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Although many materials display the transition from insulating to metallic behavior on doping, only a few,
such as VO,, have the right combination of crystal structure and physical properties to serve as model systems.
Here we report the electronic and structural characteristics of the insulator to metal transition in V;_Mo,0O,,
which we have studied over the range 0.0=x=0.50 through characterization of the electrical resistivity,
magnetic susceptibility, specific heat, and average- and short-range crystal structures. We find that metal-metal
pairing exists in small domains in the doped metallic phases and an unexpected phenomenology for the
crossover between a Curie-Weiss insulating regime and an intermediate mass metallic regime. An electronic

phase diagram is presented.

DOLI: 10.1103/PhysRevB.79.245114

I. INTRODUCTION

Materials that should be metallic conductors by simple
electron counting and yet are electrical insulators have been
of interest for decades as embodiments of strong electron-
electron and electron-lattice interactions in solids.'> Among
the most iconic of such materials is VO,, a compound whose
Rutile crystal structure is based on chains of edge-sharing
VOg octahedra. VO, undergoes a metal to insulator transition
on cooling through 340 K, accompanied by a structural tran-
sition from tetragonal to monoclinic symmetry characterized
by the formation of V-V pairs along the chains, tilted at an
angle to the chain axis.*® The V-V pairs are a classical ex-
ample of a Peierls distortion,” with the V fp, orbitals in the
chain directions split into doubly occupied and empty states,
localizing the 3d" electrons on neighboring vanadium ions to
form nonmagnetic spin singlets. This transition in VO, was
first addressed theoretically in the 1970’s, with arguments
both for and against a pure Peierls picture for the origin of
the insulator even at that early stage.>®-!> The issue is
whether or not the structural distortion in the monoclinic
phase is sufficient to completely separate the energies of the
occupied chain-axis 1,, orbitals and those of empty #,, orbit-
als aligned along other directions to create an insulator. The
current understanding of VO, is that both the Peierls state, in
which electrons on neighboring sites form localized spin sin-
glets through the metal-metal pairing, and the Mott-Hubbard
state, in which Coulombic repulsion between electrons at-
tempting to occupy the same site introduces an energy gap,
are needed to explain the insulating phase (e.g., Refs. 8 and
13-21).

Here we report the electronic and magnetic characteristics
of the doping-induced insulator to metal transition in
Vi, Mo0,0,. MoO, is nonmagnetic and isostructural with
monoclinic VO, at room temperature and is metallic, with
one extra electron per metal site.>>2* We find that the elec-
tron doping of VO, through partial Mo substitution first re-
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sults in the formation of Curie-Weiss magnetic states; the
doped system is insulating at low temperatures at composi-
tions where these magnetic states are largest in proportion.
The Curie-Weiss states then partially delocalize on continued
doping to form an intermediate mass metal with substantial
magnetic character that evolves in an unexpected fashion
with electron count. Diffraction evidence reveals that short-
range ordered metal-metal pairs are present even in metallic
V,_,Mo,0O,, implying that the Peierls state and spin singlets
still exist locally even though the material is metallic. The
results appear to be consistent with the Mott-Peierls scenario
for VO,, but determining how they fit in detail into develop-
ing models for the electronic properties of Rutile phases and
metal-insulator transitions in general will require further
study.

