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The doping-induced metallic state of the Mott system V22yO3 has spin-density-wave order forT,TN'9
K. Dynamic spin correlations in such a cation-deficient sample, V1.973O3, were measured with inelastic neu-
tron scattering throughout the Brillouin zone for energies up to;20kBTN and temperatures up to;20TN . The
dynamic spin-correlation function,S(q,v), consists of a single ridge as a function of\v centered at each
antiferromagnetic Bragg point. Theq, v, andT dependence of magnetic fluctuations can be described by the
self-consistent renormalization theory for weak itinerant antiferromagnets developed by Moriya, Hasegawa,
and Nakayama. Thermodynamic properties below;10TN are quantitatively accounted for by this theory in its
simplest form with only four parameters, which are determined by our neutron-scattering experiment.
@S0163-1829~96!52530-0#

In a strongly correlated electron system, the effective
mass of quasiparticles approaches infinity near the Mott
transition.1 Spin dynamics in such a ‘‘nearly localized’’
Fermi liquid are widely assumed to be described by a local-
ized spin model, where the bandwidth for spin fluctuations is
of order the exchange energyJ;kBTN or kBTC , whereTN
or TC is the magnetic ordering temperature. However, in the
metallic state of the three-dimensional Mott compound
V22yO3, weak ~0.15mB per V atom! incommensurate mag-
netic order was recently discovered belowTN'9 K with
overdamped spin excitations extending beyond 20kBTN in
energy.2 These observations suggest that even close to the
metal-insulator transition, magnetism in V22yO3 is itinerant
and similar to that of metallic chromium.3 In this paper we
examine the temperature-dependent magnetic fluctuations in
metallic V1.973O3 and show that these and several related
thermodynamic properties may be accounted for within a
self-consistent renormalization theory developed to account
for weak itinerant magnetism.

Itinerant or band models of magnetism, with exchange
and correlation effects between opposite-spin electrons
treated by the random-phase approximation~RPA!, success-
fully describe the spin wave modes at low temperatures in
iron4 and nickel,5 and capture thequalitative features of the
overdamped spin excitations in the Stoner continuum.6 How-
ever, above the ordering temperature, or for the nearly or
weakly itinerant antiferromagnets or ferromagnets, low-
energy excitations are overdamped spin fluctuations.
Coupling between these spin modes, neglected in RPA theo-
ries, needs to be considered in order to yield a coherent de-

scription of both spin fluctuations and thermodynamic prop-
erties. This is accomplished in the self-consistent
renormalization~SCR! theory.7 The dynamic spin correlation
functionS(q,v) predicted by the SCR theory8 for nearly, or
weakly, ferromagnetic metals was found to account for in-
elastic neutron scattering throughout the Brillouin zone for
\v up to 8kBTC and temperature up to 10TC in MnSi.9

Moreover, with parameters deduced from neutron scattering,
the SCR theory produces quantitatively correct predictions
for thermodynamic properties of the weak itinerant ferro-
magnets MnSi and Ni3Al.

10 An extension of the SCR theory
to weak itinerantantiferromagnetism~AF-SCR theory! was
derived by Moriya and his coworkers.11 A dynamic spin cor-
relation function of the form derived in that work has re-
cently been used as a phenomenological model for spin fluc-
tuations in copper oxide superconductors,12–14 but there has
been no stringent experimental test of the theory.

The weak itinerant magnetism of metallic V22yO3 pro-
vides an opportunity to test the ability of the AF-SCR theory
to describe weak antiferromagnetism in a three-dimensional
metal. In this paper we report a direct measurement of
S(q,v) for metallic V1.973O3 by inelastic neutron scattering,
with temperatures from 1.4 to 200 K. We find that the data
are represented well by the AF-SCR generalized susceptibil-
ity and from the parameters derived from our measurement,
the theory correctly predicts other thermodynamic properties
of V 22yO3.

The single-crystal samples of V1.973O3 were grown using
a skull melter and the stoichiometry was controlled to within
0.2% by annealing sliced crystals for two weeks at 1400 °C
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in a suitably chosen CO-CO2 atmosphere.15 Four single
crystals were mutually aligned to increase the sensitivity of
our experiment. The inelastic-neutron-scattering experiments
were carried out on thermal neutron triple axis spectrometers
at NIST and BNL. With appropriate resolution, magnetic
neutron-scattering intensities are proportional to the dynamic
spin-correlation function S(q,v). Absolute units for
S(q,v) were obtained by normalizing magnetic neutron-
scattering intensities to inelastic scattering from transverse
acoustic phonons. Wave-vector transfer,q, will be indexed
in the hexagonal reciprocal lattice with
a*54p/A3a51.47(1) Å21 and c*52p/c50.448(1)
Å21. There are 12 V atoms in a hexagonal unit cell.2

Figure 1 shows constant energy scans for V1.973O3 in a
wide range of energy transfer and for temperature~a! below
and ~b! well aboveTN . The important and unusual features
of the data are that~1! well within the ordered state and
throughout the dominant part of the magnetic bandwidth, the
peaks inS(q,v) are broad and do not bear evidence of the
long-range magnetic coherence which is apparent from the
magnetic Bragg peaks.2 ~2! The bandwidth for magnetic ex-
citations exceedskBTN by more than an order of magnitude
and ~3! magnetic correlations persist at temperatures more
than an order of magnitude larger thanTN . Figure 2 shows
that the peak widths of inelastic scans, through the magnetic

Bragg reflections~1,0,2.3! and~1,0,3.7) at various values of
energy transfer,\v, are independent of the scan directions in
the (h0l ) zone. Because this zone contains the threefoldc*
axis we conclude from this that the wave vector dependence
of S(q,v) in the vicinity of magnetic Bragg reflections is
approximately isotropic.

