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Abstract

The magnetic properties of the metallic chromium can be
interpreted in terms of itinerant electron model. The angular
distribution of the neutron diffuse scattering around its 1 0
satellite reflection has been measured by double-axis spectro-
meter with the temperature range of TN-ZOOCSTéTN+33°C. Im-
provement of the instruméntal resolution has made it possible
to observe the correlation range more accurately. correlation
range of the spin system above the Néel temperature, which was
analyzed from the experimental data on the basis of the Ornstein-
Zernike type correlation function and the static approximation,

0.7040.2

has been obtained as xlz(Qﬂ) m:(T—TN) and Klz(QL) <<

(T—TN)O'54*O'2. The temperature dependence is remarkably smaller
than those obtained in various substances and the theoretical
conclusions of Ising or Heisenberg model. |

Energy analysis of the scattered neutrons has also been
measured by means of TOF'method. The spin wavellike collective
excitations could be observed above the Néel temperature, and
the dispersion relation curve has been written clearly at 50¢°cC.
The temperature dependence of the inelastic scattering intensities

shows a critical feature with maximum value just above the Néel

temperature.
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§1. INTRODUCTION

Metallic chromium is an antiferromagnetic substance with
body centered cubic lattice, and the following experimental
facts have been known about its magnetic properties. 1) 1In the
neutron diffraction pattern, the satellite reflections corres-
ponding to the long wave length sinusoidal magnetic structure
are observed near the reciprocal lattice point. 2) The magnetic
scattering intensity of neutrons suddenly vanishes at 38.5°C
showing the first order transformation from sinusoidal phase to
paramagnetic phase. 3) No trace of the paramagnetic scattering
of neutrons is observed. 4) The Neel temperature and the period
of the sinusoidal modulation are very sensitive to‘the impuri-
ties and strain. These magnetic properties have been interpreted
by means of the spin density wave model which was formed through
the exchange interaction of the itinerant electrons themselves.

The purpose of this experiment is to investigate the spin
correlation of the spin density wave near the Neel tempefature
by using elastic and inelastic scattering of neutromns.

The spin behavior of chromium in paramagnetic phase was
studied first by Wilkinson and his coworkersl). They measured
the paramagnetic scéttering of neutrons using chromium isotope
without energy analysis and repbrted that they could not find
the magnetic moment in paramagﬁetic phase within an experimental
error. Mgller and his coworkersz), however, observed that the
critical scattering in chromium persists up to 200°C in their
double axis spectrometer method. The results ended to semi-
guantitative discussions because of the poor instrumental reéo-

lution and the imperfectness of the sample. Quite recently



Als-Nielsen and DietrichB) analized the energy of scattered neut-
rons near the Neel temperature and found the magnetic excitation
in spin density wave which was consistent qualitatively with the
theory predicted by Fedders and Marting).

We have measured also the magnetic critibal scattering of
neutrons by using double axis spectrometerS). Refined single
érystal and improvement of the instrumental resolution make it
possible to obtain more quantitative results. In the first half
of this paper, we will report the results of the critical scat-
tering measurements. 1In order to study the dynamical behavior
of the spin system, the time of flight method has been used in
the energy analysis of the scattered neutrons. The second half

of this paper will be devoted to the inelastic scattering measure-

ments.



§2. SAMPLE PREPARATION

In order to get the high scattering intensity, the 1afge
volume sample is required for the experiment of the inelastic
scattering of neutrons. While the magnetic properties of chro-
mium depend very sensitively on the impurities and the lattice
defects. The preparation of the chromium single crystal is one
~of the most troublesome works in this experiment.

| The strain anneal method has been tried first to grow a
chromium single crystal. Pure electrolytic chromium (99.999%
Johnson-Matthey) was melted in the arc furnace in argon atmos-
phere and was cut into several rods with the size of about
30x7x7 mm3. They were pressed uniaxially by the pressure of
10 20 Kg/mm2 and annealed for a day in the sliliconit furnace at
the temperature of 1500 1600°C. We have got the maximum grain
of the volume about 8 mm3 which was far small to get enough the
scattering intensities. Moreover, the previous experiment by
Mdller et al.z) shows that the chromium single crystal prepared
by strain anneal method is unsuitable for the critical scattering
measurement because of strong effects of remalining strain. |

As Arrott et a1.6) have pointed out, the 1deal strain free
sample can be made from the vapor of chromium ilodide. However,
these maximum volumes are also less than about 100 mm3. As the
results of verious trials, we heve found that the single crystals
with sultable size grow by annealing the pure electrolytic chro-
mium in the argon atmosphere at the temperature about 1400°¢C
1500°C for few hours..

