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A discussion of various electrical and magnetic transitions is provided for the cases of Fe;0,, V,0s,
and V;0;. The different mechanisms responsible for these transitions are briefly outlined.

Introductory Comments

Electrical transitions in metal oxides
have been extensively studied for over
three decades and reviewed several times
(1, 2); however, there still is no agreement
on the basic mechanisms that induce such
transformations in specific cases. We ex-
amine here recent findings for three sys-
tems, Fe;04, V305, and V,0;, as being rep-
resentative of current studies.

The Verwey Transition in Magnetite,
Fi 0304

Recent work in this area has been sum-
marized in a topical conference (3).
Magnetite undergoes several transitions: it
has a Néel point near 850K, below which it
exhibits ferrimagnetic ordering. A second
transformation near Ty = 123K is the so-
called Verwey transition: This is not a me-
tal-insulator transformation; rather, the
material is a semiconductor both above and
below Ty. Additional, less dramatic,

* Presented at the Symposium on the Electronic
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changes in properties have also been occa-
sionally observed at 200 and at 12K.

Here we consider only the Verwey tran-
sition. The material crystallizes in the in-
verse spinel structure: Fe?* and half of the
Fe** ions are located on octahedral inter-
stices (B-type sites) in the oxygen network;
the remaining Fe3* are located on tetrahe-
dral (A-type) sites.

Detailed structural studies, via neutron
diffraction (4-7) and nuclear magnetic res-
onance (8, 9), show that charge ordering of
Fe?* and Fe** and thereby, long-range order
(I.r.0.) is established below Ty. As is lu-
cidly explained by Cullen (10), on alternate
(001) planes cation strings run along the
[110] or [110] directions, labeled as a or b
chains (or strings), respectively. Along one
a chain three Fe?" ions in succession are
followed by one Fe** unit; at corresponding
locations on an adjacent a chain three Fe3*
ions are succeeded by one Fe?* unit. In
principle, cationic ordering also occurs on
each b chain, involving a pair of Fe3* ions,
followed by a pair of Fe?* ions in alterna-
tion. However, as stressed by Cullen (10)
and by lida (71), successive —b-a—b-
planes perpendicular to the ¢ axis are
stacked such that proximate cations in
three successive planes can be grouped into
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hexagonal ring patterns involving Fe?* and
Fe’* in alternation. In this type of charge
ordering all cations along b strings are
members of rings, whereas only a quarter
of the a-string cations are involved in ring
formation. The synchronous displacement
of three electrons to their nearest-neighbor
position inside any ring produces an inter-
change of Fe?* with Fe3t, i.e., in a reversal
of charge configuration, at very small net
cost in energy. At any time, a significant
fraction of hexagonal rings exists in the ‘‘in-
verted”’ charge configuration, thus random-
izing charge along the b strings, but leaving
three quarters of the a-chain constituents in
an ordered arrangement below the Verwey
transition. This rationalizes earlier experi-
mental findings that it is the a-plane cations
which order and which propagate l.r.o. at
low temperatures.

Coulomb interactions are not the only
forces involved in the ordering for T < Ty .
The existence of superstructure lines just
above Ty in critical neutron scattering (5)
and the detailed investigation of elastic and
inelastic neutron scattering (7) reveal the
existence of a soft mode with wave vector k
= (00%€) that ‘‘condenses’’ at k = (003). This
must be understood in terms of the ordering
along the z axis. As one proceeds from one
Fe?* or from one Fe?* ion in the a plane at z
= 3 to the corresponding position in the a
plane at 7 = § one arrives at the comple-
mentary charge, namely, Fe’* or Fe?*, re-
spectively. One must advance by twice the
unit lattice distance along ¢ to duplicate the
same ionic configuration at z = % that pre-
vails at z = 4. Formally, this corresponds to
the existence of a charge density wave
(CDW) with wavelength A = 2¢. This CDW
couples strongly to the corresponding
phonon mode with the same wave vector.
At the transition the ordering of the charges
leading to the establishment of the CDW
occurs simultaneously with phonon conden-
sation, producing a net atomic displace-
ment that lowers the symmetry.