For any magnet, insulating or metallic, in which a con-
tinuous degree of freedom is broken by long-range magnetic
order, the Goldstone theorem dictates that there exists a low-
energy regime with gapless propagating excitations. In this
spin-wave regime, the wave vector dependence ofS(q,v)
should display two sharp peaks on either side of the mag-
netic zone center which correspond to the excitation of
counter-propagating spin waves. For insulating magnets, the
spin-wave regime covers an energy range of orderkBTN and
most of the spectral weight is associated with spin waves.
For itinerant magnets on the other hand, spin waves only
exist in a limited low-energy regime beyond which they
merge with Stoner continuum. Our data show that V1.973O3 is
a rather extreme case in which the dominant part of the mag-
netic spectral weight is associated with magnetic excitations
in the Stoner continuum. Concomitantly the long-range or-
dered staggered magnetic moment,MQ , as well asTN are
anomalously small compared to the total spin on a V ion and
the magnetic bandwidth, respectively.

Although V1.973O3 is near the boundary of a metal-
insulator transition, our data clearly demonstrates that mag-
netism in this material cannot be accounted for by local mo-
ment theories. Instead we find that the AF-SCR theory11

describes our data very well. In that theory, the imaginary
part of the generalized susceptibility, which is related to the
dynamic spin correlation function measured through neutron
scattering byS(q,v)[p21^n(v)11&x9(q,v), is given by

x9~Q1q,v!5xQ

\v/Gk2

~\v/Gk2!21@11~q/k!2#2
~1!

FIG. 1. Inelastic neutron scans across a whole Brillouin zone
with constant energy transfer\v specified in the figure for
V1.973O3. There are two magnetic Bragg points,~1,0,0.3) and
~1,0,2.3!, and two nuclear ones,~102) and ~104!, within the scan
range. The experimental configurations wereEf513.7 meV with
horizontal collimations 608-408-408-608 for \v51.8–12 meV and
Ei535 meV with 608-408-608-608 for \v515–18 meV. A 19
graphite filter was used. The horizontal bars indicate the full width
at half maximum~FWHM! of the projection of the resolution func-
tion on the scan direction. The solid lines are theoretical curves
u f (q)u2S(q,v) calculated from Eq.~1!, wheref (q) is the V31 form
factor ~Ref. 20!.

FIG. 2. Constant energy scans at 1.4 K through the magnetic
reflection~1,0,2.3! or ~1,0,3.7) along different directions within the
~h0l! reciprocal lattice plane. The collimations were
608-408-408-408 and Ef513.7 meV for ~a!–~b!, and
608-408-608-608 and Ei535 meV for ~c!–~d!. A 19 graphite was
used as a filter. The horizontal bars indicate the FWHM of the
resolution projection.
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whereQ is the AF wave vector which is near (1,0,2.3) or
(1,0,0.3) in the present case,xQ is the static staggered sus-
ceptibility, k is the characteristic width ink space andG is a
temperature-insensitive parameter. The energy scale isGkz

with a dynamic exponentz52, reflecting the strong damping
of spin excitations in the Stoner continuum. This functional
form for x9(Q1q,v) describes our data very well as may be
appreciated by inspecting Fig. 1 in which the solid lines are
the result of a least squares fit to the theoretical form.16 From
such fits to a complete set of constant energy scans at one
temperature, we extract three parameters,k, xQ , andG.

The SCR theory predicts the temperature dependence of
k, xQ , and G. To test these predictions, we performed a
complete measurement ofS(q,v) at a number of tempera-
tures and Fig. 3 shows the temperature-dependent parameters
which we extracted from the data by fitting to Eq.~1!. The
characteristic widthk increases monotonically with tempera-
ture and has a finite value atT50. G is temperature insen-
sitive @Fig. 3~c!# and therefore the temperature variation of
the characteristic energy,Gk2, is determined by that ofk.
All these results are anticipate by the AF-SCR theory which
also predicts Curie-Weiss-like behavior for the staggered
susceptibilityxQ which is consistent with our data for tem-
peratures up to;100 K @Fig. 3~b!#. Unlike in a localized
spin model, this Curie-Weiss-like behavior is attributed to
the temperature dependence of the instantaneous local fluc-
tuating moment(q^uMqu2&.

