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Polarized-neutron techniques have been used to study the spatial distribution and temperature

dependence of the field-induced magnetic moment in metallic chromium. It is demonstrated that the

coherent magnetic scattering of neutrons by the induced magnetic moment in chromium may be

described in terms of free-ion form factors. The angular distribution of the magnetic scattering is best

fitted by having a 60% 3d orbital-40% 3d spin contribution to the induced moment both above and

below the antiferromagnetic transition temperature of the sample. The orbital and spin contribution to

the static susceptibility were found to be (98 + 3) )& 10 emu/mol and (65 ~ 2) X 10 emu/mol,

respectively; the gyromagnetic ratio is 1.25 + 0.04. These results are in good agreement with

bulk-susceptibility measurements performed on the same sample, as well as with independent

measurements of the gyromagnetic ratio of chromium. The magnitude of the localized induced moment

has been found to be temperature independent in the (27—200)'C temperature region. This result

implies the absence of any well-defined local moment above the antiferromagnetic transition temperature

of the sample.

I. INTRODUCTION

Since the first demonstra, tion by Shull and %il-
kinson that metallic chromium is antiferromag-
netic, there have been a considerable number of
investigations towards an understanding of its
properties. Presently, it is generally accepted
that chromium is an itinerant electron antiferro-
magnet, whose electronic properties are associ-
ated with spin-density waves of the type first dis-
cussed by Overhauser. ' The itinerant model has
not been solved exactly, but the mean-field theory
seems to account for most of the observed phenom-
ena.

One of the predictions of the mean-field theory
is that there are no local magnetic moments above
the Neel temperature (-40 'C), and that magnetic
moments form on the atoms only when the metal
is in the antiferromagnetic state. Neutron para-
magnetic scattering experiments' clearly demon-
strated the absence of any local moments at 210 C.
On the other hand NMB measurements, ' in the
(40-100) 'C temperature region, have been inter-
preted in terms of well-defined local moments.
The spatial distribution of the magnetization is
also of particular interest, since Cr is an itiner-
ant-electron metal. In the ordered state, the
spatial distribution of the magnetization has been
determined by Moon, Koehler, and Trego' from
the intensities of the antiferromagnetic reflections
of Cr. They found that the magnetic form factor
is in good agreement with a 3d-spin atomic form
factor. In the present investigation polarized-
neutron techniques have been used to study the
spatial distribution and temperature dependence
of the magnetization induced in metallic chromium
by an externally applied magnetic field.

In the polarized-neutron technique, the induced
magnetic moment is sensed through the inter-
ference of its neutron magnetic scattering with

the nuclear scattering. The quantity determined
by the measurements is the coherent paramagnetic
scattering amplitude. Since the measurements
are performed at the Bragg reflections of the
crystal, the spatial distribution and temperature
dependence of the induced moment may be studied
below as well as above the antiferromagnetic tran-
sition temperature. The angular dependence of the
coherent paramagnetic scattering amplitude can,
in principle, establish (a) whether the spatial dis-
tribution of the induced moment is appreciably
different from that of a free ion, in view of the
fact that chromium is a typical itinerant-electron
metal, and (b) the electronic character of the field-
induced magnetization and its distribution between
orbital and electron spin polarization. Only the

nonuniform magnetization induced within a few
angstroms of a lattice site is sensed at the Bragg
reflections of the crystal. Therefore, the presence
of a mell-defined localized spin above the Neel
point will manifest itself in the temperature de-
pendence of the coherent paramagnetic scattering
amplitude.

Preliminary measurements of the present in-
vestigation have been reported in an earlier com-
munication. ' In the present paper we give a com-
plete account of these experiments.

II. COHERENT PARAMAGNETIC SCATTERING AMPLITUDE

In metallic chromium there is experimental
evidence' that the orbital moment is quenched by
the crystalline field and that the spin-orbit inter-
action does not introduce any significant admixture
of higher orbital moment states into the ground
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state. However, in the presence of an external
magnetic field, in addition to the induced spin
moment, an orbital moment will be induced' as a
result of the admixture by the magnetic field of
higher orbital moment states into the ground state.
The induced orbital moment is expected to be
significant, since the Fermi level of chromium
lies between two peaks, of predominately d-like
character, in the density of states. Thus the in-
duced moment paramagnetic scattering amplitude
will consist of a spin and an orbital scattering
term.

