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The spin excitations in a single crystal of CryesMngg, have been studied by inelastic neutron scattering. High-
resolution triple-axis spectrometer measurements have yielded a value of the spin-wave velocity at T/ Ty ~0.5
of (1.30 £0.15) X 10" cm/sec in good agreement with earlier measurements. The excitation strength drops
extremely rapidly in the vicinity of Ty and decreases approximately linearly above Ty. The spin-wave form
factor has been measured below and above Ty by measuring the spin-wave intensity at various superlattice
points, and is found to agree to within experimental error with the static spin form factor. The implications of
these results for the theory of itinerant electron antiferromagnetism are discussed.

I. INTRODUCTION

A considerable amount of experimental and
theoretical effort has been directed toward an
understanding of antiferromagnetism in chromium.
It is by now well established that the spin-density
wave (SDW) is associated with the conduction elec-
trons, and that the generalized susceptibility func-
tion exhibits a peak at the incommensurate wave
vector of the SDW.'"® While an application of the
conventional theory of itinerant-electron antifer-
romagnetism gives a qualitative understanding of
the experimental results, some discrepancies
remain. The value of the measured spin-wave
velocity in the ordered phase is lower by more
than a factor of 2 than that predicted by the theory.
The values of the exchange interaction obtained
from the bulk spin susceptibility and the measured
energy gap are inconsistent. Also, there is some
question as to whether Hund’s-rule type of inter-
actions produce local-moment behavior in this
system.

A variety of neutron scattering techniques have
been used to investigate various aspects of the
antiferromagnetism in chromium and chromium
alloys: the spin-density form factor in the ordered
state,® the induced-moment form factor in an ap-
plied magnetic field,” and the low-lying spin ex-
citations in the ordered and paramagnetic
phases.®”™ In the present experiment, inelastic
neutron scattering techniques have been used to
measure the spin-wave velocity and the spin-wave
form factor on a Crg 4 Mn,,, alloy single crystal.
This was chosen for reasons of experimental con-
venience, since in this system the SDW becomes
commensurate, with twice the lattice periodicity.

There are discrepancies among the values of the
spin-wave velocity obtained in earlier neutron
scattering measurements. Sinha et al.® obtained
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a value C =(1.29+0.26)x107 cm/sec using the so-
called “diffraction method,” in which one measures
the width of the diffuse scattering peak around a
magnetic Bragg reflection. On the other hand,
Als-Nielsen and Dietrich® and Als-Nielsen, Axe,
and Shirane!® obtained values of 0.69x107 cm/sec
and (1.6+0.16)x107 cm/sec, respectively, by
triple-axis measurements. In these experiments
the spin-wave velocity was obtained by fitting to
the width of an unresolved peak centered around

a magnetic-reciprocal-lattice point (in a constant-
energy-transfer scan) and unfolding the resolution
width. Unfortunately, the resolution is usually
the dominant contribution to the width leading to
sizeable uncertainties in the values of the spin-
wave velocity.

Since the q-space resolution (in directions per-
pendicular to as well as in the scattering plane)
is the limiting factor in resolving the spin-wave
peaks around the magnetic-reciprocal-lattice
point, it was decided to repeat the triple-axis
measurement at room temperature with good ver-
tical as well as horizontal collimation. At high
temperatures, close to the Néel point, the soften-
ing of the spin-wave velocity permits more re-
laxed collimation. However, the greater damping
effects produce additional complications in the
analysis. The present measurements have been
performed on the HB-3 triple-axis spectrometer
at the HFIR reactor at Oak Ridge National Labora-
tory, and they are discussed in Sec. II of the pres-
ent paper.

Since chromium is an itinerant-electron system,
it is of considerable interest to study the spatial
distribution of the magnetization associated with
the spin fluctuations. This spatial distribution is
determined by the spin-wave form factor, as op-
posed to the static form factor obtained from mea-
surements of the intensities of Bragg reflections

