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Reliable magnetic scattering cross sections are obtained for bec Fe at T=1.027, and 1.06 T, us-
ing polarized neutrons and polarization analysis. The constant-g measurements cover a g range of
0.1-0.6 A~! with an energy range extending up to 50 meV. These scans consist of broad energy
distributions centered at zero energy with no peaks observed at finite-energy transfers, in contrast to
the results reported by Lynn. A simple paramagnetic scattering function S(q,®)«[1/(k3+¢?)]
[T /(I'?4w?)] is shown to describe the iron cross sections quantitatively, and in absolute units, for
the g and energy range specified above. The peaks observed in constant-energy scans are simply en-
ergy slices of the paramagnetic scattering function and thus should not be interpreted as spin-wave
peaks. We conclude that in the (g,) region covered in our polarized beam studies, neither propaga-
ting spin waves nor giant short-range magnetic order exist in Fe above T.

I. INTRODUCTION

The spin correlations in the paramagnetic state of iron
have been the center of much controversy for the past de-
cade.! Early inelastic neutron investigations conducted at
Brookhaven by Collins et al.2 on Fe showed that for
small momentum transfers, spin waves just below the Cu-
rie temperature (T,) continuously changed to critically
damped modes at temperatures slightly above T,. Several
years later, Lynn® conducted constant-energy neutron-
scattering experiments on Fe, reporting the existence of a
persistent spin-wave dispersion above T, at energy values
exceeding 8 meV. Lynn also reported one constant-g scan
at 0.47 A~! which showed a spin-wave-like peak. A simi-
lar conclusion was also obtained for Ni by Mook et al.*
and Lynn and Mook® using constant-energy scans; howev-
er, no constant-g scans have been reported.

Local band theories® were subsequently developed
which required a giant short-range magnetic order
(SRMO) to explain Lynn’s results. A more conventional
effective Heisenberg model’ was also developed which
could qualitatively reproduce the constant-energy peaks
observed in Fe, but could  not explain the published
constant-g data at g=0.47 A~!. More recently, Brown
et al.,® at Institut Laue-Langevin (ILL), Grenoble, have
reported paramagnetic scattering measurements in several
3d transition metals utilizing polarized neutrons and po-
larization analysis. Brown et al.® intentionally used a
large energy resolution [full width at half maximum
(FWHM) ~43 meV] to conduct their experiments. They
have interpreted their results in Fe (Refs. 9 and 10) as be-
ing in agreement with the local band theories and have
concluded that ferromagnetic correlations of up to 15 A
exist for temperatures well above T,. However, Ed-
wards!! has subsequently reanalyzed the Fe results ob-
tained by Brown et al.’ at T=1.25T, and claims that a
much smaller SRMO is present in the paramagnetic
phase.

Recently, a series of neutron-scattering experi-
ments'2~1> have been conducted at Brookhaven National
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Laboratory on Fe and Ni in an attempt to properly
characterize the paramagnetic scattering and thus help
resolve the issue on the size of the SRMO in the paramag-
netic phases of these two classical ferromagnets.
Steinsvoll et al.'>!* have utilized polarized- and
unpolarized-neutron studies performed with sufficient en-
ergy and g resolution to properly characterize the magnet-
ic scattering function S(g,) of Ni over the g region 0.14
to 0.4 A~!. The constant-energy scans conducted in these
experiments showed results very similar to those obtained
by Lynn and Mook,” however, no corresponding spin-
wave peaks were observed in constant-q scans over the g
and energy ranges covered. Instead, broad energy distri-
butions of Lorentzian-type line shapes centered at zero en-
ergy transfer were observed. Polarized-beam studies were
also performed on Fe—4 at. % Si by Wicksted, Shirane,
and Steinsvoll.'*!> The constant-q scans also showed
Lorentzian-type behavior for the magnetic scattering over
a range of g from 0.12 to 0.5 A~!. In particular, no
constant-g spin-wave peaks were observed, in contrast to
the constant-g scans published by Lynn.>'® The energy
integration of these constant-q results were in reasonably
good agreement with those obtained by Brown et al.’
The importance of using polarized neutrons and polariza-
tion analysis has also been pointed out from these Fe ex-
periments, since both single and multiphonon scattering
processes can distort the paramagnetic scattering when us-
ing unpolarized neutrons with large energies. These
polarized-beam studies conducted at Brookhaven on Fe
and Ni have resulted in an entirely new interpretation of
the paramagnetic scattering. Neither propagating spin
waves nor spin-wave dispersion curves exist above T, for
the g and energy ranges covered. Instead, the following
simple scattering function has been shown to qualitatively
describe the paramagnetic scattering for Fe and Ni:

r

- - (1)
K%+q2 F2+a)2

S(q,0) <
Although this double-Lorentzian form of the scattering
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FIG. 1. (a) “Spin-wave” dispersion curves obtained from Ref.
3 (Fig. 2) for Fe at room temperature and for T > T,. (b) Inten-
sity contours calculated from Eq. (2) using Fe parameters from
Table II.