The induced-moment paramagnetic scattering
amplitude P(0) is proportional to the Fourier trans-
form3f, (q) of the induced magnetic moment in the
crystal

In Eq. (1}, p, „=1.91 is the magnetic moment of the
neutron in nuclear magnetons, r, is the classical
electron radius, q is the neutron scattering vector
of magnitude 4m sing/X, X is the wavelength, and
28 denotes the scattering angle. In writing Eq. (1),
the z axis was chosen to coincide with the direction
of the external magnetic field. In the absence of
significant spin-orbit coupling the induced magne-
tization consists of a spin and an orbital component.
Linear response theory shows' that the Fourier
transform of the induced magnetic moment can
be expressed in terms of the off diagonal com-
ponents of the static generalized susceptibility
function

M, (q) = [X",„,(q, q') +X',,',„(q, q'}]H, (q'), (2)

where the applied magnetic field is given by

H(r) = zH, (q') e'" ' ' .
Under the conditions of the present experiment
q'- 0 Bnd the induced moment paramagnetic scat-
tering amplitude can be written

P(e) =(p,„r,)(H/2pa}[X*„'„(q, o)+X',„„(q,0)], (4)

where H is the magnitude of the static magnetic
field applied to the crystal. Thus a measurement
of the induced moment paramagnetic scattering
amplitude provides directly the q dependence of
the component X"(q, 0) of the susceptibility func-
tion.

In the absence of exchange interactions the spin
part of the susceptibility function may be written

Xzz (»»i) 2 ~ zo z'a
Spin q. p q. = -p g ~

kG k 0

x(q, )e '"''
~4. ..) (0, , (e" '' )q„),

(5)

where k, k' denote the electronic wave vectors,
o is a spin index, g„, and g, , denote Bloch wave
functions with energy eigenvalues Ek and E,
respectively, and n, , n„are occupation num-
bers. In a crystal, q -q' must be a reciprocal-
lattice vector. Thus as q'- 0, q must tend to a
reciprocal-lattice vector. Therefore, the co-
herent paramagnetic scattering amplitude mea-
sured in the present experiment is given by Eq.
(4) where. q is a reciprocal-lattice vector. The
matrix element of e'~ ''

appearing in Eq. (5) tends
to unity, as q'- 0, for intraband transitions and
it vanishes for interband transitions; furthermore
this matrix element is zero if k'ck. Thus Eq. (5)
reduces to

x,,,';, (q q — )= p
I k ka

where the sum is only over states at the Fermi
level. The right-hand side of Eq. (6) is, as ex-
pected, a density-of-states weighted form factor
for states at the Fermi level. If we make the ap-
proximation that the right-hand side of Eq. (5)
can be factorized into a q and q' part, then it can
be shown' that the exchange enhancement simply
multiplies the above expression by a factor which
is periodic in reciprocal space. With this assump-
tion the q dependence of the spin part of the co-
herent paramagnetic scattering amplitude is given
by Eq. (6). If the states P„, may be expressed as
combinations of tight-binding d-orbitals and a few
orthogonalized plane waves then Eq. (6) shows
that the main contribution to the form factor is
from states of mainly d-like character, because
such states contribute predominantly to the density
of states at the Fermi level. In this case we may
neglect the orthogonalized-plane-wave (OPW) com-
ponents of the wave functions. If in addition, we
neglect overlapping of the d functions, the spin
part of the paramagnetic scattering amplitude may
be written

(7)

where a is the exchange enhancement factor, n~(Ez}
is the density of d states at the Fermi level, and
~yz) is a tight-binding d orbital. Equation (7) is
in a convenient form for band theoretical calcula-
tions of the form factor. However, if the assump-
tions leading to Eq. (7) are valid than a good ap-
proximation for the form factor can be obtained
using ionic wave functions. In fact the latter form
factor is not substantially different from the spin
form factor obtained by band theoretical calcula-
tions. '
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The calculation of X",,~ (q, 0) in terms of Bloch
wave functions is a difficult computational prob-
lem. However, it may be shown that apart from
terms that vanish in the limit of tight binding

x(0~. , ~l Q. (q) It&. , ~ ).
x(y„. , l (8)

in Eq. (8) the Bloch wave-vector index k and the
band indices X, A.

