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We have studied the magnetic cross section in Ni below and above T¢ using unpolarized and po-

larized neutron scattering techniques.

For temperatures near the Curie temperature (T =631 K)
and for a range of momentum transfer 0.2 <gq <0.4 A~

! (Brillouin zone width~1.54 A~ ), the spin

waves renormalize as expected from extrapolating the results at smaller momentum transfer (g <0.2

Y. At T the spin waves merge into a broad single peak centered at zero-energy transfer, which
is well described by a double-Lorentzian scattering function. Our results, below and above T, agree
with the predictions of the dynamic scaling theory in the area of (g,w) space and the range of tem-
peratures investigated. This is in contrast with recent measurements which reported magnetic exci-

tations at finite energies above T¢.

I. INTRODUCTION

The magnetic properties of the transition metals are
still an unresolved problem in magnetism. Amongst
these, Fe and Ni are the most celebrated examples and
their properties have been widely studied by means of
many experimental techniques and theoretical work. One
of the most powerful means to study the magnetic proper-
ties is inelastic neutron scattering and several experiments
have been performed in the last few years.!~% In an early
work Minkiewicz et al.! studied the renormahzatlon of
the spin waves in Ni for g values smaller than 0.2 A-
different temperatures below T¢ and the diffuse scatter-
ing above T. Just below the Curie temperature, spin
waves become critically overdamped and there is a con-
tinuous evolution to critical scattering at T¢. Figure 1 il-
lustrates quadratic dispersion curves at different tempera-
tures, calculated using values of the stiffness constant D,
from Ref. 1. Recently, Steinsvoll et al, 3 extended the
range of the measurements up to g~0.4 A ~! for T> T,
showing that the main part of the magnetic scattering has
the form of a broad Lorentzian centered at zero-energy
transfer.

In contrast to Ni the spin dynamics near T of Fe have
been extensively studied. In an early work’ the magnetic
scattering from Fe for small g values was measured for
temperatures near T¢. The results were in agreement
with the dynamic scaling predictions and later on this
study was extended to higher ¢ values (g <0.26 A ~1),
below and above Tc,® showing a close correspondence
with earlier measurements made at smaller momentum
transfers. Finally, magnetic scattering cross sections were
charactenzed9 for bcc Fe above T¢ in a g range of
0.1-0.6 A~

For comparison to the itinerant ferromagnets, it would
be interesting to compare the behavior of typical localized
Heisenberg cubic ferromagnets like EuO or EuS with the
itinerant systems. EuO and EuS are the only known iso-
tropic cubic ferromagnets which exhibit peaks at finite en-
ergy'®~!2 near the zone boundary. This shows unambigu-
ously that propagating modes are present in the paramag-
netic phase. However, in an intermediate range of ¢
values the behavior is similar to that reported for other
1sotroplc cubic ferromagnets like the localized metallic
system!> Pd,MnSn or the itinerant metallic systems®—>°
Ni and Fe.

T T T T T L
60 - . 1
Ni
T, -228K
/
50 - , .
/
/
— L V 4
By 40 y
E s To-59K
% 30+ y s .
& /+/ s Te-29K
=4 4 -
w L V2 - B
20 , ,/}/ T -9K
i 7 //
//6// P LA
1ot ¥ = N
/’ +
e} 1 1 1 L 1
.00 .04 .08 LI12

(1+¢, 1+¢, 1+¢ )(RECIPROCAL LATTICE UNITS)

FIG. 1. Magnon dispersion curves at different temperatures
calculated from Ref. 1 (solid curves), and extrapolated to higher
g values (dashed curves). Circles are the peak positions in
constant-Q scans at different temperatures of the present study.
LA is the longitudinal-acoustic—phonon branch.
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A careful examination of the magnetic scattering from
Ni below and above T, at the intermediate g range
(0.2<q <0.4 A ~1) is urgently needed. This is, no doubt,

stimulated by the recent controversy concerning propaga-
ting spin wave above T¢,2~% as we shall discuss in detail
later. Equally important is the lack of the proper charac-
terization of the scattering function below T'¢ for this im-
portant g range. Actually the work of Minkiewicz et al.
was done before the full development of the dynamic scal-
ing theory; thus our data analysis can be performed using
‘the more detailed theories developed since the important
work of Minkiewicz et al.