function is quite general, the values of the inverse correla-
tion length k; and linewidth I" used in the comparison
with the neutron experiments have been scaled from the
values obtained in the critical paramagnetic studies of Fe
and Ni.>!7 The constant-energy peaks observed in the
neutron measurements can now be interpreted as energy
slices of the paramagnetic scattering which results from
Eq. (1). Lynn and Mook had originally concluded that
these constant-energy peaks represented spin waves result-
ing in the spin-wave dispersion curve given in Fig. 1(a)
(see Ref. 3). Their interpretation was based on the conver-
sion of Aq/q—AE/E with the condition AE/E <1.
Such a conversion is not a justifiable one, as can be seen
from the intensity contours of Fig. 1(b), which are ob-
tained from Eq. (1). Earlier we were convinced that Eq.
(1) could correctly explain the constant-energy peaks for
energies up to 40 meV; however, we still believed that at
higher energies these peaks represented “spin waves.”
Recently, however, Uemura et al. 18 carried out a model
calculation on Ni and concluded that Eq. (1) can explain
the constant-energy ridges observed by Lynn and Mook’
up to 80 meV. It was further suggested that this simple
paramagnetic scattering function could be applied to the
paramagnetic phases of EuO and MnSi. At T,, Shirane
et al.'® demonstrated that Eq. (1) reduces to a universal

form which, when properly scaled, can describe the
paramagnetic scattering from "all isotropic cubic fer-
romagnets

In this paper new polarized-neutron-scattering results
are reported from pure Fe above T, for a g range 0.1 to
0.6 A~!. In particular, the present S(q,») data and its
energy integration [denoted by M%(Q)] obtained from the
pure-Fe crystal are quantitatively compared with the sim-
ple paramagnetic scattering function, convoluted with the
instrumental resolution using parameters scaled from the
values originally obtained by Collins et al.? In Sec. II the
experimental configurations used for the polarized- and
unpolarized-neutron-scattering studies are described along
with the technique of transforming the data into absolute
intensity units. In Sec. III the properties of the paramag-
netic scattering function are described while in Secs. IV
and V we present the results along with the detailed
analysis performed on the Fe data. In Sec. VI we discuss
the implication of these results in addition to answering
some of the questions which have recently been raised re-
garding the validity of the simple paramagnetic sattering
formula.

II. POLARIZED-BEAM TECHNIQUE

All neutron-scattering experiments were performed at
the Brookhaven High Flux Beam Reactor. The iron crys-
tal is cylindrical in shape, with a diameter of 8 mm and a
length of 30 mm. The [110] crystal axis is along the
cylinder axis and mounted vertically. Polarized triple-axis
scans are conducted in the [110] direction in the neighbor-
hood of the (1,1,0) reciprocal-olattice point. The
reciprocal-lattice spacing is ~3.06 A~! when the sample
is at its Curie temperature T, (=~1043 K). Only two tem-
peratures above T, are studied (1.02T, and 1.06T,). The
temperature of the Fe sample, however, never approached
the y-phase value (1183 K) where the crystal structure be-
comes fcc. '

For the polarization analysis of the iron crystal, verti-
cally magnetized Heusler (111) transmission crystals are
used as monochromators and analyzers, with magnetic
guide fields which maintain the polarization of the neu-
trons [see Fig. 2(a)]. These scattering experiments are
conducted with final fixed energies of 14.7, 30.5, and 60
meV, and with collimations of 40’-40’-40’-40' or 40’-80'-
80'-80". Table I summarizes the energy and g resolutions
which result from these instrumental conditions. A flat-
coil spin flipper is used and the overall instrumental flip-
ping ratio is between 12 and 18. Most of the earlier
polarized-beam experiments were performed with an
external 120-Oe magnetic guide field imposed at the sam-
ple along the horizontal scattering vector. However, re-
cent polarized-beam experiments conducted on the pure-
Fe sample utilized magnetic fields at the sample which
are parallel (horizontal) and perpendicular (vertical) to the
horizontal scattering vector. This technique of subtract-
ing data obtained in the vertical-field configuration from
that in the horizontal-field configuration eliminates both
background and nuclear scattering contributions.”

The majority of the polarized-beam experiments are
performed above T, in order to directly study the
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TABLE 1. Wave vector (AQ) and energy resolutions (AE) at specific Q values and energy transfers.

