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Neutron scattering measurements on pure chromium metal have been performed under various
conditions of experimental resolution, energy transfer, temperature, and magnetic field. The tem-
perature and energy dependence of the commensurate-diffuse scattering surrounding the (0,0,1)
point in reciprocal space has been followed from the spin-flip temperature ( T'sy=122 K) to tempera-
tures as high as 700 K, well above the Néel point (7 =312 K). Magnetic correlations extending
over 11 bec unit cells persist to these high temperatures. The spectral width of the magnetic scatter-
ing is found to increase rapidly with temperature above Ty. The importance of the commensurate-
diffuse modes of excitation in the disappearance of the long-range-ordered spin-density-wave (SDW)
state at Ty is discussed. The magnetic field dependence of the excitations in the transversely polar-
ized SDW phase has been investigated and found to be absent. Evidence is also presented for the
absence of a spin-wave energy gap greater than 50 peV. We have placed the scattering in the
paramagnetic phase on an absolute scale by normalizing to the integrated intensities of selected pho-
nons, and have estimated an effective magnetic moment per atom.
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1. INTRODUCTION

Experimental studies of chromium metal have contin-
ued to provide an array of surprises since the discovery of
the incommensurate, sinusoidally modulated nature of the
antiferromagnetism occurring in this material more than
20 years ago.’? This unique, itinerant-electron magnetic
state is due to the presence of an Overhauser spin-density
wave (SDW).> As first pointed out by Lomer* this state
occurs in chromium because of the nearly perfect nesting
of portions of the ‘“jack-shaped” electron Fermi surface
surrounding the T" point (0,0,0) in reciprocal space with
flat portions of the octahedral-shaped hole surface sur-
rounding the H point (1,0,0).° Two-band theoretical
models based on those ideas successfully account for
many of the observed magnetic properties of chromium
and its dilute alloys, including the magnitude and varia-

tion of the wave vector Q, the amplitude of the SDW, and

the ordering temperature.®

Until recently, relatively little was known experimental-
ly about the elementary excitations of the SDW in pure
chromium.”~!? Theories of the long-wavelength spin
waves have been developed based on various simplifying
two-band models by Fedders and Martin,'* by Liu,'* and
by Sato and Maki.!> These theories predict the occurrence
of very-high-velocity spin waves, comparable to the Fermi
velocity. The predictions do not seem to depend strongly
upon the extent of commensurability of the SDW. Neu-
tron inelastic scattering measurements on commensurate
CrMn alloys'®!7 give a spin-wave velocity of about
1.5 107 cm/sec, in rough agreement with theoretical pre-
dictions. Wolfram and Ellialtioglu'® have investigated the
magnetic excitations of a one-dimensional, sinusoidally
modulated spin structure using an equation-of-motion
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method and a Hamiltonian which explicitly builds in the
observed SDW ground state. Certain aspects of the mag-
netic scattering cross section of Cr observed in recent ex-
periments can be accounted for by this calculation, while
others cannot. Generally speaking, the current theories
are not consistent in their predictions, and do not even
suggest some of the most salient features of the neutron
scattering experiments carried out during the last several
years. It is apparent that an understanding of the magnet-
ic excitations in pure chromium presents an important
theoretical challenge in itinerant-electron magnetism.
This paper represents a continuation of our inelastic neu-
tron scattering work described in Ref. 9, with special em-
phasis on the evolution of the magnetic scattering from
the low-temperature SDW phases to far into the paramag-
netic phase.

II. MAGNETIC PROPERTIES OF CHROMIUM

In order that the experiments described in this paper
can be more easily understood and properly motivated, we
begin here by giving a brief summary of the main features
of our earlier results’ along with certain aspects of the
magnetic properties of Cr obtained from other measure-
ments.

There are three magnetic phases of Cr. At tempera-
tures below the spin-flip temperature (7 =122 K) the
fundamental SDW is longitudinally polarized. Above T’
the SDW is transversely polarized up to the first-order
transition at the Néel point ( Ty =312 K).!° As a result of
the cubic symmetry of paramagnetic Cr, three types of
domains develop below T with the Q vector of the SDW
along any one of the three [100]-type directions in the
crystal giving rise to equivalent sets of magnetic satellites.
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A single-Q state is produced by cooling the crystal
through the Néel point in the presence of a large magnetic
field directed along a [100] axis.?® This procedure results
in a crystal consisting of one type of Q domain with the
modulation direction along the applied field. The crystal
will remain in this state after the field is reduced to zero,
so long as the temperature is not raised above Ty. The
reciprocal lattice shown in Fig. 1 is for a “field-cooled”
crystal with the single-Q direction along [001]. The mag-
nitude of Q is 0.9515a* (a*=2m/a, where a is the bcc
lattice parameter) at low temperatures and increases
slightly with temperature. The ability to create this mi-
croscopic single-Q state in a large crystal considerably
simplifies inelastic scattering experiments on pure Cr.