The general features of such a phase
transformation may be simulated by the
pseudospin formalism sketched out below,
following the lucid discussion of Yamada
(12). Any two-state system may be des-
cribed by wave functions of the form ¢y =

(?) and ¢; = (é), the energy difference

associated with these states is labeled Ae =
¢;. For such a case the Hamiltonian of the
unperturbed system may be written as

For using straightforward matrix multipli-
cation one obtains the ground-state energy
as

w3 9050

and the excited state energy as

w50 Y(Y-+30). @

which shows that the energy difference is
indeed Ae = ¢, as claimed.

One can next introduce a perturbation
operator via

#o= Fewr (| o) =Fewé., O
where Fe' is a sinusoidally varying ‘‘field”’
of amplitude F and angular frequency w. It

may readily be checked by the same matrix
algebra that

Hiby = Fe™ ¢y, 4

Kby = Fei' oy, (%)

which shows that the operator #, in (3) de-
scribes the changeover from (i.e., induces a
transition from) state &g into state ¢,, and
vice versa.

As indicated in (1) and (3), ¥, and ¥, are
proportional to the conventional Pauli spin
matrix representations (or spin operators)&;
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and @,. Hence one may formally represent
any two-state system as a collection of
pseudospins and apply to these the full pan-
oply of theoretical knowledge concerning
magnetic ordering. At the simplest level
one introduces the well-known Heisenberg
Hamiltonian (see, for example, Ref. (13)) in
the presence of an externally applied mag-
netic field,

%H = - E E JUS, * Sj
i#f
— gupH 2, S5, (6)

where J; is the exchange integral, S, Sj,
and S? are the total spin operators for sites i
and j and the z component of said operator
on site i, g(~2) is the electronic g factor, pp
is the Bohr magneton, and H is the applied
magnetic field. If one focuses on a specific

site i, then ¥; = —S,' : (2 J,,@, + gp.,BHi)

has the form of a spin operator §; in an
effective magnetic field of magnitude

f‘[e = H + (gp,B)Al -(*2) J,JISJ[ (7)
JG#i

One now simplifies the derivation by re-
placing the operator Sj with its expectation
value (§;), which is related to the magneti-
zation M = gus($,). Equation (7) may now
be recast in the form

H.=H

+ (g‘.l,B)_2 2 J,'j.M. =H + )\.M., (8)

J(#0)

wherein A = (gup)?/y and J, = E Jij.
JUF)
In the present approximation we may
then express the magnetization via

M= MO(Hc)s (9)

where M, is the magnetization calculated in
the absence of any interactions among mag-
netic moments, but with A replaced by H..
One can thus determine the susceptibility x

according to
x = oMoH
= (a\MO/aHe)(aHe/aH) = XO(I + )\X)a

wherein xo = dM,/d H,; the second factor
on the right follows from use of Eq. (8).
Equation (10) may be solved for

(10)

(11)

showing that the susceptibility becomes un-
bounded when Ayy — 1. As is well known
this corresponds to the onset of magnetic
ordering and involves a phase transition.
The above scheme is very primitive but it
conveys the essence of the general ap-
proach; much more sophisticated formula-
tions of cooperative phase transitions have
been developed.

While a reasonably satisfactory struc-
tural characterization of the Verwey transi-
tion has been achieved, many details re-
main to be settled: for example, the
structure of the low-temperature phase
which has been variously labeled as rhom-
bohedral, orthorhombic, monoclinic, or tri-
clinic; the actual deviations from the
strictly cubic spinel configurations are
slight, making it difficult to characterize the
structure correctly. lida (/) has summa-
rized at length the current understanding of
atomic configurations at the Verwey trans-
formation.

The electrical characteristics of Fe;O,
both above and below Ty are less well un-
derstood. First, there is no unanimity con-
cerning the conduction mechanism, Cullen
and Callen (/6) assumed charge carrier
itineracy, though the data cited in support
of their model (17-19) do not unambigu-
ously support such a view. Most workers
invoke the small polaron model in their
analysis. The resistivity and thermoelectric
studies by Kuipers and Brabers (20) on
carefully annealed single crystals are con-
sistent only with a small polaron model.
Their data are in reasonable agreement with

X = xo/(1 = Axo),
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those of Graener et al. (21) on untreated
crystals.