II. EXPERIMENTAL

Polycrystalline V,;_Mo,0, samples were synthesized for
0=x=0.50 by standard solid-state techniques. High-purity
VO,, V,03, V,05, Mo, and MoO, starting materials were
thoroughly ground together in the appropriate stoichiometric
amounts, pressed into pellets, and sealed in evacuated quartz
tubes. The tubes were slowly heated to 1150 °C and then
held there for 10 days. The crystals employed for resistivity
measurements in the metallic composition regime grew
within the as-made pellets during the synthesis. The compo-
sitions of these crystals were confirmed by energy dispersive
x-ray fluorescence analysis through comparison to polycrys-
talline standards, and their quality was confirmed by x-ray
diffraction. The crystallographic unit-cell parameters at room
temperature for all materials were determined by least-
squares fits to laboratory x-ray powder diffraction peak po-
sitions, employing a Bruker D8 diffractometer with Cu Ko
radiation with a graphite diffracted beam monochromator.
Quantitative structural refinement was performed for repre-
sentative compositions using synchrotron powder x-ray dif-
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fraction data, collected at 300 K at the National Synchrotron
Light Source at Brookhaven National Laboratory on beam-
line X16C. Rietveld refinements of the diffraction data were
completed using TOPAS 2.1 (laboratory data) and GSAS?>26
(synchrotron data). Electron-diffraction studies were per-
formed with a CM200, and nanodiffraction with a beam di-
ameter of about 5 nm with a CM300UT, both equipped with
field-emission gun. Temperature-dependent magnetization
measurements were performed in a Quantum Design Physi-
cal Property Measurement System (PPMS) system from 5 to
350 K; curves of M vs H were linear for all materials up to
the 1 T measurement field employed, allowing the suscepti-
bilities to be calculated from M/H, where M is the measured
magnetization and H is the applied field. Temperature-
dependent resistivity measurements were made between 2
and 370 K on bars cut from as-synthesized pellets, or along
the ¢ axis for single crystals for the metallic compositions, in
the quantum design PPMS using the standard four-probe
method. Heat-capacity data was obtained using a standard
semiadiabatic heat-pulse technique in the quantum design
PPMS on bars cut from as-made polycrystalline pellets or on
powders pressed with Ag.

III. RESULTS

The overall structural behavior of the V;_ Mo,0, solid
solution for 0.0=X =0.5 is reflected in the room-
temperature crystallographic cell parameters [Fig. 1(a)]. A
change from monoclinic to tetragonal symmetry marks the
insulator to metal (I-M) transition near V;¢sMog 4O, at
room temperature. Although the variation in cell dimension
perpendicular to the chains (a) in the tetragonal phase dis-
plays highly linear behavior as a function of Mo content, the
c-axis cell parameter, which defines the unit cell along the
chain direction, shows a broad maximum near VMo ,0,.
The ¢ lattice constant for MoO, at room temperature is
smaller?? than that of VO,, so an overall decrease in cell
parameter along the chain is expected for the V,_ Mo, O,
series, but an initial increase followed by a decrease is unex-
pected. This behavior reflects subtle changes in the internal
crystal structure and electronic properties of the system, de-
scribed further below.

The c/a ratio in low-dimensional materials is often a use-
ful probe of the response of the electronic system to doping.
Figure 1(b) shows a comparison of the c/a ratios at room
temperature in the tetragonal phases of metallic V,_Mo,0,
and insulating V,_,Nb,0,.272° Nb and Mo are neighbors in
the periodic table, and their ions are very similar in size, and
thus the dramatic difference in behavior for the two solid
solutions is a reflection of the addition of the electron in the
V,_:Mo,0, series compared to V,_,Nb,O,. While the chain-
perpendicular a axes grow by very similar amounts,
2.5-2.6 %, on going from x=0.05 to x=0.50 for the two
systems, the chain parallel ¢ axes behave very differently,
with ¢ in the Nb series increasing by 6% on going from x
=0.05 to x=0.50 and ¢ in the Mo series changing by very
little. Therefore it can be inferred that the electron doping in
the Mo series impacts the M-M pairing along the chains
quite differently than does the Nb substitution, which adds
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FIG. 1. (Color online) (a) Unit-cell parameters at 298 K for
V,_Mo,0, for 0=x=0.5. For comparison, the monoclinic cell for
low x has been transformed into the comparable tetragonal form, in
which amonzzctets bmongatetr’ cmonzbtetr_ctetr' The cell param-
eters for pure VO, in the tetragonal phase at 360 K are also shown.
Inset: the unit cell of tetragonal, high temperature VO,; the VOg
octahedra are emphasized in the polyhedral rendering. The chain
direction is along the crystallographic ¢ axis, and a is perpendicular
to the chains. (b) The composition dependence of the ¢/a ratios for
V,_:Mo,0, and V_,Nb,O, show dramatically different behavior.