Q E; Ep Collimation AQ[110] AQ[110] AE
146 A7) meV)  (meV) (min) (A1) A-YH (meV)
1.10 3.36 41 30.5 40-80-80-80 0.07 0.16 5.68
1.15 3.51 - 80 60.0 40-40-40-40 0.12 0.22 10.60
1.10 - 3.36 70.5 60.0 40-80-80-80 0.10 0.21 14.20
Fe
30.5 E; COLL:40'-80"-80 -80
paramagnetic scattering from the two iron samples. How- 400 - (a) LA ]
ever, some experiments on pure Fe are performed below _ Te- 332K
T., where the sample, in its ferromagnetic state, now k] (112,112,0)
depolarizes the neutron beam. For these experiments, the é 300 | OFF N
flipper and all external fields at the sample are turned off =
since no polarization analysis is possible. The reason for 3
these “unpolarized” measurements is to verify that the € )
resolution used in our polarized-beam experiments above 3 200 I MAGNON
T, is indeed sufficient to show if propagating spin waves z
are present or not. An example of the unpolarized investi- 2
gation conducted on pure Fe is given in Fig. 3(a) at £ loor ° 5 ° i}
(1.12,1.12,0) (¢=0.367 A=) and T.—332 K. Included in -
this figure is nuclear scattering from the LA and TA pho-
nons, the latter effect resulting from the vertical instru- M TP ' ' i
mental resolution. The magnon centered at 22.5 meV is _ ° o{oo & To+ 22K
clearly visible in this constant-g scan. This shows that the 5 o a {1.10,1.10,0)
resolution used in our polarized-beam investigations is g 300 - °, . o ON ]
sufficient in determining whether constant-q spin-wave s ° ° -A- OFF
peaks are present or not for temperatures above T,. I ° A A HF
The power of polarized neutrons and polarization g 200 a8 A ! n
analysis is clearly illustrated in Figs. 3(b) and 3(c), In Fig. 8 PN % S '
3(b) a constant-g scan at (1.1,1.1,0) (¢g=0.31 A‘I) ob- z aa ° o 2
tained from the Fe sample via polarization analysis at 2 100} N .
T =T, + 22 K is shown. The open circles represent data ; % o
obtained with the flipper “on” and the magnetic field in = % 00,0%% oo
the direction of the horizontal scattering vector. In this o . 4 ' '
configuration, the data consists of the paramagnetic te)
'g 300} Te+ 22K e
= (1.10,1.10,0)
g ON’
_ § 200}, HF -VF 4
'E (b ' ' ' (a) a0 £
$1000r Fe 7 | 2
g T=295K | E 100 |- .
= Lm 3
E « MAGNONS ]
2 o PHONONS ud /// @ E oboooo 22 o~ — |
E soor | B \\® 1 L 1 s °
8 @ 0 10 20 30
g O /// ENERGY TRANSFER (meV)
w o yc 3 J FIG.3. (a) “Unpolarized”-neutron study of Fe at
2 9 - . - - (1.12,1.12,0) and T=T,

0.0 Q.1 0.2 0.3 04 0.5
SCATTERING CROSS SECTION (b/sr)

FIG. 2. (a) Schematic diagram of the triple-axis spectrometer
used in our polarized-beam investigations. (b) Calibration curve
resulting from phonon and magnon measurements from Fe at
room temperature.

T.—332 K. Both flipper and external
magnetic field are “off ” (b) Polarized-beam study at
(1.10,1.10,0) and T=1.02T, with horizontal magnetic field at
sample. Open circles denote data obtained with flipper ‘on,”
while open triangles and dashed curve illustrate data obtained
with flipper “off.” (c) Polarized-beam study at (1.10,1.10,0) and
T =1.02T, with horizontal —vertical magnetic field difference
of flipper “on” data. Solid line in (c) results from Eq. (2). M in
ordinate label denotes the numerical value of 10°.
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scattering. Also shown is the nuclear scattering, which is
represented by the open triangles and obtained with the
flipper “off”. The separation between the nuclear and
magnetic scattering is seen very clearly in this figure, al-
though it should be noted that the “on” data does contain
additional contributions due to background effects,
nuclear-spin incoherent scattering, and some contamina-
tion from the “off” intensity due to the finite value of the
flipping ratio. The open circles in Fig. 3(c), which were
obtained at the same q as in Fig. 3(b) with the flipper on,
result through the subtraction of the data with the mag-
netic field perpendicular (vertical field) to the scattering
vector at the sample from the data with the field parallel
(horizontal field) to the scattering vector. The data ob-
tained with the vertical magnetic field consist of one-half
of the paramagnetic scattering and the additional contri-
butions mentioned above. Therefore, the vertical-field
(VF) subtraction from the horizontal field (HF), with the
flipper on, results in data which are purely magnetic
(one-half paramagnetic scattering) and which can be
directly compared to the convolution of Eq. (1) with the
instrumental resolution function (solid line).

The difference technique (HF—VF) is essential when
the magnetic cross section becomes smaller than the in-
strumental background; for example, the high-energy data
of Fig. 3(b). The counting time in constant-g scans with
Ey fixed changes considerably as a function of energy
transfer; thus a reliable estimate of the background for the
“on” data becomes impossible at high-energy transfers.
These difficulties are completely eliminated in the differ-
ence data of Fig. 3(c).