Second, there is confusion about the var-
iation of the conductivity o of Fe;0, with
temperature. Thus McKinnon et al. (22)
and Shiozaki et al. (23) cite earlier publica-
tions and their own work to assert that, at
least for Ty/2 = T < Ty, the conductivity
does not follow an Arrhenius law, but con-
forms better to the relation o ~ exp(7/Ty).
These findings are interpreted as indicating
incoherent tunneling of electrons between
adjacent atomic sites. Graener et al. (21),
on the other hand, claim that for 40 < T <
123K their data best fit the relation log o ~
T-Y4 appropriate to the variable range hop-
ping mechanism of Mott. Data recently
taken in the range 77-520K at the author’s
laboratory on thoroughly annealed single
crystals conform strictly to the Arrhenius
equation or to a relation of the form
log(c T2 ~ 1/T. Three absolutely straight
line regions were encountered as indicated
in Table I, which lists the conductivity acti-
vation energies. At 123K there occurs a dis-
continuity in resistivity of nearly 2 orders of
magnitude, along with a sudden change in
conductivity activation energy. At 200K
there is found an extremely sharp change in
slope of the Arrhenius plot without a dis-
continuity in o.

One must now ask with Mott (14, 15)
why, if long-range order is lost on heating
Fe;0, through the Verwey transition, the
resistivity decreases by 2 orders of magni-
tude. Ihle and Lorenz (24) have suggested

TABLE I

LiSTING oF CONDUCTIVITY
ACTIVATION ENERGIES €, FOR
Fe;O4 SINGLE CRYSTALS

€

Temperature range (eV)
Below Ty = 123K 0.110
123-200K 0.0438
Above 200K 0.0074

that for T < Ty the allowed states for B-
type electrons fall into two very narrow en-
ergy ranges separated by a gap that is gen-
erated by Hubbard-type correlation effects.
At the Verwey temperature the suppression
of Lr.o. also induces a change in short-
range order. This introduces energy states
in the midgap range, close to the position of
the Fermi level. The activation energy for
generation of charge carriers now vanishes
and the charge carrier density is drastically
altered. In this model the conductivity acti-
vation energy for 7 > Ty/2 also represents
the mobility activation energy.

This scheme derives considerable sup-
port from thermoelectric measurements
(19-21). The recent work of Kuipers and
Brabers (20) is reproduced in Fig. 1; these
authors interpret their data below the Ver-
wey transition in terms of two types of po-
larons, electron- and hole-like, which popu-
late the two sets of energy levels. The need
for a two-level scheme is evident even on a
qualitative basis, in view of the change in
sign of « at low temperatures. Standard the-
ory (see also Ref. (26)) leads to the follow-
ing relation for the total Seebeck coefficient
of a two-level small polaron conductor:

a=—67

[—nn(A — €p) + ny(A + ep)(un/up)
n, + np(un/up)

| a2

in which e is the electronic charge, n, and
n, are the charge carrier densities in the up-
per and lower set of levels, respectively, 2A
is their separation on the energy scale, and
u, and u,, are the polaron mobilities given by

Uy = ude kT, up, = ule P*, (13)

in which «§ and 4§ are very weak functions
of temperature and «,, €, are mobility acti-
vation energies. As shown in Fig. 1, the o
values for T < Ty can be reproduced very
well by selecting an energy gap 2A = (.12
eV, ud = ul and Ae = ¢, — €, = 0.007 to
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FiG. 1. Seebeck coefficients for annealed single crystals of Fe;_,Ti,04, 0 < x = § X 1073, (a)
Experimental results. (b) Theoretical calculations based on Eq. (12) for various values of the parame-
ters A, u,/u,, and stoichiometry. After Ref. (20). () x =0, (2)x=10"*, 3)x =4 x 1074, (4) x = 1073,

0.008; n, and n, as well as eg are related to
the deviations from strict stoichiometry by
an octahedral vacancy concentration of
roughly 5 x 1074,

Above the Verwey transition the near-
constancy of the Seebeck coefficient
noted by all investigators is readily ex-
plained in terms of a constant density of
charge carriers; a modified version of the
Heikes formula is then applicable in the ex-
pression for a. Such a situation could arise
either if the 2A gap collapsed completely
above Ty, as suggested by Kuipers and

Brabers, or if additional levels were gener-
ated at € = ep, as in the model of Thle and
Lorenz. A more complex interpretation of
the a(7) variation over the entire range of
measurements has been advanced by Mott
(14, 15).