no electrons to the system. Surprisingly, the differences in
the chain perpendicular direction, where the lowest energy
unfilled #,, orbitals are found in VO, in current models, are
relatively minor. Further insight into the M-M paring in the
V,_,Mo,O, series is obtained from the crystal structure stud-
ies described below.

The temperature-dependent resistivities measured on
polycrystalline samples (Fig. 2) show sharp increases on
cooling through the metal to insulator (M-I) transitions,
which are suppressed to lower temperatures as Mo doping
increases, consistent with previous reports.3®3! The M-I tran-
sition decreases in temperature and in magnitude with in-
creasing x until a fully metallic state exists to low tempera-
tures for x>0.20 (inset Fig. 2). A diffuse, weak resistive
transition indicative of some remnant carrier localization is
seen for compositions near x=0.25; for x >0.25, monotonic
metallic behavior is observed.

The temperature-dependent magnetic susceptibilities (Fig.
3) are a more quantitative indication of the evolution of the
V,_:Mo,0, electronic system with doping. Figure 3(a)
shows the susceptibilities through the M-I transition at lower
x, and [Fig. 3(b)] the susceptibilities for x>0.20, in the fully
metallic regime. The data are consistent with earlier mea-
surements for x<0.20, which were made to minimum tem-
peratures of 77 K.*° Pure VO, displays a very sharp drop in
susceptibility to a low, temperature independent value below
the M-I transition at 340 K [Fig. 3(a)], due to the gapping of

245114-2



INSULATOR TO CORRELATED METAL TRANSITION IN V...

HT

T T T
s |V MoOz"
I 1-x X 2; 04

o
w

o
s

Resistivity (mOh
=)
o

Normalized Resistivity p/p

10* }
10°
10°
N 1 " 1 N 1 N
0 100 200 300 400
T (K)

FIG. 2. (Color online) Normalized temperature-dependent resis-
tivities for polycrystalline samples of V;_Mo,0, (0=x=0.14).
Inset: temperature-dependent resistivities of single crystals of
V,_Mo,0, in the metallic composition regime, measured along the
¢ axis.

the Fermi surface and the formation of spin singlets at the
M-I transition. The M-I transition temperatures decrease with
increasing x, and the sharp transition broadens in temperature
for x=0.18, the highest composition for which insulating be-
havior is present at low temperatures.

The magnetic susceptibilities become smoothly varying
with temperature for the V;_ Mo,O, metallic compositions,
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FIG. 3. (Color online) Temperature-dependent magnetic suscep-
tibilities for V,_Mo,0, (a) for 0=x=0.2 and (b) for 0.2=x
=0.5. The metal-insulator transition temperature is marked by a
sudden decrease in susceptibility. Inset (b), x at 250 K increases
sharply as the I-M transition is crossed on Mo doping, then slowly
decreases in the metallic phase between x=0.25 and x=0.50. The
temperature independent part of the low-temperature magnetic sus-
ceptibility, xo, determined from the fits (Fig. 4) is also shown.
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FIG. 4. (Color online) The low-temperature susceptibility data
presented as 1/(x-xo) versus 7, with linear fits to the Curie-Weiss
law from 5-40 K shown. (a) for 0=x=0.14 and (b) for 0.14=x
=0.5.

x=0.20 [Fig. 3(b)]. A broad decrease in susceptibility is seen
on cooling through 150-100 K in the metallic phases, which
becomes washed out for x=0.35 in part due to a decrease in
the high-temperature susceptibility. The susceptibility at 250
K [ X250, inset, Fig. 3(b)] shows a sharp increase at x=0.07,
marking the I-M transition, but, in the metallic phase itself,
X250 decreases smoothly with increasing Mo content. This
would not ordinarily be observed for a system where elec-
trons are introduced into an insulator; rather, the electronic
density of states and therefore the temperature independent
susceptibility should increase with increasing doping.