In Fig. 2 we reproduce the results® of a constant-energy
scan along the [001] direction, across the satellite posi-
tions near the (0,0,1) point in reciprocal space at T=200
K. As expected from elementary theoretical considera-
tions, strong scattering is observed near the satellite Bragg
points, from which high-velocity spin-wave dispersion
surfaces originate. Because the dimensions of the disper-
sion surfaces in momentum space are much smaller than
the resolution ellipsoid, single peaks are observed at
0.95¢* and at 1.05a*. In addition to the spin-wave
scattering, there is an additional feature centered at the
commensurate point (0,0,1). We refer to this feature as
the ‘“commensurate-diffuse” scattering. It persists
throughout the transversely polarized phase, increasing
rapidly as the temperature approaches T. We have now
studied this temperature dependence in some detail as dis-
cussed later. This commensurate-diffuse scattering also
increases rapidly with decreasing energy transfer, showing
a peak at about 4 meV, as seen from the constant-Q scan
shown in the inset in Fig. 2. These components of the
magnetic scattering cross section were unexpected from
theoretical considerations and were, in fact, first observed
in the earlier measurements of Mikke and Jankowski.®
Recently, Burke ez al.'? have observed a splitting of this
commensurate-diffuse scattering in the region between 4
to 8 meV, suggesting that it may somehow be connected
with the longitudinal phonon modes. We will discuss this
possibility in Sec. IV.

Previous neutron-diffraction experiments have
shown that the polarization of the SDW in the transverse
phase can be easily rotated in the x-y plane (normal to Q)
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FIG. 1. The (100) reciprocal-lattice plane of antiferromagnet-
ic chromium in a single-Q state. The solid circles are bcc nu-
clear Bragg reflections. The stars are magnetic satellite points.

Cr-l Q= *
' 200l Gy= (000 a ]
Ez13.7 meV
£ T=200 K loo—\‘..!_(:}:‘y_,r‘,_.‘_. |
o
~ O . ', 1 1 1 1 1 1 1
g o 2 4 e 8
5 AE (meV)
S
< oor AE =4 mev -
z G (00,€) a*
w
2 200} -
w
u
z
100} e

L 1 1 I 1 1 1
0.96 1.00 1.04

€

FIG. 2. This figure is a reproduction of data given in Ref. 9.
The constant-energy scan at AE=4 meV shows two spin-wave
peaks centered at wave vectors corresponding to the magnetic
satellite points near (0,0,1) in Fig. 1, and the commensurate-
diffuse scattering centered at (0,0,1). A constant-Q scan at a
neutron scattering vector Qy=(0,0,1)a* is shown in the inset.
(To avoid confusion, we use a subscript N on the neutron
scattering vector Qy to distinguish it from the SDW wave vec-
tors Q.)

by applying a magnetic field H normal to Q. The spin
direction tends to align perpendicular to both Q and H, as
is expected in any antiferromagnet where the dc perpen-
dicular susceptibility X, is larger than the parallel suscep-
tibility X.. Since AX (=X,—X)) is quite small for Cr,
and since a rather modest magnetic field of order 20 kOe
is sufficient to rotate nearly all of the spins (in the best
crystals), the magnetic energies per atom involved in this
rotation process are very small. It was found that the spin
directions were confined to the x-y plane, and that this
reorientation process was strongly temperature dependent,
being more difficult to saturate at higher temperatures.
From these observations, one would conclude that there
are low energy transverse (to Q) fluctuations of the polar-
ization of the SDW. We initially conjectured that the
commensurate-diffuse scattering might be related to these
fluctuations. On the basis of these ideas we have carried
out inelastic neutron scattering experiments on Cr in the
presence of magnetic fields up to 60 kOe, as discussed in
the next section.

Because of the incommensurate nature of the SDW in
pure Cr, one has the opportunity to directly measure the
polarization of the spin-wave excitations with unpolarized
neutrons by observing the ratio of the intensities of the
spin waves at (0,0,1—8) and at (0,1,8). Due to the large
anisotropy confining the polarization of the static SDW to
the x-y plane in the transverse phase, one might expect
that the spin-wave fluctuations would also be anisotropic.
Our original observations tended to support this expecta-
tion. However, we have now found that this conclusion
was obviated by anisotropic sample container transmis-
sion effects, and that the spin-wave fluctuations are iso-
tropic above about 4 meV. Recent experiments at Greno-
ble!? have pursued this question in somewhat more detail.
It is found that the expected anisotropy does in fact occur
for the lower-energy spin waves.

