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Observation of Incommensurate Spin-Density-Wave Paramagnons
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Magnetic fluctuations seen by inelastic neutron scattering in the paramagnet Crp95Vp. p5 have a struc-
ture factor similar to that of the static incommensurate spin-density wave (SDW) in pure Cr, and are
thus termed SDW paramagnons. Commensurate-diff'use scattering dominant in the paramagnetic phase
of Cr is absent in Crp95Vp. p5. The amplitude of the SDW paramagnons in this alloy increases with tem-
perature and their energy scale extends beyond 40 meV.

PACS numbers: 61.12.Ex, 64.70.Rh

We have observed for the first time, by inelastic neu-

tron scattering, magnetic fluctuations in a paramagnetic
transition metal alloy (Cro95Vpps) which peak at a wave
vector incommensurable with the reciprocal lattice. This
fluctuating spin-density wave is termed a spin-density-
wave (SDW) paramagnon. The dynamic structure fac-
tor S(q, ro) corresponding to the SDW paramagnons is
observed to increase with temperature, by a factor of
about 2 at 300 K, relative to the low-temperature value.
The magnetic scattering cross section is very small, being
a factor of at least 100 less than in pure Cr.

The Cro95Vpps single crystal of volume about 10 cm
(diameter of =1.5 cm) was cut from a boule supplied by
F. A. Schmidt, Materials Research Center, Iowa State
University. It was prepared by arc-zone melting. The
mosaic width is 1.2'. The neutron-scattering experiment
was performed on the triple-axis spectrometer H7 at
the Brookhaven high-flux beam reactor. A pyrolytic-
graphite (002) monochromator and analyzer was used,
with collimation 40'-40'-80'-80' according to the usual
convention. The data reported in this paper were taken
with a fixed final neutron energy, Ef=14.7 meV. The
crystal was mounted for scattering in the (hk0) re-
ciprocal-lattice plane in a Displex refrigerator.

The addition of small amounts of vanadium to bcc
chromium rapidly depresses the Neel temperature (TN
=312 K) and the rms ordered moment, and at about 4
at. % V, TN=0 K. 3 The wave vector, Q, of the spin-
density wave moves further from the commensurate
[100] point as V is added. In pure Cr, Q=0.951a* (at
T=O K), and at 2.5 at. / V it is 0.922a*, where
a =2tr/a; the variation is slower than linear (see Fig. 6
of Koehler et al. ). Elastic scans along the [100] axis in
our Cr095V005 crystal at 9 K show no peaks at the satel-
lite positions [1 8,0,0]. However, for inelastic con-
stant-M scans in this region of reciprocal space, well-
defined peaks are seen in both longitudinal (L) and
transverse (T) scans [see Fig. 1(a)] at the incommensu-
rate points, as shown in Figs. 1(c) and l(d). Aside from
the much smaller magnitude of the scattered intensity

here and the precise location of the peaks, these data
look very similar to the constant-~ scans in pure Cr at
low temperatures. In pure Cr these peaks in the inelas-
tic scattering are attributed to spin waves, which can be
viewed classically as precessional modes of the 3d atomic
moments, but with amplitude decreasing rapidly with
increasing excitation energy h ro. By contrast, in

Cro 95vp ps, satellites are not seen in the elastic scattering
(otherwise, the alloy would not correctly be described as
paramagnetic), and the magnitude of the scattering in-
creases with increasing energy transfer, as shown in Fig.
1(b). Fitting the data in Fig. 1(d) by two Gaussian
peaks gives a value for the incommensurability parame-
ter of 8=0.084+ 0.002, so that the SDW wave vector is
Q=(0.916 ~0.002)a . This value is consistent with the
variation of Q with vanadium concentration obtained
from the SDW Bragg peaks in the lower-concentration
long-range-ordered alloys. To within experimental ac-
curacy ( ~ 0.005a*), the widths of the peaks in Fig. 1 do
not change with increasing excitation energy. The data
require an excitation spectrum having a slope (ro vs q) of
greater than 1 eV A.

We have followed the temperature dependence of this
paramagnetic scattering up to room temperature. Longi-
tudinal and transverse scans at 299 K are shown in Fig.
2. It is seen that the magnetic scattering cross section
increases by a factor of about 2. Fitting each of these
scans by two Gaussian peaks, we find that the in-
commensurability parameter decreases to a value 8
=0.066 ~ 0.002, so that at room temperature Q =(0.934
+ 0.002)a*. Thus Q increases by about (1.4~0.2)%,
nearly identical to the variation of the wave vector of the
static SDW in pure Cr between 0 and 300 K. Even at
299 K the magnetic scattering cross section increases
with excitation energy Am as shown in the inset to Fig.
2. Fixing the final energy of the spectrometer at 30.5
meV, we have attempted to measure the spectral distri-
bution of the magnetic intensity up to hen=42 meV at
several temperatures. This proved to be difficult because
of the incoherent phonon scattering and the occurrence
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of the zone-boundary LA phonon at 30 meV at (100). It
is clear from our limited data, however, that the magnet-
ic scattering has a characteristic energy scale (width
greater than 40 meV at 150 K.