' have been introduced explicitly,
I., is the z component of the angular momentum
operator, Q, is the a component of the operator

Q =(1/2m)qx(pe'"'' +e'"' ' p),

m is the electronic mass, p denotes the momentum
of an electron, and q is the unit scattering vector
q/ l q l. Equation (8) is a generalization of the
Kubo-Obata' expression for the static orbital
susceptibility. The diamagnetic contribution to
the orbital part of the susceptibility function is
not included in Eq. (8) but can be taken into ac-
count in the analysis of the experimental data.
The form factor given by Eq. (8) cannot be further
simplified without reference to the particular band
structure of the metal. An examination of the
electronic energy band structure of paramagnetic
chromium shows that the d bands separate into
two distinct groups, which apart from hybridiza-
tion and band broadening effects, may be thought
of as a crystal-field splitting of ionic d states into
a t„ triplet and a higher lying e, doublet. To
obtain an approximate expression, we assume
that we have a completely filled set of f,~ levels
and an unfilled set of e, levels. In this case Eq.
(8) can be written

It is interesting to note that for q perpendicular
to the z axis, the direction of the external mag-
netic field, the orbital form factor is isotropic.
Thus, within the assumptions of this simple mod-
el, the anisotropy of the induced moment form
factor must arise only from the spin part of the
s cat te ring amplitude.

III. EXPERIMENTAL

In the present experiment a polarized mono-
chromatic neutron beam is incident on the crys-
tal oriented for Bragg reflection and subjected
to an external magnetic field normal to the scat-
tering plane. The quantity measured is the polar-
ization ratio R defined as the ratio of the coherent
diffracted intensities for the two-neutron spin
orientations, parallel and antiparallel to the
applied field, respectively. The coherent para-
magnetic scattering amplitude p(0) is simply re-
lated to the measured residual polarization ratio

defined as x =A -1. Under the conditions of
the present experiment the measured residual
polarization ratio may be written

+X'g +f', (12)

where

functions by l2m), these states may be written
lt2, &

= l2, -1&, Itl, & =(I/~2)(I2, 2&
—I2~-2&) le,'& = I2~0&~ and le', & =(I/v2)(l2, 2&+ l2, -2)).
The L, matrix element in Eq. (10)allows only transi-
tions between the lt,', ) and le~~& states. In addition,
the only nonzero matrix elements of the operator
Q, are (2, 2

l Q, l 2, 2) and (2, -2
l Q, l 2, -2) . Taking

into account that these matrix elements are equal
and of opposite sign one obtains

2

X".„(q,o)=, ——(2, 2l Q, l2, 2).

orb &

2@ g 2E

x(e,'IL, ll;, ), (10)

r, = 4p(e)/h,

2p„Zr, eH 1 df, (q)
b kc q dq

(14)

where 6 represents the mean separation of the
two subbands and n and P label the states in the
t,~ and e, representations, respectively. In gen-
eral the magnitude and the q dependence of X'„'~(q, 0)
depend on the direction of the applied magnetic
field relative to the crystallographic axes. How-
ever, in the present experiment, measurements
of the magnetic scattering amplitude of the (110)
reflection with the field applied along the [001],
[1TO], and [1T1]directions were found to agree,
to within experimental precision. Therefore
the calculation of the orbital form factor can
be performed by taking the magnetic field
along the [001] direction. Denoting the atomic d

4b'y cot0
so (15)