Our sample has the purity of '99.99% up on account of the
limitation in the material volume, (By this method, the single



crystal does not grow from the ingot which has once melted in
arc furnace.) and the volume about 15x15x5 mm3. The ratio of

resistance (R /Bu 2) is about 140 after amnealing. It is

Room
difficult to prove whether this sample is strain-free or not.

But as to speaking about impurities and lattice‘defects, the
sample is considered to be good enough for the critical scatter-
ing measurement becase of high ratio of the_resiétanceﬂ; Later,
we will show experimentally that the sample shows the first order
transition at Néel temperature, which is the best-proof of the

perfectness of the crystal.



§3. CRITICAL SCATTERING

The angular distributioh of the critical magnetic scatter-
ing of neutrons by using double axis spectrometer gives us the
information on the spacial distribution of the épin pair cor-
relation function with same time near the Néel temperature.

3 - a) Measurements

Equipments used in our critical scattering measurement are
the double-axis spectrometer established in JRR-2%. Their out-
line is illustrated in Fig. 1.

For chromium, a satellite reflection near 100 reciprocal
lattice point can be found corresponding to the sinusoidal modu-
lation of the spin system, which gives us an advantageous con-
dition to measure the weak peak'such as critical scattering,
because the magnetic scattering is separated completely from the
nuclear one. But in the real single crystal, six satellite ref-
lections are observed near 100 reciprocal lattice point due to
the existence of the magnetic domains. Since these satellite
positions exist very closely, 1t is difficult to separate even
these elastic coherent scattering for some scanning direction.
In the case of the diffuse scatterihg, the separation becomes
poorer. In order to make better conditiomn, fine collimator
system (vertical 15', horizontal 30') has been used as shown in

Fig. 1 at the sacrifice of the total scattering intensities.

# JRR-2; Japan Research RBeactor No. 2 which is built at JAERI,

Tokai, Ibaraki, Japan, is cp-5 type with the power of 1OMW.



Another troublesome problem comes from the higher order
contamination of the neutrons. Though the nuclear reflection
does not appear at the 100 reciprocal lattice point in chromium
because of its b.c.c. crystal structure, since our monochromatic
neutron beam includes the higher order neutrons of about 3%
(Copper single crystal was used as a monochromator) the neutrons
with wave length of )2/2 make a weak coherent peak of the 200 |
Bragg reflection at the 100 reciprocal lattice point. In criti-
cal scattering measurement, this peak makes a very serious prob-
lem. The intensity of the higher order component becomes com=-
parable to the magnetic elastic scattering at the room temperature.
In order to remove it, the Erzo3 filter with the thickness of
7 mm has been used. As erbium nucleus has a sharp resonance
absorption at 460 meV, the incident neutron energy has been
chosen at 1l4mev (O.852Kl. The effects of the ET203 filter are
shown in Fig. 2. 'The efficiency is estimated about 99.8% with
ﬁhe sacrifice of magnetic scattering intensity of 30%. The most
part of the remaining peak at the 100 reciprocal lattice point
in Fig. 2 can be interpreted as the superposition of the 108
and 10-& satellite reflections on account of its temperature
dependence.

A satellite reflection corresponds to a spin density wave
with single wave vector Q. If.the spin density wave has aniso-
tropy between its propagation direction and perpendicular to it,
we shall be able to observe it by measuring the critical scat-
tering distribution along the two principal lines, parallel and
perpendicular direction to Q. The former corresponds to g-drive

and the latter to 6-26-drive. Both of the‘measurements in ©-



drive and in 6-26-drive around the 150 satellite point have been
made. In the e-28-drive, the incident neutrons with ane length
of 0.99BK have been used to obtain higher intensities. We need
not be‘worried about the higher order confamination, since the
scattering vector does not go through on the 100 reciprocal lat-
tice point in this scanning.
3 - b) Temperature Control |

