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A surface acoustic wave (SAW) delay line is used to study the metal-to-insulator (MI) transition

of V2O3 thin films deposited on a piezoelectric LiNbO3 substrate. Effects contributing to the

sound velocity shift of the SAW which are caused by elastic properties of the lattice of the V2O3

films when changing the temperature are separated from those originating from the electrical

conductivity. For this purpose the electric field accompanying the elastic wave of the SAW has

been shielded by growing the V2O3 film on a thin metallic Cr interlayer (coated with Cr2O3),

covering the piezoelectric substrate. Thus, the recently discovered lattice precursor of the MI

transition can be directly observed in the experiments, and its fine structure can be investigated.
VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4794948]

The metal-to-insulator (MI) transition, occurring in the

vanadium oxide V2O3,1,2 is usually interpreted by regarding

the compound as a Mott-Hubbard system.3–10 However, to-

gether with the electrical transition a structural change

occurs.11 This is the reason why there is no complete under-

standing of the transition although it is already extensively

investigated.12–17

Recently, light was shed on the role of the lattice at the

MI transition of V2O3 in the paramagnetic metallic region. A

precursor of the transition was found by extended X-ray

absorption fine structure measurements.18,19 Detailed investi-

gations by surface acoustic waves (SAW) of V2O3 thin films,

deposited on piezoelectric substrates, confirm the existence

of this precursor and suggest that it arises from the

lattice.20–22 Moreover, oscillations of the sound velocity of

the SAW with steep reductions were observed during the MI

transition.21 Possibly this phenomenon is an evidence for the

sound velocity anomaly, recently predicted by the compres-

sive Hubbard model.23

Meanwhile, the existence of the precursor has been

established by Brillouin scattering.24 Furthermore lattice

softening effects were observed in the vicinity of the critical

point of Cr-doped V2O3 by sound velocity measurements as

a function of pressure with the temperature as a parameter.25

In the SAW experiments the lattice precursor was first

detected by its influence on the sound velocity shift.20 Then,

with a special high sensitive measuring technique also its

action on the attenuation could be observed.21

To get knowledge about the contribution of the lattice

precursor in the V2O3 films on the sound velocity shift of the

SAW, when decreasing the temperature, we so far calculated

the part caused by a change of the conductivity of the film

and compared it with the experiments. The remaining sound

velocity shift, which could not be explained by conductivity

changes, was then attributed to the lattice precursor.20

This method is, however, somewhat indirect and

depends on the model used to describe the sound velocity

shift caused by conductivity changes in the V2O3 film.

Therefore, we developed a sample design, where the electric

field accompanying the elastic wave of the SAW is shielded

by a metallic Cr interlayer. Thus, only the elastic wave cou-

ples to the V2O3 film.

The SAW device, sketched in Fig. 1, and the measuring

method are similar to those used in our preceding work.20,21

Again, a 128� rotated YX cut of LiNbO3 was used as a pie-

zoelectric substrate. To emit and receive the SAW, two inter-

digital transducers (IDTs) were placed on the substrate,

separated by a sound path of LSP¼ 2.654 mm. Each IDT

consists of 10 pairs of fingers in the split 2 design (height of

gold 50 nm on 5 nm Ti undercoating) fabricated by litho-

graphic methods. From the spacing of the finger electrodes

results a wave length of the SAW of k¼ 48 lm.

The metallic Cr film was deposited directly on the sound

path of the LiNbO3 substrate by electron beam evaporation

(thickness 25 nm, measured by a quartz microbalance during

deposition).

The surface of this film was coated by its electrically

insulating oxide, Cr2O3, grown by exposing the film to air at

room temperature.

Since V2O3 has a similar structure (describing the lattice

as distorted hexagonal26) and lattice parameters as Cr2O3 at

room temperature,11,27,28 good growth conditions are

expected for V2O3 films on top of Cr2O3.28–30 The thickness

of the Cr2O3 surface layer is expected to be of order 1 nm.31

Next, the V2O3 film was deposited on the oxidized Cr

layer by electron beam evaporation from a sintered V2O3

powder target and subsequently tempered in a reducing Ar/

H2 atmosphere.32 The thickness of the V2O3 film was

300 nm (measured ex situ with a Dektak contact profilometer

of Veeco Instruments, employing a diamond-tipped stylus).