In this paper we shall present high-resolution polarized
and unpolarized neutron scattering data below and above
Tc. The renormalization of the spin waves, at different
temperatures below T, will be investigated in order to
characterize the scattering function. Finally, we shall dis-
cuss how the double-Lorentzian expression, for the
paramagnetic scattering function, centered at zero-energy
transfer gives the most consistent picture for the available
-experimental data in Ni.

II. EXPERIMENTAL TECHNIQUE

The experiments were performed on an isotopically en-
riched single crystal of ®Ni of cylindrical shape with a
volume of 2.9 cm®. The inverse of the distance between
nearest (111) planes at T¢ was equal to 3.09 A 1 (lattice
constant a =3.53 A). With this particular choice of the
isotope, nuclear-spin and isotopic incoherent scattering
are drastically reduced. The data were collected around
the (111) Bragg point in the [111] direction. The crystal
was heated in a vacuum furnace, specially designed to
avoid stray fields generated from the heater currents,
which could depolarize the beam. The temperature was
measured with a Chromel-Alumel thermocouple directly
attached to the sample. The stability of the temperature
reading was +0.5 K over long periods of time. The Curie
temperature of the sample was determined by measuring
the critica] diffuse magnetic scattering for a small g value
of 006 A —1, setting the spectrometer at zero-energy
transfer. We confirmed T¢ also by measuring the depo-
larization of the polarized neutron beam by the sample on
cooling. Both measurements gave a consistent result
Tc=631 K.

Neutron scattering measurements were performed on
triple-axis spectrometers at the Brookhaven High Flux
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Beam Reactor. Various experimental configurations were
tried since it is always a challenge for neutron scattering
experimentalists to find the best experimental condition
giving the necessary intensity and the desired resolution.
In particular, Ni is a difficult case because of the small
paramagnetic magnetic moment? (,ueff—Z 58u B) and, con-
sequently, the weak signal. In Table I we show the values,
full width at half maximum (FWHM), of the projections
of the resolution ellipsoid on the gy, g,, ¢;, and E axes for
our present experimental configurations as well as for the
recent experiments of Mook and Lynn.® The figure of
merit R is proportional to the overall volume of the reso-
lution ellipsoid with the 14.7-meV setup taken as R =1.

In the unpolarized neutron experiments pyrolitic gra-
phite (PG) was used as monochromator and analyzer and
a PG filter was used to remove higher-order contamina-
tion. For the polarization analysis, Heusler (111) crystals
were used in transmission geometry as monochromator
and analyzer. Experimental details of the polarization-
analysis technique and the polarized beam setup have been
reported previously.>* 13

III. MAGNETIC SCATTERING FROM NICKEL

The general form for the magnetic cross section can be
written as

_dfa___L 2 2
d0do — & Yol f(Q)]|*S(g,0) , (1)

where the dynamical structure factor S(q,w) is the
Fourier transform of the spin pair correlation function, k;
and Kk are the incident and final wave vectors of the neu-
trons, ¥3=0.291 b/sr, and f(Q) is the atomic magnetic
form factor. Below T, considering only the spin waves,

S(g,0) < X(q) F(q,0) (2)

1—exp(—fiw/kgT)

with the shape function

Flq,w)=— r r
T 2T (0,0 —T? (0, +0)*4T?

(3)

F(q,0) has poles at fiw,=+Dg? with the half-width at
half maximum (HWHM) I'. The susceptibility X(q)
below T is independent of temperature and proportional
to 1/¢>%

TABLE 1. Specifications of the resolution parameters for our experimental setups as well as those from Ref. 6. All the calcula-
tions are made for an energy transfer of 20 meV. The projection of the resolution ellipsoid on the three momentum axes (FWHM) are

given in A ~!, and on the energy axis (FWHM) in meV. R is proportional to the overall volume of the resolution ellipsoid.
Collimation E; Aqx Aq OAq, AE
(min) Monochromator (meV) (A1 (A “1) (A1) (meV) R
Present work 40'-20'-40'-20" PG* 14.7 0.029 0.123 0.12 1.940 1
Present work 40'-60'-40'-60’ Heusler® 30.5 - 0.067 0.320 0.16 6.089 25
Mook and Lynn® 40'-40"-40-120’ STReb 40 0.068 0.205 0.19 4.166 13
Mook and Lynn® 40'-40'-40'-120' STFe® 60 0.080 0.296 0.23 7.034 46