A Curie-Weiss contribution to the susceptibilities is
present at low temperatures for all V,_,Mo,0, compositions
[Figs. 3(a) and 3(b)]. The low-temperature “Curie tail” is
very small in pure VO, and the low-doping region (x
<0.09). It then systematically increases until it represents a
major contribution to the susceptibility even for the compo-
sitions that are fully metallic to the lowest temperatures. We
performed quantitative analysis of this data through fits of
the susceptibility below 40 K to the Curie-Weiss law y
=C/(T+86,)+ xo, where C is the Curie constant, 6,, the Weiss
temperature, and y, the temperature independent part of the
low-temperature susceptibility. The results of these fits are
plotted as 1/(x-xo) vs T in Figs. 4(a) and 4(b). Because the
Mo ion does not have a local magnetic moment, the changes
in the magnetic states on Mo doping are a reflection of the
intrinsic behavior of the electron-doped VO, system (in the
presence of disorder from the doped Mo). The doping intro-
duces Curie-Weiss moments in V;_,Mo,0,. The Weiss tem-
peratures 6,, are antiferromagnetic and small, within a few
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FIG. 5. (Color online) The low-temperature heat capacity for
selected compositions in V;_Mo,O,, plotted as C,/T vs 72 to em-
phasize the C,=yT+ BT? behavior. Lines are from the linear fits to
the data at temperatures above the lowest temperature upturns.

Kelvin of zero for all compositions, and indicate very weak
interactions between the magnetic species present. The com-
position dependence of x, [inset Fig. 3(b)] shows a broad
maximum near x=0.3.

The low-temperature specific heats for the V,_,Mo,0O,
system are shown in Fig. 5. With the exception of the lowest
temperatures for some compositions, the specific heat be-
haves as C,=yT+ BT, Fits to the linear portions of C,/Tvs
T? for temperatures below 18 K allow estimates for the elec-
tronic () and lattice (83) contributions to the specific heat to
be made. The B values yield Debye temperatures in the range
of 470-630 K. v increases dramatically with Mo doping,
from approximately 1 mJ/mol K? for pure VO, to a maxi-
mum value of about 16 mJ/mol K? at V,75Mo, »50,. It then
decreases, to about 10 mJ/mol K? by V, 5,Mo, 5,0,, where
the curvature observed in the C,/T vs T? behavior makes a
good estimation of vy difficult. The observed composition de-
pendence of 7 is consistent with the composition-dependent
trend in . The low temperature upturns in the specific heat
seen in Fig. 5 correlate with the magnitudes of the Curie
susceptibilities, and are characteristic of Schottky anomalies
arising from fluctuations of the magnetic moments, the rea-
son for the larger upturn for V 50Mog 5005, is not known.

Figure 6 shows the x dependence in V;_Mo,0, of the
electronic contribution to the specific heat () and the effec-
tive moment per formula unit (p.g) obtained from the low-
temperature Curie-Weiss fits. A dramatic maximum in p.g
per formula unit is seen near 15% Mo doping, followed by a
clear minimum and then a smooth increase with increasing x.
The maximum in p.; occurs just below the doping level
where the system becomes fully metallic to low tempera-
tures. At the same time, 7y displays a broad maximum occur-
ring in the composition region where the lowest p.s is found
in the metallic phase, and Yy, is largest, at 25-30 % molyb-
denum doping. Comparison of y to x, allows an estimate of
the Wilson ratio,’?3 which is approximately 1.7 and inde-
pendent of composition in the metallic phase. This indicates
the presence of spin enhanced paramagnetism at low tem-
peratures in the metallic regime. We conclude from these
observations that metallic V;_,Mo,0, is a correlated electron
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FIG. 6. (Color online) The effective moment per formula unit
(pes) and the coefficient of electronic specific heat (), as a function
of molybdenum doping in V;_ Mo,0,. The comparison highlights
the development of the Curie-Weiss moments on doping and then
their decrease corresponding to the composition where the elec-
tronic specific heat is largest. Inset: The effective moment per
VMO'Vpair (P4 as a function of composition.