The nature of the o anomaly at 200K is
unclear. In all prior conductivity measure-
ments this very sharp change in d log o/dT
is replaced by a gradual change in this slope
or, in some of the early measurements, by a
maximum of ¢ in the vicinity of that tem-
perature. Further experimental work is re-
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quired for an understanding of the high-
temperature properties of Fe;0,.

The Electrical Transitions in V;Qs

V30s5 is a member of the Magnéli series
V., 02,-1 (3 = n < 10) which is obtained from
the rutile VO, structure by ordered omis-
sion of chains of oxygen atoms, and by
crystal shear along (121), as illustrated in
Ref. (27). Formally, the new arrangement
may be viewed as a string of n rutile blocks,
separated by a distorted V,0; unit. In V505
nuclear magnetic resonance studies (28)
provide no evidence of the spin-pairing of
cations in the three-unit chain that is preva-
lent among the longer chains of the higher
homologs.

V305 undergoes two transformations
near 7, = 425K and T = 76K, respec-
tively; earlier reports of additional transi-
tions at 130, 175, or 235K may be linked
(29) to the presence of other Magnéli phases
as contaminants in the specimens under
study. The low-temperature transformation
at Ty = 76K is accompanied by antiferro-
magnetic ordering, as detected by 3'V nmr
(28), by Mdssbauer measurements on >’Fe-
doped specimens (30), and by spin-flip neu-
tron-scattering experiments (31, 32). There
is divergence of opinion on the nature of the
high-temperature transition: the electrical
measurements, reviewed in Ref. (33), ap-
pear to be consistent with semiconducting
behavior both above and below 7,. How-
ever, the optical measurements of Terukov
et al. (34, 35) indicate clearly that for T >
T,, V50s exhibits strong infrared reflectivity
and a plasma edge, whereas for T < T, lat-
tice vibrational bands are observed in the
range 0.05 to 0.25 eV. These findings pro-
vide strong evidence for a metal-insulator
transition at 7 = T,. The small, negative
slope of dp/dT for T > T, may be rational-
ized by postulating the type of band overlap
observed in the related cases of V,0,
(36, 37) and VO, (38). If band overlap de-

creases with diminishing temperature, the
charge carrier density within the electron
and hole pockets changes correspondingly,
thus increasing the resistivity.

The change of magnetic susceptibility y
with temperature is shown in Fig. 2. Note
that beyond the maximum yx obeys the
Curie-Weiss law, as shown in the insert,
and changes very little at the transition T;.
While such a T dependence is frequently
taken as an indication of electron localiza-
tion, the Curie~-Weiss law Is also consistent
with itinerant electrons in narrow d-band
states, such as postulated for V;0s.

In recent X-ray crystallographic studies
(39, 40) below T, many very weak reflec-
tions have been detected; these indicate
slight deviations from the centered mono-
clinic atomic arrangement. The changes in
the diffraction patterns on passing through
the transition temperature 7, are very minor
(41—44). No information seems to be avail-
able concerning structural changes at the
Néel temperature, Ty .

Recent work (45, 46) on the heat capac-
ity (Cy) anomaly at the Néel temperature is
shown in Fig. 3. Three features are note-
worthy: first, the entropy of transition, 0.29
J/K-mole V;0s, is only 1.3% of the value
ASy = R(21In3 + In 2) = 24 J/K-mole V305
calculated on the assumption of complete
magnetic disordering and of total charge
differentiation with respect to V3* and V**
ions. Second, considerable magnetic short-
range order persists far above the Néel
point, as judged by the nature of the heat
capacity curve in the range Ty < T < T,
(29). Third, the maximum in magnetic sus-
ceptibility occurs at a much higher temper-
ature, T, ~ 125K, than the actual transition
Tx ~ 76K, as indicated by the maximum in
Cx.