In Eq. (12), the second term" arises from the in-
teraction of the magnetic moment of the neutron
with the field-induced diamagnetic moment and the
third term is due to the neutron-spin-neutron-
orbit interaction" in the Coulomb field of the atom.
Equations (14) and (15), for the dia, magnetic and
spin-orbit terms, are strictly valid for a free ion.
They are not expected to be significantly different
in the solid and will be adopted in the present anal-
ysis. In writing these equations, it has been as-
sumed that the neutron spin dependent part of the
scattering amplitude is small in comparison with
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the coherent nuclear scattering amplitude b, a
condition fulfilled in our measurements. In Eq.
(14), Z is the atomic number and f,(q) is the atom-
ic charge form factor. In Eq. (15),

y = -,' p,„Z(e'/M c')[I —f,(q)j, (16)

where M is the neutron mass, and b' is the imag-
inary part of the nuclear scattering amplitude.
Both the diamagnetic and spin-orbit contributions
to the coherent scattering amplitude of Cr are
small in comparison with the paramagnetic con-
tribution. In the most severe case of the (110)
reflection, the diamagnetic and spin-orbit con-
tribution amount to approximately 6 and 4/o of
the measured residual polarization ratio respec-
tively. Thus, the experimental data, after cor-
rections for the diamagnetic and spin-orbit con-
tribution, provide a measurement of the paramagnetic
scattering amplitude P(8), which can be compared
with theoretical calculations.

In a magnetic field of 22 kOe, the residual polar-
ization ratios range from a few parts per 10000
to a few parts per 1000. In order to measure these
small residual polarization ratios in a reasonable
time, the diffracted beam intensity must be of the
order of a few thousand neutrons per second. For
the available neutron flux, intensities of this mag-
nitude may be obtained only by using single crys-
tals. The single crystals used in the present ex-
periment have been grown by the arc zone melting
technique" using high-purity chromium.

The polarization ratios that one measures using
single crystals must be corrected for secondary
extinction effects. To minimize the size of this
correction, the sample used consisted of three
2-mm-thick slices cemented together with Duco
cement. The mosaic spread of the three crystal
slices was gradually increased by successive
compressions, until integrated ref lectiviiy mea. —

surements indicated that the composite-slice sam-
ple was practically free of extinction.

The measurements were performed in the (27-
200) 'C temperature region with the sample mounted
in a high-vacuum furnace. The temperature of the
sample was measured by a thermocouple, and it
was controlled to within 0.5'C by a controller op-
erated through a second thermocouple incorporated
in the sample holder. The measurements, with a
22.2 kOe magnetic field on the sample, were per-
formed using a highly polarized neutron beam at
the 5-MW Ames Laboratory Research Reactor.
The neutron wavelength A. was 1.05 A with a &A.

contamination of approximately 0.6%. In measuring
small polarization ratios, the drifting of the dif-
fraction peak intensity can introduce a sizable cor-
rection. To avoid this problem the neutron spin
was flipped twenty times per second and the scat-

tered neutrons of the two spin states were counted
in two separate scalars. In order to assess the
presence of any hysteresis effects, the polarization
ratios of several reflections were measured on
cooling as well as warming of the crystal. The
measured polarization ratios were found to agree
to within experimental precision.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The angular dependence of the paramagnetic
scattering amplitude was measured below as well
as above the 40'C antiferromagnetic transition
temperature of the sample. The room-tempera-
ture form factor was obtained by measuring the
polariza, tion ra.tios of the (110), (200), (211), (220),
(321), (330), and (411) reflections. The angular
dependence of the paramagnetic scattering ampli-
tude, at 100'C, was obtained by measuring the
polarization ratios for the (110), (200), (211),
(220), and (310) reflections. The measured resid-
ual polarization ratios &, corrected for back-
ground, are tabulated in Table I. The induced mo-
ment scattering amplitude is obtained after cor-
rection of the measured polarization ratio for the
diamagnetic and spin-orbit contribution

r, = 4p(8)-/b = r

The diamagnetic and spin-orbit corrections have
been calculated using the formulae of Sec. II and
are listed together with &, in Table I. It is seen
(Table I) that the polarization ratios at 100'C
agree, to within experimental precision, with
those at room temperature. This implies that the
spatial distribution of the induced moment does
not change appreciably as the temperature is in-
creased above 40'C, the antiferromagnetic transi-
tion temperature of the sample.