system, as has been argued for the high-temperature metallic
phase of VO,.2!34

A small fraction of crystallographic defects is always
present in these phases, even for VO, itself. These defects in
VO, give rise to a very weak Curie-Weiss contribution to the
susceptibility at low temperatures [Fig. 3(a)]. These localized
magnetic defects have been observed by EPR in pure VO,
(Ref. 35) and attributed to the fact that one spin % moment is
released per defect-broken V-V singlet pair. The data in
V,_:Mo0,0, show that electron doping introduces Curie-
Weiss moments that increase abruptly above an apparent
threshold of x~0.1 (Fig. 6). Our electron-diffraction studies
showed the presence of no short range or long range Mo-V
ordering in V;_,Mo0,0,, and therefore that there is a random
distribution of Mo and V in the metal sites. This allows the
fraction of Mo-V, Mo-Mo, and V-V pairs to be calculated
statistically as a function of composition. If a local-moment
picture holds for the whole V,_,Mo,0O, solid solution, then
each Mo-V pair created on doping would break a spin singlet
and release one spin % moment, while the V-V and Mo-Mo
pairs would be nonmagnetic. The inset to Fig. 6 presents the
observed effective moment per V-Mo pair as a function of
composition. Mo doping first decreases the defect-induced
moment per V-Mo pair at low x, but then, for compositions
above x=0.1, where the doping-induced magnetic species
dominate the low-temperature susceptibility, the effective
moment per V-Mo pair sharply increases, peaking near
0.7ug at the composition VygsMog50,. It then drops
sharply to a lower but still significant value, and then in-
creases weakly with composition for higher x. If broken sin-
glets were the origin of the observed Curie Weiss moments
in V,_Mo,O,, then p.; per Mo-V pair would be independent
of composition and equal to the spin % value of 1.7ug. This
is clearly not the case, indicating that a local picture, attrib-
uting the observed moments in V,;_,Mo,O, to broken singlets
is not valid.

In the current picture for the M-I transition in VO,, the
formation and tilting of the V-V pairs lifts the #,, orbital
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degeneracy and splits and narrows the #,, electronic bands
pointing along the chain direction. The result is that the two-
electron o bonding band of a V-V dimer is filled entirely
(with one electron per V) and the antibonding band is empty
and pushed to much higher energy. The remaining, broader
lygs T, and ¢ electronic bands lie just above the filled o band.
These empty states overlap the filled o states in energy in all
electronic models that do not include electronic correlations,
and therefore, it is argued, Mott physics is necessary to yield
the insulator. A doping-induced I-M transition would conse-
quently arise primarily due to the introduction of electrons
into the broader 7 and 6 bands, with only a secondary influ-
ence on the o states associated with the V-V pairs. To test
whether the crystal structures of the doped phases provide
any insight into this possibility, we have determined, by
high-resolution synchrotron x-ray powder diffraction, the
room-temperature crystal structures for V,;_ Mo, O, in the
metallic composition regime. We find that the average crystal
structures of the metallic V;_,Mo,0, phases are rigorously
tetragonal (P4,/mnm), with no peak splitting that would
suggest a lowering of symmetry. We also find, however, that
the ideal tetragonal Rutile crystal structure, which has a uni-
form, single M-M distance along the chains, and therefore no
M-M pairing, does not provide a satisfactory agreement be-
tween observed and calculated x-ray diffraction intensities
for the metallic phases. We find instead that the metal ions
are displaced significantly from the ideal Rutile sites
[2a(0,0,0)] along the chain directions. This displacement
[to positions 4e(0,0,z)] splits each ideal Rutile metal site
into two sites displaced *z along the chain directions, with
each of the displaced sites half-occupied statistically in the
average structure. The metal displacement from the ideal site
is highly significant for the whole series, with a refined value
of, for example, z=0.0282(8) for V, ;Mo ;0,-defined to bet-
ter than 35 standard deviations as different from the ideal
Rutile structure position of z=0.0. Figure 7 shows how well
the structural model fits the observed data for V;Mog;0,.
The structural data for the V,_.Mo,O, series are presented in
Table I. Structural models for which the metals were allowed
to move off the chain axis, i.e., to metal positions of the type
(x,x,z) or (x,0,z), such as would be the case if the pairs
were tilted away from the chain axis, did not result in im-
provements in the fits.