The fluctuations responsible for the disappearance of



2894

the ordered SDW state at the Néel point have been of
long-standing interest, and have motivated many of the
recent neutron experiments on Cr, including those report-
ed here. All of the current theories assume that the aver-
age amplitude of the local spin density goes to zero at Ty
in a self-consistent way as the energy gap created at the
Fermi surface by the SDW vanishes. This assumption has
been supported by the reported absence of any significant
paramagnetic scattering of neutrons above Ty and the
smallness of the anomaly in the heat capacity at Tpy.2>%*
The effects of residual strain on the character of the tran-
sition at the Néel point, and even the temperature at
which it occurs, have made a detailed study of this ques-
tion more difficult.!®?5 For this reason we have carried
out experiments on several different crystals prepared by
vapor deposition and by the strain-and-anneal technique.
Results of our recent experiments, given in Sec. III, near
and far above Ty reveal that there is significant magnetic
scattering in the paramagnetic phase, and that the disap-
pearance of the long-range-ordered SDW state is intimate-
ly connected with the commensurate-diffuse excitations.

III. EXPERIMENTAL RESULTS

The experiments discussed in this paper were carried
out on three different single crystals of high-purity
chromium, including the same two crystals used in the
work on Ref. 9. Most of the work below the Néel point
(Ty =312 K) was performed on the sample Cr-1. This
crystal was grown from the vapor in the decomposition of
chromium iodide; it has a mosaic width of less than 5’
and is approximately 0.5 cm?®. This crystal was studied
after being transformed to a single-Q state by cooling
through Ty in a magnetic field of 60 kOe directed along
the [001] becc axis. Most of the measurements near and
above Ty were performed on Cr-2; it is a crystal of about
2 cm?, roughly cylindrical in shape grown by strain and
anneal with a mosaic width of about 60’. A third crystal,
Cr-3, also grown from the vapor and about one-half the
size of Cr-1, was used for certain measurements near 7.

All of the experiments were performed on triple-axis
spectrometers at the Brookhaven High Flux Beam Reac-
tor. The incident neutron energy, monochromating crys-
tals, and collimation were varied to optimize the configu-
ration for a given measurement. The crystals were all
mounted for scattering in-the (100) reciprocal-lattice
plane, either in a Displex refrigerator or variable-
temperature cryostat for low-temperature work, and in a
furnace for work at high temperatures.

In the Ilongitudinally polarized spin-density-wave
(LSDW) phase below 122 K, the magnetic satellite peak at
(0,0,1—8) disappears since the ordered moment is then
along the neutron scattering vector. However, transverse
fluctuations corresponding to precessional spin waves are
observed near this point as shown in Fig. 3(a). As men-
tioned earlier, a single peak is observed in constant-E
scans as the resolution ellipsoid passes through the very-
high-velocity dispersion surface originating from the
satellite position at (0,0,1 —8). These same spin waves can
also be observed near the satellite reflection at (0,1,8) as
shown by the data in Fig. 3(b). If the excitations giving
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FIG. 3. Constant-AE scans through the spin waves at (a)
(0,0,1—8) and (b) (0,1,8). The temperature is T=119 K, just
below T.

rise to this peak were strictly transversely polarized spin
waves (transverse to Q and to the ordered moment), the
intensity at (0,1,8) would be expected to be approximately
one-half of the intensity at (0,0,1—8), because only the x
component (normal to the scattering plane) of the trans-
verse fluctuations of the magnetization are observable at
this point in reciprocal space. In fact, nearly the reverse
intensity ratio is observed. This means that the longitudi-
nal susceptibility X, (q,w), arising from fluctuations of
the magnitude of the amplitude My or perhaps the phase
of the SDW, is larger (by more than a factor of 2) than
the transverse susceptibility X,,(q,w) at this wave vector.
Just above the spin-flip temperature at 7=125 K in the
transversely polarized spin-density-wave (TSDW) phase,
the spin-wave intensity at (0,0,1—8) is observed to in-
crease by nearly a factor of 2 above that seen just below
T as shown in Fig. 4(a). The same spin wave observed
at (0,1,8) is of nearly equal intensity to that observed at
this same position below T’ [Fig. 4(b)]. Since the intensi-
ties observed at these two positions in reciprocal space are
roughly equal at 125 K, one might infer that the spin
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FIG. 4. Constant-AE scans through the spin waves at (a)
(0,0,1—8) and (b) (0,1,8). The temperature is T=125 K, just
above Ts.
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fluctuations corresponding to this excitation are isotropic
at this temperature. However, since we now know that
the longitudinal susceptibility is significant in the LSDW
phase, there is no a priori reason to suppose that it will
also not be important in the TSDW phase. Conclusions
based on ideas of fluctuating (in angle) rigid, local mo-
ments will not correspond to the experimental facts in Cr.
The recent observations of Burke et al.!? of the energy
dependence of the intensity ratio of the spin-wave peaks
observed at (0,0,1—8) and at (0,1,6) in the TSDW phase
show that these spin fluctuations become more anisotropic
at low energies. In making these measurements we have
carefully observed the relative intensities of nuclear Bragg
reflections 90° apart, so as to eliminate anisotropic sample
enclosure transmission effects alluded to in our earlier
work.

