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Electrical transport in heavy rare-earth
vanadates
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This paper reports measurements of electrical conductivity (o) and Seebeck coefficient (S)
between 300 and 1250 K and differential thermal analysis (DTA) and thermogravimetric analy-
sis (TGA) between 300 and 1200 K, together with X-ray diffraction studies of heavy rare-earth
vanadates (RVO, with R = Tb, Dy, Ho, Er and Yb). All these vanadates have been found to
have a tetragonal unit cell. The DTA study shows a flat dip in the temperature interval 1075 to
1300 K, indicating a possible structural phase transition of these compounds. Practically no
weight loss has been observed in TGA from 300 to 1200K in any of the vanadates. All RVO,
are semiconducting materials with the room-temperature ¢ value lying in the range 10" to
1073Q"'m™", becoming of the order of 10 2Q " m™" around 1000 K. The electrical conductivity
of all vanadates exhibits an exponential increase in the temperature intervals 420K to 7, and
T, to T,, with different values of the activation energy. A log s against 7' plot shows a peak
around 7; and drops to a minimum value around 7,, before increasing again with temperature.
T,> T3> T, > T, are different for different vanadates and these are termed ““break tem-
peratures’’. 7, lies well within the temperature range of the DTA peak and can be termed the

phase transition temperature. In the lower temperature interval the electrical conduction is
essentially extrinsic. The localized charge carriers on defect centres conduct by a hopping
mechanism. The defect centres are V** ions in all vanadates with R*" centres in some of them.
It is concluded that in the temperature interval 7, < 7 < T, the conduction mechanism is of
the intrinsic band type, with oxygen 2p and vanadium 3d as the valence and conduction
bands, respectively. Related parameters like the energy band gap and the mobilities of the
charge carriers have also been evaluated. The low values of mobility suggest that large
polarons with intermediate coupling are the charge carriers rather than bare electrons in the
intrinsic region. All these vanadates tend to become metallic, but before this is achieved the

phase change makes the conductivity smaller.

1. Introduction

Mixed oxides of rare-earth and iron group elements
are well known for their wide-ranging physical
properties. Among them vanadates of the rare earths
(RVO,, R standing for lanthanum to lutetium) form
a group of compounds revealing interesting structural
and magnetic transformations [1]. We have recently
reported the unusual magnetic behaviour of gadolin-
fum [2], light [3] and heavy [4] rare-earth vanadates at
higher temperatures, and the electrical transport and
semiconductor—semimetal transition in LaVO, [S].
The interesting and to some extent unusual behaviour
of these compounds prompted us to investigate the
electrical transport properties of the whole series of
rare-earth vanadates. As a part of this plan we have
already studied and reported the electrical transport
properties of light rare-earth vanadates [6]. This paper
reports the electrical transport properties of heavy
rare-earth (R = Tb, Dy, Ho, Er and Yb) vanadates.
All these vanadates have a tetragonal unit cell with cell
parameters as given in Table I at room temperature
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2. Material preparation and
experimental techniques
The details of the preparation of all rare-carth vana-
dates, including starting materials, have already been
reported in our earlier publications [2-5]. For
characterization the X-ray diffraction patterns were
recorded using powdered samples employing CuKu
(4 = 0.15405 nm) radiation, and the evaluated unit
cell parameters were almost the same as those given in
Table I. Differential thermal analysis (DTA) and
thermogravimetric analysis (TGA) studies were per-
formed at a heating rate of 10° Cmin~". The electrical
conductivity (¢) and Seebeck coefficient (S) were
measured using sample holders and procedures as
described in several publications of our group [8—11].

3. Results

Measurements of ¢ and S were performed on pressed
pellets because of the difficulty of growing the large
single crystals of these compounds needed for such
measurements, due to their high melting point and our
limited facilities. In pellets, grain boundaries and air
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TABLE I Unit cell parameters of RVO, at 398K (tetragonal
unit cell)*