Figure 8(a) shows the intrapair and interpair M-M sepa-
ration determined from the crystal structure refinements as a
function of Mo doping in V;_,Mo,0,. Differences in the
composition dependencies of these separations are the under-
lying cause of the broad peak in the composition dependence
of the ¢ axis in the tetragonal phase seen in Fig. 1. Due to the
disorder, our average structure refinements do not provide
sufficiently detailed local information to say whether the
M-M pairs are tilted away from the chain direction or not,
but conclusions about the pairing can none-the-less be drawn
by looking at the evolution of the pair separation in the
V,_.Mo,0, series, presented in Fig. 8(b). The end members
of the V,_,Mo,0, solid solution are both monoclinic, and
both show pairing and tilting, even though VO, is insulating
and MoQO, is metallic. MoO, has shorter interpair M-M dis-
tances than VO, does, and thus the addition of one electron
per site has not weakened the strength of the pairing. Metal-
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FIG. 7. (Color online) Room temperature synchrotron powder
x-ray diffraction pattern of V79Mog300,, a representative compo-
sition in the metallic composition regime. The points are the ob-
served intensities, and the solid line is the fit to the structural model
in the tetragonal phase that includes displacements of the V/Mo
ions from their ideal positions to form metal-metal pairs. The line at
the bottom of the plot, the difference between the model and the fit,
shows the excellent agreement. Inset: detail of the high-angle region
showing the excellent quality of the fit.

lic V,_,Mo,0,, on the other hand, shows interesting behav-
ior. On first addition of electrons to induce metallicity, e.g.,
at V(9sMoy (505, the pairs are substantially weakened—the
short M-M separation has clearly lengthened, independent of
whether the pairs are tilted locally or not (because the pro-
jection of the separation in Vg 9sMo 50, along ¢ is much
longer than the actual V-V separation in VO,, and, if tilted
locally, then the separation would be even larger). Surpris-
ingly, the pairs then strengthen again as more electrons are
added in the solid solution, approaching what is seen in
MoO,. Thus our data show that the M-M bonding along the
chain is increasing in strength as electrons are doped into
V,_Mo,0, after an initial weakening when metallicity is
first induced. How this behavior fits into a detailed electronic
analysis of pairing in VO, and MoO, will be of interest in
future research.

The metal ion displacements are the signature of the
Peierls distortion, and thus the crystal structure refinements
indicate unambiguously that M-M pairs are present in metal-
lic V;_Mo,0,. Unlike the case for insulating VO,, however,
the statistical occupancy shows that the M-M pairs are only
short-range ordered in the doped metallic phases. To obtain a
more local picture of the structure of the metallic phases,
nanoscale electron diffraction was performed at room tem-
perature on compositions within the metallic regime. With a
relatively large incident electron beam (diameter > 100 nm),
the diffraction patterns e.g., for VsMog 50, [Fig. 9(a)] re-
veal the presence of weak superlattice reflections at positions
in the reciprocal space of the tetragonal phase that indicate
the presence of small twin domains in the material. Scanning
crystallites with a beam focused to cover an area of about 5
nm correspondingly showed two sets of superlattice reflec-
tions, in different spatial regions; Fig. 9(b) displays primarily
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TABLE I. Crystal structure parameters for the tetragonal symmetry compositions of V;_ Mo O, at 300 K,
determined by refinement of synchrotron x-ray powder diffraction data. Space group P4,/mnm. Unit-cell
parameters a and ¢ (in A), V and Mo in position 4e, which is statistically occupied with 0.5 atom per site, O
in position 4f, atomic positions in fractional cell coordinates, isotropic thermal parameters Uiso in A2,
standard deviations in parentheses. x> is the measure of the goodness of fit.