1415



1416 SINHA, KLINE, STASSIS, CHESSER, AND WAKABAYASHI 15

in the ordered state. Such a spin-wave form factor
has not been measured before for an itinerant-
electron system. Physically, these two form fac-
tors may be thought of as representing the dis-
tribution of electronic spin density which takes
part in spin fluctuations and the equilibrium spin
density, respectively. For local-moment magnet-
ic systems, the two form factors become identical,
since all the spin density associated with an atom
“flips” together in a spin excitation. However, for
itinerant-electron magnetic systems, this need not
be the case. A consideration of the theory for spin
excitations in such systems!?~!% shows that the
spin-wave form factor is given by the @ dependence
of suitably averaged matrix elements between oc-
cupied and excited conduction-band states. I
higher excited-state matrix elements contribute
appreciably, the spin density will undergo a de-
formation while “flipping” with a spin excitation.
Paradoxically, the very reason which makes the
spin-wave velocity so hard to measure in chrom-
ium-based antiferromagnets, namely, the high
spin-wave velocity, makes it relatively easy to
measure the spin-wave form factor, since it is
sufficient to use poor resolution and obtain relative
intensities of the (unresolved) peaks in a constant-
E scan around the different magnetic-reciprocal-
lattice points. These measurements were per-
formed on a triple-axis spectrometer at the Ames
Laboratory Research Reactor. Section III de-
scribes the spin-wave form factor measurements
and those of the temperature dependence of the
spin-wave intensity. Finally, in Sec. IV we dis-
cuss the implications of these measurements for
our understanding of itinerant-electron antiferro-
magnetism.

II. SPIN-WAVE VELOCITY DETERMINATION

Figure 1 illustrates schematically the measure-
ment of the spin-wave velocity using a triple-axis
spectrometer in the constant-E mode of operation.
This figure shows the projection on the w-g, plane
of a cone in four dimensions representing the w-
vs-q linear dispersion surface, which is inter-
sected by the four-dimensional resolution ellips-
oid. Because of the large spin-wave velocity, the
cone semiangle is very small and the peaks ob-
tained from the above intersection are not re-
solved. An attempt was made to resolve these
peaks by using the HB-3 triple-axis spectrometer
at the HFIR reactor and fairly tight resolution.
The monochromator and analyzer were beryllium
crystals set for reflection by the (103) and (002)
planes, respectively. The horizontal collimation
was 20 min of arc before and after the sample,
1.2° before the monochromator, and 5° after the
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FIG. 1. Schematic illustration of how spin-wave peaks
are obtained around magnetic reciprocal lattice points
with constant-energy scans.

analyzer. The vertical collimation was 24 min of
arc before the sample, 48 min after the sample,
1.5° before the monochromator and 5° after the
analyzer. The mosaic spreads (full width at half
maximum) of the monochromator and analyzer
were 0.35° and 0.4° respectively. The mosaic
spread of the crystal was found to be negligible.
The measurements were performed at room tem-
perature.

Figure 2 shows the data obtained in two constant-
E scans (done in a direction transverse to [001])
around the (001) magnetic reflection with incident
energies of 39.3 and 79.8 meV and with energy
loss of 26.9 and 38.5 meV, respectively. The
curves on Fig. 2 represent theoretical peak shapes
calculated by folding the resolution functions of
the spectrometer with delta functions on the spin-
wave dispersion surface and assuming various
values of the spin-wave velocity. No damping
effects were allowed for, since these are believed
to be small at room temperature. From these
curves one may see that we may place the spin-
wave velocity at C =(1.30+0.15)x107 cm/sec. The
theoretical curve corresponding to this value of the
spin-wave velocity is in good agreement with the
experimental data (except for two points, at a
reduced wave vector of 0.03 of the scan with in-
cident energy of 39.29 meV, which, we believe,
are contaminated by spurious effects). The spin-
wave velocity obtained in the present experiment
is in excellent agreement with the earlier mea-
surements using the diffraction method,® and about
20% lower than the value measured for 7/7T,~0.5
by Als-Nielsen ef al.'® which was, however, for a
Cr,osMn, ,; alloy crystal.
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FIG. 2. Experimental points obtained by performing
contant-E scans around the (1, 0,0) magnetic reciprocal
lattice vector. In this figure, E, and E’ denote the inci-
dent and final neutron energies respectively. The theo-
retical curves are obtained by folding the instrumental
resolution function with delta functions on the spin-wave
dispersion cone assuming the indicated values of the
spin-wave velocity C.

III. MEASUREMENT OF THE SPIN-WAVE FORM FACTOR

The spin-wave neutron scattering cross section
is given by

d%c :_2__<7/Vo 2£,— eﬁw -
dQdw 3 \gug/) %k e

x{2mm[y, (@, Q,w)]+Im[x,.(Q,Q,w)]},
(1)

where y is the neutron magnetic moment in nuclear
magnetons, 7, is the classical electron radius,