R Unit cell par- Bond distances (nm)

ameters (nm) R-O R-O V-0

a ¢
Ce 0.7399 0.6496 0.254 0.243 0.172
Pr 0.7367 0.6468 0.253 0.241 0.172
Nd 0.7329 0.6436 0.252 0.240 0.172
Sm 0.7266 0.6394 0.249 0.238 0.172
Eu 0.7237 0.6368 0.248 0.235 0.172
Gd 0.7211 0.6350 0.247 0.234 0.172
Tb 0.7179 0.6324 0.245 0.232 0.172
Dy 0.7143 0.6313 0.244 0.231 0.172
Ho 0.7121 ,  .0.6293 0.243 0.229 0.171
Er ' 07100 0.6279 0.242 0.228 0.171
Yb 0.7044 0.6247 0.242 0.226 0.171

*LaVO, has a monzite structure with unit cell parameters
a = 0.707nm, b = 0.729nm, ¢ = 0.677nm and = 105°.

pores considerably reduce the conductivity, and
measurements on them often do not reflect the bulk
value for the material. It is not possible to eliminate
these effects completely, but pellets can be prepared in
such a way that they are considerably reduced, and in
such a situation the bulk value for the material can be
obtained by employing a suitable correction. The first
requirement in this direction is to make pellets of
uniform density. This has been achieved by using an
appropriate steel die and keeping the ratio */4 (where
1 is the thickness and A the face area of the pellet) to
less than four fixed by other workers [12].

Air pores are considerably reduced if these uniform
pellets are made using fine-grain powders at a higher
pelletizing pressure (P) and sintered at a higher tem-
perature for longer times. Normally, pellets made at
P > 6 x 10°Nm~? have a density close enough

T(K)
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(~80%) to the X-ray density of the material. The
grain-boundary effect on pellets made at such a high
pressure is considerably reduced. This fact is evident
from the independency of a.c. electrical conductivity
on signal frequency in the range 50 to 10°Hz. The
electrodes used on the pellet faces also play a signifi-
cant role in the ¢ and S measurements. For both
measurements the stringent criterion [13] is to have
ohmic contact between electrode and pellet interfaces.
To investigate the nature of the contact, the d.c. cur-
rent density (J) through the pellets was recorded as a
function of applied electric field (E) for a platinum
electrode. The plots (not shown) are almost linear
right from E = 0 in a few cases, and above a certain
value of E in all others. Thus contact between the
pellet and the electrode interfaces is ohmic except at
very low fields. In the measurement of ¢ at different
temperatures, we have used well-sintered pellets made
at higher pelletizing pressures (P > 6 x 10! Nm™?),
keeping E in the range where contact between the
pellet and the electrode faces was ohmic.

Both the Seebeck coefficient and the electrical con-
ductivity of a few pellets of each compound were
measured at different temperatures. Measurements of
o show a typical hysteresis around certain tem-
peratures designated as7; and T7,. In the cooling part
of a cycle, the peak observed at 7, is normally
reduced. However, at other temperatures the o values
are almost the same for heating and cooling. The
Seebeck coefficient for each RVO, is essentially
independent of the thermal history and shelf life of the
pellet, and is reproducible to the extent of + 5%. The
results of ¢ and S measurements for light rare-earth
vanadates have already been reported [6]. Figs 1 to 3
show the plots of logo and S against T~ for terbium,
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cal conductivity (logo) and (@) Seebeck
coefficient (S) against inverse of absolute
tempeature {7~') for terbium vanadate.



7 (KD Figure 2 Plots of (0) logarithm of electri-
(OTOO qu 70‘0 600 5(‘30
1

cal conductivity (logs) and (@) Seebeck
coefficient (S) against inverse of absolute
temperature (7~") for (a) dysprosium and
(b) holmium vanadates.

log [o(Q~Tm™1)]

S tmv K'Y

log Lo {2 Tm™ )]

Somv Kb

7(K)
1000 800 700 600 500
T 1 T
"
E
i
[
]
g g
'x
>
£
»
R
'TE _ A
T3 x
¢ >
. £
g (2]
5
Figure 3 Plots of (©) logarithm of electri-
cal conductivity (logo) and (@) Seebeck 3 (b | \ A N : \
coefficient (S) against inverse of absolute o8 10 .2 14 1.6 .8 20 22 24
temperature (7'} for (a) erbium and (b) -
ytterbium vanadates. 103 7 (kKh

2291



TABLE II Summarized results of electrical conductivity (o) for RVO, below the break temperature 7,