Metal 4e
Occ.=0.5r 0 4f(x,x,0):

X a(A) c(A) (0,0,2):z=  100*Uiso x= 100*Uiso X
0.05 4.564113(10) 2.854644(8) 0.0153(16) 1.438(18) 0.29900(28) 1.69(4) 1.404
0.10  4.575081(10)  2.859941(8) 0.0221(11) 1.309(20) 0.29893(28) 1.25(4) 1.414
0.15  4.587521(11) 2.863239(8) 0.0151(14) 1.743(20) 0.29731(27) 1.56(4) 1.467
0.20  4.599248(10) 2.864916(7) 0.0277(6) 1.712(16) 0.29697(24) 1.86(4) 1.502
0.30  4.624448(14)  2.865083(10)  0.0282(8) 1.457(20) 0.29434(33) 1.43(5) 1.431
0.35  4.635750(10)  2.863865(7) 0.0239(8) 1.334(17) 0.29297(30) 1.21(4) 1.564
0.40  4.649020(10) 2.861941(7) 0.0341(4) 1.042(15) 0.29370(31) 1.26(4) 1.495
0.50  4.679790(13)  2.853946(8) 0.0371(4) 1.634(14) 0.29312(26) 1.62(4) 1.714

one of the sets. The diffraction patterns observed with the
beam size of greater than 100 nm are therefore a superposi-
tion of diffraction patterns from several very small regions:
the true local symmetry is observed only in the very small
region whose diffraction pattern is seen in Fig. 9(b). The
positions and intensities of the observed superlattice reflec-
tions are consistent with those expected for a monoclinic
VO,-like structure. The true local structure of the metallic
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FIG. 8. (Color online) (a) The composition-dependent evolution
of the M-M pair separations within the metallic phase in
V,_,Mo,0, at room temperature. (b) Comparison of the M-M pair
separations and c-axis projections for VO, and MoO,, and the av-
erage pair separations for several compositions in the V;_Mo,0O,
series. The drawing is to scale in absolute units, with dotted lines to
guide the eye.

V,_:Mo,0, phases is therefore monoclinic, with a domain
size on the order of 10 nm. VO,-like M-M pairs are still
present in the doped metallic V;_Mo,O, phase, with the
same out of phase relationship between pairs on neighboring
chains, but the coherence of the pairs has been broken on a
very short length scale. Averaging the very small monoclinic
domains over their different orientations yields the tetragonal
average structure characterized in the powder x-ray diffrac-
tion experiment. These nanometer-scale monoclinic domains
may be the correlated metallic regions recently observed in
VO, just above its I-M transition.>®

Our proposed general phase diagram for the V,_,Mo,O,
system is presented in Fig. 10. The M-I transition tempera-
ture of 340 K in VO, decreases linearly with Mo concentra-
tion, consistent with previous reports.>® This linear decrease