Experiments were performed on the Fe crystal such
that phonon cross sections both above and below 7, (and
magnons below T,) were measured. The calculation of
the theoretical cross sections for magnons and phonons, in
conjunction with the measured cross sections, establishes
an absolute intensity scale. This technique calibrates the
triple-axis spectrometer such that for a fixed set of condi-
tions (collimation, final fixed energy), the counts per meV
obtained from the paramagnetic scattering via a
constant-g scan can be converted into barns per meV or
u% per meV per unit solid angle. This enables direct com-
parisons to various theories which have calculated the
magnetic scattering function S(q,w) for the paramagnetic
phase of several transition metals. Figure 2(b) shows the
results of this calibration for the pure-Fe sample obtained
using unpolarized neutrons at room temperature.

III. PARAMAGNETIC SCATTERING FUNCTION

The general form of the magnetic scattering cross sec-
tion is
do
dodQ "

where y3 has the value of 0.291 barns, f(Q) is the mag-

netic form factor, and e 2% is the Debye-Waller factor.
The early Brookhaven investigations? showed that, for

small momentum transfers in the critical regions of Fe

2r2Q)e~2"S (q,0) ,
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and Ni, a simple double-Lorentzian scattering function®!
could be used to explain the magnetic scattering
_28(8+1) 1 1 T

3 r?

1 o/kT
K%+q2' T r2+w2 l_e-—w/kT :

2)

S(g,0)

Here, r, is the interaction distance, k; is the inverse corre-
lation length, and T is the half width at half maximum
(HWHM). Equation (2) is a very general paramagnetic
scattering function which, in the critical region, utilizes
the following expressions for «; and T':

1, | , "
T, ’

K1=Ko

= Aq°"*f (k,/q) . (4)

The Résibois-Piette function?® f (k,/q) is unity at T, and
becomes proportional to (k;/¢)'/? in the hydrodynamic
region. The existence of this function in the critical re-
gion of Fe has been well established by previous neutron-
scattering investigations.>?*~2° For fixed energy o, Eq.
(2) has a maximum value at finite g, while for fixed g the
function peaks at zero energy (although a broad peak at
finite energy may result when the detailed balance factor
is not close to unity). These features of S(q,®) qualita-
tively agree with the constant-energy neutron scans ob-
served by Mook et al.* and Lynn and Mook,’ as well as
the constant-g scans reported by Steinsvoll et al.'>!3 in
Ni. At the Curie temperature, T,, Eq. (2) can be ex-
pressed as
172

S(q,w/A)=§°——q—~ , (5)
A ¢*+(w/A4)?

with
So=28(S +1)/(3mr}) .

This form of the scattering function at T, can be univer-
sally applied to all isotropic cubic ferromagnets provided
the energy is scaled by 4. The general scattering function
given by Eq. (2) can also be written as follows:

X0) & 1 T wo/kT
X1 ki+q® 7 I24e? 1—e o/ '

(6)

S(g,0)==%S(S+1)

The parameters k; and r; have been related to the static
susceptibility X(0) via the expression
1 _ x0)
(r 1K 1)2 X 1

’ (7)

where X is the susceptibility of a system of noninteract-
ing spins.
The energy integration of Eq. (6), defined as

MXQ)=6 [ S(gw)do,

has the form
M*0)x?

2

MYQ)= 5
Ki+q

) (8)
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TABLE II. Physical properties of iron.

Expression Quantity A-! Theta units® Temperature
ki=ko[(T —T,) /T, 1°7 Ko (A=Y 1.05 0.34
T.—1043 K ki (A1) 0.07 0.023 1.02T,
0.152 0.05 1.06T,
T=Af(k;/q)g>* A (meV A%9) 142.3 2407
E =Dg? D (meV A?) 320 2996 0
175 1638 08T,

*Theta units are given in units of A~!/d*(110) where d*(110)=3.06 A~".

Fe , , ,

TC+ 22K 60E; COLL:40-80 -80-80

where

M¥0)=45(s + DX
X1
and the detailed balance factor has been neglected. The
expressions for both M*0) and M*(Q) are in units of u3.
Some of the relevant Fe parameters used in this analysis
are given in Table II.