Temperature control of the sample makes the important factor
for the measurements of the critical phenomena. As the Néel tem-
perature of chromium 1s near the room temperature, it is rather
difficult to hold the sample at the constant temperature during
the critical scattering measurement. The better condition has
been found by using liquid nitrogen cryostat with a heater. Two
copper-constantan thermocouples have been attached on the sample
and used them for control and meaéurement of the temperature
respectively. The temperature fluctuations of the sample have
been less than 0.2°C (0.06% of TN). Uniformity of the tempéra—
ture in the sample seems to be good enough because sample volume
is far smaller than that of heat reserver. The critical scatter-
ing measurements have been done at several points between the room
temperature and 72°C.
3 = ¢) Resolution Function

Since the instrumental resolution in the neutron scattering
is poorer than that in the case of X-ray, it becomes a serious
factor in discussing the line shape and the line width quanti-
tatively.

If we write the resolution function R(k), the scattering

intensity I(?) is obtained from the following equation

.7 -



[ (K) = j R(k-EDF(K>d3K ¢
~ o

where F(k) is the scattering cross section expected when the
ideal incident beam bursts the ideal sample, and k and i' mean
the arbitrary wave vectors in reciprocal lattice space. Thus
the observable intensities are obtainéd from the convolution of
the resolution function and the scattering cross section.

Experimental resolution depends on the mosaic spread of a
monochromator and the sample, counter spread and collimator sys-
tem. The method to calculate the resolution function hés not
been established. However, we can get directly the approximate
form of the resolution function from the heasurement of the Bragg
reflection as proved by Als-Nielsen and Dietrich7). According to
their way, two dimensional instrumental resolution function on
the (001) plane was determined experimentally by scanning in two
principal directions through the 180 satellite point below the
Néel temperature. As for the resolution function in the per-
pendicular direction to the aboye two, we have had to use the
expected value from the collimator system because of the limi-

tation in the experimental apparatus. Thus determined function

is described approximately by the Gaussian function
- X ] )
R (Kaky Kp) = e/xp(—_’%) e/x[a( )ejx‘D( rx ) 2

where [%= -.0458987%, [j= 0.00570287%, [}= 0.0114&7%, x-axis
is chosen to the [ 10071 direction and y-axis to the([ 110} direc-

tion.



3 - d) Experimental Data

Firstly the temperature dependence of the integrated inten-
sities in 150 satellite peak has been measured and it shows first
order phase transition between 38.0°C and 38.5°C as shown in Fig.
3. This indicates the perfebtness of our sample because, as
Arrott has shown, first order.phase transition at the temperature.
of 38.3°C can be found only in the strain free chromium with very
high purity. |

The scattering intensities of neutrons measured at several
temperatures above the Néei point are given in Fig. 4 and Fig. 5.
Fig. 4 is the obtained intensities along Q-vector by e-driving.
In order to get higher accuracy by increasing the statistics,
the experimental values in the both.sides of the 100 reciprocal
lattice point, through 100 point and‘l-éo point, have been summed
up. This treatment is reasonable, because the same magnetic do~-
main contributes tolthese reflections. The scattered intensities
obtained by e-ze-driving (the perpendicular direction to the Q-
vector) are given in Fig. 5. The intensive counts are dué to
using the longer wavelength incident neutrons of 0.998§. The
observed peaks scanned along the Q-vector for some points‘below
the Neel temperatufe are indicated in Fig. 6. This figure also
shows the abrupt change of the intensities between 38°C and 39°C
corresponding to the first kiné phase transformatlon.

These observed patterns have the following characteristics
of the critical scattering. 1) Even just above the Néel tem-
perature, the peak intensity is very weak. (less than 10% of
the magnetic coherent peak at O.97TN) 2) The scéttered inten-

sities obtained ét of f-Bragg point have a maximum value jus?t



above the Néel temperature. 3) The scattered intensities de-
crease rather rapidly below thé Néel temperature. 4) The line
shapes become diffuse as the temperature increase.

From these results, we can make the conclusion that the
diffuse peaks obtained near the Néel temperature. are thé critical
magnetic scattering, and that the critical scattering intensities
distribute around the satellite position. High intensities at
100 reciprocal lattice point caﬁ be interpreted as the super-
position of the tails of the diffuse peaks at each satellite
position.

All the experimental data are subtracted by the back ground
counts determined from the measurement at the point apart from
100 lattice point by 15° where the critical scattering was al-
ready vanishing.