We have now studied in some detail the overall evolu-
tion of the inelastic magnetic scattering cross section with
temperature through the TSDW phase and far into the
paramagnetic phase. The excitations which lead to the
disappearance of the ordered state at Ty consist of two
parts, which we have labeled “spin waves” and
“commensurate-diffuse” scattering (see Fig. 2). The
commensurate-diffuse scattering itself consists of two
parts which we have called the “4-meV excitation” and
the “quasielastic background” component. There is an in-
dication of an additional excitation at 8 meV in some of
our data. This has also been seen in the experiments of
Burke et al.'> The quasielastic background component
increases very rapidly with decreasing energy transfer and
also with increasing temperature as 1" approaches Ty as
shown in Fig. 5. This scattering appears to be diverging
at the Néel point. It is, in fact, increasing exponentially
with T as shown by the plot on a log scale in Fig. 6. The
intensity of the 4-meV excitation, taken separately by sub-
tracting off the sloping quasielastic background scatter-
ing, increases more gradually with temperature, in rough
accord with a Bose thermal factor. It is apparent that this
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FIG. 5. Temperature dependence of the commensurate-
diffuse modes at selected energy transfers.
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FIG. 6. Temperature dependence of the commensurate exci-
tations at an energy transfer AE=2 meV plotted on a logarith-
mic scale, showing that this intensity increases exponentially
with temperature. The variation of the thermal factor
({n) + 1) over this temperature range is shown for comparison.

commensurate-diffuse scattering is a characteristic of the
TSDW phase; it is absent below Tg.

We have carried out experiments at much higher-energy
transfers, up to 42 meV. Representative data are shown
in Fig. 7. There are some perplexing features of these
data. First of all, the spin-wave peaks in the constant-E
scans are barely visible (at these high energies) and are
certainly not centered above the incommensurate Bragg
satellite, but are substantially shifted inward toward the
(0,0,1) point as the energy transfer becomes larger. This
means that the dispersion surfaces originating at these in-
commensurate Bragg points are not simple conical sur-
faces, described by a single spin-wave velocity parameter.
Secondly, the intensity in the immediate region around
(0,0,1) is enhanced relative to the lower-energy scans. The
overall trend of a wide assembly of this inelastic data is
that as we move toward higher temperatures or toward
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FIG. 7. Examples of constant-AE scans showing how the in-
elastic scattering evolves into a single peak centered at (0,0,1) as
AE increases and also as the temperature is raised.
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higher excitation energies, the scattering cross section
evolves into a single diffuse, bell-shaped peak centered at
(0,0,1).

Very-high-resolution experiments were performed to
search for an energy gap in the spin-wave spectrum. Re-
sults of a constant-Q scan at (0,0,0.958) at 270 K are
shown in Fig. 8. The incident neutron energy was 3.8
meV and the spectrometer energy resolution was about 20
peV. Constant-E scans through this region show a peak
at the Bragg satellite wave vector. Thus, there is a clear
indication that excitations persist down to at least 50 ueV.
This observation may also appear surprising if we were to
think in terms of conventional spin-wave theory for local-
ized moment antiferromagnetism in which a gap in the
excitation spectrum is related to the product of the ex-
change interaction and the strength of the anisotropy
field. From magnetic torque measurements?® we know
that there is a fourfold anisotropy in the x-y plane (nor-
mal to Q) and a very large anisotropy forcing the static
SDW to be transversely polarized between Ty and Ty.
Since the spin-wave velocity is so high, an effective ex-
change parameter J should also be large. But, in spite of
these considerations, there appears to be no significant en-
ergy gap.