The angular dependence of the paramagnetic
scattering amplitude is compared with the mag-
netic form factor of the ordered state in Fig. 1.
The magnetic form factor of the ordered state has
been determined by Moon, Koehler, and Trego'
from the intensities of the antiferromagnetic re-
flections of Cr. Our data have been normalized to
a forward scattering amplitude corresponding to a
static susceptibility of 160x10 ' emu/mol, as de-
termined for our sample" by the Faraday method.
The induced moment form factor decreases less
rapidly with increasing angle than the magnetic
form factor of the ordered state. This implies
that the induced moment density distribution is
less extended in space than the spin density in the
ordered state. This suggests that a large part of
the induced moment is of orbital origin.

A detailed comparison of the experimental data
with theoretical calculations is not presently pos-
sible, since band theoretical calculations of the
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TABLE I. Measured and corrected residual-polarization ratios for some reflections of Cr.
The magnetic field on the crystal is 22200 Oe. For chromium, b =0.3532x10 cm and for
A, =1.05 A, b'=3.72x10 ~6 cm.

Reflections
T =27'C

104~
& =100 'C

104' 104&g

T =27'C
10 r~

T =100'C
10'~,

(110)
(200)
(211)
(220)
(310)
(321)
(330)
(411)

11.31+0.46
7.40 + 0.60
5.91+0.48
4.40+ 0.43

2.42 + 0.64
1.42 + 0.74
0.83 + 0.78

10.93+0.23
7.55 + 0.26
5.90+ 0.33
4.34+ 0.36
3.26 + 0.43

-0.899
—0.527
—0.348
-0.240
-0.166
-0.097
-0.062
-0.062

0.472
0.461
0.432
0.398
0.361
0.256
0.237
0.237

11.73 + 0.47
7.46 *0.61
5.82 ~ 0.49
4.24 + 0.43

2.26 + 0.65
1.24 + 0.75
0.65 + 0,80

11.36+ 0.24
7.61 ~ 0.27
5.82 + 0.35
4.18+0.38
3.06 + 0.45

induced-spin and -orbital form factors of chromi-
um are not available. However, there is abundant
evidence in other transition metals that atomic
form factors provide in most cases an excellent
description of the magnetic scattering. In addition,
the magnetic-spin form factor of chromium in the
ordered state, calculated by band theory, "is es-
sentially identical with the free atom spin form
factor. Both the free-atom spin form factor and

the band theoretical ordered spin form factor are
in excellent agreement with the experimental re-
sults of Moon et al. ' In order to see whether the
induced-moment form factor could also be inter-
preted in terms of free-atom factors, the experi-
mental data were fitted with form factors obtained

by assuming ionic wave functions. The spin form
factor [Eq. (7)] is simply an ionic form factor, and

the orbital form factor can be calculated from Eq.
(11) by well-known techniques. " In these calcula-
tions the ionic radial integrals of Freeman and
Watson" have been used. The data are best fitted
by having a 60% 3d orbital-40%%up 3d spin contribu-
tion to the induced moment (Fig. 2). The zero-
angle residual-polarization ratio, obtained by ex-
trapolation, is 19.9+ 0.6 and corresponds to a
static susceptibility of (163+ 5)x10 ' emu/mol.
This value is to be compared with a total suscepti-
bility of 160x10 ' emu/mol measured by the Fara-
day method on the same sample. " The close
agreement between the 3d susceptibility obtained
from the neutron diffraction data and the total sus-
ceptibility implies that the 4s electron contribution
to the total susceptibility is small and comparable
in magnitude with the chromium diamagnetism,
The 3d spin and orbital susceptibilities obtained
from the analysis of the neutron diffraction data,
are (65+ 2) x10-' emu/mol and (98+ 3) x10 ' emu/
mol, respectively. The large orbital contribution
to the susceptibility implies that the gyromagnetic
ratio g for chromium must be appreciably smaller
than 2. In fact from our measurements g= 1.25
+ 0.04. This is in excellent agreement with the

value 1.21+ 0.07 obtained in a direct measurement"
of the gyromagnetic ratio of chromium by the
Einstein-de Haas method. Since the polarization
ratios of the (330) and (411) reflections (that occur
at the same value of sin 8/A. ) differ by less than a
standard deviation, no definite conclusion may be
drawn regarding the departure from spherical
symmetry of the induced moment distribution
around a lattice point. However, the observed
difference may be accounted for by assuming that
the anisotropy arises entirely from the spin part
of the susceptibility function and that the induced
spin distribution is predominately of t,~ character.
In fact under these assumptions the calculated
4P(g)/5 value for the (330) and (411) reflections are
1.41 and 0.85, respectively.