The growth of V2O3 deposited on a Cr/Cr2O3 layer

covering a LiNbO3 substrate was in detail investigated in
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Refs. 33 and 34, including the problem of electron tunneling

through the Cr2O3 barrier. The dc resistance measurements

of the MI transition shown below indicate no appreciable

leak currents.

The dc resistance measurements were performed using a

two point method, applying a constant voltage of 0.1 V. The

SAW measurements were carried out using a vector network

analyzer (NWA). The measuring method is described in

detail in Ref. 20. The center frequency was 81 MHz with a

measuring span of 50 MHz. The measurements were carried

out in a cryostat containing a variable temperature insert

(VTI), allowing temperatures between room temperature and

4.2 K.

Such SAW measurements were performed in Ref. 34.

However, to get the temperature dependent sound velocity,

vV2O3(T), of the SAW from the propagation time during

which the SAW passes the V2O3 covered region LV2O3 (see

Fig. 1), this propagation time has to be extracted from the total

measured time. In our previous works,20,21 dealing with a

V2O3 film directly deposited on the LiNbO3 substrate in a cer-

tain range of the sound path, this was simply done by subtract-

ing the length of the film from the effective distance of the

IDTs and reducing the total propagation time of the SAW by

the time obtained by dividing this difference by the room tem-

perature sound velocity of LiNbO3. The effective distance of

the IDTs was determined from the propagation time of the

SAW, traveling from IDT to IDT, for the uncovered case and

the room temperature sound velocity of LiNbO3. In the pres-

ent work, a more detailed procedure is necessary, considering

the different sections of the sound path.

Therefore, we had to calculate the propagation times for

the propagation areas DLIDT, DLUC, DLCr/Cr2O3, and LV2O3,

utilizing successively more complex layered, but in principal

identical SAW devices. Here, DLIDT is not the geometrical

dimension of the IDT, but the effective length, which the

SAW propagates into both IDT regions. Moreover, DLUC is

the total uncovered region, and DLCr/Cr2O3 is the Cr/Cr2O3

covered region that exceeds the V2O3 film, i.e., which is

non-covered with V2O3 (see Fig. 1).

First, to get DLIDT we used an identical SAW device

with an uncovered sound path, i.e., DLUC¼LSP. The propa-

gation time of the SAW along DLUC at room temperature

can be calculated using the literature value for the sound ve-

locity vUC at room temperature (v0,RT¼ 3978.2 m/s of a

SAW on a 128� rot YX LiNbO3 substrate35). The difference

of the measured total propagation time at room temperature

(RT) and the calculated propagation time along the uncov-

ered sound path yields the time tIDT which the SAW travels

into the transducers. Then DLIDT¼ vIDT tIDT. Here vIDT is so

far unknown. It can however be calculated. Considering that

the IDT region is 50% metalized, i.e., short circuited (SC), it

is tIDT¼ t0þ tsc with t0¼DLIDT/2v0,RT and tsc¼DLIDT/

2vsc,RT. With vIDT¼DLIDT/tIDT the velocity along the IDT

regions is then vIDT¼ 2v0,RT vsc,RT/(v0,RTþ vsc,RT).

The short circuited sound velocity vsc can be calculated

via the relation vsc¼ v0(1-K2/2) with K2¼ 0.056 the electro-

mechanical coupling constant.20 Thus, DLIDT could be

obtained with this device and then taken constant for all

other devices and measurements, performed as function of

temperature. Then tIDT¼DLIDT/vIDT with vIDT¼ 2v0(T)

vsc(T)/(v0(T)þ vsc(T)), where vsc(T)¼ v0(T)(1-K2/2) with

K2¼ 0.056 for all temperatures.