The above features are all interpretable in
terms of the fundamental analysis by Fisher
(47, 48) (see also (49)) if one accepts the
concept that lower-dimensional magnetic
ordering prevails for Ty = T = T, in V;30s.
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FiG. 2. Variation of magnetic susceptibility with temperature for V;Os, as determined by various

investigators. After Ref. (33).

This is rendered plausible by the crystal
structure in which chains of three unpaired
vanadium ions separated by jogs run along
the pseudorutile b axis.

As explained by de Jongh and Miedema
(49), in a truly one-dimensional material no
long-range order prevails above T = 0. The
magnetic entropy is thus tied exclusively to
existing short-range order. This is mani-
fested in the variations of the excess mag-
netic specific heat Cy and of the magnetic
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F1G. 3. Variation of heat capacity with temperature
for single crystals of V;0s, showing the anomaly at 7y
= 76K. Dotted curve represents estimated baseline.
After Ref. (46).

susceptibility x with temperature. Theoreti-
cal analysis (48) indicates for the Heisen-
berg chain that Cy starts from zeroat T =0
and builds up to a broad maximum in the
range 0.5 < KT/|J|S(S + 1) < 1.3; here J is
the intrachain magnetic exchange energy
for adjacent centers. Cy thereafter drops
only very gradually with rising tempera-
ture. The magnetic susceptibility, on the
other hand, has a finite intercept at T = 0
whose value lies in the range 0.6 < 2|J|x/
Nog’nh < 1.5; here Ny, g, and pp are Avo-
gadro’s number, the electronic g factor,
and the Bohr magneton, respectively. x
peaks in the range 1 < kKT/|J|S(S + 1) < 1.7
and drops off only very slowly with rising
temperature.

Since no real material is truly one-dimen-
sional, the properties of a linear chain may
be approximated in materials where the ra-
tio J'/J is very small, J' being the interchain
magnetic exchange energy for adjacent
chains. Even for ratios J'/J as small as 0.01,
the heat capacity anomaly Cy consists of a
superposition of the broad maximum at T =
T, for a truly one-dimensional material, and
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of a sharp spike at temperature Ty < Ty; the
smaller the ratio J'/J the lower is Tn. For T
> Ty the heat capacities corresponding to
J' = 0and J' # 0 merge indistinguishably,
whereas for 7 < Ty, Cx for J' # 0 drops off
to zero much more sharply than does Cy for
a strictly one-dimensional chain. These
facts reflect the existence of long-range or-
der for T < Ty and J'/J > 0, no matter how
weak the interchain exchange coupling, and
the occurrence of short-range order to tem-
peratures well above T,. This explains the
anomalously low entropy change encoun-
tered at the Ty = 76K transition.

The magnetic susceptibility variation is
much less drastically affected by turning on
magnetic interchain coupling. The smooth
variation of x with T for truly one-dimen-
sional materials should give way to a mild
cusp-like anomaly near T = Ty when J' >
0. However, this feature may remain unde-
tected unless a specific search for the
anomaly is carried out. The relationship be-
tween Cy and x will be further commented
upon below.

On the basis of structural arguments and
through the Oguchi relation for the related
rutile-type structure, the ratio J'/J for V;0s
has been estimated (46) to lie in the range
0.06 to 0.1 for S = 4 and § = 1, respec-
tively. Thus V305 would appear to qualify
as a pseudo one-dimensional material. In
fact, Figs. 2 and 3 show a close resem-
blance to the theoretical curves for Cy and
for x of one-dimensional materials. Here, it
must be borne in mind that Cy is an excess
heat capacity, obtained by subtraction of
the background. As specifically empha-
sized in Ref. (29), the high-temperature
heat capacity measurements show up the
persistence of short-range order well be-
yond 300K; this feature is not readily de-
tectable in the limited data set of Fig. 3. The
excess heat capacity quickly drops toward
zero as the temperature is lowered away
from Ty. Also, the magnetic susceptibility
exhibits the anticipated variation with tem-

perature for pseudo one-dimensional mate-
rials.