The temperature dependence of the paramagnetic
scattering amplitude, in the (27 —200)'C tempera-
ture region, has been obtained by measuring the
polarization ratio of the (110) Bragg reflection
The data are summarized in the insert of Fig. 2.
It is seen that the magnetic scattering amplitude
is essentially temperature independent. Thus, to
within experimental precision, we do not observe
the temperature dependence expected for an in-
trinsic localized spin on the chromium atoms.

(IIO) (200) (2ll) (220)(3IO) (32I) (330)
0,9- (4I I)—
0.8- ~;, - Induced Moment Form Factor

Ordered Moment Form Factor

0.2-
a -+

0 O. l 0.2 0.3 0.4 0.5 0.6 0.7 0.8

~ 07-D
0.6-I—

~ 05-
~ 0.4-
O~ 03-

O. l—

sin 8/X
FIG. 1. Comparison of the induced-moment form factor

of chromium with the magnetic form factor of the ordered
state (Ref. 5). The triangles and open circles represent
measurements at 27 and 100 C, respectively.
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22-
20,

!8
l6

I

o loo' dicate a surprisingly large exchange enhancement,
but no definite conclusions may be drawn before
more detailed band calculations of the spin sus-
ceptibility become available.

l2

lo

I I I I I ~~ J I

0 O. l 0.2 03 OA 0.5 0.6 0.7 0.8

sin 8/X

FIG. 2. Angular dependence of the induced moment
magnetic scattering amplitude compared with the 3d-spin
and 3d-orbital free-ion form factors.

This result is in disagreement with the interpreta-
tion, in terms of intrinsic localized moments, of
NMR measurements' performed in the (40-100)'C
temperature region. However, our conclusion re-
garding the absence of any intrinsic localized spin
on the chromium atoms is consistent with para-
magnetic diffuse scattering experiments, which
also failed to reveal the presence of any intrinsic
localized moments at 210'C. An explanation of
the NMR measurements, which does not contradict
the neutron diffraction results, is in terms of a
spin -Quctuation model. "

The orbital contribution of 98&&10 ' emu/mol ob-
tained from our data is in good agreement with
band calculations of the induced orbital paramag-
netism in chromium. ' This is of interest since
the over-all bandwidth enters rather directly in
the calculation. The spin contribution of 65 &10
emu/mol, on the other hand, is larger by a factor
of about three than various calculated values of the
unenhanced spin susceptibility. "This seems to in-

V. SUMMARY

We demonstrated that the coherent magnetic
scattering of neutrons by the induced moment in
chromium metal may be interpreted in terms of
free-ion form factors. A simple model, which as-
sumes that the spin part of X(q, 0) arises from
states of predominantly t„character at the Fermi
surface and the orbital part from transitions be-
tween a fully occupied t„and an empty e, energy
band, is consistent with the experimental observa-
tions. The angular dependence of the coherent
paramagnetic scattering amplitude is best fitted
by having a. 60/o 3d orbital-40%% 3d spin contribu-
tion to the induced moment both above and below
the antiferromagnetic transition temperature. The
orbital and spin susceptibilities were found to be
(98+ 3) x10 8 emu/mol and (65+ 2) x10 ' emu/mol,
respectively. The gyromagnetic ratio was found
to be 1.25+ 0.04. These results are consistent with
measurements of the total susceptibility and gyro-
magnetic ratio of chromium. The magnitude of the
localized induced moment has been found to be es-
sentially temperature independent, in the (27-
200) C temperature region. Thus, we do not ob-
serve the characteristic temperature dependence
expected from an intrinsic local moment on the
chromium atom.
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