9)

IV. MAGNETIC SCATTERING ABOVE T,

The paramagnetic scattering results on pure Fe are
described in this section. The data, which includes both
energy-resolved and energy-integrated results, as well as
linewidth measurements, are compared with the theoreti-
cal expressions given in Sec. III. The data in Fig. 4 have
been obtained in the same manner as in Fig. 3(c), with the
flipper on and in the HF —VF configuration. Here, how-
ever, the Heusler analyzer is fixed at 60 meV. The three
constant-g scans shown at 7=1.027, have been com-
pared to the theoretical scattering function given by Eq.
(2) convoluted with the instrumental resolution. The
values of x; and A are given in Table II and were fixed
during the analysis. The resolution-convoluted theoretical
scattering function in Fig. 4(b) (solid line) was normalized
near the data value at zero-energy transfer. The dashed
line in Fig. 4(b) represents the scattering function which
has been normalized but not convoluted with the resolu-
tion function. The normalization values used for the solid
lines in Figs. 4(a) [(1.05,1.05,0)] and 4(c) [(1.15,1.15,0)]
have been scaled from the value used in 4(b) [(1.10,1.10,0)]
via the ratio of the atomic form factors and Debye-Waller
factors. Remarkably good agreement is seen between
these three constant-g¢ measurements and the theoretical
scattering cross section given by Eq. (2).

The arrows in Figs. 4(b) and 4(c) indicate the energy po-
sitions where propagating “spin waves” should occur.
These peak values were obtained from the spin-wave
dispersion curve given by Fig. 2 in Ref. 3. The data are
strongly peaked at zero energy transfer for § < 0.1; howev-
er, for larger { values, the scattering becomes less
enhanced at zero' energy and much broader. The

T T 1 T 1

(1.05,1.05,0)

(a)

1000

500

INTENSITY (counts/ 2 M monitor)

-

I
+

(1.10,1.10,0) 4

-Q
= ~0= = Q=
+ 2=

(1.15,1.15,0)
300 1

INTENSITY ( counts/8 M monitor)

100

INTENSITY ( counts/20 M monitor)

o 10 20 30
ENERGY TRANSFER (mevV)

FIG. 4. Paramagnetic scattering data obtained using
horizontal — vertical difference technique at T'=1.027, with (a)
(1.05,1.05,0), (b) (1.10,1.10,0), and (c) (1.15,1.15,0). Solid curves
in each figure are calculations using Eq. (2). Dashed curve in (b)
represents the normalized form of Eq. (2) without convolution
of resolution function. Arrows in (b) and (c) point towards ex-
pected spin-wave peaks.



3660

T T T
Fe .y 14.7 Ego
coll: 40-80'x 3 30.5 Eg0
20 T=T,+22K 60 E-e /]
A=142.3 mev A25 o
02 /
A=20.5 meV A /o
_ _ A28 /
Z I'=Aq //
@ /
€ /
— //
= ok ay -
, T=Af(g) 23
7
7
7
7
Ve
x=0.023
v —
0 |
1.0 1.05 110 115

RECIPROCAL-LATTICE UNITS (I1+¢L,1+5,0)

FIG. 5. Linewidth measurements, deconvoluted from the in-
strumental resolution, as a function of g at T'=1.027,. Three
theoretical forms of T" are shown. Data are obtained using three
fixed values of the Heusler analyzer.

Lorentzian behavior of the constant-g scans is quite clear
up to g~0.6 A~!. For higher g values the statistics be-
come much poorer, requiring longer counting times.
These energy-resolved scans are therefore not as reliable as
those constant-g scans with ¢ <0.6 A~!. We have, how-
ever, performed constant-q measurements neéar the zone
boundary (~1.4 A~!) using very coarse energy steps.
- These data yield intensity values (in units of ph per meV)
which are accurate to about 50%. The behavior of these
constant-g scans is quite similar to what we have previ-
ously reported from the Fe—4 at. % Si sample.'*!> Some
new measurements concerning this sample are given in
Sec. V.

The polarized-beam results were also compared with
the theory of Shastry et al.” This theory had originally
been shown to yield constant- E peaks similar to the exper-
imental peaks observed on Ni and Fe.>~> This theory also
showed constant-g results centered at zero energy which
are similar to the experimental data of both Brown et al.
and our recent results. However, the linewidths of these
theoretical results are much narrower than our experimen-
tal linewidths, which are given in Fig. 5. For example, at
£=0.05 the theoretical linewidth is 0.2 meV, while the ex-
perimental measurement yields 1.5 meV. These
linewidths are resolution-corrected and compiled from
three different fixed analyzer-energy values, 14.7, 30.5,
and 60 meV, and resulting in FWHM energy resolutions
of 1.7, 4.6, and 12 meV, respectively. Three different
theoretical forms for I" as a function of g are illustrated.
The observed linewidths agree best with the expression
I'=Aq’/*f (k,/q), which incorporates the Résibois-Piette
function. The necessity of the Résibois-Piette function
was noted in the previous constant-g investigations of
paramagnetic Fe;2~2° however, the Q range covered in
these earlier measurements is below the range covered in
our investigation.
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The energy integration M*(Q) for each constant-gq scan
obtained under the instrumental conditions 30.5Er and
60Ey are given in Fig. 6 for T=T, + 22 K. The data,
denoted by M2(Q), were first put onto an absolute scale in
units of barns by using the calibration technique discussed
in Sec. II. The data were then converted into Bohr-
magneton-squared units (1) using the conversion

