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Electrical conductivity in the antiferromagnetic insulating phase of V,04
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The electrical conductivity of ¥O5 in the antiferromagnetic insulatind\FI) phase has been measured on
multidomain and single-domain crystals over a conductivity range of more than five orders of magnitude, and
for the temperature range 160—40 K. The intrinsic mechanism for conductivity in the AFI phase for a single-
domain sample of well-defined orientation was determined, using a special experimental setup that minimized
mechanical stresses. The conductivity in the AFI phase of the unstressed, single-domain crystal was compa-
rable to the conductivity of the multidomain crystal, but the two samples differ in their temperature depen-
dence. The results were interpreted by analyzing the effect of thermal lattice vibrations on the resonance
integral. The polaron localization radius was found to be of the order of the lattice vibration amplitudes.
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I. INTRODUCTION Silver contacts were deposited on the multidomain, ran-

The present report represents an attempt to demonstra?é) mly oriented samples in a conventional four-probe ar-
the variability of results obtained on @5 with different hgement, as shawn in Fig. 1. To minimize stresses calsed

experimental procedures and to identify a method for over—by conventional electrical contacts, an alternative contact ar-

. rangement in Fig. 2 was used for the single-domain samples
coming the measurement problems at low temperature

Pure, stoichiometric Y0, undergoes a paramagnetic metalwth a well-defined crystallographic orientation. Silver con-
, 3 ) . : :
to antiferromagnetic insulator transitigMIT) with decreas- tacts were deposited on both sides of the thjOy disks.

) ; The sample was placed on a thin copper pla®0 um in
Ing temperature a§155 K, accompamed_ b.yllarge C.hangesthicknes$ and this assembly was then sandwiched between
in physical properties. The electrical resistivity of this com-

pound has been repeatedly investigdtéflyet, at present, two thin mica sheetg—10 um in thickness eaghA small

. : v . rectangular window that was cut out of the top sheet of mica
there is no agreement concerning the variation of conductiv-

ity (o) with temperaturdT) for the low-temperature antifer- permitted electrical contact to be made to the sample with a
yio h tempera P . spherical silver probe. An electrometer with an input imped-
romagnetic insulating(AFl) phase. Correspondingly,

) ) nce exceeding 190 cm was used for the electrical mea-
theory of the electrical properties cannot be constructed unt 9

i . urements. This technique made it possible to reduce the
data that establish the actualversusT dependence for this sample resistance by more than two orders of magnitude and

Eﬂus, to extend the temperature interval of the measurements.
The accuracy of this two-probe technique was verified by

comparing the data with those of measurements carried out
%y the standard four-probe technique, at temperatures over-
eIapping those of this study. The conductivity measurements
were taken on first cooling, past the phase transition.

is that the resistivity at lowl becomes very largégreater
than 162 Q cm) and therefore difficult to measure. Perhaps
more important is the fact that the sample fractures in th
course of the MIT, resulting in considerable scatter in th
experimental data.

Ill. RESULTS AND DISCUSSION
Conductivity measurements in the AFI phase taken during

II. EXPERIMENTAL

from the single crystals. The randomly oriented samples, 0.1-

0.5 mm in thickness, were polished and etched in warm
HNO;. The oriented samples were cut from a plane that co-
incided with the(1100) crystallographic orientation, thinned
to 30-4Qum in thickness, polished to a flatness of @&,

The V,0; crystals used in this study were grown andthe first cooling cycle for single-domain and multidomain
annealed under carefully controlled conditions described

and again etched in warm HNOAs previously proposetf, /;

the orientation and thickness were chosen to provide a single

elsewherél! 6-7 mm diam disk-shaped samples of both ran-
dom and well-defined crystallographic orientations were cut

domain in order to minimize stress and to avoid fracture FIG. 1. Conventional four-probe contact arrangement for ran-
during the MIT. domly oriented, multidomain samples.
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FIG. 4. Loggo(T) vs T-¥4 plot for multidomain ,Ojy single-
crystal samples.