We have searched for effects of a magnetic field (up to
60 kOe) on the excitation spectrum, with particular atten-
tion being given to the commensurate-diffuse modes. The
magnetic field H was applied perpendicular to the scatter-
ing plane, and therefore perpendicular to the single Q
direction. It is known from diffraction experiments®!??
that the polarization of the SDW tends to rotate into a
direction perpendicular to both H and Q under these con-
ditions. This effect can be monitored by observing the de-
crease in the intensity of the (0,1,8) satellite reflection as
the field is increased. We show in Fig. 9 the results of
constant-Q scans carried out-at (0,0,1) at 270 K. For a
field of 20 kOe the (0,1,5) satellite intensity has decreased
to about 15% of its zero-field value, indicating that the
polarization of the SDW is largely along the y axis in the
scattering plane (see Fig. 1). It is apparent that within ex-
perimental error there is no effect of the magnetic field on
these excitations. Since the field-induced rotation of the
polarization direction is basically reversible, and strongly
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FIG. 9. Constant-Q scans at (0,0,1), searching for the effect
of a magnetic field on the commensurate-diffuse scattering.

temperature dependent, the lack of a measurable effect is
surprising. It is possible that only the very-low-energy ex-
citations (far below 1.5 meV) are effected by a magnetic
field. The rapid increase in the quasielastic background
scattering with decreasing energy transfer, referred to ear-
lier, is apparent in the data of Fig. 9. The additional exci-
tation at 8 meV is also indicated by this data.

We turn our attention now to the disappearance of the
ordered state at T and to the evolution of the magnetic
scattering with temperature in the paramagnetic phase.
Figure 10 shows the elastic intensity at the satellite posi-
tion (0,0,1—8) at temperatures near the Néel point for
Cr-2. It is evident that the transition is first order, but
that some scattering persists above Ty. This scattering
has been observed in a number of previous studies?’>?® and
attributed to critical fluctuations. It is difficult to make
this interpretation unambiguously because of the known
influences of strain on the character of this transition.
Small regions of the crystal may remain antiferromagnetic
above Ty due to residual strain, and as the temperature is
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FIG. 11. Longitudinal elastic scans carried out on Cr-2
(strain-and-anneal crystal) for three temperatures just above Ty.

raised they decrease in size giving rise to a broadening in
momentum space. In order to better understand the ori-
gin of this scattering we have made careful measurements
on two different crystals near T. The two crystals were
Cr-2, the large strain-and-anneal—grown crystal, and Cr-
3, a small vapor-grown crystal. Figure 11 shows the re-
sults of longitudinal elastic scans through the (0,0,1—38)
satellite position at three temperatures just above T for
Cr-2. A scan made on Cr-3 at 315 K under identical ex-
perimental conditions is shown in Fig. 12(a) and com-
pared to the results of the 313-K data of Fig. 11, but re-
plotted on a similar scale in Fig. 12(b). It is apparent that
the shape of the two peaks are nearly identical. Since the
size of Cr-3 is about one-eighth of Cr-2, it is noted that
the intensities are also in good agreement. Because the
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FIG. 12. (a) Longitudinal elastic scan carried out on Cr-3

(small, nearly perfect vapor-grown crystal) at 315 K. (b) Same
scan for Cr-2 at 313 K shown in Fig. 11, but replotted on a scale
to be compared to the data in (a).
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FIG. 13. Longitudinal scans along [001] at an energy transfer
of 4 meV at three temperatures. The background has been sub-
tracted. The solid lines are the results of fits to Gaussians. The
lower scan at 311 K is just below Ty.

quality (and probably the residual strain) of these two
crystals is so different, we conclude that the presence of
this elastic scattering above Ty is an intrinsic property of
chromium resulting from short-range ordering of the
spins. From the width of the peak at 315 K we infer a
coherent length of about 1000 A at this temperature.
These (elastic) peaks decrease in intensity and broaden as
the temperature is increased, finally disappearing into the
background at about 325 K.

As the temperature approaches the Néel pomt the in-
elastic scattering is dominated by the commensurate-
diffuse scattering, evolving into a single Gaussian-shaped
peak in the paramagnetic phase. Examples of constant-
energy scans at AE=4 meV are shown in Fig. 13. At 311
K, just below T, there remains only a slight hint of the
incommensurate nature of the static SDW in this data.
For this energy transfer, the intensity at (0,0,1) continues
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FIG. 14. Integrated.intensity and full width at half max-
imum as a function of temperature for an energy transfer of 4
meV near and above Ty. The values were obtained from
Gaussian fits to the data.
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lines are a resolution-broadened Lorentzian fit to the data. The
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linewidth. See the Appendix for a discussion of the procedure
used to convert the data to absolute units.

to increase for about 10 K above T and then decreases
monotonically with increasing temperature as shown in
Fig. 14. These data were fit to Gaussians centered at
(0,0,1) convoluted with the instrumental resolution. The
data cannot be fit to a Lorentzian at any temperature.
The temperature dependence of the linewidths determined
from the fits is also shown in Fig. 14. Above 350 K the
Gaussian fits are excellent. The linewidth is not mono-
tonic with temperature, but reaches a minimum at about
100 K above Ty. This conclusion is independent of the
fitting procedure.

