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The experimental technique of spin polarised neutron scattering as used
in magnetic form factor measurements is presented. An introduction to the
interpretation and the calculation of magnetic form factors and magneti-
zation densities is given. The experimental technique of neutron scattering
theory as applied to elastic spin polarised scatiering experiments is briefly
introduced. The calculation of the magnetic form factor and the magnetiza-
tion densities are considered for simple model systems such as a collection of
localised magnetic moments or an itincrant electron system. The discussion
is illustrated by an experimental investigation of the magnetic form factor in
the heavy fermion superconductors UBe;s and UPts. Magnetization density
maps and magnetic form factors are presented, and their implications for
other physical quantities are briefly discussed. '

PACS numbers: 75.25.4+2z, 71.28.+d

1. Introduction

Neutron scattering and in particular spin polarised neutron scattering is
a powerful tool for the characterization and investigation of physical properties
on an atomic scale. The charge neutrality and magnetic dipole moment of the
neutron make it an ideal probe for the investigation of magnetic degrees of freedom.
In addition to using neutron scatiering for investigating phenomena connected
with magnetism (by e.g. establishing the nature of magnetically ordered states),
experiments may be devised for the characterization of details of electronic wave
functions. Such an experiment is realised when spin polarised neutrons are used for
the determination of the magnetic form factor and of the magnetization density.
Contrary to spectroscopic techniques which infer details of the wave function by
an investigation of the experimentally determined level scheme (e.g. the crystal
field levels of localised f moments) magnetic form factor measurements referred
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to here are elastic measurements and thereflore these measurements do not involve
an energy transfer between neutron and target. Consequently this method does
not yield direct information on the energy eigenvalues of the Hamiltonian, that is
the energy levels or band structure of the system under investigation. Instead a
magnetic form factor investigation can be classified as an investigation of the real
space properties of some electronic wave functions. This point will be discussed
more fully below, and a clarification will be given as to what exactly is meant by
“some electronic wave functions”. The investigation of the magnetic form factor by
spin polarised neutron scattering is therefore complementary to experiments such
as de Haas—van Alphen measurements, which investigate the details in momentum
space of energy levels and the Fermi surface.

In order to be able to fully appreciate the potential of spin polarised neu-
tron scattering for the investigation of magnetization densities and magnetic form
factors a brief introduction is given to the experimental technique. First, the basic
principles are reviewed of elastic nuclear and magnetic scattering, and a derivation
is given for the description of a magnetic form factor measurement. Two simple
models, a localised moment system and an itinerant electron model, are consid-
ered, and for each of these model systems a magnetic form factor experiment is
analysed. In the second section the theory is illustrated using the results of an ex-
perimental investigation. A magnetic form factor measurement is considered which
was carried out on the heavy fermion compounds UBe;3 and UPt3. The exper-
imental magnetization densities and form factors are presented and discussed in
relation to the simple model systems mentioned above. Some consequences of the
experimental findings are briefly discussed.

2. Magnetic form factor measurements

Magnetic form factor measurements are usually carried out on single crystals
employing spin polarised neutrons. The discussion here will be limited to the case
of a paramagnetic material with a crystallographic structure which has a centre
of inversion symmetry.

An experimental determination of the magnetic form factor comprises of
two different measurements. By using unpolarised neutrons, a first experiment
establishes the details of the nuclear structure of the crystal under investigation.
In a second experiment and by using spin polarised neutrons a quantity known as
the flipping ratio is determined for a number of Bragg reflections.

In order to establish the details of the nuclear structure it is important
to carry out both experiments on the same single crystal and preferably also at
the same temperature. The nuclear structure is determined by measuring the inte-
grated intensity of Bragg reflections. A subsequent refinement of a crystallographic
model and its comparison with the measured Bragg intensities is used to establish
important parameters such as lattice site occupations and temperature factors. In
this way the nuclear structure factor is determined precisely.

