe sound propagation. Hence, the obtained data are ob-
sideration mechanisms other than or in addition to purelyscured by interference and scattering effects which question
electronic interactions that may be responsible for the metakhe reliability of conventional sound velocity measurements
insulator transition and the simultaneously occuring strucin this case.
tural instabilitie As is well known, atTy, the tetragonal Thus, we use Rayleigh-type surface acoustic waves
structure of the metallic phase adopts a monoclinic symmetSAW), which can be locally excited on a crystal surface by
try with the nearest-neighbor cation distance dimerized in theneans of a high-resolution ultrasonic microscope. It is a
insulating phasé® Hence, a realistic description must take great advantage of such a microscope that it typically oper-
into account changes in lattice entropy, too. ates at a sound frequency of 1 GHz. The corresponding

Studies of diffuse x-ray scatterifggive hints that the wavelengths of the excited SAW amount to little more than a
lattice transformation is accompanied by a soft phonon modéew um and are much smaller than the single-domain crys-
at theR point of the Brillouin zone. Beyond that, however, tallites usually obtained. Ultrasonic microscopy is therefore a
the role of the lattice remains rather unclear insofar as detailpowerful method for investigating the elastic behavior of
about the lattice dynamics of V{Qare hard to obtain by small VO, crystals!®
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onalc axis, shows a decrease of at least 10%. In contrast the
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FIG. 1. Temperature dependence of the Rayleigh sound velocityane This corresponds to an increase in the elastic modulus
cgr of 1 GHz surface acoustlc.waves propggatlng in(thé 0 plane of nearly 20%, which is exceptionally large.
along [001] and [110]. The lines are guides to the eye and the g\ T4pe sound velocity data it becomes obvious that the
notation of the crystal axis refer to the tetragonal lattice of the VO metal-insulator transition in VQis accompanied by highly
ile phase. : . . . .
rutile phase anisotropic changes in lattice bonding. In order to study the
The ultrasonic investigations are performed on singlebeh‘e“’IOr neatry, in more detail, we investigated the angular
crystalline VG grown by means of chemical transport reac_dependence. of the SAW.veIocny. The an_gglar—depgndent
sound velocity shown in Fig. 2 reveals a striking elastic an-

tions using a TeGlcarrier. A selection of crystals, suitable . )
for ultrasonic microscopy, was first analyzed by the LaugSOtropy of metallic VQ. As shown in Ref. 17, for a system

technique of x-ray diffraction. The dispersion of high- Of tetragonal symmetry the velocitg'®Y of a Rayleigh
frequency SAW may be strongly influenced by small surfacd"0d€ Propagating in the001] direction is predominantly
defects and also by a weak unevenness of the crystallinr@Iated to the st.|ffness[lc1;8eff|0|el(it44 yvhereas thg elastic
surface. Therefore sound velocity measurements requir@odulus belonging ta™™™ is essentially proportional to
samples with very smooth and even surfaces. It turns out tha¢2(C11~ C12). The anisotropy parameter of metallic YO
this prerequisite is fulfilled for our crystals predominantly in "€lated to the ray contour in Fig. 2 is approximatély
tetragonal(110) orientation. In order to avoid multiple scat- [001]) 2
tering of the excited SAW, single-domain samples are first A= 2C4y %<C ) =27 (1)
selected from the batch by optical inspection. C;;—Cyp |\t

We neglect the monoclinic angle and all details concern-
ing crystal orientation will refer to the tetragonal parent Noteworthy, it differs markedly from the isotropic case
phase in the following. For surface waves propagating alond\=1 but is almost equal to the anisotropy parameter of,TiO
the[110] and[001] directions in the1-1 0) plane of VQ the  (see, e.g., Ref. 19In detail, our investigations reveal a ray
experimentally obtained temperature-dependent sound velocontour of metallic VQ which is reminiscent of TiQ Me-
ity is shown in Fig. 1. Each data point in the diagram repre-allic VO, is isostructural to Ti@ which, however, is an
sents the mean value of a number of single measurementssulator with a band gap of about 3 ¥The fact that the
The energy loss of the leaking SAW becomes considerablynean sound velocity is much lower in ¥Q@han in TiG
large for sound frequencies approaching 1 GHz. Particularlypoints to screening of the interatomic bonds by conduction
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electrons. On the other hand, the anisotropy differs only mar- AOp

ginally and suggests isotropic screening. This idea fits in AS;w~11.2Jmol 'K~  for (F) =0.15.