S(q)
0.0485f%(Q)e ~2W @’

where S(q) is the energy integration, in barns, of the
constant-g measurements. These experimental values can
then be compared with the theoretical expression for
M?*(Q) given in Eq. (8) and represented in Fig. 6 by the
solid curve. The value of M%(Q) at £=0 (~1425u%) has
been calculated from the susceptibility [see Eq. (9)]. The
agreement between theory and experiment is quite good
for £ <0.15. The inset of Fig. 6 shows an enlarged view
of M?*(Q) versus 1 + £ for £>0.15. The data in this inset
must be regarded as preliminary since they are quite diffi-
cult to obtain. The magnetic scattering intensity measure-
ments for these large g values are quite small, requiring

MYQ)=

(10)

- long counting times and large energy steps. Each data

point corresponds to an effective energy integration from
—50 to 50 meV, with an error of ~50%. The dotted-
dashed curve in the inset corresponds to M*(Q) in the ¢
region, where this theoretical form [Eq. (8)] is not expect-
ed to be valid since higher-order terms in g? are expected
to become important in the denominator of Eq. (8). The
dashed horizontal line in the inset is the wave-vector-
independent response expected for an ideal paramagnet
with the value of the effective magnetic moment e
(~3.2up) calculated from the Curie constant.

T T T
Fe 2561 T T
1500 T=1.02 Tc
1500 202 7
M<(0)
l 20f-* .
+q2
Qol5+ —
T = 2
3 1000+ E o Fett B
(;é L 10 :————;\:\T—————“———-
s .
~
S+ . —
L ] ] 4
500 ° .
I | I
03 13 14 15
(1+,1+¢,0)

[0} 1 1
1.0 1.05 1.10 1.15
RECIPROCAL - LATTICE UNITS (1+8,1+¢§,0)

FIG. 6. Energy-integrated paramagnetic scattering M*(Q)
from pure Fe at T=1.02T.. The solid curve results from Eq.
(8) with M%(0)=1425u%. The inset shows M*Q) values ex-
tending to the zone boundary. The dashed horizontal line
represents ideal paramagnetic scattering with peg=3.2up.



The theoretical ¢ dependence of M*(Q) is somewhat
higher than our data in Fig. 6, especially at large g values
where the magnetic intensity is not completely measured
due to instrumental limitations. Our interpretation of the
data is different from that of the Brown et al.>!° They
have interpreted the missing intensity of their M%(Q) data
at large g values as evidence for giant short-range magnet-
ic order above the Curie temperature in Fe. They estimate
the extent of SRMO by calculating Q’M*(Q), which
yields a peak near ¢~0.4 A~ and obtain a correlation
length of =15 A. We would also obtain such a peak from
both our pure-Fe and Fe—4 at. % Si data if we performed
this Q*M*(Q) calculation; however, we believe that this
peak results from the intensity missed by our instrument
for g>0.4 A~!. Note that our M*XQ) values are con-
sistent for measurements obtained near either the (0,0,0)
or (1,1,0) reciprocal-lattice points. Also note that both the
large- and small-g energy-integrated data in Fig. 6 yield
M*Q) values which are approximately 2.5 times larger
than the M*(Q) results obtained earlier by us on Fe—4
at. % Si, and by Brown et al. from Fe—5 at.% Si,’ as
well as from the pure-Fe powder.!?

V. MAGNETIC SCATTERING RESULTS
ABOVE AND BELOW T,—Fe(Si)

Examples of polarized-beam results from the Fe—4
at. % Si sample for temperatures exceeding T, have been
given in two previous reports.!*!> The magnetic scatter-
ing obtained via constant-q scans show broad Lorentzian-
type distributions centered at zero energy transfer with no
indication of spin-wave-like peaks in the g range covered
(0.12—0.5 A~!). We now illustrate, from this sample,
some of the additional unpolarized work which has been
performed. Figure 7(a) shows data which contain a mag-
non peak for a constant-g scan of (0,1.1,1.1) at room tem-
perature. The solid line through this magnon peak is a fit
using the spin-wave formula, which holds in a ferromag-
net, convoluted with the instrumental resolution,

d’%o ks 1
d0dQ <k, | T—exp(—a/kD) |F(@@)> (D
with
1 r
FRo)l=y o513 | 12

where D is the spin-wave-stiffness constant and I is the
half width at half maximum. Here, I'=Ag?, where A, D,
and a normalization parameter vary during the fitting
procedure. In Fig. 7(b) measurements recorded at
T.—240 K (solid line) and T, 4+ 60 K (dashed line) are
given at (0,1.05,1.05) with 7,~1031 K. The data were
obtained wusing a Heusler monochromator and a
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FIG. 7. Constant-q scans performed on Fe—4 at. % Si for (a)
(0,1.1,1.1) at room temperature, (b) (0,1.05,1.05) at T,—230 K
(solid curve), and T, + 60 K (dashed curve). All lines in (b) are
guides to the eye. The solid curve in (a) represents a fit to the
spin-wave data using Eqgs. (11) and (12).

pyrolytic-graphite analyzer. The magnon is quite ap-
parent at the lower temperature; however, above T, the
bulk of the magnetic scattering is now centered at zero en-
ergy transfer, as seen in the previous polarized-beam mea-
surements.

