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Itinerant antiferromagnetism in the Mott compound V ; 4703
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The doping-induced metallic state of the Mott system yO3 has spin-density-wave order for<Ty~9
K. Dynamic spin correlations in such a cation-deficient samplgy;¥D 3, were measured with inelastic neu-
tron scattering throughout the Brillouin zone for energies up kg Ty and temperatures up 20Ty, . The
dynamic spin-correlation functior§(qg, ), consists of a single ridge as a function7oé centered at each
antiferromagnetic Bragg point. The w, 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 bete®OT are quantitatively accounted for by this theory in its
simplest form with only four parameters, which are determined by our neutron-scattering experiment.
[S0163-182896)52530-0

In a strongly correlated electron system, the effectivescription of both spin fluctuations and thermodynamic prop-
mass of quasiparticles approaches infinity near the Moterties. This is accomplished in the self-consistent
transition? Spin dynamics in such a “nearly localized” renormalization(SCR) theory! The dynamic spin correlation
Fermi liquid are widely assumed to be described by a localfunction S(q, ») predicted by the SCR thedtfor nearly, or
ized spin model, where the bandwidth for spin fluctuations isveakly, ferromagnetic metals was found to account for in-
of order the exchange enerdy-kgTy or kgTc, whereTy elastic neutron scattering throughout the Brillouin zone for
or T¢ is the magnetic ordering temperature. However, in thehw up to &gTc and temperature up to I in MnSi®
metallic state of the three-dimensional Mott compoundMoreover, with parameters deduced from neutron scattering,
V,_y03, weak(0.15ug per V atom incommensurate mag- the SCR theory produces quantitatively correct predictions
netic order was recently discovered beldw~9 K with for thermodynamic properties of the weak itinerant ferro-
overdamped spin excitations extending beyon#gdQ, in magnets MnSi and NAl. 1% An extension of the SCR theory
energy’ These observations suggest that even close to the weak itinerantantiferromagnetism(AF-SCR theory was
metal-insulator transition, magnetism in, \JOs is itinerant ~ derived by Moriya and his coworket$ A dynamic spin cor-
and similar to that of metallic chromiufhin this paper we relation function of the form derived in that work has re-
examine the temperature-dependent magnetic fluctuations @ently been used as a phenomenological model for spin fluc-
metallic V, 7405 and show that these and several relateduations in copper oxide superconducttfrs:*but there has
thermodynamic properties may be accounted for within aeen no stringent experimental test of the theory.
self-consistent renormalization theory developed to account The weak itinerant magnetism of metallic,V, O3 pro-
for weak itinerant magnetism. vides an opportunity to test the ability of the AF-SCR theory

Itinerant or band models of magnetism, with exchangeto describe weak antiferromagnetism in a three-dimensional
and correlation effects between opposite-spin electronmetal. In this paper we report a direct measurement of
treated by the random-phase approximafiBA), success- S(q,w) for metallic V, 47403 by inelastic neutron scattering,
fully describe the spin wave modes at low temperatures inwith temperatures from 1.4 to 200 K. We find that the data
iron* and nickeP® and capture theualitative features of the are represented well by the AF-SCR generalized susceptibil-
overdamped spin excitations in the Stoner contin§utow- ity and from the parameters derived from our measurement,
ever, above the ordering temperature, or for the nearly othe theory correctly predicts other thermodynamic properties
weakly itinerant antiferromagnets or ferromagnets, low-of V,_ Os.
energy excitations are overdamped spin fluctuations. The single-crystal samples of; ;{05 were grown using
Coupling between these spin modes, neglected in RPA thea skull melter and the stoichiometry was controlled to within
ries, needs to be considered in order to yield a coherent d€.2% by annealing sliced crystals for two weeks at 1400 °C
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Chi 5 FIG. 2. Constant energy scans at 1.4 K through the magnetic
- 2 ] 20 reflection(1,0,2.3 or (1,03.7) along different directions within the
0 fa (hOl)  reciprocal lattice plane. The collimations were
Ar 10 60'-40'-40'-40' and E;=13.7 meV for (a-(b), and
o ettt crciaio 60'-40'-60'-60' and E;=35 meV for (c)—(d). A 1” graphite was
—2-10 1 2 3 4 -2-10 1 2 3 4 used as a filter. The horizontal bars indicate the FWHM of the
(100) (100 resolution projection.