with results obtained from transport measureméhtshere D M1y,

it is found that the electronic conductivity of metallic Y& (6)
almost isotropic as well. This result matches quite well with the experimental value

When the insulating state develops, the elastic anisotropgS~13Jmol*K=! obtained from latent  heat
of VO, disappears almost completely and the mean stiffnesmeasuremenfs’ Hence, our result is quite suggestive of a
increases drastically. These features strongly support the idgdnase transition, where the lattice plays the dominant role in
that the lattice is not passive in the initiation of the phasethe transition scenario.
change. In particular, the stiffness increase is indicative of a Support to this idea is also given by x-ray diffraction
decreasing phonon density of states and points to a consigtudie 3 where it is found that the atomic thermal displace-
erable loss of lattice entropy &, . Provided that the inves- ment parameters of both phases differ strongly and indicate a
tigated crystal plane is representative of the whole systemt0—20% increase of the Debye temperatur&gt. This is
the entropy loss can be estimated from our sound data. N fair agreement with our results.

As is well known, the Debye temperatuf®, may be In the monoclinic phase the lattice parameter moderately

calculated in harmonic approximation and depends primarilyfi€creases on further coolif§On the other hand, the sound
on the mean sound velocitic, ;) averaged over all direc- velocity shows a pronounced increase. The behavior of the
9.

: : ! two modes shown in Fig. 1 is exemplary for the whole crys-
tions q and acoustic branchgs=1,2,3. The Debye model : o
then yields a relationship tal plane. The increase beloW, exceeds 10% for a tem-

perature range of 100 K and points to a progressive stiffen-
ing of the lattice which is indeed surprising. Temperature
Op*(Cq ). ) coefficients found in ordinary materials are considerably
smaller and the velocity increase over 100 K is not much
The lattice stiffening affy, leads to an increase of the more than 1-2 %.
mean sound velocity of about 15% and the Debye tempera- There is much evidence for the hypothesis that the
ture should behave analogously according to @y. Since ~ anomalous stiffening is a basic feature of the insulating
the phonon entropyS,, at a given temperature depends phase. In particular, the temperature-dependent sound veloc-
mainly on®p, a considerable change in entropy is thereforgty and the behavior oB(T) obtained from specific-heat
expected. The high-temperature expansiorSg{T) given mea§uremen%.§ exhibit a str|k|.ng S|m|Iar|Fy. This unusygl'
by Thirring can be used as an adequate approximation fogla_stlc behaw_or may_be ascribed to lattice anharmonlcn_les
temperatures higher than @3 .22 As a function of®,, , the which, according to Fig. 1, become stronger on approach.lng
phonon entropy in lowest order has the form Tw from below. Even though the lattice parameter remains
well behaved and lacks any anomalous behavior towards
Twi » the decreasing lattice stiffness points clearly to a weak-
an{L]) 3) ening of the interatomic bonds. Unfortunately, it can hardly
3 C] ' be gathered from the elastic properties whether this behavior
is caused by thermal excitation of localized electron states or
whereN is the number of atoms per mol M@ndkg is the  arises mainly from temperature-dependent band-structure ef-
Boltzmann constant. Accordingly, for the entropy changefects. There is indeed some evidence from optical experi-
AS,, at Ty, and by use of the definitions ments that the peculiar elastic behavior of insulating,
closely connected with considerable changes in the electron
band structuré®~2’ Since the overall change in stiffness is of
percentage order, it can be expected, however, that lattice
@ and electron degrees of freedom are strongly coupled.
Whether such a strong electron-phonon interaction gives rise
to excitations of polaronic type or is more related to the
Jahn-Teller mechanism, as recently propcddths to be left
for future investigations.
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