k’ k are the scattered and incident neutron wave
vectors, Q k- k’, w is the neutron energy loss,
B=1/kT, e *" is the Debye-Waller factor, and
X+- and y,, are, respectively, the transverse and
longitudinal components of the diagonal part of
the generalized susceptibility function. In Eq. (1),
we have used the fact that the domains with the
ordered components of the spin along each of the
cubic axes are equally populated. In the ordered
phase, y,, is not believed to contribute to the in-
elastic scattering,'®!® while in the paramagnetic
case, by symmetry, y,,=x,-. Therefore, the
cross section in Eq. (1) is always proportional to
Im[y, (Q,Q,w)]. We define the spin-wave form
factor by writing

o (@ Q) = F(Q) x,- (@) (2)

where y,_(§, w) is assumed to depend only on §,
which is the scattering vector (5 reduced to the
first zone of the magnetic reciprocal lattice. This
assumption is justified from the experimental
results described below.

One may see from the above equations that the
spin-wave form factor f( Q) can be obtained by
measurements, for Q at various magnetic super-
lattice points, of the integrated intensities in
constant-E scans of the type shown in Fig. 1. How-
ever, corrections have to be made for the instru-
mental resolution, absorption in the sample, and
the @ dependence of the Debye-Waller factor (un-
like the case of intense Bragg reflections, ex-
tinction corrections for the very weak spin-wave
intensities are negligibly small). The absorption
correction was found to be negligible and the
Debye-Waller factor was obtained from the cal-
culations of Satya Pal.’® The resolution function
of the spectrometer was taken to be of the usual
form17,18

R(AQ,Aw) =R0exp<— —%—ZM“Ax,-ij> s (3)
ij

where for ¢ =1, 2,3, Ax; denotes the Cartesian
components of A@, while Ax, stands for Aw. The
parameters M;; of the resolution function for the
various experimental scans were obtained from
the instrumental parameters which were esti-
mated by fitting the theoretical expressions of
Cooper and Nathans'?!® to the measured resolution
ellipsoids. The experiments were performed on
two different triple-axis spectrometers at the
Ames Laboratory Research Reactor. The reso-~
lution was intentionally chosen to be poor so that
only one unresolved peak centered at =0 was
seen in the constant-E scans.

Under the assumption that the dimensions of the
dispersion surface for the w at which the constant-
I scan was made are very small compared with
those of the resolution ellipsoid, it may be shown
that the integrated intensity of the neutron group
observed in a longitudinal scan through the super-
lattice point is given by

Bw
L(Q) =Colle, k) —gr—ge ™" 7%

wz

X r
C3sin(2

A O =M )]

(4)

For a transverse scan, M,,,M,, in Eq. (4) should
be replaced by M ,,,M,,, respectively. In Eq. (4),
C,(k, k") is a constant which depends on fixed in-
strumental parameters, the incident flux, and on
k,k’ (all of which do not vary for scans around
different superlattice points); 264 is the scatter-
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ing angle at the sample and A’ is a parameter
defined in the paper of Cooper and Nathans.!”
The resolution parameters M;; of course vary be-
tween superlattice points, and with w. Thus, us-
ing Eq. (4), one may obtain relative values for
f(Q) at various magnetic reciprocal lattice points.
The measurements were performed at room
temperature (7/T, =0.51). In order to ascertain
whether the measurements were contaminated by
multiple scattering, the integrated intensity ratios
were measured for three different processes for
which the neutron energy loss was 8.28, 12.42,
and 16.56 meV, respectively. In addition, some
integrated intensity ratios were measured using
two different neutron incident energies (54.4 and
72.3 meV, respectively). The relative f(Q)’s
obtained in this manner for the magnetic recipro-
cal lattice points [after correcting for all other
factors in Eq. (4)] were found to agree within (10—
15)%. In addition, the results for the ratio of in-
tegrated intensities obtained from transverse
and longitudinal scans were consistent to within
10% with the predictions of the resolution func-
tion calculations. Thus, it seems extremely un-
likely that the measurements are seriously con-
taminated by multiple scattering. In addition,
the assumption of the w independence of f (Q as
written in Eq. (2) is seen to be valid. Figure 3
shows the measured spin-wave form factor nor-
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FIG. 3. Measured spin-wave form factors below and
above Ty for Cry g3 Mny, gy shown together with the Free-
man-Watson 3d spin-atomic form factor. The experi-
mental points are normalized so that the value at (0,0,1)
is the same as the static form factor of Moon et al.
(Ref. 6).

malized so that f(Q) has the same value as the
static form factor measured by Moon et al.® at
the (001) superlattice reflection. Also shown is
the 3d-spin atomic form factor for Cr, as ob-
tained from the calculations of Freeman and
Watson,'® which is essentially identical to the
static form factor measured by Moon et al.® from
the antiferromagnetic Bragg reflections of chrom-
ium. As may be seen, there is no significant dif-
ference between the spin-wave form factor and
the static spin form factor.