R o at 500K T < T T, T, <T<T,
-1 -1

@ m™) o E, T ) o E, T,
Q 'm™ V) (K) @ 'm™") (V) (K)
La 89 x 10°° - - - 435 1.05 x 10° 0.84 840
Ce 19 x 107 2.331 0.21 625 680 280 x 10° 0.62 810
Pr 580 x 107 0.096 0.22 625 660 2.08 x 102 0.64 800
Nd 3.02 x 107 0.049 0.22 625 690 6.74 x 10! 0.65 900
Sm 170 x 1073 0.984 0.20 625 690 344 x 10° 0.66 900
Eu 575 x 1073 0.953 0.22 670 740 8.10 x 10° 0.67 910
Gd 794 x 1073 1.097 0.22 555 745 325 x 107 0.68 920
Tb 871 x 1077 1.88 x 1073 0.30 570 715 1.93 x 10° 0.80 975
Dy 537 x 107 8.40 x 107 0.29 570 715 142 x 10° 0.75 920
Ho 478 x 1079 6.88 x 1073 0.29 570 715 7.69 x 10° 0.80 920
Er 3.98 x 1077 8.40 x 1073 0.30 530 640 8.50 x 107! 0.79 870
Yb 6.31 x 107 424 x 1073 0.25 500 590 470 x 10° 0.69 835

dysprosium, holmium, erbium and ytterbium vana-
dates. The variations of ¢ and S with T~' below T, (T
for ) can be represented by the general relations

o = ay,exp (—E,/kT) )
and
s =214+H @
el

where o, and H are constants, F,.is the activation
energy, k is Boltzmann’s constant, e is the electronic
charge and 7 is the slope of the S against 7' line. The
summarized results of ¢ and S together with the
respective constants are given in Tables I1 and III,
respectively. For generalization, data on light rare-
earth vanadates have also been included.

Below T K, ¢ values follow no sequence down the
series of RVO,. Above T, the long ¢ against 7' plot
becomes flat for all vanadates and remains so up to a
temperature 7. No time dependence was observed in
J values at a fixed temperature. This indicates that
charge carriers in these solids are electronic (i.e. either
electrons or holes). Above T the variations of logo
and S with T~' are nearly linear and can be repre-
sented by Equations 1 and 2 with different values of
the constants. Above T,, these variations do not
remain linear but yield a maximum around a tem-
perature T; (75 for S), and then a minimum at T,
(T, > T,). Beyond T,, the log ¢ against T~' plot

~

again increases with temperature. In YbVO,, the ¢
variation remains linear and does not show any drop
up to the highest temperature. The break tem-
peratures T, and 7, obtained from plots of logo and
S against 7! are slightly different. This difference
seems to be due to the different conditions in the
measurements of ¢ and S. In the former, samples are
kept in a uniform thermal state, whereas in the latter
they are subjected to a thermal gradient. Thus in both
cases the break temperatures reflect the same
phenomenon in the sample.

4. Discussion

It has already been concluded that RVO, are essen-
tially electronic semiconductors. The electronic con-
duction in semiconducting solids is usually explained
using an energy band model. The relevant bands
which may be important in the electrical conduction in
these solids will be empty R*" : 5d, V** :4s and V°*: 3d
bands partially filled R**:4f" levels (or extremely
narrow bands), and a completely filled O*~ : 2p band.
The magnitude of the electrical conductivity in the
studied RVO, is of the same order as that of V,0,[14],
and 1s several orders of magnitude larger than in the
corresponding R,0; [15, 16]. Thus the R**:5d band
should not come into the picture in the electrical
conduction of these solids. The semi-empirical model
proposed by Goodenough [17] is helpful in deciding
the relative positions of these bands. Relevant optical

TABLE IIT Summarized results of Seebeck coefficient (S) for RVO, below the break temperature T,