There is a second criterion that must be
met by materials of low dimensionality,
namely, that the temperature at which Cy
exhibits a spike (at 7y) and x passes
through a maximum (at Ty) should differ
considerably. This fact may be understood
on the basis of very general arguments pre-
sented by Fisher (47, 48) which lead to the
following interrelation

Chn=A B(XHT)/B T, (14)
in which A is a slowly varying function of
temperature.

A simplified derivation proceeds as fol-
lows: In the absence of an externally ap-
plied magnetic field (H = 0) the Heisenberg
Hamiltonian (6) may be written as

N g
=2 D JSiS + SiS] + SIS,

=1 =1

(15)

where the minus sign has been absorbed in
J;. We now restrict the j summation to the
g nearest neighbors of site i, by setting j =
1, we then sum over all N lattice sites and
replace J;; by |J|. We next take the expecta-
tion value of the resulting expression; this
represents the magnetic energy Uy of the
assembly in the above approximation:

Um = N|J|q [(S§S) + (S§SD + (Y]
= 3 Nq|J| (858 (16)

As is well established, the magnetic suscep-
tibility is given by

X = (Ng*wd/kT) 2 (557
J

= (Ng*ubq/kT) (S§8H. (17)

On the right we have also restricted the
summation in (17) to the ¢ nearest neigh-
bors. Elimination of {§§S;) between (17)
and (16) and differentiation of Uy with re-
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spect to T now yields

k

Cx = %g—%(xnzfta%(m ()
as claimed earlier. This very simple deriva-
tion agrees within several factors of unity
with the results derived by more elaborate
techniques (47, 48). The primary objective
is to rationalize the proportionality between
Cn and a(xT)/3T.

One can now appreciate that in two- or
three-dimensional materials for which Cy is
sharply spiked at T = Tn, a(x T)/a T as well
as dx/a T become essentially infinite. This
means that the maximum in x vs 7, x(Tn),
must be at some temperature Ty, slightly in
excess of Ty. However, for a one-dimen-
sional chain Cy passes through a very broad
maximum; the slope of x(7) is now much
smaller than before; correspondingly, the
maximum in y now occurs at a temperature
T considerably higher than Ty. The pre-
dicted ratio of T,,/Ty lies in the range 1.33
to 1.5 for Heisenberg chains with S = { and
1, respectively. This quantity varies with
the detailed magnetic interactions that are
adopted. The experimental value for V;05s
is approximately 1.6, which is somewhat
too large to fit comfortably, but there are
several mitigating factors. First, it is diffi-
cult to locate the quantity T, exactly from
the very broad maximum in the experimen-
tal data; a reduction of T, from 125 to 115K
would bring the temperature ratio toward
the theoretical upper limit. Second, the
spike in Cy is always at a lower tempera-
ture than the broad maximum encountered
at Ty in a truly one-dimensional material.
Hence, Ty as read off from the spike lies
below the value T, where the broad maxi-
mum in Cy is found. Lastly, T,,/Ty is sensi-
tive to the type of magnetic interaction that
is assumed. For an Ising chain the theoreti-
cal limits T,/Ty range between unity and
2.4, depending on spin and on whether one
deals with the quantity x; or x,. In any
event, it is clear that the observed T,/Ty

for V305 is far below the valhe anticipated
for ordinary three-dimensional compounds.

In summary, the very broad maximum in
x vs T, the shallow heat capacity spike su-
perposed on a much broader background
anomaly, the large ratio of T.,/Tw and of J/
J', and the very small value of ASy at Ty
are all consistent with the hypothesis that
the transition at T = Tx = 76K reflects a
changeover from three- to pseudo one-di-
mensional chain ordering in V3;0s. The
transition at T = 430K then represenis a
metal—insulator transformation; the mecha-
nism responsible for this latter change is
still not clear.

Electrical Transitions in the V,0; Alloy
System

The electrical characteristics of the alloy
system (V,_,M,)-0,, M = Cr, Al, Ti, have
been repeatedly investigated. Work in this
area before 1975 is reviewed in Ref. (1); re-
search since then is found in Refs. (50-56).
The system is of considerable interest be-
cause it exhibits a set of spectacular met-
al-insulator transitions sketched schemati-
cally in Fig. 4 as plots of log p vs 1/T. The
following regimes may be distinguished:

I. Pure V,0; at lowest temperatures is an
antiferromagnetic insulator (AFI) which, in
the temperature range T = 160-170K, ex-
hibits a transition to a very high resistivity
metal; beyond approximately 350K the re-
sistivity rises anomalously by a factor of 3
and then becomes constant above 800K.
(V,-:M,),0; alloys, with M = Cr, Al and
0 < x < 0.005, follow the same general
pattern.