3 - e) Data Analysis

Since our magnetic syétem is very complicated, the easy
treating method has been used in analyzing the data. The observed
data below the Néel temperature, in which we have few theoretical
predictions, have been taken out from our discussions because
the phenomena become more compleX.

In order to make the correction about the instrumental re-
solution, the scattering cross section which calculated theore-
tically under the appropriate éssumptions'is usually used, because
the direct evaluation method of the true scattering cross section
from the measured intensities has not been established yet. The
scattering cross section of neutrdns for the itinerant electron
model has been given by Izuyama, Kim and'KubOB). The differential

cross section can be described by the imaginary part of the wave



vector-frequency dependent magnetic susceptibility X (quw) as
a result of the fluctuation dissipation theorem. Above the trans-
ition temperature, Jx(qw) may be written by the followiling ex-

pression under the random phase approximation.
Kliw) = f)(z‘“')/[i~17/“'(gw>j (33

where (qw) is the suéceptibility of noninteracting electrons
and V is the matrix element of the electron interaction poten-
tial. The factor 1/(1 - V("(O 0 )] denotes the Stoner enhance-
ment factor due to the electron exchange interaction. According
to the calculation under the reasonable assumptions of Vo gyfhiw
and q/kF«Il, where Vo and kF mean the electron velocity and wave
vector with the Fermi energy respectively, and fiw is the energy
change of neutrons in the scattering process, the cross section

for the angular distribution of the critical scattering in the

vicinity of a reciprocal lattice point 1s given by the equation

Fidy =19 —(ﬂe [f(&)]* ¢ ; &)
AR no+ 7
Yy = 1.91; neutron magnetic moment
e; electron charge m; electron mass
f(i); magnetic form factor . and

My inverse correlation range.

This expression has the same férm as derived by Van Hove

9) using

ornstein-Zernike type correlation function.

A _ ¢$CS+/) o (5)
<S> SR> = m)/z 6%%7(’ /1?;L<2§

where $(0) end S(R) equal to the magnitude of the spins at origin

and position R, ny denotes the parameter describing the spin

- 11 -



correlation range and C is a parameter closely related to the
correlation strength Yy These are slowly varing with the tem-
perature. The temperature dependence of 1y is calculated theo-
retically from the stand point of the statistical mechanics. The
high temperature expansion gives the relation ulzac (T—Tc)l'33
for the body centered cubic lattice in Helsenberg model. When
the neutron energy change in scattering process is far smaller
than the incident neutron energy, this expression becomes good
approximation to the critical scattering. 1In other words, the
system under the critical slowing down should not have rapid time
variation during the neutron go through the sample. This as-
sumption 1s known as "static approximation®.

Six kinds of the magnetic domains corresponding to the
various @ and spin directions can exist in the substance with
the transverse sinusoidal magnetic structure and with the cubic
crystallographic structure. All these six satellite points
appearing near 100 reciprocal lattice point have been considered
in this calculation, because each peak becomes diffuse and their
tails affect each other on their peak intensities at the critical
temperature.

Assuming F(a) as a.lorentzian according to the equation (4),
the expectable intensity can be calculated as a convolution of
the resolution function (2) by using equation (1).

In the calculation, several assumptions have been made.- 1)
Static approximation ~-~ Tne cross sectlon with the form of equa-
tion (4) is derived from the static approximation for the ferro-
magnetic substance, but here, it is also assumed to be valid for
antiferromagnetic substance 1f the G-vector is measured from the

magnetic super lattice point. 2) The equivalent distribution



of the magnetic domains -- In analyzing the data, we have made an
assumption that six magnetic domains distribute with the equal
probability. 3) The temperaturé dependence of the satellite
position ~-- The temperature dependence of the period in the spin
density wave has been measured below the Néel temperature by
Shirane and Takeilo). The extrapolated values of their results
have been used as the satellite position above the Néel tempera-
ture. 4) Magnetic form factor -- The obtained intensities by
scanning along the scattering vector (6-26-drive) make the anti-
symmetric patterns due to the magnetic form factor. The correc-
tion for the magnetic form factor has been made by using the daﬁa
of Moon et al.ll)

The expectable intensities have been calculated under these

assumptions. For example, the equation which should be calculated

for the e-drive is the following.