R S at 500K T <T, T, <T<T,
-1
@VK™) Charge n H T; Charge n H 75

carrier (mV) (mVK™h X) carrier (mV) (mVK™ (K)
La +0.20 e 0.00 —0.230 430 e +0.04 +0.18 670
Ce —0.050 h 0.00 —0.050 680 h —0.025 —0.048 810
Pr —0.025 h 0.00 -0.025 660 h —0.025 +0.003 770
Nd +0.060 [ 0.00 +0.060 690 e +0.025 +0.007 900
Sm +0.036 e 0.00 +0.036 690 S +0.025 +0.025 835
Eu +0.032 [ +0.008 +0.030 715 e +0.002 +0.028 850
Gd +0.043 e +0.013 +0.038 600 e +0.035 +0.021 890
Tb —0.540 h —0.05 —0.515 670 h ~0.05 —0.111 950
Dy +0.050 e +0.025 +0.037 740 h —0.05 —0.241 960
Ho +0.04 e +0.025 +0.027 770 2 +0.05 +0.008 950
Er +0.15 e +0.025 +0.137 640 e +0.025 +0.032 830
Yb +0.06 e +0.025 +0.047 590 e +0.013 +0.012 800
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Figure 4 Schematic energy-band diagram for RVO,.

data are not, however, available on these materials to
apply it correctly. In any case the V°* : 4s band should
be separated from the V°*:3d band and should lie a
few electron volts above it. RVO, are very stable and
therefore the O*~ : 2p band should lie below V°*:3d
band. The position of the R*" : 4f" levels is not very
certain, but they must lic close to the top of the
O’ :2p band. They will, however, shift sequentially
down til! they are half-filled (4f7). These levels will go
up again when the eighth electron enters the f level.
However, they will then shift sequentially down and
will lie in the lowest state for lutetium (4f'*). A general
schematic energy-band diagram for RVO, will be as
shown in Fig. 4. Based on this energy-band picture the
intrinsic conduction in RVQ, will occur by the follow-
ing processes:

(i) Electrons from the filled O*":2p band are
excited to the empty V°* : 3d band, leaving holes in the
former. Thermally generated electrons in the V°*:3d
(conduction) band and holes in the O?~ : 2p (valence)
band will conduct in their respective bands. Both

TABLE 1V Properties of charge carriers in RVO,

V°*:3d and O® : 2p bands will be narrow, and may
split by the crystal field to make them still narrower.
This will make the mobility of the charge carriers in
both bands smaller.

(i1) In cases where 4f" levels lie between the oxygen
2p and vanadium 3d bands, electrons may also be
excited from 4f" level to the V°* : 3d band. In this case
the dominant charge cariers will be electrons in the
vanadium 3d band, as the holes created in 4f" levels
will be almost localized. The plot of log o against 7!
will also be linear with a slope corresponding to an
energy of W/2, where W is the difference of energy
between the 4f" level and the bottom of the V°*:3d
band. However, if this is true, the linear variation of
S against T~' should also yield a slope corresponding
to an energy of W/2 [18]. This is not true, as the
experimentally observed slope of the S against 7
plot is almost zero in all cases. This means that mech-
anism (i) of intrinsic conduction is not effective and
4f" levels lie below the top of the oxygen 2p band.
Thus intrinsic band conduction, as described in (i)
above, is the dominant conduction mechanism in
these solids. The solid may have electrons or holes as
the dominant charge carriers, depending upon the
values of electron or hole mobility (u, and p,) and
their effective masses {m} and mjf) in the respective
bands.

At higher temperatures (' > T5) the process des-
cribed in (i) may be the mechanism of electrical con-
duction in these solids. The variations of ¢ and S in the
case of the two-band model will be the same as given
in our previous paper [6]. Adopting the same pro-
cedure as in the above-mentioned paper, we can
evaluate the ratios of the effective masses of electrons
in the conduction band and holes in the valence band
(a = m¥m*) as well as their mobilities. These evalu-
ated values are given in Table IV. It is seen from this
table that the mobilities of the majority charge carriers
lie in the range 10" to 10" "m?V 'sec™', which are
orders of magnitude smaller than one expects in nor-
mal band conduction [19]. The prime reason of this
seems to be polaron formation [20, 21]. The mobility
in this case becomes very small and is thermally
activated. The activation energy in this case becomes
(E, — 2hw,)/2 where w, is the longitudinal optical
mode frequency, which will be of the order of 10" Hz.