To verify the last relation for vsc(T), the measured ve-

locity v0(T) of an uncovered LiNbO3 substrate was used to

determine the short circuited sound velocity vsc(T) via the

relation vsc(T)¼ v0(T)(1-K2/2) with K2¼ 0.056 the elec-

tromechanical coupling constant.20 The latter we found

nearly temperature independent, when comparing the ve-

locity vsc(T) with the velocity vCr/Cr2O3(T) of a Cr-

metalized SAW device. Due to the short-circuiting of the

surface, in first approximation the measured vCr/Cr2O3(T) is

equal to the thus calculated vsc(T). This enables us to deter-

mine the temperature dependent propagation times tUC

and tCr/Cr2O3 for a given geometry via v0(T) and vsc(T),

respectively.

Hereby vCr/Cr2O3(T) was obtained from a Cr/Cr2O3 de-

vice, which consists of three regions, Leff¼DLIDTþDLUC

þDLCr/Cr2O3, by calculating the components of the total

FIG. 1. Sketch of the SAW transmission delay line with two IDTs on top of a LiNbO3 substrate. The V2O3 film to be investigated is grown on top of a

Cr/Cr2O3 layer, which is directly deposited on the LiNbO3 substrate. The length of the sound path between the IDTs is LSP¼ 2.654 mm, the length of the V2O3

film is LV2O3¼ 2.233 mm, the total length of the Cr/Cr2O3 layer extending the V2O3 layer is DLCr/Cr2O3¼ (53 lmþ 92 lm) on the left and right side, respec-

tively. The length of the uncovered sound path DLuc¼ (3 lmþ 274 lm) for left and right, respectively. The dimension of one IDT is LIDT¼ 474 lm, and the

propagation length of the SAW therein is 334 lm. All geometrical distances were determined by a scanning electron microscope.
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measured propagation time ttotal¼ tIDTþ tUCþ tCr/Cr2O3 with

the known velocities vUC(T)¼ v0(T) and vIDT.

To yield the sound velocity vV2O3(T) the procedure was

applied for a SAW device covered with a V2O3 film on top

of a Cr/Cr2O3 interlayer, consisting of four different propa-

gation areas Leff¼DLIDTþDLUCþDLCr/Cr2O3þLV2O3.

Now the relative sound velocity shift Dv/v0(T)

¼ [vV2O3(T)-vsc(T)þ x]/v0(T) can be determined. Here,

v0(T) is the sound velocity measured for uncovered LiNbO3,

vsc(T) is the short-circuited velocity that equates to vCr/Cr2O3(T)

for devices with a Cr/Cr2O3 interlayer. The variable x in the

sum for Dv is temperature independent. It contains other

effects, which are assumed to be constant, like the mass loading

shift. Its value was set to adjust the relative sound velocity shift

at room temperature to zero. The value of x differs slightly for

warming and cooling measurements, which could be due to

cycling effects or temperature shifts between specimen and

temperature sensor, which is not directly placed at the sample.

In Fig. 2(a) the temperature dependence of the resistance

is shown for a V2O3 film grown directly on LiNbO3 whereas

in Fig. 2(b) the V2O3 film was grown on a Cr/Cr2O3 sub-

layer. In both cases the jump of the resistance at the MI tran-

sition amounts to at least seven orders of magnitude. As

typical for thin films, the transition temperature is suppressed

below the bulk material value 170 K [Ref. 17], and a wider

hysteresis is observed between cooling and warming.20,21

Since in both samples the resistance increases to nearly the

same value, there are no appreciable leak currents through

the Cr film due to tunneling of electrons through the Cr2O3

layer. The inset shows the derivatives of the lg(R(T)) curves

calculated after a linear interpolation of neighbouring data

points and a smoothing procedure, to avoid artificial jumps

in the derivative. The minima of the derivatives indicate the

points of maximum absolute value of slope of the curves,

which was considered as the temperature of the metal-to-

insulator transition.