G-kt rat
2 EY ('F;z)

1( 40 =0) = Fof ’(%‘21)
oY= flie B e T

. s 1
X C -+ EY N 2 2
73,5+ 0&*(7,'/@)%* /{;) Ryorlhcr <2Q_7/*K/) K J

2 2
+ Y . EY + * 2 2
A r L0) 5 (Q+ 810 K] R+ (6@ 5 (v G~k )7 H57]

1 1 f
+ . T Y o, T N 2 — a
K/l'r' F/(x*(Q')‘?y"K/)T(Q*/{})j )\jl “?’[[(x *(Q*?)/‘/()’) +(bg~f§) J

- 13 -



Where Q means the wave vector of spin density wave measured from
100 point and its value is known as a function of the temperature
in advance as we mentioned above. nq and C are the parameters
with the temperature dependence. Calculations were carried out
by using the computer NEAC 2200 and the trial and error fit bet-
ween the experimental and calculated values was made by adjusting
two parameters g and C. The best fit curves along Q-parallel
and Q-perpendicular directions are drawn ih Fig. 4 and Fig. 5
by solid lines respectively. The parameters nq and C determined
by this methed are listed in Table 1.

If we write the temperature dependence of nlz as n12¢=<,(T-TN)Y
according to the scaling law, Y can be determined from the slope

of the nlz versus (T-TN) diagram in log-log scale as shown in

Fig. 7. The results can be represented approximately

x2(a,) w (7-m)0"70%0-2

ny2(Q0) oc (1-1y) 00 5HE0-2
Thegse Y-values are distinctly small compared with the various
theoretical models and the experimental valus hitherto obtalned.

Izuyama theory predicts that the parameter C 1s propor-
tional to T. C(TN) versus C(T} values are also listed in Teble
1. The agreement is fairly well.

The differential cross section including a qLL term was also
calculated, but the agreement with the experiemntal data became
rather poor.

3 - f) Discussions

The distinguishable points of this experiment are the

-1 -



improvement of the instrumental resolufion and making use of the
refined sample, and they made 1t possible to make more quantita-
tive discussions on the critical scattering of chromium. Al-
though the magnetic properties of chromium can be well explained
in terms of the itinerant electron model and 1ts magnetic order
is formed by the first order phase transformation, the critical
fluctuations around the magnetic super lattice point can be found.
The intensity of the cr?tical scattering has also Lorentzian
distribution in the reciprocal lattice space. The spin correla-
tion range xl"l,’which should be understood by the exchange en-
haricement factor in the case of the itinerant magnetic systems,
is estimated about 5OK just above the Néel temperature and this
is almost same value with that of ironlz)lj)lu).

In contrast to the Mgllers experiment, an anisotropic pro-
perty of nqy with respect to the propagation direction of the
sinusoidal modulation has been found in our experiment. The
ratio of the correlation range € (where £= nl(Qﬂ)/nl(Q¢)) is
approximately 4/3. Such an anisotropy was already found in
terbium by Arrott et al.>)

While v-values are the smallest of all kinds of magnetic
substances which have ever been measured. It 1s dangerous to
Jump at a conclusion that the small temperature dependence of nq
should be reflex of the itinefancy in chromium magnetic electrons,
because in nickel which is considered to be a typical example of
an itinerant ferromagnetic substance, the consistent experimental
value with the Helsenberg model has been obtainedl6). We can

consider several possibilitlies that the conventional critical

scattering analysis using Ornstein-Zernike type correlation

- 15 -



function may be unsuiltable for chromium. First, 1t is a gquestion
whether the Izuyama theory which based on the simplified model
with single band can be applied directly to chromium with a compli=-

cated band structurel7)l8>.

Moreover, we have used the value of
38.5°C as a Néel temperature in our data analysis. This value
does not coincide with the paramagnetic Néel temperature because
of the first kind phase transition. Then, the revaluation of TN
and Y values have been tried from observed inverse correlation
ranges by using the least mean square method, since 1t might be
considered that we have measured the skirt of the critical scat-
tering occurring near the paramagnetic Neel temperature. Results

have been given as follows.

Ty (Q,) = 36.8°¢C Y

i
&
o
N

h

3%.3°C y' = 0. 5%

T (Qv)

Revaluated Y-values are still small compared with the values whiéh
have ever been measured. The last problem comes from the double
axis spectrometer method for critical scattering measurement.