R Energy band Ratio of Ratio of Mobility at 800 K
(g:\;;)Eg mobilities effective mass % 10° e x 10°
(m*V~'sec™!) (m?V~lsec™")

La 1.68 1.10 1.956 x 107 6.03 5.48
Ce 1.24 0.922 0.144 329 357

Pr 1.28 0.925 1.162 5.12 5.54
Nd 1.30 1.080 1.006 1.99 1.85
Sm 1.32 1.079 1.330 8.27 7.66
Eu 1.34 1.006 1.529 16.94 16.84
Gd 1.36 1.109 1.206 8.51 7.68
Tb 1.60 0.882 0.016 1.17 1.33
Dy 1.50 0.875 1.571 x 10~* 27.10 30.97
Ho 1.60 1.065 2.114 x 1072 4.11 3.86
Er 1.58 1.065 1.508 0.019 0.018
Yb 1.38 1.038 1.146 0.124 0.120
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TABLE V FElectrical conductivity data for RVO,

R T-T, T T, o(T>) o(T;) o(T3) o(Ty)
®) K) K) @'m™) @'m) (T @ 'm)

La 30 870 - 1.53 x 107* 7.08 50 x 10* -

Ce 90 900 1090 0.365 479 13.2 5.25 x 1072
Pr 100 900 1100 0.027 0.28 10.4 3.98 x 1074
Nd 90 990 1110 0.016 0.16 10.0 3.80 x 10~
Sm 90 990 1120 0.063 0.25 4.0 2.29 x 107*
Eu 90 1000 1125 0.151 0.48 32 9.77 x 1074
Gd 80 1000 1130 0.078 0.22 2.8 9.10 x 1073
Tb 90 1065 1200 1.78 x 107* 0.037 209 331 x 1074
Dy 90 1010 1125 1.23 x 107* 0.011 91.0 6.03 x 107*
Ho 90 1010 1065 3.89 x 107¢ 0.018 45.8 6.61 x 1073
Er 90 960 1010 407 x 1073 0.006 145 6.30 x 107°

Thus the band gap given Table IV should be increased
by this amount (~0.13eV).

The electrical conductivity of all vanadates
increases at a much faster rate above T,. It gives a
maximum at T; and then drops sharply (except in
ytterbium vanadate), shows a minimum around T,
and then increases with increase of temperature.
Table V shows the temperature span (73 — T3), o at
T,, Ty and T, and the ratio of values at T, and T;. For
the sake of comparison and discussion, we have
included the data on LaVO, [5] and light rare-carth
vanadates [6] published earlier. It is worth mentioning
that in LaVO, the electrical conductivity jumps by a
factor of 5 x 10* within a temperature span of
30K. This jump has been recognized by us (5] as a
semiconductor—semimetal transition occurring due to
the approach and finally the overlap of valence and
the conduction bands. This tendency of the energy
band gap to decrease with temperature continues in
other members of RVO,. This is the reason for the
increase of ¢ in all vanadates at a much faster rate
above T,. All rare-earth vanadates tend to become
semimetal at higher temperatures. However, up to T;
they only achieve a conductivity which is an order
of magnitude less than the value one expects for a
good semimetal. The ratio o(T})/a(T),) decreases as we
go down the series from lanthanum to gadolinium, but
becomes large for terbium and continues to increase as
we go further down in the series.

The decrease of ¢ above T, and the appearance of
a minimum in the log ¢ against 7' plot around T, for

all vanadates seems to be due to a phase transition.
The DTA plot (Fig. 5) shows a big flat dip in the
temperature interval 1075 to 1300 K for different van-
adates. We believe that rare-earth vanadates undergo
a phase transition within the above-mentioned tem-
perature interval. The minimum observed around T, in
the log ¢ against T~' plots for different vanadates lies
well within the above temperature range, and can be
termed the phase transition temperature. It is worth
mentioning at this stage that all vanadates (except
the lanthanum one) at room temperature have a
tetragonal zircon-type structure. Such structures have
a tendency to change to the scheelite structure [22]. We
believe that the phase transition around T, is a trans-
formation in rare-earth vanadates from a low-
temperature zircon to a high-temperature scheelite
structure.