FIG. 1. Inelastic neutron scans across a whole Brillouin zone
with constant energy transfefiw specified in the figure for

V, 0705 There are two magnetic Bragg pointél,00.3) and Bragg reflection41,0,2.3 and(1,03.7) at various values of

(1,0,2.3, and two nuclear one$10§) and (104), within the scan ehnergﬁltransfeﬁéo, are Indipendent of thg Scarr: dl;]ecggbnksj In
range. The experimental configurations wé&g=13.7 meV with t Fj' (hOl) zone. Because ,t IS zone contains the thre
horizontal collimations 6040’ -40'-60’ for fw=1.8—12 meV and XIS we conclude from this that the wave vector dependence

E,=35 meV with 60-40-60'-60' for Aw=15-18 meVv. A 1  ©Of S(d,®) in the vicinity of magnetic Bragg reflections is
graphite filter was used. The horizontal bars indicate the full width@PProximately isotropic.
at half maximum(FWHM) of the projection of the resolution func- For any magnet, insulating or metallic, in which a con-
tion on the scan direction. The solid lines are theoretical curvedinuous degree of freedom is broken by long-range magnetic
[f(0)|?S(q, ) calculated from Eq(1), wheref(q) is the V3" form  order, the Goldstone theorem dictates that there exists a low-
factor (Ref. 20. energy regime with gapless propagating excitations. In this
spin-wave regime, the wave vector dependencé&(af, )
should display two sharp peaks on either side of the mag-
in a suitably chosen CO-COatmospheré® Four single netic zone center which correspond to the excitation of
crystals were mutually aligned to increase the sensitivity ocounter-propagating spin waves. For insulating magnets, the
our experiment. The inelastic-neutron-scattering experimentspin-wave regime covers an energy range of okgdry and
were carried out on thermal neutron triple axis spectrometermost of the spectral weight is associated with spin waves.
at NIST and BNL. With appropriate resolution, magnetic For itinerant magnets on the other hand, spin waves only
neutron-scattering intensities are proportional to the dynamiexist in a limited low-energy regime beyond which they
spin-correlation function S(q,w). Absolute units for merge with Stoner continuum. Our data show that)MO; is
S(q,w) were obtained by normalizing magnetic neutron-a rather extreme case in which the dominant part of the mag-
scattering intensities to inelastic scattering from transversaetic spectral weight is associated with magnetic excitations
acoustic phonons. Wave-vector transfgr,will be indexed in the Stoner continuum. Concomitantly the long-range or-

in the hexagonal reciprocal lattice with dered staggered magnetic momeMtg,, as well asTy are
a*=4m/\3a=1.47(1) A°* and c*=2n/c=0.448(1) anomalously small compared to the total spmeoV ion and
A~1. There are 12 V atoms in a hexagonal unit éell. the magnetic bandwidth, respectively.

Figure 1 shows constant energy scans fqi,M0; in a Although V; g5 is near the boundary of a metal-

wide range of energy transfer and for temperatajebelow  insulator transition, our data clearly demonstrates that mag-
and (b) well aboveT). The important and unusual features netism in this material cannot be accounted for by local mo-
of the data are thatl) well within the ordered state and ment theories. Instead we find that the AF-SCR th€ory
throughout the dominant part of the magnetic bandwidth, thelescribes our data very well. In that theory, the imaginary
peaks inS(q,w) are broad and do not bear evidence of thepart of the generalized susceptibility, which is related to the
long-range magnetic coherence which is apparent from thdynamic spin correlation function measured through neutron
magnetic Bragg peaks(2) The bandwidth for magnetic ex- scattering byS(q,w)=7"%n(w)+1)x"(q,»), is given by
citations exceedkgTy by more than an order of magnitude
and (3) magnetic correlations persist at temperatures more )
than an order of magnitude larger th@iy. Figure 2 shows "(Q+qw)= holT k )
that the peak widths of inelastic scans, through the magnetic X ’ XQ (R wIT K22+ [ 1+ (q/x) 22
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FIG. 3. The parameters of the AF-SCR theory for o¥0Os,
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FIG. 4. (b)—(d) show the Nel temperaturédots, left scalgand
the staggered moment at 1.5 (€ircles, right scalefor the spin
density wave(SDW) as function of pressure for /,0; with
y=0.012, 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) showsTy vs M%"‘ with pressure and composition as