We have already demonstrated that our constant-q
data, resolution-convoluted, can be described appropriate-
ly by a double-Lorentzian form of S(q,w), as illustrated
in Figs. 3—6. These results should be compared with the
data in Fig. 8. The recent paper by Lynn'® reported that
the constant-q data [Fig. 8(a)] published in 1975 was actu-
ally arrived at by removing a large background. Figure
8(b) demonstrates this process for a different g value. In
the same figure we have quoted two recent constant-q
scans reported by Brown et al.® for similar g values [Figs.
8(c) and 8(d)]. They are essentially in agreement with our
data, although they were obtained using a considerably
poorer resolution. We should point out that the peak of
the data in Fig. 8(b) appears around 20 meV; the “magnon
dispersion curve” above T, previously given shows the
peak around ~50 meV for this value of q. We therefore
conclude these peaks in Figs. 8(a) and 8(b) are spurious
due to an improper background subtraction.
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FIG. 8. Constant-q scans from two Fe(Si) alloys at reduced
temperatures exceeding 7T,. These scans have been obtained
from (a) Lynn (Fig. 10), (b) Lynn (Fig. 2), and (c) and (d) Brown
et al. (Fig. 3). Data denoted by closed circles in (b) result from
the removal of a room-temperature (RT) background.

VI. DISCUSSION

There are two basic differences between our current
polarized-beam study of both pure Fe and Fe—4 at. % Si
and the previous unpolarized-beam reports>!® on Fe—12
at. % Si. The first difference is in the constant-q scans
above T,. No indication of a spin-wave-like peak is seen
in our measurements (Figs. 3 and 4), as compared with the
broad inelastic ridges observed in Figs. 8(a) and 8(b). As
previously stated, we believe this difference is due to the
problem of subtracting a correct background at small en-
ergy transfers when using unpolarized neutrons. The
second difference is in the interpretation of the peaks ob-
served above T, in constant-energy scans. These peaks
were previously interpreted® as spin waves yielding a
spin-wave dispersion curve above T,. The justification of
this was in the conversion of Aq/q to AE/E using the
dispersion relation. We will illustrate that this conversion
is not a justifiable one, and that both the constant-energy

peaks and dispersion relation can be fairly well repro-
duced using a slightly modified form of the double
Lorentzian given in Eqgs. (2) and (8). A detailed descrip-
tion of this modification has recently been given by Boni
et al.?® In our discussion below we will utilize some of
the highlights of Ref. 26, which includes the application
of this modified scattering function to the paramagnetic
scattering of iron. Such a modification is not unexpected
and, in fact, has been discussed in some detail by Marshall
and Lovesey?’ for the case of critical magnetic scattering
at high temperatures and large g values.

Let us now write the paramagnetic scattering function,
discussed in Sec. III, in a more general form:

2 S(S+1) 1 w/kT

S(g0)=
(g,0) 3r 2 id4q 1 —e—o/kT

F(q,0) (13)

where we now express the spectral weight function
F(q,0) as follows:

o)
’ (14)

r

F(q0)= | ——
q T4 ot

with I'=A4¢5% The constant-gq scans in Secs. II and IV are
well described using the simple Lorentzian form for
F(q,0) [e(w)=1]. However, there is some discrepancy
with the peak position observed in constant-energy scans.
In Fig. 9 we have plotted results for several model calcu-
lations for iron at T =T,. This figure also includes mea-
sured data points from Ref. 3 as well as two constant-E
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FIG. 10. (a) Constant-energy and (b) constant-g calculations obtained from the modified Lorentzian form of S(g,®) for three dif-

ferent values of a. After Boni et al.

scans at AE=12 and 24 meV obtained by us. Here, using
Egs. (13) and (14) with e(w)=1, we obtain
1 4¢®
q? (49%)*+w?
This form of S(g,w) always yields a constant-energy peak
which is on the left-hand side of the data. Note that the
peak position is not very sensitive to & in the range
2.3 <6 <2.7; however, when §=2.0 at T =T,, the peak
position is at {=0 and yields constant-energy scans with
intensities which monotonically decrease with increasing
¢. Lynn'S has recently illustrated that use of a quadratic
q dependence in S(g,0) (§=2.0) yields a large discrepan-
cy with his constant-E data, especially for large energy
transfers at temperatures close to 7,. The reason for this
disagreement is twofold: First, the proper value of the ex-
ponent & must be used. This value has been shown to be
2.5. Second, the changeover of F(q,w) from a pure
Lorentzian must be made.