All the neutrons which were scattered into 2e-direction both with
and without energy change are counted irrespectively in this method.
If the spin correlation has a short life time above the'Néel tem-
perature compared with the time that neubtrons pass through the
system, the critical scattering will contain the neutrons with
high inelasticity and the static approximation which we have used
will bresak dowh. In order to remove this problem, we shall have
to analyze the energles of scattered neutroﬁs. Thus, the inelas-
tic scattering measurement in chromium might give us some solu-

tions, at least for the last problem.

- 16 -



§4. TINELASTIC SCATTERING

From the measurements of the inelastic scattering of neutrons,
some 1informations about the space and time correlation of the spin
system can be known. Usuzlly, spin motion above the transition
temperature is treated by the simplified spin diffusion model,.
which stands on the assumption that the fluctuation occurred at
the origin at the time t=0, prevails to the point r and time t by
following the same kind of probability function as an atomic dif-
fusion.

According to this model, the scattering cross section is
expressed by the Lorentzian function in energy space with the

nalf-value width [ .

40 N N R : P (75
r&&w -—A(KK)G(Z/E(&({S < )TL r(l()'f,i‘rfl) w+ O
R TG AE-1C I SR
AKRRY =(555) 77 3R, = [ T(E)]

A
where K denotes the unit vector of the scattering vector direc-
tion, o« and B mean the cartesian coordinate axes x, y and z. TC

is & transition temperature. [7 1is described as
r =A2*

by using the simple diffusion model with a phenomenologicaol spin
diffusion constant A . Thus, in the measurement of the inclastic
scattering of neutrons at the critical temperature, we can expect

the broadened distribution of the scattered neutron energies

- 17 -



corresponding to the diffusion mode of the spin system.
L - a) Measurements |

Fbr the purpose of the inelastic scattering measurement, the
triple rotors spectrometer instélled on JRR-2 has been used. The
instruments are illustrated briefly in Fig. 8. Three rotors ro-
tate with a constant speed and with a proper phase difference.
The first and the third rotors produce pulsed monochromatic neu-
trons and the second is to remove the lower order contaminations.
The heutron energies after scattered by the sample inelastically
are analyzed by TOF method. The incident neutron energy of 8.2
meV (3.163) has been used in our measurement. Energy resolution
depends on some factors such as incident neutron energy, rotor
speed, width of slit, flight pdath and so on. Our rotors have a
revolution rate of 10000 R.P.M. and the energy resolution of 8%.

At first, to investigate the spin diffusion mode around the
180 point, the crygtal was set so that the scattered neutron wave
vector passed through the 130 point in the (001) plane. Where
the 150 point above the Néel temperature was determined by ex-
trapolating the temperature dependenée curve of the safellite
point below the Néel temperature. In.this setting, the momentum
transfered from or to neutrons nearly orients [ 110] direction.
The observed intensities with several different temperatures are
shown in Fig. 9. In this figure, the left and rignt sides of the
central peak correspond to the energy gain and loss of neutrons
by scattering process respectively. 1In spite of having taken
sbout 8 hours to obtain one curve, the intensities were very weak
at high temperature. Then, the data were made the two point

smoothing to get high statistics. The unlform back ground and

- 18 -



incoherent elastic component were already subtracted. (Back
ground counts were determined from the arithmetic average of the
count numbers in a hundred channels.) An error of the time of
flight due to the fluctuation of the control in rotor system is
within 20 r sec.

The observed spectra were consisted of two groups of the
scattered neutrons. The central intense peak with large tempera-
ture dependence can be ascribed to the critical quasi-elastic
scattering.. Instead of the drastic line broadening, small but
distinct reflection appeared at the left side of the central peak
at each temperature. Since the side peak does not depend on the
temperature so strongly as the central peék, it is considered not
to be the subordinate image of the central peak due to the instru-
mental origins. We can conclude that these subpeaks ére due to
some inelastic scattering with the energy change of 0.7~0.8 meV.

In order to clarify the origin of these inelastic subpeaks,
the setting of the sample was changed so that the incident and
scattered neutron wave vectors lay .nearly perpendicular to the
001 axis, and that the scattered neutron wave vectors pass through
the 10 satellite point at agll time. ‘(See Fig. 11) The effects
of other satellites can be reduced by this setting, and are neg-
ligible for the determination of w-q relation. About 8 hours have
been devoted to each measurement. The temperature control of the
sample was just the same as the case of critical scattering measure-
ment.