determined at various temperatures from the measured dynamimplicit variables. The hatched line is the prediction of the AF-SCR

spin correlation function. Units ifb) are per vanadium atorfiRef.

17).

ceptibility, « is the characteristic width ik space and’ is a
temperature-insensitive parameter. The energy scdlacfs

theory, usingl’ andA determined from spin fluctuations.

cation is possible. Apart frond’, F_S and the saturated
whereQ is the AF wave vector which is near (1,0,2.3) or staggered momenl g, the AF-SCR theory in its simplest
(1,0,0.3) in the present casgg, is the static staggered sus- form needs only one more constaAl,E(quZ)_l, to deter-

2)—1

mine the temperature dependence of most thermodynamic

properties:* Our experimental values ofyox shows a

with a dynamic exponert= 2, reflecting the strong damping deviation from its low temperature value above 100 K which
of spin excitations in the Stoner continuum. This functionalmarks the upper limit of validity for this simplified four pa-
form for x"(Q+q,w) describes our data very well as may be rameter [My=0.15u5 per V2 T'=19 meV/c?, A=24
appreciated by inspecting Fig. 1 in which the solid lines aremev/(ugc*)? per V, andF =30 meVjug] AF-SCR theory.

the result of a least squares fit to the theoretical f&tfrom

The theory predicts a linear in T contribution to the specific

such fits to a complete set of constant energy scans at Ofigat due to spin fluctuations with a Sommerfeld constant

temperature, we extract three parametetsyg, andl'.
The SCR theory predicts the temperature dependence

=3a7NK5/(I'q3) whereN is the number of V atoms,
is the cutoff wave vector andv<2 is a numerical

K, Xq, andI'. To test these predictions, we performed af;ctor_l&lii Using a=2 andqg=(672/vo)" with the vol-

complete measurement & d,w) at a number of tempera-

ume per atomv,=24.6 A3, y,=39 mJ/K?mole V. This

tures and Fig. 3 shows the temperature-dependent parametes g netic contribution to the electronic specific heat accounts

which we extracted from the data by fitting to Ed). The

characteristic widthc increases monotonically with tempera-
ture and has a finite value &=0. I" is temperature insen-
sitive [Fig. 3(c)] and therefore the temperature variation o
the characteristic energy,«?, is determined by that ok.

All these results are anticipate by the AF-SCR theory which
also predicts Curie-Weiss-like behavior for the staggere
susceptibility xo which is consistent with our data for tem-
peratures up to~100 K [Fig. 3(b)]. Unlike in a localized ) S '
spin model, this Curie-Weiss-like behavior is attributed toth€m to be pressure insensitive in which cage

(PI'GSSUI'

for a large part of the measured=54—70 mJ/Kmole V*°
The predicted Nel temperatur€ Ty=0.7137@AIY2M%/
fv0)2’3/ kg=10 K, agrees excellently with the observed value
Tn=~9 K. An additional test of the expression oy, is pro-
vided by measurements dfy and Mg versus hydrostatic

&! Hydrostatic pressure suppresses both these vari-
ables as it drives the material more metallic. Asand T’

both areT independent folf <100 K, we may aIsczusexpect
Mg~ In

the temperature dependence of the instantaneous local fluEi9- 4, we show that this relation is in fact obeyed very

tuating momenE q(| Mq|2>.8 Saturation of 1¥q at high tem-
peratures is an indication of strong mode-mode coupgfing.
Comparing the measuredxl vs T curve with numerical

closely forP<8 kbar.
The temperature dependence of the staggered magnetiza-
tion, M3(T), within the AF-SCR theory can vary fro®?

solutions in Ref. 11, the coupling constdf was estimated t0 T> depending on the values of=FsM&/Aqg and
n=FgI'/A%q3 . A numerical solution of the AF-SCR equa-

to be of the order of 1¥° meViug .