Although we have not followed the temperature depen-
dence of the scattering at other energy transfers in such
detail, the following general statements can be made on
the basis of the data that we now have available: At all
temperatures and energy transfers the scattering remains
confined to a region close to (0,0,1) (and equivalent points
in reciprocal space), dropping to near zero outside a
sphere of radius 0.1a*. It appears to be isotropically
disposed about (0,0,1). As the energy transfer is increased,
the intensity peaks at temperatures further removed from
Ty. The temperature dependence of the spectral distribu-
tion of magnetic intensity at Qun=(0,0,1)a* is shown in
Fig. 15. The scattering extends over a progressively wider
energy range as the temperature is raised. These data are
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TABLE 1. Energy dependence of the width of the paramag-
netic scattering in momentum space. Values are full width at
half maximum (FWHM) equal to 2.35¢ in units of 0.01a*.

T (K) AE=4 meV AE=10 meV AE=20 meV
330 5.66+0.06 6.6810.08 7.80+0.14
400 5.06+0.10 6.18+0.12 7.40+0.20
500 6.284+0.16 6.38+0.18 7.124+0.20

consistent with the observations reported by Booth
et al.*® and with the polarization analysis measurements
of Ziebeck et al.? from which it was concluded that most
of the magnetic scattering falls within their experimental
energy window of about 50 meV. The solid lines in Fig.
15 are the result of fitting the data to a resolution-
broadened Lorentzian. Corrections for background, the
thermal population factor, and energy-dependent beam
size effects were made in fitting the data. It is apparent
that at temperatures somewhat removed from Ty in the

. paramagnetic phase the magnetic scattering cross section

can be adequately described by the product of a Gaussian
in momentum space centered at (0,0,1), and equivalent po-
sitions, and a Lorentzian in energy. That is, the dynamic
structure factor takes on the remarkably simple form

1 tiw/kT
(ﬁa))z_{_r\l l_e—-ﬁm/kT ’
(1)

where the last factor is the Bose thermal population num-
ber. It is clear from our data that o is a slowly-varying
function of temperature (see Fig. 14) and energy (see
Table I), whereas T" increases rapidly with temperature
(see Fig. 15).

The data of Fig. 15 has been placed on an absolute scale
(mb/meV sratom) by normalizing to the integrated inten-
sity of selected phonons. This allows us to relate the
paramagnetic scattering to the wave-vector-dependent
magnetic moment m(Aq) through the formula

%q)|m(Aq) |*= [ S(Aq,7w)d (Fiw) , 2)

S (Aq,fiw) =S, T)e —(89%/20*

where f is the magnetic form factor of a chromium atom,
m is expressed in Bohr magnetons, and Aq has its origin
at (0,0,1)a*, as above. The values for | m (0)|? given in
Table II are approximately a factor of 100 greater than
those given by Ziebeck et al.,? in which the normaliza-
tion was obtained using the incoherent scattering cross
section. This discrepancy between our results and those

TABLE II. Measured paramagnetic cross section and magnetic moments. Error estimates shown are statistical and do not include

systematic errors. These are discussed in the text.

Measured cross section at

Resolution corrected cross

Aq=0, 7%iw=0 [see Eq. (AS5)] section [see Eq. (A6)] | m(0)|? et
T (K) KI(0) (mb/srmeV atom) K1(0) (mb/sr meV atom) (u%) (ep)
€€ .
330 494+78 1428+244 698+158 0.28+0.03
400 138+22 464187 422+104 0.18+0.02
500 33+5 84+16 178145 0.16+0.02
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of Ref. 29 may result from an improper treatment of the
effects of the shape and orientation of the resolution func-
tion in the polarized beam studies. Our measurements of
the ratio of the incoherent scattering cross section to the
phonon cross section is in agreement with other published
data. The effective moment per atom, u.y, in the
paramagnetic state of chromium is of considerable, long-
standing importance. The formula for m(Aq) given by
Eq. (2) can be regarded as a definition, but the calculation
of s from the data requires a model and certain assump-
tions (or additional information) regarding the scattering
cross section and the instrumental resolution. The values
for p.gr given in Table II were obtained by the procedure
outlined in the Appendix. The rms magnetic moment per
atom in the ordered state is 0.43up and the discontinuity
in the ordered moment at Ty is approximately 0.12uz.%°
Thus, a fair fraction of moment remains at temperatures
just above Ty. N

It is interesting and perhaps important to note that
magnetic correlations in the paramagnetic state extend
over 11—14 unit cells to very high temperatures—a dis-
tance which is nearly the same as the spacing between the
nodes of the SDW in the ordered state. Experiments on
the spatial correlations in commensurate CrMn alloys are
underway to investigate the relationship of these long
correlation ranges to commensurability.