*Unpolarized neutron beam.
YPolarized neutron beam.
“Reference 6.
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In the paramagnetic region (T > T¢) the susceptibility
becomes, for small g values,
M=) @
R P

Here X(0) is the static susceptibility. The spectral weight
function is usually approximated by

r

BT 5
1o (5)

F(q,0)=

where the quasielastic linewidth (HWHM) is
T=Af(k;/q)q*> . . (6)

f(k1/q) is a dynamical scaling function and «; is the in-
verse correlation length.

A. Unpolarized neutron beam

Let us first present the results of the renormalization of
the spin waves in Ni for temperatures approaching T¢.
Figure 2 shows constant-Q scans for (1.08,1.08,1.08),
q=~0.25 A- 1, at two different temperatures. Well below
the Curie temperature T [Fig. 2(b)], the scan clearly
shows a magnon peak well separated from the
longitudinal-acoustic (LA) phonon and the incoherent
scattering which appear as very sharp and narrow peaks.
At 5 meV some intensity appears from the transverse-
acoustic (TA) phonon because of the finite resolution.
The solid line is a fit to the data using Eqgs. (1)—(3) convo-
luted with the instrumental resolution function. In the
cross section we have not included a longitudinal com-
ponent for the susceptibility because it is expected to be
small. The fitted values obtained for g~0.25 A-
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FIG. 2. Constant-Q scans at (1.08,1.08,1.08), g~0.25 ;\—‘,
for two different temperatures (a) 1.067¢ and (b) 0.64T¢. Solid
curves are fits using the corresponding spectral weight functions
as explained in the text. The honzontal dashed lines show the
estimated background level.
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D =422+5 meVA? and T'=4.37 meV, where D is the
spin-wave-stiffness constant and I is the linewidth. The
value of D from Minkiewicz et al. for this temperature is
D =417 meVA2 which agrees very well with our value.
A constant background was assumed for this fit, as shown
by the horizontal dashed line.

In the experimental configuration used above, a pyroli-
tic graphite filter was placed after the sample and a
correction has been made because higher-order neutrons
are also detected at the monitor counter, which is placed
after the monochromator. These contaminating neutrons
are counted with a steadily decreasing efficiency propor-
tional to 1/k; at the monitor detector. The correction in-
creases with decreasing E; reaching about one-third at 15
meV whereas above 30 meV it is negligible. Nevertheless,
it can be calibrated accurately either by measuring phonon
and magnon intensities and comparing them with theoret-
ical cross sections, or by using transmission measurements
through boron glass attenuators.!*

Unpolarized neutron measurements were also per-
formed above T¢ as shown in Fig. 2(a). The data was fit-
ted to Eq. (1) using Eqgs. (4)—(6) and convoluted with the
instrumental resolution. The solid line in Fig. 2(a) is the
result of the fit and we obtained Af(«;/q)=226+8
meV A 3/

In this ﬁgure, the contributions from TA and LA pho-
nons have been subtracted. However, the data points at 0
and 10 meV have been omitted because their intensity can
not be subtracted reliably. For these calculations a con-
stant background, identical to the low-temperature data,
was assumed. The agreement between experimental data
and the fits is very good.

From the low-temperature data we should be able to
follow the renormalization of the magnon peaks with in-
creasing temperature. The magnon should become broad
and finally merge into a quasielastic peak at zero-energy
transfer. This behavior is shown in Fig. 3 for
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FIG. 3. Magnetic scattering from nickel at different tempera-
tures for (1.08,1.08,1.08), g=~0.25 A —!. Also shown is the LA
phonon at Tc—29 K. The solid curves are fits as explained in
the text.
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(1.08,1.08,1.08). The dashed line shows the LA phonon
for Tc—29 K; for this temperature the LA dispersion
curve coincides with the spin-wave dispersion curve. The
solid curves are fits using Egs. (1)—(3). The fitted values
of D for each temperature are in agreement with the ex-
trapolated values from Minkiewicz et al., as is shown in
Fig. 1. In this figure, the magnon peak positions for
£=0.08 are plotted as well as the dispersion curves for the
corresponding temperature calculated from the data in
Ref. 1 and extrapolated to the present g position using the
quadratic form 7w, =Dgq?. The agreement between extra-
polations and experimental data is good.