The SCR theory is represented by a set of integrodiffertions corresponding to our values §&nd » is not currently
ential equations, which in general can only be solved nuavailable but for future comparison, we present our measure-
merically. In the low-temperature regime, however, simplifi- ments ofM é(T) in Fig. 5. The AF-SCR theory also relates



54 ITINERANT ANTIFERROMAGNETISM IN THE MOTT . .. R3729

L ‘ : K ; vector away from Fermi surface nesting, there exist, apart
: from the ordered phase, the so-called classical Gaussian, per-

08¢ V167303 ] turbative Gaussian, and disordered guantum regimes. The
0.6 b ; ;;fbar 1 SCR theor 3has been shown to represent the classical Gauss-
ol 0 6.6 kbar ] ian regime=® An extension of the SCR theory to systems
& 8.0 kbar with a nesting Fermi surface appeared receftly.

In summary, spin fluctuations in the doped Mott com-

[Mo(T)/Mo(0) *

pound V; 7405 are isotropic irk space and centered around
antiferromagnetic Bragg reflections with a magnetic band-
oF width which exceeds 2Ty . These overdamped but spa-
\ ‘ ‘ ° tially correlated itinerant magnetic fluctuations persist up to
0.0 0.5 1.0 1.5 2.0 temperatures 20 times larger th&@g. Our experimental re-

T/Ty sults contradict the widely circulated belief that spin fluctua-
tions on both sides of a Mott metal-insulator transition can
FIG. 5. Normalized intensity of the antiferromagnetic Bragg be described by a localized spin model, where the bandwidth
peak(1,0,2.3, probingM3(T)/M3(0) vs the reduced temperature Of the spin fluctuations is set g Ty and where spin fluc-
T/Ty for a V; ¢740; sample at various values of hydrostatic pres- tuations near the magnetic zone centers disappear rapidly
sure. The normalized order parameter curves are indistinguishabRPOVET . Instead spin fluctuations in {7405 for tempera-
for P<8 kbar. The solid line i813(T)/M3(0)=(1-T/Ty)?* with  tures and energies up to PQ are well described by the
23=0.63. dynamic susceptibility of the SCR theory. For temperatures
below ~ 10Ty we have shown that the SCR theory, based on
the T-dependent staggered magnetizathg(T) to thermal four parameters which are extracted from neutron-scattering
expansion of magnetic origin belovy, ,** however, no ther- data, correctly predict$y and accounts for most of the en-
mal expansion data on,\,0; is currently available. hanced low-temperature electronic specific heat.

The four SCR parameterd],,I',A, andFg, can be cal- Discussions and communications with G. Aeppli, A. Fuji-
culated from a Hubbard-like microscopic modeMWith our  mori, A. J. Millis, Q. M. Si, S. Sachdev, R. J. Birgeneau, T.
measurement of their values, the tight-binding and correlaMoriya, and S. M. Shapiro are gratefully acknowledged.
tion parameters of a microscopic model, in principle, can baN.B. acknowledges the Aspen Center for Physics where part
determined for metallic Y_,03. Metals close to antiferro- of this work was performed. Work at JHU was supported by
magnetic instabilities have been the subject of recent intere@rant No. DMR-9453362, at BNL was supported by DOE
in the context of quantum critical phenome&® For a  under Contract No. DE-AC02-76CH00016 and J.M.H. was
three-dimensional itinerant system with a magnetic wavesupported by MISCON Grant No. DE-FG02-90ER45427.
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