II. (V,-,M,),0; alloys, with M = Cr, Al
and 0.005 < x < 0.018, are subject to three
transitions on heating: the first is a transfor-
mation from an antiferromagnetic insulator
(AFI) to a metallic (M) phase in the range
160-180K; the transition temperature rises
with increasing x. The second is a sudden
change from the M to a paramagnetic insu-
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lator (PI) phase at T = T, in the range
190-385K; the transition temperature T,
decreases with increasing x. Thus the sta-
bility range of the metallic phase diminishes
with increasing Al or Cr content; simulta-
neously, the metallic resistivity increases
with x by 2 orders of magnitude over the
range 0.005 = x = 0.018. Finally, there is an
enormous hysteresis of approximately
50-70K which accompanies the M-PI
transformation. As the temperature is
raised further, the resistivity of the PI
phase diminishes gradually until a lower
plateau is reached which very nearly
matches the resistivity of undoped V,0; be-
yond 800K. In this region the PI gradually
gives way to a second metallic phase, M’.

III. For more heavily doped alloys
(V1-M,),05, with M = Cr, Al and 0.018 <
x =< 0.10, one encounters two transforma-
tions. At low temperature the material is an
antiferromagnetic  insulator; a small
AFI-PI transition occurs between 160 and
180K depending on alloy composition.
With further increases in temperature the
M’ phase is ultimately reached beyond
800K. Thus the metallic phase of regimes I
and II is missing.

IV. The (V,.,Ti,);0; system displays
characteristics quite similar to those of I,
except that the AFI-M phase transforma-
tion temperature is sharply reduced, and
the size of the resistivity discontinuity is
diminished, with increasing Ti content. For
x = 0.055 the M—AFI discontinuity disap-
pears altogether.

V. This regime encompasses the nonstoi-
chiometric oxide V-, O3 which is known
to involve cation vacancies. Here again the
AFI-M transition temperature diminishes
rapidly with increasing y. The size of the
resistivity discontinuity increases by ap-
proximately 4 orders of magnitude and for y
= 0.009 the transition disappears alto-
gether.

VI. For the alloys (V;-,Ti,),0;, with
0.055 <x<0.1, or V2(1—y)03a 0009 <y <

0.035, all transitions have been eliminated;
these materials are metallic, with resistivi-
ties roughly 4 orders of magnitude greater
than those in conventional metals. How-
ever, it has recently been shown (56) that
samples in this grouping undergo antiferro-
magnetic ordering at approximately 10K.

A review of Fig. 4 thus shows that in the
alloy system (V,-,M,),03, with M = Cr,
Al, T, or for V,,_,)0O;5 and above 30K one
encounters zero, one, two, or three distinct
transitions depending on circumstances.
All of the above transformations are also
accompanied by anomalies or abrupt altera-
tions of properties such as heat capacity,
Seebeck coefficient, magnetic susceptibil-
ity, optical characteristics, and structural
parameters. Lack of space precludes de-
tailed consideration of these other effects.
It is remarkable that small changes in com-
position can bring about such a wide variety
of transitions and that the latter are trig-
gered by as gentle a perturbation as a rise in
temperature.

A very large number of mechanisms have
been proposed to account for the above-
mentioned transitions; for a somewhat
dated review see Ref. (1) and other refer-
ences therein. Many of the schemes were
proposed before a complete set of investi-
gations was available, and therefore are no
longer viable. A recent proposal (55) which
appears qualitatively consistent with the
above facts is based on several band struc-
ture calculations (57, 58) which show that
the density-of-states (DOS) curve for the d
band in V,0; exhibits a set of very high
peaks and deep valleys in close alternation.
The Fermi level is in close proximity to one
of these very deep minima. It is postulated
in Ref. (55) that this minimum may be re-
placed by a band gap which can be opened
up by a variety of mechanisms: The first is
the addition of diluents. Let the tempera-
ture be held fixed and allow the lattice to be
diluted by an addition of Al or of Cr, so that
one moves along the line aa’ in Fig. 4. The
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log p

F1G. 4. Schematic diagram showing various types of
electrical behavior in V,0;. For a discussion of re-
gimes I-VI, see text.