The sound velocity shift for the V2O3 film directly

deposited on LiNbO3 is plotted in Fig. 3. Caused by the

change of the conductance of the V2O3 film, the normalized

sound velocity shift Dv/v0(T)¼ [vV2O3(T)-vsc(T)þ x]/v0(T),

with x¼ 46 m/s and 49.1 m/s for warming and cooling,

respectively, shows a steep step-like change of about

0.028¼ 2.8%, which is expected from the theory as dis-

cussed in detail in Ref. 20. Within the transition, two of

the oscillations mentioned above and discussed in detail in

Ref. 21 can be observed. As in our former work21 these are

more pronounced in the warm-up measurement.

The inset shows the lower part of the curves in higher

magnification. The decrease of the sound velocity shift

before its steep rise at the MI transition was interpreted in

Refs. 20 and 21 as caused by a lattice precursor. However, in

the present work much more details in the structure are visi-

ble. Describing the behavior upon cooling, the first deviation

from the room temperature value occurs at about 250 K.

Around 200 K a first minimum M1 appears, leading to a

broad maximum at about 163 K. The main precursor struc-

ture is the second minimum M2 appearing below 150 K. The

lowest value of M2 is reached at 100 K. The end of the seen

precursor is a steep step of the sound velocity shift at the MI

transition. Due to the temperature hysteresis the end of the

seen precursor occurs at 91 K and 58 K for cooling and

warming, respectively, i.e., the seen precursor for cooling is

33 K broader than for warming. The further development of

this precursor structure or “signature of the lattice” is then

masked by the sound velocity shift caused by the change of

the conductance.

In Figs. 4(a) and 4(b) the range of the precursor is plot-

ted together with a derivative of the dc resistance separately

for cooling and warming, respectively. Although the main

minimum of the precursor is more expressed for cooling, the

overall structure is deeper and more expressed for warming.

FIG. 2. Resistance, R, as a function of temperature, T, for a V2O3 film. The

inset shows the derivative of the curve. (a) V2O3 grown directly on a LiNbO3

substrate. (b) V2O3 grown on a Cr/Cr2O3 layer sublayer coating the LiNbO3

substrate.

FIG. 3. Normalized sound velocity shift vs. temperature: Dv/v0(T)

¼ [vV2O3-vsc(T)þ x]/v0(T). The V2O3 film was directly deposited on the

LiNbO3 substrate (cooling-warming cycle). Here x¼ 49.1 m/s and x¼ 46 m/

s for cooling and warming, respectively. The inset shows the “precursor

region” in higher magnification.
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In Figs. 5(a) and 5(b) the sound velocity shift Dv/

v0(T)¼ [vV2O3(T)-vsc(T)þ x]/v0(T) observed for a V2O3

film grown on a Cr/Cr2O3 layer shielding the electric field of

the SAW is shown. Here x¼ 3.1 m/s for warming and cool-

ing. The absence of the steep increase of the sound velocity

shift at the MI transition due to the change of the conduct-

ance of the V2O3 film indicates that only the elastic part of

the SAW interacts with the V2O3 film.

Describing the sound velocity shift upon cooling, the

precursor structure is somewhat different from that one

observed in the unshielded case. The main difference is that

the sound velocity shift first increases and then decreases

towards a minimum. As in the unshielded case this minimum

is situated at the border of the MI transition, indicated by the

beginning of the steep decrease of the derivative of the re-

sistance of the V2O3 film. The sound velocity shift at the

minimum (�0.08% for cooling, �0.1% for warming) is the

same as in the unshielded case. Then, however, the sound ve-

locity crosses continuously the MI transition region, exhibit-

ing a change of slope (i.e., a flattening toward a linear

behavior) at the temperature of the minimum of the deriva-

tive of the resistance curve, where the steepest part of the

resistive transition occurs. The most remarkable result is that

the sound velocity shift then increases to a positive value

(þ0.12% for cooling and warming) which has the same

absolute value as observed in the minimum of the precursor

structure. This indicates that there is an elastic distortion of

the lattice at the beginning of the MI transition, which is of

the same size as at the end of the transition.

Thus, one may conclude that on a scale of elastic effects

the precursor structure of the sound velocity shift is not a

small signature, as originally thought, but may possibly give

evidence for a considerable driving force of the MI transition.
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