8 Saturation of 1/xQ at high tem-
peratures is an indication of strong mode-mode coupling.11

Comparing the measured 1/xQ vs T curve with numerical
solutions in Ref. 11, the coupling constantF̄S was estimated
to be of the order of 101.5 meV/mB

4 .
The SCR theory is represented by a set of integrodiffer-

ential equations, which in general can only be solved nu-
merically. In the low-temperature regime, however, simplifi-

cation is possible. Apart fromG, F̄S , and the saturated
staggered moment,MQ , the AF-SCR theory in its simplest
form needs only one more constant,Ā[(xQk2)21, to deter-
mine the temperature dependence of most thermodynamic
properties.11 Our experimental values of (xQk2)21 shows a
deviation from its low temperature value above 100 K which
marks the upper limit of validity for this simplified four pa-
rameter @MQ50.15mB per V,2 G519 meV/c* 2, Ā524
meV/(mBc* )

2 per V, andF̄S530 meV/mB
4] AF-SCR theory.

The theory predicts a linear in T contribution to the specific
heat due to spin fluctuations with a Sommerfeld constant
gm[ 3

2apNkB
2/(GqB

2) whereN is the number of V atoms,
qB is the cutoff wave vector anda&2 is a numerical
factor.18,13 Using a52 andqB5(6p2/v0)

1/3 with the vol-
ume per atomv0524.6 Å3, gm.39 mJ/K2mole V. This
magnetic contribution to the electronic specific heat accounts
for a large part of the measuredg554–70 mJ/K2mole V.19

The predicted Ne´el temperature13 TN[0.7137(ĀG1/2MQ
2 /

v0)
2/3/kB.10 K, agrees excellently with the observed value

TN'9 K. An additional test of the expression forTN is pro-
vided by measurements ofTN and MQ versus hydrostatic
pressure.21 Hydrostatic pressure suppresses both these vari-
ables as it drives the material more metallic. AsĀ and G
both areT independent forT,100 K, we may also expect
them to be pressure insensitive in which caseTN}MQ

4/3. In
Fig. 4, we show that this relation is in fact obeyed very
closely forP,8 kbar.

The temperature dependence of the staggered magnetiza-
tion, MQ

2 (T), within the AF-SCR theory can vary fromT3/2

to T2 depending on the values ofj[F̄SMQ
2 /ĀqB

2 and
h[F̄SG/Ā

2qB
2 .11 A numerical solution of the AF-SCR equa-

tions corresponding to our values ofj andh is not currently
available but for future comparison, we present our measure-
ments ofMQ

2 (T) in Fig. 5. The AF-SCR theory also relates

FIG. 3. The parameters of the AF-SCR theory for V1.973O3,
determined at various temperatures from the measured dynamic
spin correlation function. Units in~b! are per vanadium atom~Ref.
17!.

FIG. 4. ~b!–~d! show the Ne´el temperature~dots, left scale! and
the staggered moment at 1.5 K~circles, right scale! for the spin
density wave~SDW! as function of pressure for V22yO3 with
y50.012, 0.015, and 0.027, respectively. PM stands for paramag-
netic metallic phase and AFI for antiferromagnetic insulating phase.
For the first two compositions, pressure is required to stabilize the
metallic state. For the last one, the material is metallic at ambient
pressure.~a! showsTN vs MQ

3/4 with pressure and composition as
implicit variables. The hatched line is the prediction of the AF-SCR
theory, usingG and Ā determined from spin fluctuations.
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theT-dependent staggered magnetizationMQ(T) to thermal
expansion of magnetic origin belowTN ,

11 however, no ther-
mal expansion data on V22yO3 is currently available.

The four SCR parameters,MQ ,G,Ā, andF̄S , can be cal-
culated from a Hubbard-like microscopic model.11 With our
measurement of their values, the tight-binding and correla-
tion parameters of a microscopic model, in principle, can be
determined for metallic V22yO3. Metals close to antiferro-
magnetic instabilities have been the subject of recent interest
in the context of quantum critical phenomena.22,23 For a
three-dimensional itinerant system with a magnetic wave

vector away from Fermi surface nesting, there exist, apart
from the ordered phase, the so-called classical Gaussian, per-
turbative Gaussian, and disordered quantum regimes. The
SCR theory has been shown to represent the classical Gauss-
ian regime.23 An extension of the SCR theory to systems
with a nesting Fermi surface appeared recently.24

In summary, spin fluctuations in the doped Mott com-
pound V1.973O3 are isotropic ink space and centered around
antiferromagnetic Bragg reflections with a magnetic band-
width which exceeds 20kBTN . These overdamped but spa-
tially correlated itinerant magnetic fluctuations persist up to
temperatures 20 times larger thanTN . Our experimental re-
sults contradict the widely circulated belief that spin fluctua-
tions on both sides of a Mott metal-insulator transition can
be described by a localized spin model, where the bandwidth
of the spin fluctuations is set bykBTN and where spin fluc-
tuations near the magnetic zone centers disappear rapidly
aboveTN . Instead spin fluctuations in V1.973O3 for tempera-
tures and energies up to 20TN are well described by the
dynamic susceptibility of the SCR theory. For temperatures
below;10TN we have shown that the SCR theory, based on
four parameters which are extracted from neutron-scattering
data, correctly predictsTN and accounts for most of the en-
hanced low-temperature electronic specific heat.
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