It is truly remarkable that the incommensurate SDW
instability at 2kF in the electron gas of chromium metal
manifests itself so clearly in these neutron-scattering
measurements of the dynamic susceptibility Z(q, ai of
this paramagnetic Cr alloy all the way up to room tem-
perature. This observation is even more striking when
contrasted to neutron-scattering measurements on pure
Cr. Previous studies of the paramagnetic state of
pure Cr, up to temperatures about twice the Neel tem-
perature TN have shown that the neutron scattering is

centered at [100],and is confined to a small spherical re-
gion about this commensurate point, having a diameter
less than -0.07a as shown in Fig. 6 of Ref. 5. This
so-called commensurate-diffuse (CD) scattering first ap-
pears more than 100 K below the Neel point. It has
been suggested that it is due to phase fluctuations of the
static SDW, which ultimately lead to the disappear-
ance of the long-range-ordered state at the Neel point.
The Lorentzian spectral width parameter j. increases
rapidly from 3.2 meV at TN to 15.6 meV at 500 K (see
Figs. 14 and 15 of Ref. 5). Thus, the character of the
paramagnetic scattering in pure Cr is really quite differ-
ent from that in Cro 95Vp o5', its magnitude is more than a
factor of 100 greater, it is centered at the commensurate
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point, and its spectral width is much smaller. We specu-
late that the reduction of the CD scattering to near zero
in Crp 95Vpps is due to pinning of the phase of the dy-
namic SDW's to the lattice via the Coulomb interactions
between the V ions and the charge-density wave concom-
itant with the SDW, 9 or to the direct pinning of the
SDW to the Friedel charge oscillations surrounding the
V itnpurity. ' The incommensurate inelastic scattering
that we are seeing in Crp 95Vp ps is too weak to be observ-
able against the strong CD scattering in pure Cr.

We have also carried out experiments on Crp995Vppp5.
To a first approximation, there is no CD scattering. The
spectral distribution of the scattering of the satellites in

Crppp5Vpppq has a Lorentzian width of I = 7 meV. The
magnitude of the magnetic scattering cross section is
about a factor 10 less than in pure Cr. Thus, in this
quite dilute alloy, the static incommensurate SDW state
below the Neel point is already foreshadowed in the
paramagnetic phase, which is not the case in pure Cr.

The addition of V to Cr evidently changes the nature

of the magnetic excitations in the paramagnetic phase, as
well as depressing the Neel temperature. This behavior
is undoubtedly related to the dramatic changes seen at

11,12the Neel transition in the thermophysical properties.
As little as 0.2 at.% V changes the first-order transition,
which is seen in pure Cr as a step in the plot of strain

11versus temperature, into a quasicontinuous transition.
Furthermore, the strong attenuation peak in the longitu-
dinal sound wave propagation seen in pure Cr is greatly
reduced in dilute CrV alloys. ' ' Perhaps the most
significant change is the considerably reduced magnitude
of the magnetic contribution to the thermal expansivity
seen in the paramagnetic state of Crp 995Vp pp5 com-
pared with pure Cr. From our inelastic neutron-scat-
tering data on the CrV alloys it seems reasonable to con-
clude that these drastic changes in the thermophysical
properties are directly related to the disappearance of the
large commensurate-diffuse scattering seen in pure Cr.

The interesting feature of the temperature dependence
of the SDW paramagnons in Crp 95Vp ps is that their am-
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plitude increases with temperature. Similar behavior has
been observed in MnSi' and YMn2. ' It has been sug-
gested that this behavior is related to that predicted for
weak itinerant-electron ferromagnets by Moriya and
Kawabata, ' and is a feature of several later calcula-
tions. ' Recent calculations of the many-body enhanced
wave-vector-dependent magnetic susceptibility X(q)
show a singularity at 2kF for Cr but not for Mo, which
has a similar Fertni surface. '9 Theoretical results,
directly relevant to our measurements of the dynamic
susceptibility Z(q, ro) at finite temperatures in paramag-
netic Cr and CrV alloys, are not yet available.

The paramagnetic excitations, with a very steep (near-
ly vertical) efl'ective dispersion described here for
Crp95Vpps, have also recently been observed above the
Neel temperature in La2Cu04, which has been described
as a quantum spin fluid. In conclusion, we suggest the
likelihood that SDW paramagnons exist in many metals,
but have remained undetected for two reasons: (1) Pre-
vious work has concentrated on the search for static
SDW by elastic neutron scattering, which if it exists at
all may be obscured by incoherent nuclear scattering; (2)
in most cases, one has no clue where to look. In
Crp 95Vp p5 the existence of a static SDW in the neighbor-
ing pure Cr provides the clue.
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