O 042

] 200

FIG. 9. (a). Typical electron-diffraction pattern ([02—1] diffrac-
tion zone) of V,sMo, sO, at room temperature, taken with an inci-
dent beam probing a relatively large area (>100 nm). The strong
peaks in the diffraction patterns are indexed using the basic tetrag-
onal lattice of VO, (a=b=4.68,c=2.85); the positions of the super-
lattice reflections (marked by horizontal arrows) can be described
with an additional vector g. There are two sets of superlattice re-
flections, with ¢’s along 3(121)* and 3(12-1)*. (b) The [02-1]
diffraction zone recorded from a very small area (<10 nm): two
sets of superlattice reflections are still seen, but with clearly differ-
ent intensities, indicating that the symmetry of the material over
short distances is monoclinic, not tetragonal. The insets show por-
tions of the electron-diffraction patterns in detail.
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FIG. 10. (Color online) The proposed electronic phase diagram
for V]_XMOXOZ.

with doping is unusual and is thus far unexplained. For x
greater than about 0.16, the once-sharp M-I transition broad-
ens; and beyond x=0.18 can no longer be seen. The white
area in the diagram corresponds to the region where the
crossover from a Curie Weiss moment state to an intermedi-
ate mass state is observed. Four compositions in this compo-
sition region (x=0.18, 0.25, 0.30, and 0.35) were tested re-
sistively for superconductivity and were found to be normal
metals down to 0.35 K. At higher x, beginning at about 0.4,
the decreases in y and y, and the corresponding increase in
Deir Suggest a subtle crossover to a metal in which the elec-
tronic states give rise to dominantly Curie-Weiss rather than
paramagnetic behavior.

IV. DISCUSSION AND CONCLUSIONS

The metallic state in V;_,Mo0,0, occurs in the presence of
the Peierls distortion, and thus that distortion alone is not
sufficient to result in an insulating material even at low dop-
ing (i.e., x=0.05 at 300 K). The Peierls pairing is robust
against the electron doping, though it does change in detail.
The metallic state and the tetragonal symmetry crystal struc-
ture with no V-V pairing are intimately linked in undoped
VO,.%7 Our x ray and electron-diffraction studies of the me-
tallic phase of V;_.Mo,0, show, however, that the apparent
tetragonal symmetry in the doped case arises due to spatial
averaging over very small domains, each with monoclinic
symmetry. A short-range ordered Peierls state exists in the
metallic phase of V;_Mo,0,, and thus the M-I transition in
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doped VO, (for compositions such as VoMo ;0,) is not
strictly analogous to that in undoped VO,: for the doped
phases, a transition from short range to long range ordered
Peierls states must also play a role at the M-I transition.

In a local picture, the appearance of Curie-Weiss magne-
tism in V;_,Mo,O, would be attributed to broken spin sin-
glets, with each Mo-V pair releasing a spin. This appears to
be the case for insulating V,_,Nb,O,, where the Nb dopant is
5+, 4d° spin 0, and every doped Nb>* quantitatively releases
one localized spin 1 moment, as a V#*-V** spin singlet pair
becomes a V3* (3d%,spin 1)-Nb>* pair.'%27-2%38 L ocal mo-
ments observed in insulating Ga* and W* doped VO, have
also been attributed to broken singlets. V,_,Mo,O,, however,
is much less straightforward, as the induced magnetic mo-
ment is not directly proportional to the Mo concentration and
never reaches the local-moment spin % value. Although this
implies that the moments are itinerant in V;_Mo,0,, a sharp
dividing line between localized and itinerant behavior on go-
ing from Nb to Mo dopants in VO, would be surprising.

The current study thus lends support to the Mott-Peierls
scenario for the metal to insulator transition in VO,, but at
the same time raises questions about localized vs itinerant
behavior when VO, is chemically doped to a metallic con-
ductivity, and further about how the long- and short-range
crystal structures observed reflect the underlying changes in
the electronic states. Our results suggest that detailed studies
of the local electronic and structural character of the system,
such as through scanning tunnel microscope or optical char-
acterization of the electronic and magnetic states on the nan-
ometer length scale, and local structural probes to determine
the character of the M-M pairs, would be of great interest in
V,_Mo,0,. The issue of electronic and structural homoge-
neity on nanometer length scales is also likely to be of inter-
est for other classical doped Mott or Peierls insulators.
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