If a Gaussian form of F(q,w) is used, the peak shape of
S (g,0) would be very asymmetric with a peak position on
the right-hand side of the measured data and a peak inten-
sity which is too high in value. We have, therefore, tried
a modified form of F(q,w) where e(w) in Eq. (14) has the
form

S(q,w) < (15)

1, |lo|<T

. (16)
1+a[(|w| —T)/T], |o|>T

elw)=

One new parameter has been introduced: a along with a

fixed crossover point when |w|=I. For a>0, F(q,0)
goes to zero faster than a pure Lorentzian (a¢=0). By in-
creasing @ we can substantially shift the peak position in
constant-energy scans to higher g values, whereas the line
shapes in constant-g scans are only slightly modified in
the tail. Note how well this form of F(q,w) fits the mea-
sured data when 6=2.5 and a=0.1.

Let us now see how well we can reproduce the
constant-energy peaks of Ref. 3. In Fig. 10(a) we have
plotted a constant-energy peak for E=33 meV with a=0,
0.05, and 0.10, and I'=4¢°"? at T=T,. Its position,
width, and intensity agree much better with the measured
data when a=0.1 as compared to a pure Lorentzian
(a=0). The peak shape could be further improved by
limiting e(w) to a fixed value at some energy, i.e., at
E =5I", e=14. Note that only the tail end of the
constant-g scan in Fig. 10(b) is modified when a changes. -
Figure 11 shows intensity contours calculated with this
modified double-Lorentzian form of S(q,w) [Egs. (13),
(14), and (16)] with §=2.5 and a=0.1. Once again,
constant-energy peaks are seen in these contours, but a
Lorentzian-type behavior, centered at zero energy, is still
observed in constant-g slices. Note the difference between
this figure and Fig. 1(b). The peaks in Fig. 11 are sharper
and occur at larger g values for a given energy. The
dispersion curve is given in Fig. 9.

Additional constant-energy—data comparisons are
given in Figs. 12 and 13. Figure 12 compares this modi-
fied double-Lorentzian form of S(gq,w) with three
constant-E scans obtained by Lynn using unpolarized
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FIG. 11. Intensity counters calculated from the modified
Lorentzian using a=0.1 and §=2.5. Dashed line in this figure
corresponds to the solid line in Fig. 9.

neutrons. The data in Fig. 13 are our constant-E mea-
surements obtained using polarized neutrons and the
HF—VF difference technique. The values of a and & are
the same as those in Fig. 11, while the parameters A and
Kk, are given in Table II. Data obtained at temperatures of
1.02T, and 1.06 T, are shown with E=24 meV in Fig. 13.
We conclude that the agreement in both Figs. 12 and 13 is
quite satisfactory.

In Figs. 9—13 we have shown that the spin-wave con-
cept is not a unique one in explaining the constant-energy
results of Ref. 3. The -conversion, therefore, of
Aq/q—AE /E is not justified since the spin-wave nature
can never be uniquely determined via a constant-energy
scan. Only constant-g scans can truly signify propagating
excitations either above or below 7,. In our measure-
ments on Fe, no constant-q spin waves have been observed
in the g range covered above T,.

Recently, some questions have been raised?® concerning
the validity of the double-Lorentzian form of S(g,®) in
conjunction with dynamical scaling. It was pointed out
that both the peak positions and linewidths were different
when comparing constant-energy data with the pure
Lorentzian form of Eq. (13). These discrepancies are now
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FIG. 12. Comparison of the modified Lorentzian calculation
(solid lines) with three constant-energy measurements (dashed
lines) obtained by Lynn (Ref. 16). Parameters used in the calcu-
lations are a=0.1, §=2.5, and values in Table Il at T'=1.02T,.

removed using the simple changeover introduced in Egs.
(14) and (16). This is clearly evident in Figs. 10, 12, and
13.

It is important to look at the “constant-E” issue from
the proper perspective. We estimate S(Q,w), which is in
units of ,u,23 per meV, to be accurate to within 20% in the
range up to 50 meV and {=0.15. Of course, near AE=0
we know the cross section with a higher accuracy. At the
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FIG. 13. Similar comparison as in Fig. 12, with our con-
stant-energy data at AE=24 meV.

higher end of » in S(Q,w) (for example, at AE=40 meV
and &> 0.2), the cross section may be known to only 50%
accuracy. If one studies S(Q,w) in the same region only
by constant-energy scans with AE >8 meV, but not in-
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cluding AE=0, then one covers less than 20% of the total
cross section. As we have emphasized previously in Ni,'?
if one puts the cross sections into an absolute scale, then it
is obvious that constant- E peaks represent marginal cross
sections at the peak position of q.

Finally, we should point out that constant- E scans were
dictated to us by a steep slope of the magnon dispersion
curves in Fe and Ni. Once one is in the paramagnetic re-
gion (and if one has a polarized-beam instrument), then
only constant-Q scans are necessary.
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