By monitoring the intensity of the (001) mag-
netic Bragg reflection, the Néel temperature of
the crystal used for these measurements was
found to be T =577 K. The form factor measure-
ments were then repeated in the paramagnetic
phase at T =647 K, where well defined, although
somewhat broadened, peaks were still observed
at the magnetic reciprocal lattice points in the
constant-E scans. These peaks correspond to the
paramagnonlike excitations, which have been ob-
served in earlier measurements.?® The results
for the paramagnon form factor at 647 K (T/T,
=1.12) are also shown in Fig. 3 and, as can be
seen, agree to within experimental precision with
the room-temperature measurements.

In Fig. 4, we plot the temperature dependence
of the integrated intensity of the peak obtained by
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FIG. 4. Integrated intensity of the peak around (0, 0, 1)
in a constant-E scan along [00£] is plotted against tem-
perature. The full width at half maximum of the peak is
plotted versus temperature in the insert.
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a constant-E scan along [00¢], around (0,0, 1),
for two different energy transfers, 8.28 and 16.56
meV. The integrated intensities plotted in this
figure have been corrected for the temperature
dependence of the population and Debye-Waller
factors. Also plotted is the full width at half-
maximum of the peak as a function of temperature.
From the latter it appears that no dramatic soften-
ing or damping effects take place until 7~0.75T,.
The rapid decrease of the intensity in the vicinity
of the Néel temperature and the approximately
linear decrease thereafter are particularly inter-
esting. Unfortunately, it is impossible to correct
this curve for instrumental resolution effects until
one knows in detail how the scattering cross sec-
tion actually varies with temperature in the vicin-
ity of the Néel point. In the “undamped spin-wave”
regime, Eq. (4) shows that a decrease of the spin-
wave velocity with increasing temperature strongly
affects the integrated intensity. The correction for
instrumental resolution will cause the actual spin-
wave intensity to decrease more rapidly than
shown in Fig. 3 because of the factor 1/C? in Eq.
(4). The decrease of intensity with increasing
temperature up to 7', is in fact reminiscent of the
temperature dependence of the magnetic Bragg
intensity itself, which goes as the square of the
order parameter. It should be noted that this re-
sult is in complete contrast with the results of
Tsunoda et al.** who find a much more gradual
decrease of intensity. In Fe, on the other hand,
Lynn® measured the temperature dependence of
a 29-meV magnon intensity and found almost a
linear decrease with temperature with no apparent
discontinuity at 7,,. Of course, near and above
Ty, the undamped spin-wave picture undoubtedly
breaks down and cannot be used to predict how the
cross-section varies in this region. Above T,
the theory of Liu'® does, however, predict a log-
arithmic (and hence approximately linear near T)
decrease of intensity with temperature.

IV. DISCUSSION

Our results indicate that the spin-wave disper-
sion in Crgye, Mn,, is linear at small § with a
slope of (1.30+0.15)x10"7 cm/sec. Attempts were
made to look for an anisotropy gap at 4 =0 in the
spin-wave spectrum but were unsuccessful. The
conventional random-phase-approximation (RPA)-
based theory of itinerant electron antiferromag-
netism predicts a spin-wave velocity® of ( v,v,)/
where v,,v, are the Fermi velocities of the two
regions of the Fermi surface coupled by the elec-
tron-electron interaction. This has been esti-
mated from band calculations®* to be approximately
3x107 cm/sec. This large discrepancy may be

taken to indicate a failure of the conventional RPA
theory. However, recent work by Liu?! appears
to resolve the discrepancy. Liu treats the spin
waves in terms of “quasispin” units on the atoms
which behave very much like local moments, and
yet preserve the itinerant nature of the electrons.
This is basically an attempt to build in intra-
atomic Hund’s rule correlations which the con-
ventional RPA theory leaves out. He finds the
spin-wave energies renormalized by a factor of
0.3-0.42 which is of the right magnitude to agree
with the experimental measurements. It would

be very interesting to apply the theory to see
whether it could account for the rapid decrease

in spin-wave intensity in the vicinity of 7'y, which
is also reminiscent of local-moment-type behavior.
The existence of inelastic neutron scattering
around the magnetic reciprocal lattice sites above
T, could be interpreted either as “remnant spin
waves” or as the paramagnon-type fluctuations
also predicted by conventional theories of itinerant
magnetism. It is to be noted that above T,

the latter predicts widths and a temperature de-
pendence of the intensity which is nof inconsistent
with the experimental results.’® However, NMR
measurements in the region just above TN22 in-
dicate local moment behavior in this region, and
this has also been shown by Liu* to be consistent
with his quasispin model. Another problem associ-
ated with the RPA itinerant model concerns the
magnitude of the bulk static spin susceptibility.
The exchange enhancement of the static spin sus-
ceptibility has been estimated by Stassis et al.”