(b)

sitive to these mechanical stresses in the AFI pR&&ence
FIG. 2. (a) Alternative two-probe contact arrangement for the dislocations and cracks are randomly distributed, they
single-domain samples of well-defined orientatidn). Mica enve-  give rise to potential distortions that result in the observed

lope for insertion of two-probe assembly. log,o o versusT~¥4 dependence for the two-probe and four-
probe multidomain sample measurements.
V,0; samples are shown in Fig. 3 as a plot of lpa versus The presence of fractures and stresses that accompany the

T. For single-domain samples this plot is linear. The meafransition mask the correet(T) dependence, as indicated by

sured conductivity for the multidomain sample is of the samgh€ measurement on the single-domain sample, using the
order of magnitude, but the lggo versusT plot is nonlinear, modified contact techniqué: These data fall on a straight

over the entire temperature range of the measurements. I(;ne odeig. 3in thel ratngdeflﬁéTT40 K. Ih'fs par;i(_:ul?:c
Conductivity measurements of the multidomain Sampletigﬁgr;oren((:'le')v:r?;tshea(ejcbienr%rQa?niﬁg de ?)chu:(renﬁm?gviclijgg-
are shown in Fig. 4 as a plot of lggo versusT V4 In the ! ' P

range 156=T=75 K (0.285<1/T¥4=0.335 the data fall the best overall fit to the data. The result of this measurement

. LT : . . . is believed to provide the intrinsic conductivity of unstressed
on a straight line, in conformity with Mott's variable range V,0; in the AFI state

laW',lg .Between 75 and 65 K0'34$1/T1/4$0'355' slight The manner in which thermal lattice vibrations affect the
deviations were encountered from Mott's 1/4 power law, butesonance integral leads to the observed linear dependence of
cal fit out of all the various theoretical expressions that werejeveloped by Tredgol#. In this theory, which treats the
tried. problem of electron tunneling between nearest neighbors
Twinning and domain formation in 305 are the direct through potential barriers that vary randomly with time, the
result of the lattice distortion accompanying the MIT andconductivity is predicted to vary with the temperature as
create stresses such as dislocations and cracks at the domkinr ~ T. This concept was applied only much later to many
boundaries® The physical properties of ¥D; are very sen- low-conductivity material$®1°
The random fluctuations of potential arise essentially
-4 : from the vibration of lattice atoms about their equilibrium
J.a positions. We therefore analyzed our data within the frame-
work presented by Bryksff?'for a set of small polarons for
which the effect of the displacements of lattice atoms on
intersite hopping has been taken into account. These dis-
1 ° placements give rise to changes in the wave-function overlap
] Eﬁ between neighboring atoms. The resonance intedjals
- determined by this overlap. To the first approximatibmar-
ies with the distancéR) covered by the hopping event as
exp(-aR), wherea? is the effective localization radius. In
. turn, the charge-carrier hopping mobility) is proportional
"0 20 40 60 80 100 120 140 160 to 12. For small values ofa!, of the order of the lattice
T (K) vibration amplitude(p), one expects$? to depend linearly on
p, as well as on the temperature dependence of the hopping

FIG. 3. Logdo (ohm-cm™] vs T plot for multidomain and  conductivity!” With an1% dependence op, it is permissible
single-domain \JO5 single-crystal samples. Note the difference in t0 replacel? by (I?), where the angular brackets represent
scale for the two samples. The right-hand scale holds for multidophonon averaging, via renormalization through the Debye-
main samples. Waller factor,

¢ single domain

v multiple domain

< -12
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(1%) =12 exp(2a(p?), (1) °]
where (p? is the mean-square displacement of the lattice -5+
atoms at temperaturé. In the above equation we note that
| ~exp(—aR,), whereR, is the distance covered by the hop-
ping event, averaged over the phonon distribution. At high
temperature$p?) is proportional tokgT (Wherekg is Boltz- ]
mann’s constant so that the associated renormalization of -20
gives rise to a distinct temperature dependence of the 1
conductivity?! namely, ~26+

-104

-154

In (0T%2)

Vr’,n_neZaZlZ 40 60 80 100 120 140 160

o= W exp[— E./ksT + kBT/E], (2 T (K)
wherea is the lattice constank, is the energy required to ~ FIG- 5. Ln(oT%?) vsT plot for single-domain YO samples.
execute an electron hop,is the charge-carrier densitg,is
the magnitude of the electron chardeis Planck’s constant, IN(oT%?) — kgT/e= A- E ks T (6)
and e is a quantity with the dimensions of energy. At high
temperatures such thakgl >hw, (Wwhereh=h/2m, and
is the optical-phonon frequengye is related to the mean-

square displacement by

(where €=4.95x 10# eV), then one can estimate for the
temperature interval 60—40 Kvhere the deviation from the
straight line of Fig. 5 occupsa value ofE,=8X 1072 eV.