4 - b) Experimental data

An example‘of the time of flight spectrum is shown in Fig.

10. 1In this figure, the intensive peak on the right hand side is

- 19 -



elastic incoherent one. We can observe the inelastic peak sepa-
ratedly on the left hand side of the elastic incoherent'peak.
From the energy and momentum conservation law, the energy and the
momentum changes of the neutrons can be determined.

Several time of flight spectra measured at 50°C (1.037 Tp)
with different inelastic peaks are given in Fig. 1l. Undoubtedly
these spectra show the existencé of the collective excitation mode
having some dispersion relation., We have drawn the dispersion
relation curve of this collective excitation in chromium above the
Néel temperature clearly as shown in Fig. 12. In these measurements,
the directions of the scattered neutrons are not exactly the same, -
but lie very close to each other, so that these patterns can be
analyzed as obtained in the same direction of g-vector. Where q-
vector means the wave vector of the collective excitation mode and
is measured from the 100 point. Large error bars are ascribed to
the focussing effect in obtaining intensive inelastic peaks. The
temperature dependence of the inelastic peak intensities has been
also measured at several .points between 71°C (1.037 TN) and 23.2(C
(0.951 TN). During this measurement, the crystal setting was not
changed and the enérgy gain of the scattered neutrons was 4.3 meV
at 50°C. The examples of observed spéctra and the integrated in-
tensity is found Just abovg the Néel temperature and rapid decrease
of the integrated intensities is observed as the temperature de-
creases. The same phenomena are also found for the intensities
of the side peaks of Fig. 9. The temperature variation of the
dispersion curve has not been observed between 50°C and 23.2°C
within the experimental error.

L - c) Discussions
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The inelastic scattering measurements have thrown us a new
problem. The unexpected collective excitation mode with the dis~
persion relation has been observed near the Neel temperature. But
this does not mean that the spin diffusion type damping was not
found in this spin system. Fig. 9'shows réther the coexistence
of the diffusive mode and the collective excitation mode. We have
tried to analyze the main peaks in Fig. 9 under the simple dif-
fusion approximation like eq. (7) with-the parameter =~ . Where
the energy and space resolution of the instrument was corrected
and the determined values by double-axis spectrometer method were
used as the inverse correlation ranges. But the line shape did
not depend so strong on A and it was rather more sensitive for
My Maybe, the reason is considered to be dﬁe to the poor energy
resﬁlution of our instruments. Moreover, since the observed spec-
tra have unresolved subpeaks, we had to give up the quantitative
discussions about the diffusion coefficients. Because in the time
of flight method, not the point but some finite region on the line
of the scattered neutron wave vector in the reciprocal lattice
space contributes to the scattering simultaneously, it is very
difficult to measure the line broadening corresponding to the spin
diffusion mode. More accurate experiments using triple-axis spec=-
trometer are desired to investigate the diffusive mode in chromium.

The dispersion relation curve has the slope of 46+15 meVK and
nearly coincides with the longitudinal phonon dispersion curve to
the [ 110} direction. However, this collective excitation mode
can be considered to be a magnetic origin from the following rea-
sons. 1) The magnetic super lattice point 108 is an original

point of this dispersion curve. 2) The temperature dependence
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of the integrated intensities shows the maximum value just above
the Neel temperature. Though the magneto-vibrational mOée with
the same dispersion relation as that of phonon can be anticipated
below the Neel temperature, it must vanish at the Neel temperature
and above. In nickel, Komura, Lowde and Windsor have found the
spin wave like peaks with the maximum intensity near the Curie
temperaturelg). These cannot bé explained by simple paramagnons
in the critical region. Our results bear some resemblance to them
on the temperature dependence of'the integrated intensities.