to be a factor of ~3, which would indicate a value
of N(Ez)U of ~0.67, where U is the strength of the
electron-electron interaction and N(E) is the
density of states at the Fermi level for the elec-
trons coupled by the interaction. Typical mea-
surements of the antiferromagnetic gap,® how-
ever, yield values of N(E.)U of ~0.4.'° Again, a
quasilocal spin model could probably resolve this
discrepancy.

We turn now to examine what the spin-wave
form-factor measurements tell us about the quasi-
spin and conventional RPA models of itinerant
electron antiferromagnetism. The coincidence of
the spin-wave form factor with the atomic 34 spin
form factor could lead one to conclude that the
system behaves like a set of completely localized
rigid atomic spins, but this interpretation is too
simplistic. The radial distribution of the d orbit-
als in the unit cell in chromium varies consider-
ably across the width of the d band. The lower
d states are primarily of {,, bonding character
and are relatively spatially extended, while the
upper d states are primarily of e, antibonding
character and are much more contracted. How-
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ever, the Fermi level lies close to the bottom of
the valley in the density of states between the bond-
ing and antibonding states, and it has been shown
by Oh et al.?* that the form factor associated with
the states at the Fermi level of chromium is

not too different from the free atom 3d form
factor and is in reasonably good agreement
with the spin part of the induced moment form
factor measured by Stassis et al .,” and the static
form factor in the ordered state as measured by
Moon et al.® On the other hand, Gupta and Sinha*
have calculated the diagonal part of the spin gen-
eralized susceptibility function X(Q:-Q) for chrom-
ium using the actual APW wave functions and en-
ergy levels for the first six bands. A similar
calculation has been done by Windsor.? It is to

be noted that this includes contributions from both
intraband and interband transitions, with the latter
dominating at larger Q If one naively assumes
exchange enhancement effects to be the same for
all bands, it may be shown that the Ci dependence
of X(Cﬁ, Q) (for the small w’s of interest here), -
suitably normalized, yields the square of the spin-
wave form factor. The f(Q) obtained in this man-
ner is shown in Fig. 5 where it is seen to be much
more extended in 5 space than the measured form
factor. This is presumably due to the influence

of the interband transitions, since the higher bands
have more contracted wave functions. The impli-
cation is that if one wishes to use the conventional
itinerant model of antiferromagnetism, one must
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perform a truly self-consistent multiband cal-
culation,'® and that in such a calculation the ex-
change enhancement of the intraband transitions
at the Fermi level must dominate over the inter-
band transitions. This is not unreasonable in view
of the fact that both intra-atomic and interatomic
exchange integrals are larger for transitions be-
tween f,,-type orbitals than between f,,- and e, -
type orbitals; and that the associated energy de-
nominators are much smaller for intraband than
interband transitions.

On the other hand, in the quasispin model, the
spin-wave form factor would naturally be expected
to be the same as the static form factor, except
for “spin deformation” effects within the ion. Such
deformation effects must be due to virtual tran-
sitions to excited states and are the analog of the
interband transitions above. The experimental
results indicate the absence of such deformation.

In conclusion, while the spin-wave form-factor
measurements do not by themselves prove the
existence of precessing quasispins in chromium,
there seems to be various pieces of evidence in-
dicating that the conventional RPA theories which
start from the single-particle picture must be
improved to incorporate Hund-rule-type correl-
ations on the ions. The recent attempts in this
direction by Liu® appear hopeful.

An important measurement which remains to
be made on this system is to study whether the
spin-wave excitations disappear into the energy
gap induced by the antiferromagnetic interaction
in the ordered state, and to study this as a func-
tion of temperature, as has been done for the
cases of iron and nickel.2°*~27 [t should also be
noted that if a Cr-Mn alloy was chosen so that its
Fermi level was significantly different than its
value in the present system, the spatial extent of
the Bloch wave functions at the Fermi level would
be different from those of the free atom. In this
case one would then hope to see form factors which
are quantitatively different from free-atom form
factors. It would be interesting to choose such an
alloy and repeat the present experiments for the
spin-wave form factor as well.
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