Figure 4 represents constant-Q scans for §=0.10
(g=~0.31 A ~!) measured at the same temperatures as in
Fig. 2. Below T, Fig. 4(b), the magnon peak is clearly
separated from the phonon peaks and the incoherent
scattering. The solid line is a fit using Egs. (1)—(3).
The fitted parameters are D =412+9 meVA? and
I'=9.2 meV. The background was assumed at the level
of the horizontal dashed line. It was not possible to ex-
tend the measurements to higher-energy transfers to com-
pletely measure the magnon peak because of momentum-
and energy-conservation laws. Figure 4(a) illustrates the
paramagnetic scattering (1.067¢) for this g value. Again,
experimental data points at the peak positions of the LA
phonon and the incoherent peaks have been omitted and
the intensity corresponding to the LA and TA phonons
has been subtracted. The experimental data have been fit-
ted to Eq. (1) using Egs. (4)—(6) and we obtain
Af(k,/q)=248+18 meV A >/2,

Figure 5 illustrates the renormalization of the spin
waves on approaching T¢ from below for (1.1,1.1,1.1).
The values of the peak position for different temperatures
are plotted in Fig. 1. The agreement with the extrapolated
curves is good. The slight deviations observed are expect-
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FIG. 4. Constant-Q scans at (1.1,1.1,1.1), g~0.31 A —1, for
two different temperatures (a) 1.067¢ and (b) 0.64T¢. Solid
curves are fits using Eqgs. (1)—(6). The horizontal dashed lines
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FIG. 5. Renormalization of the sEin waves at different tem-
peratures for (1.1,1.1,1.1), ¢~0.31 A ~!. The solid curves are
fits using Egs. (1)—(6).

ed to become significant at higher g values because the
simple quadratic behavior fails. No peaks at finite ener-
gies can be observed in Figs. 2 and 5 for 77> T¢. The
scattering is quasielastic, in agreement with all our previ-
ous measurements and in disagreement with those of Ref.
6.

From the unpolarized neutron scattering data above T¢
we have determined the absolute cross sections, which
agree within 15% with those determined from polarized
beam experiments. The study of the paramagnetic
scattering with unpolarized neutrons is limited to the
specific cases where it is possible to isolate all background
contributions. Then, unpolarized neutrons are more use-
ful because of the better resolution and higher intensity.
In other cases, the polarization analysis technique is a
more effective way to measure the paramagnetic scatter-
ing from isotropic ferromagnets.

B. High-resolution polarized beam results above T¢

In neutron scattering experiments with weak signals the
most uncertain element is the background, which comes
from room background and everything in the beam path
including the sample. Moreover, when constant-Q scans
with fixed final energy are performed the counting time
can easily differ by a factor of 2 for large energy transfers
due to the reduced neutron flux at higher energies. Thus,
a realistic estimation of the background is very difficult.
Therefore the use of polarized neutrons taking the differ-
ence between intensities with the neutron polarization
parallel to Q (Iyr) and perpendicular to Q (I'yg) (HF and
VF denote horizontal and vertical magnetic field, respec-
tively) is essential to obtain reliable data®'® since all the
nonmagnetic “background” cancels out in the subtraction.
The results for the paramagnetic scattering on Ni using
the difference technique are described in this section.