Quite recently, magnetic excitation in the spin density wave
has been observed near the Neel temperature by Als-Nielsen and
DietrichB). The slope of their dispersion relation curve is so
steep that the peaks around thed 10 satellite point-are unresolved
from the limitation of the spectrometer resolution. And their
results are qualitatively consistent with the prediction by Fed-
ders and Martin. Our obtaining spectra show the diffefent dis- .
persion relation which 1s rather similar to that expected in a
usual antiferromagnetic substance with linear dependence in small
q-regién. And the peak corresponding to steep dispersion relation
can hardly be found in our experimental condition shown in Fig. 11.
Though we have no definite answer to explain these discrepancies
between Nielsen's data,and_ours, two probable solutlons can be
considered. One of them is ascribed to the anisotropy of dis-
persion relation, since they have measured along 100 direction
and the present along nearly 110. Another solution is that the
entirely different excitations have been measured by each other
and our excitation mode may be due to a new collective excitation
occurring when the spin density wave become unstable. The inelas-

tic scattering measurements in chromium are not completed in this
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stage, but propose the new problems about the spin dynamics in
the spin density wave. Further measurements at extended tempera-

ture range and with the different crystal setting are much desired.
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Conclusion§

The angular distribution of the critical magnetic scattering
of neutrons has been observed in terms of the double-axis spectro-
meter in metallic chromium near the Neel temperature. The cor-
relation range is estimated about SOK jhst above the Néel tem-

perature and the temperature dependences of inverse correlation
0.70£0.2 ‘

ranges are obtained as Klz(Qﬂ) « (T-TN) and Klz(QL) «
(T_TN)O.EEO.Z. : |

In the measurements of the inelastic scattering of neutrons,
spin wave like collective excitation has been found above the
Néel temperature. The dispersion relation curve with a slope
of 4615 meVA has ‘been obtained at 50°C (1.037Tyg). The inelastic
scattering peaks have a critical feature in their intensities.
In any case, the strong dynamic fluctuations are persistent at
the paramagnetic phase in metallic chromium. It is quite pro-
bable that the critical scattering measured by the double axis-
spectrometer includes some inelastic coherent scattering as
revealed by Fig. 9. Small temperature dependence of Klz might
be due to the contamination of this inelastic coherent scattering.
We may conclude that the data analysis in terms of the static
approximation in critical scattering is unsuitable for chromium

because of the strong inelasticity of the scattered neutrons

near the Néel temperature.
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FIGURE CAPTIONS

Figure 1. Double-axis spectrometer installed in JRR-2.
Er203 filter is placed between the third collimeter

and the BF,-counter.

3

Figure 2. Efficiency of Er-filter. The solid line and the
dashed line show the observed intensities without
and with the filter respectively. The measurement:
has been done by 6-drive at ~53°C. Small peak at
the center of dashed line is ascribed to the tails
of 106 and 10-6 satellite peaks.

Figure 3. Temperature dependence of 160 satellite reflection.
The abrupt intensity change can be found between
38°C and 38.5°C.

Figure 4. The temperature dependence of the scattered inten-
sities scanning in the direction of Q,. The solid
lines show the best fit curves calculated from the
convolution of the Lorentzlan function and the réso—
lution function.

Figure 5. The temperature dependence of the scattered inten-

| sities scanning in the difection‘of Q4+. The solid
lines show the best fit calculated curves.

Figure 6. The scattered intensities below the Néel temperature.
For the sake of the comparison, the experimental data
just above the Néel temperature are plotted.

Figure 7. The temperature variation of the inverse correla-
tion ranges in log-log scale.. The‘dashed line shows

the relation «12 « (T-TN)1'33.



Figure 8.

Figure 9,

Figure 10.

Figufe 11.

Figure 12.

Figure 13.

Qutline of the triple rotors spectrometer settled in
JRR-2.

The temperature variation of the time of flight
spectra. FEach spectrum consists of two groups of
scattered neutrons, intense peak centered at the
elastic position and subpeak with small temperature
dependence.

The typical example of the time of flight spectrum
obtained above the Néel temperature in chromium.

The left hand side of the elastic incoherent peak
corresponds to the neutron energy gain from the
system. The magnetic excitation peak is found at
the left side of the elastic incoherent peak.

a) Explanation of the crystal setting. The scat-
tered neutron wave vectors always pass through the
108 point. b) Some examples of observed spectra

at 50°C with various energy changes. Right hand
side peaks are elastic incohefent one and the arrows
show the collective excitations.

Dispersion relation observed in chromium at 50°C
(1.037TN). g-vector 1is measured from the 10§ point.
a) The temperature dependence of the integrated
intensities of the collective excitation peaks. ' The
crystal setting was not changed during these meas-

urements. b) Some examples of the observed spectra.
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