IV. CONCLUSIONS

The antiferromagnetism in chromium continues to pro-
vide us with challenging surprises and puzzles. There are
few aspects of the excitation spectrum revealed by the ex-

periments described in this paper, and also in other recent

studies, that were predicted by, or can now be interpreted
by any theory. The energy and temperature dependence
of the inelastic scattering below Ty is difficult to describe
in any simple way, but it clearly involves much more than
simple spin waves originating at the incommensurate
magnetic Bragg reflections. The recent, higher-resolution
experiments of Burke et al.!? revealing additional struc-
ture of the commensurate-diffuse scattering and its sug-
gested connection with the longitudinal (0,0,1) acoustic
phonons need further study. The fact that this scattering
is only observed between the magnetic satellites and not at
wave vectors smaller than (0,0,1—0) and greater than
(0,0,1 + 8) contradicts this interpretation.

The disappearance of the long-range, incommensurate
ordered phase at T seems to be dominated by the
commensurate-diffuse modes. It is therefore important to
study the temperature dependence of these modes at con-
siderably lower energies in the vicinity of Ty. In the
paramagnetic phase the scattering remains highly con-
fined to the region surrounding the (0,0,1), and at no tem-
perature is there any evidence for ordinary paramagnetic
scattering resulting from single 3d magnetic atoms. The
paramagnetism appears to be a highly correlated regime
with spatial coherence extending over 11 to 14 bcc unit
cells in the temperature range investigated.

It is apparent from our limited data below T’y that the
longitudinal fluctuations of the static SDW are very im-
portant. Essentially nothing is known, either experimen-
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tally or theoretxcally, about the phase fluctuations of a
SDW ground state.*® These modes may contribute to the
longitudinal susceptibility. There appears to be several
possible modes of excitation of the static SDW in chromi-
um.

(1) Ordinary spin waves which can be viewed classically
as precessional modes of the 3d atomic moments.

(2) Amplitude modes for which the magnitude of the
amplitude My of the SDW fluctuates.

(3) Phason modes for which the phase of the SDW as a
whole fluctuates, or for which the relative phase of the
spin-up and spin-down electron densities fluctuate. This
relative phase fluctuation would give rise to dynamic
charge-density waves.

The relative importance of these three types of excitations
in chromium is not known at all at the present time.
There is no reason to suppose that these various modes are
independent, or even propagating. Future progress will
depend partly upon new theoretical insights. It is likely
that a more fundamental theory of the magnetic excita-
tions of the SDW in chromium observed in this study will
lead to a better general understanding of magnetism in all
metals.

ACKNOWLEDGMENTS

Work at Brookhaven National Laboratory was support-
ed by the Division of Materials Sciences, U.S. Department
of Energy, under Contract No. DE-AC02-76CH00016.
One of us (S.A.W.) would like to acknowledge support of
the National Science Foundation through Grant No.
DMR-82-00350.

APPENDIX: NORMALIZATION
OF THE PARAMAGNETIC SCATTERING
AND THE CALCULATION OF THE EFFECTIVE
MOMENT PER Cr ATOM, pregr

In order that the steps and assumptions used in calcu-
lating p.gr can be easily traced, we give our method and
logic here in some detail. The scattering intensity is nor-
malized to the energy-integrated phonon creation cross
section obtained for fixed (1/v) monitor counts, and fixed
final energy, namely’!

b2Qkcos’B ow
=BN—, — (n(fiw)+1)e ,

do

T (A1)

phonon

where B=2.09 b/sr, N is the number of atoms in the
crystal, b? is the square of the coherent scattering length
per atom in b, Qy is the neutron scattering vector in A

B is the angle between the scattering vector and the pho—
non polarization vector, M is the atom mass in amu, and
#iw is the phonon energy in meV. For Cr, M=51.996,
b=0.3635%10"!2 cm. We show in Fig. 16 the (011) TA
phonon measured at Qy=(0,1.1,0.9)a* at T=400 K.
For this phonon, #iw=9.07 meV, and Eq. (A1) gives

do

Ty (A2)

=24.1 mb/sratom ,

phonon
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FIG. 16. Transverse acoustic phonon propagating along
[0T1], measured at Qy=(0,1.1,0.9)a* at T=400 K, with the
same spectrometer configuration as the data shown in Fig. 15.

where we have set the Debye-Waller factor e "'~ 1. The
integrated intensity of this phonon is

I ponon = (207 counts meV) /(4000 kMC) . (A3)

where kMC stands for thousands of monitor counts.
Thus, the instrumental conversion factor K is obtained
by dividing (A2) by (A3):
mbkMC

K =464 . (A4)
meV sratom count

This is the factor used to produce Fig. 15.