Below 77 the activation energy E, is small for all
vanadates. Such a low activation energy cannot be due
to intrinsic band conduction. It is seen from Figs 1 to
3 that S remains paractically constant in all vanadates
below T;. This indicates that the charge carriers are
not thermally generated, and that their number
remains practically constant in this temperature
range. This may happen when charge carriers are
localized on defect centres and they conduct via a
hopping mechanism. It is worth mentioning in this
respect that the presence of V** defect centres in
RVO, has been indicated by our magnetic susceptibil-
ity studies [2~4]. These centres are created due to
oxygen deficiencies in these materials. These centres

TGA °
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—_ DTA
3
E {a)
a 3
Er 1 i 1 1 E
£ I~
£ TGA °
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< !
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(b) 1 1 s ! Figure 5 TGA and DTA plots for
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TABLE VI Concentrations of normal sites and defect centres in RVO,, and resulting Seebeck coefficient and hopping mobility of the

charge carriers

R Concentration of Concentration of Calculated Seebeck Hopping mobility
normal sites, defect centres, n coefficient, S at 500K
N x 107% (m~%) (mVK™h (m?V-'sec™")
(m™)
La - - - -
Ce 1.13 6.76 x 102 0.84 1.77 x 107°¢
Pr 1.14 1.32 x 102 1.20 2.79 x 1078
Nd 1.16 8.64 x 10% 1.22 2.19 x 1078
Sm 1.19 3.92 x 10% 1.09 2.72 x 107
Eu 1.20 1.69 x 107 0.96 2.58 x 1078
Gd 1.21 2.95 x 107 0.92 228 x 1078
Tb 1.23 1.04 x 10% 1.60 1.64 x 1077
Dy 1.24 5.14 x 104 1.27 1.17 x 107
Ho 1.25 4,60 x 10%° 1.48 1.16 x 108
Er 1.26 486 x 10Y 1.67 9.17 x 1077
Yb 1.29 2.45 x 10%° 1.53 288 x 1078

can also play a significant rele in conduction, and in
the lower temperature range the electrons from V**
defect centres can hop to V°* normal sites. We expect
this to be the predominant conduction mechanism in
most of the vanadates below 7. The charge carriers
in this process will be electrons. However, the domi-
nant charge carriers in this temperature range for
cerium, praseodymium and terbium vanadates are
holes rather than electrons. This means that there are
very few V*T centres in these vanadates. This may
arise because V** centres are formed due to oxygen
deficiency in RVO,. These vanadates are prepared
using the following solid-state reactions:

4Ce0, + 2V,0; — 4CeVO, + O,
Pr 0, + 3V,05 > 6PrVO, + O,
2Tb,0, + 4V,0, - 8TbVO, + O,

In view of the above equations, oxygen deficiency
and thus the existence of V** centres is not expected in
cerium, praseodymium and terbium vanadates. How-
ever, all these elements have more tendency to be
present in their respective solids as tetravalent (Ce*t,
Pr** and Tb*") ions rather than the usual trivalent
(Ce**, Pr** and Tb’") ions common to other rare
earths. CeO,, Pr,O,, and Tb,0;, are the most stable
oxides of cerium, praseodymium and terbium, respec-
tively. Thus the existence of Ce*" centres in cerium,
Pr** centres in praseodymium and Tb** centres in
terbium vanadates are quite possible. They can take
part in conduction as a hole from these (Ce**, Pr**
and Tb**) defect centres can hop to trivalent (Ce’™,
Pr’* and Tb’*) normal sites. This is probably the
dominant conduction mechanism in such vanadates
below 1.

The Seebeck coefficient in the case of hopping con-
duction is given by Heike’s formula [23]. Using this
relation we have evaluated the S values for all vana-
dates using the procedure explained elsewhere [9, 11].
The calculated values are given in Table VI. It is seen
from this table that the observed values of S are much
smaller compared with the values one expects from the
conduction of electrons or holes on defect centres.
This indicates that both types of defect centre (one

capable of giving holes and the other electrons) do
exist in all rare-earth vanadates. In some vanadates
the slope of the logo against T~' plot becomes very
small above T”, and in a few the curve almost becomes
flat. This lowering of activation energy is probably
brought about by the reduction of the potential bar-
rier between V** and V** due to the presence of some
electrons in the excited state of V** sites. In the case
of hole conductors this reduction is brought about by
the presence of holes in thermally excited states of R**
centres. However, the flattening of the logo against
T~ plot is probably due to the smoothing of the
potential barrier by thermal fluctuations, leading to
the freeing of electrons (or holes) in increasing num-
bers at higher temperatures.
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