Al d levels are thermally inaccessible; like-
wise, the Cr3* state is characterized by ex-
tremely tightly bound electrons, rendering
this state also inaccessible to fluctuations in
electron density. The replacement of V and
of its electron complement by Al or by the
tightly bound Cr complex deprives the re-
maining electrons in the V,0; host lattice of
residence sites. This is equivalent to a dilu-
tion effect which narrows the d band, and
which deepens the valley in the DOS curve.
Since the electrical conductivity is propor-
tional to the density-of-states at the Fermi
level a deepening of the minimum lowers
the conductivity. Ultimately, the minimum
is superseded by a band gap and the mate-
rial becomes an insulator. This accounts
qualitatively for the rise in resistivity at
fixed temperature with x in (V,_.M,),0; al-
loys, with M = Cr, Al and 0.005 < x <
0.018. One finally reaches the regime
(Vi-M),0s3, with M = Cr, Al and 0.018 <
x < 0.10, for which the M phase is entirely
absent.

Second, a band gap may open up for al-
loys of fixed composition (V,-.M,),0;,
with M = Cr, Al and 0.005 < x < 0.018,
when raising the temperature. The driving
mechanism is the lowering of all occupied
electron states near the Fermi level when
the gap appears at the M-PI transition.
This transformation is also accompanied by

atomic rearrangements without change of
symmetry (59), leading to a 1.5% increase
in the unit volume. The gap has been esti-
mated to be 0.3 eV (55). As the temperature
is raised further, electrons are thermally
promoted across this gap, which process
leads to an energetic instability. To coun-
teract the energy increase the gap closes
gradually and ultimately is eliminated, so
that one reverts to the M’ phase which is
structurally and electrically very similar to
the M phase. The gradual gap closure can
be monitored by structural relaxation ef-
fects (59), as well as by a study of X-ray
photoelectron spectroscopy (60, 61). The
latter shows quite clearly the Fermi level
intersecting the d band in the M phase, a
free-standing Fermi level in the gap of the
PI phase right after the transition, and a
gradual reversion to the metallic phase be-
yond 800K. Thus the above scheme ac-
counts for the high-temperature transitions
for regimes II and III.

Third, a band gap may be opened up by
magnetic order; for, the establishment of
antiferromagnetism is accompanied by a
symmetry change from rhombohedral to
monoclinic. This again produces a rear-
rangement of energy states in the vicinity of
the Fermi level, and results in opening up
the same band gap as before, but this time
due to a combination of symmetry reduc-
tion and unit cell doubling. One thereby ac-
counts for the M~AFI transformation at
low temperatures.

The transitions discussed so far have re-
quired that the Fermi level remain essen-
tially at a constant position on the energy
scale. This is the case so long as V and its
electron complement are replaced by Al or
Cr. However, when either excess oxygen
or when titanium is incorporated the elec-
tron population is diminished, and the
Fermi level moves away from its original
position within the band gap or the mini-
mum of the DOS curve. Ultimately, for
(V,_,Ti,),0; alloys with sufficient Ti, or for
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V,0; sufficiently far removed from stoichi-
ometry, the Fermi level will be out of reach
of any band gap that might potentially de-
velop. Such alloys do not exhibit any tran-
sitions and thus fall into category VI. In the
intermediate range the magnetic ordering
effects are expected to be increasingly per-
turbed by the addition of Ti or of excess O.
Hence the M-AFI temperature should
drop, which accords with the properties of
alloys in regimes IV and V.

The above discussion is intended to show
that a very simple model can cope with the
experimental data summarized in Fig. 4.
One should regard this model as a zero-or-
der theory; for a more detailed understand-
ing it is important to take account of elec-
tron correlation effects, electron phonon
interactions, and of electron magnon inter-
actions to achieve a more satisfactory de-
scription.
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