Figure 6 shows the temperature dependence of the con-
e=kgT/2a%(p?). (3)  ductivity of the single-domain sample as a plot ofdi®?)

. _ 3 .
For the temperature interval 160-40 K of our measurement%_ Ea/k?.T versuiT, W'th E,=8x10"eV. One obr'[]alns a gﬁOd h
the high-temperature limit KRT>hw, is met up toT |ne(_':1r_|t over the entire _tempgratgre range, st owing that the
d deviation from the straight line in Fig. 5 arises from the

=120-130 K because the energy of the lowest-frequency oy, .\ E./kgT in Eq. (2). Thus, the high-temperature range

. . - 2 . i on . g
tical phonon |sha_;q_2,3>< 10 eV.. Generally, in electron icapver which Eq.(5) is expected to hold, extends down to the
phonon interactions the acoustic as well as the Opt'caregionT:SO-GO K

phonons take part in the scattering process, but at low tem Examination of Eqs(1)—<3) shows that corrections to the
peratures only the low-frequency acoustic phonons partICIfem erature dependence of the conductivity due to thermal
pate significantly. We now introduce the Einstein approxima-vibrgtions are iPn ortant only whef2aX 2>)l1 ie for
tion, employing a characteristic phonon frequency. Then, the . . P yw po)==2, 1.8, 1O
mean-square displacement is given by materials with a very small radius of electron localization
that is comparable to the lattice vibration amplitude. From
(p?) = 2kgTIMw?, (4)  Eq. (3) we can estimate the value ¢Ra*(p?))=20 atT

whereM is the mass of the lattice atoms. Examination of Eq_z_llZ:O(f/.B;'r;)ls means that the effective localization radius is

(2) shows that in the high-temperature regime the first expo- . . I .
nential factor may be neglected in comparison to the secon% We can estimate the value of the lattice vibration ampli-

whereas the first exponential factor dominates in the |0W__g%61;y1(uTSzIQg/th.(4), thde ?]tom'i ”.‘6;?5 c;]f vanafd|urlm
temperature limit. In the high-temperature regime E2). = - g/atom, and characteristic phonon frequency

B 0=10"s1 At T=120 K one arrives at an estimate pf
may be written in the form =0.2X 1078 cm. The small polaron radius of localization ob-
In(oT?) = A+ kgT/e, (5)

whereA and e are independent of.

The results of measurement of the single-domain sample
are shown in Fig. 5 as plots of (tT%?) versusT. At high
temperature th&®/2 factor does not influence the linear char-
acter Inoc~T but below 60 K the influence of this factor
becomes perceptible. Comparison of Figs. 3 and 5 shows that
at 50 K there is a slight deviation from a straight line, arising
from the term £,/kgT in Eg. (2). The slope of the straight
line in Fig. 5 provides a value 0é=4.95x 10% eV (7.92
%X 1078 erg). The goodness of fit of Fig. 3 relative to the
theoretical foundation of Fig. 5 is only apparent. Ultimately 25 . . — e ———
the Inoc~T dependence must give way to thean-1/T 4 60 80 100 120 140 160
variation. Our instrumentation did not enable us to reach the T (K)
lower-temperature range where deviations from linearity in
Fig. 3 would have become apparent. FIG. 6. Plot of In(6T33)+E,/kgT vs T for the single-domain

If Eq. (2) is written in the form, V,05; sample;E,=8x 1073 eV.

0-

.5
E;= 0.008e V
-104
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In (oT32) + Eaf keT
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tained through this analysis i *=0.06x 108 cm, which is  stresses. The result is summarized in Fig. 3 and compared
smaller than the ionic radius of vanadium and the vibratiorwith the conductivity of VO; where no precautions were
amplitudes in solids, that tend to be of order 8.208 cm.  taken to maintain the integrity of the sample. The electrical
Such a small value of* may make it necessary to regard characteristics follow the temperature dependence specified
this quantity as an effective localization length, but a micro-in Eq. (6), which is based on the effect of lattice thermal
scopic interpretation requires the development of further thevibrations on intersite hopping of the charge carriers. This
oretical inputs. Of course one could increase the effectivéemperature dependence is quite different from that which
localization radius by one order of magnitude on decreasingpolds for multidomain samples subject to mechanical
the assumed characteristic phonon frequency+d0t? s ™. stresses. The localization radius of the polarons is of the
The above estimates are rough because we do not know tloeder of the thermal lattice vibration amplitude.

phonon spectrum of M0, at low temperature, and because
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