The normalization of the paramagnetic scattering to an
integrated phonon cross section only strictly works if the
magnetic scattering is broad in fiw and Aq compared to
the resolution ellipsoid. This is not quite the case for our
experiment; however, we can estimate a correction for this
effect as shown below. We denote I(0) the measured
magnetic scattering counting rate (counts/kMC), extrapo-
lated to Aq=0 and 7w =0; then

d? m
KI(O):—I— __g_ag_

N deE,(Aq=0,ﬁw=O) (A5)

measured

is the measured magnetic scattering cross section in
mb/srmeV atom. Values for this cross section are tabu-
lated in Table 1I for three temperatures. The energy reso-
lution and the longitudinal q resolution are sufficiently
sharp at these temperatures to neglect this effect on the
measured cross section. However, the transverse (¢) and
vertical (v) q resolutions are not quite sharp enough. Let
o, be the Gaussian width of the vertical resolution, and o,
the transverse resolution width. In our experiment
2.350,, =0.069a™* and 2.350,=0.087a*. We denote

_ 9
(0_12,_1_0_2)1/2

o
€, = and ¢, =—5———+ , (A6)
’ "ot o)

where o is the Gaussian width of the paramagnetic

scattering cross section in Eq. (1). We must increase the
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measured cross section in Eq. (A5) by 1/€,€, in order to
compare it with a theoretical calculation of (d?0/dQdE’)
evaluated at AqQ=0, #iwo=0. This resolution correction is
approximately a factor of 3, and the results are given in
the second column of Table II.

The paramagnetic scattering cross section is related to
the dynamic structure factor by

(Gaiw )3
dQdE' [« 3
where y=1.913 and ro=e2/mc?=0.282x10""? cm.
The angular brackets { ), denote that-an isotropic (cubic)
average over spin directions, specified by «, has been as-
sumed. This accounts for the factor . The numerical
constants in Eq. (A7) are consistent with our definition of
m(Aq) in terms of S(Aq,%iw) given by Eq. (2). The
wave-vector-dependent magnetic moment is given expli-
citly in terms of the Fourier transform M(q) of the mag-
netization M(r) by

2
£ | mq)| 2= 1ML
Nug
_ V
Nuj

2
%NS(Aq,ﬁw) NN

Y7o

2

[, (M0)M(r)e'™d ,  (AB)

where V is the crystal volume.

Experimentally. we have found that the scattering cross
section is Lorentzian in #w (after dividing out the thermal
factor), and Gaussian in Aq. Thus, we write with proper
spectral normalization

S(Aq,ﬁa))=f2(QN) I m (0) | Ze -—(Aq)z/202_1_

T
r fiw /kT
. (A9)
X T2 (0P 1—e R/
At Aq=0 and 7iw =0 we have
50,00=12|m(0)|*—= , (A10)
7w

and at (0,0,1), f=0.69, so that using (A7) we find
1 < d’c ) _1.36
N\dQdE'[o T

Here T is in meV (see Fig. 15), | m (0) |2 is in Bohr mag-
netons squared. With use of this relation, the results for
| m(0) | ? given in Table II are obtained.

The effective moment per atom p is obtained by in-
tegrating the magnetization M (r) surrounding each atom
(over the atom volume equal to a>/2) and averaging over
the crystal. Using Eq. (A8) it is straightforward to show
that

| m(0) |?> mb/srmeV atom . (A11)

uir=5(a/2m)? [ |m(Aq)|2d’Aq, (A12)
or
pi=5(a/V2m)%0* | m0)|2. (A13)

The values for p.g in Table II were obtained using this
formula, in which the AE=4 meV values of the width pa-
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rameter o, given in Table I, were used. This is an approx-
imation since o is a function of energy, and a weighted
average over the spectral intensity should really be carried
out. However, more detailed data is required to substan-
tially improve the estimate of u.s made here. It is also
implicit in our procedure here that the energy width I' is a
function only of temperature, and not of the wave-vector
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distance Aq away from the (0,0,1) point. The use of a
Lorentzian in Eq. (A9) also leads to an overestimate of
Uegr Since the scattering must fall off faster than this at
large energy transfers. These assumptions and approxi-
mations are reasonable and contribute to an estimated un-
certainty in the values of u.g in Table II of no more than
about 20%.
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