In Fig. 6 we present constant-Q scans at 1.067¢. Open
circles in Fig. 6(a) show the paramagnetic scattering for
£=0.10 (¢~0.31 A ~!), where £=0.50 corresponds to
the zone boundary [see Fig. 4(a) for the unpolarized re-
sults at the same temperature and g]. The solid curve is
calculated from Egs. (1) and (4)—(6), and convoluted with
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FIG. 6. Paramagnetic scattering for (a) £=0.10 (¢~0.31
A -1) and (b) £=0.12 (g=~0.37 A ~!). Solid curves are calcula-
tions using Egs. (1) and (4)—(6). The inset shows the
longitudinal-acoustic phonon measured with flipper off, to
demonstrate the good resolution of the experimental setup.

the resolution function. In this case we have assumed for
f(k1/q) the scaling function obtained by Résibois-Piette!®
[f (k1 /q)=0.64], and 4 =350 meV A°/2. The only free
parameter, the normalization constant, used in this calcu-
lation has been estimated from the magnetic cross sections
around zero-energy transfer. These data clearly demon-
strate that the paramagnetic scattering is centered at
zero-energy transfer or, in other words, the intensity at
AE =0 is significantly higher than at any other energy in
the measurement range. The inset of Fig. 6(a) shows the
LA phonon measured with flipper off and HF on. This
configuration is sensitive to the nuclear scattering but not
to the magnetic one. The energy width of the phonon in-
dicates the energy resolution and as seen, it is much nar-
rower than the width of the quasielastic scattering. Fig-
ure 6(b) illustrates the data for £=0.12. Again the solid
line is calculated from the Eqgs. (1) and (4)—(6), using the
normalization constant from Fig. 6(a), properly scaled by
the monitor factor.

IV. DISCUSSION

We have measured the magnetic cross section in Ni for
an important intermediate range of g, with high-
resolution neutron scattering techniques. Our unpolarized
measurements demonstrate how peaks at finite energy,
below T¢, evolve into a single peak at 7. We have also
employed a high-resolution polarized beam technique that
reconfirms our previous results,>~> which were interpret-
ed in terms of a double-Lorentzian scattering function (see
Fig. 6). A modification of the Lorentzian spectral weight
function has been proposed™® in order to better explain
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the constant-energy peak positions. Figure 7 illustrates
calculated constant-energy peak positions [dashed curve
(A)] as well as equal-intensity contours using the modified
double Lorentzian for T=1.06T¢. Open circles with a
horizontal bar are the peak positions as measured in
constant-energy scans, from Ref. 2. Recently, Folk and
Iro!” have studied the paramagnetic scattering in isotropic
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perimental data and fits with a damped harmonic oscillator
from Fig. 5 of Ref. 6, for £=0.14 and 0.12, respectively.
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ferromagnets by renormalization-group theory. They
found complete agreement between experiment and theory
for the positions of the constant-energy peaks.

Recently, new data for the paramagnetic scattering
from Ni have been reported® which have been interpreted
as propagating spin waves. The measured peak positions
are indicated in Fig. 7 as open circles with a vertical bar.
These new data form a “dispersionlike” curve [curve (B)]
at much lower energy than the one previously reported.’
These propagating spin waves above T¢ are not observed
in our current measurements (see Fig. 6). We do not
understand why these different cross sections are ob-
served. It is definitely not the resolution effect, as hinted
in Ref. 6, since our current resolutions are equivalent to
theirs in the polarized setup and considerably better in the
unpolarized case.

The only data from Ref. 6 obtained by the
polarization-analysis technique Iyg-Ivg are shown in Fig.
8(a). The data can be fitted equally well either with a
damped harmonic oscillator as used in Ref. 6 (solid line)
or a single Lorentzian (dashed line); thus these data can-
not be regarded as evidence of propagating spin waves.
The rest of the data from Ref. 6 have been obtained by
applying a horizontal magnetic field (HF) with flipper on
(no full polarization analysis), Figs. 8(b) and (c). These
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seem to show very large peaks, but actually they are very
small if one realizes that the zeros of the intensity have
been suppressed. We do not understand the discrepancies
between our data and those of Ref. 6; therefore a joint ex-
periment would be very enlightening.

In summary, we have shown that in Ni the spin waves
renormalize, in an intermediate range of momentum
transfer, as expected from scaling laws. The temperature
dependence of the stiffness D agrees well with the results
of Ref. 1 from measurements at small g values. However,
the linewidth of the spin waves, I, has not yet been quan-
titatively characterized and more accurate experiments are
planned in the near future, in order to get the exact ex-
pression for the renormalization of T" below T.
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