In a second experiment the Bragg reflection is measured using spin polarised
neutrons and with the crystal in an external magnetic field. Due to the presence of a
magnetic field a ferromagnetic moment is induced in the paramagnet. As a result of



Magnetic Form Faclor Measurements . .. 45

the induced ferromagnetic order magnetic Bragg scattering occurs. The magnetic
scattering arises in addition to nuclear scattering. As both the magnetic and the
nuclear unit cell have the same dimensions, magnetic and nuclear Bragg reflections
are superimposed. It turns out that this superposition is more than a mere addition
of nuclear and magnetic intensities. By using spin polarised neutrons it is possible
to make use of an interference term in the scattering cross-section between nuclear
and magnetic scattering. This combination of magnetic and nuclear scattering in
the neutron scattering cross-section can be used to precisely determine a quantity
known as the flipping ratio. The flipping ratio is a function of the magnetic and
nuclear structure factors. If the nuclear structure factor is known, a measurement
of the flipping ratio allows a very precise determination of the magnetic structure
factor. The physical significance of the entities mentioned here will be discussed
more fully below. A more detailed analysis of the theory of neutron scattering can
be found in standard text books [1-4].

2.1. Nuclear scallering

For structure determination and for the measurement of the magnetic form
factors it suffices to restrict the description of nuclear scattering of neutrons to
elastic scattering only. In particular, it is only the integrated Bragg scattered in-
tensity which is of relevance here. By definition the Bragg scattering is elastic
scattering with no energy transfer between the crystal and the neutron. The dif-
ferential neutron scattering cross-section can be written in the form

2
b_eik-R.'
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= Z b,'bjeik'(R‘_Rj), (1)
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where b; is the scattering length of the atom ¢ which is located at position R;.
k is the neutron scattering vector and df? is the infinitesimal solid angle into which
the neutrons are scattered. The summation is carried out over all atoms in the
crystal.
Making use of the translational symmetry of the crystallographic structure,
the summation in (1) may be separated into two partial sums

Ebieik'R.‘ - Zeik'Ru Zeik'(Rj_RV) . (2)
i v i(v)

Here the index v sums over all unit cells of the crystal and the summation
j is carried out over all atoms within the unit cell ». The position of the atoms
in each unit cell is given by R; — R, and it is measured relative to the origin of
the v-th unit cell as determined by R,. A nuclear structure factor of the unit cell
Fn (k) may be defined as

Fn(k) =Y bk B, (3)

where the atomic position R; is measured with respect to the origin of the unit
cell. In general, Fiy(k) will be a complex number. However, for a crystallographic
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structure with a centre of inversion symmetry the nuclear structure factor may
be chosen to be real. (By taking the point of inversion symmetry as the origin of
the unit cell, every atom at position R; has its symmetry related atom located
at —R; and with the atom having the same scattering length. As a consequence,
every contribution b;exp(ik - I;) in (3) is combined with its complex conjugate
b; exp(—ik - R;) and in the summation the imaginary parts cancel.)

Inserting (3) into (1) and carrying out the summation over all unit cells one
arrives at

50 =N LI b= 7). @

Here N is the total number of unit cells in the crystal and §(k — -r) is the “delta
function” with 7 being a reciprocal lattice vector. The summation is carried out
over all reciprocal lattice vectors 7. Thus scattering occurs for scattering vectors
k which correspond to a reciprocal lattice vector and with an intensity which is
determined by the square of the modulus of the nuclear structure factor Fyx(7). In
actual experiments the Bragg reflection will not be such a sharp peak as indicated
by the “delta function” in (4). Peak broadening occurs due to the resolution of
the instrument and also due to sample characteristics (e.g. as given by the spatial
extent of the coherently scattering regions in the sample). ITowever, the details of
the peak shape are not of interest here, and there is no need to pursue this point
any further. The integrated Bragg intensity for a Bragg reflection charactensed by
T is given by

I1(r) = 5(r) - IFw() . 6)
S(7) is a reflection dependent scaling factor. The scattering vector dependence
of S arises due to the method used to integrate the Bragg peaks. The geometric
correction is known as the Lorentz correction, and it is readily eliminated from
the measured integrated intensities. There remains an overall scale factor which
is scattering vector independent. The scale factor is proportional to N, the total
number of unit cells in the crystal.

Denoting the new scale factor (after the elimination of the scattering vector
dependence) By S, the experimentally determined integrated intensity of the Bragg
reflection is given by

S |Fn(7))2. ' (6)

Up to a constant the measured intensities are therefore determined by the
square of the nuclear structure factor. Ilowever, for the description of the nuclear
structure the value of F(7) is required. As pointed out above, for structures with
an inversion centre of symmetry the nuclear structure factor may be chosen real.
Thus solving the nuclear structure reduces to choosing, for each reflection, the
“correct” sign in the equation

FN(T)z:t\/I(T)=:I:\/5'~|FN(T)| L | (7

It is pointed out that solving the above phase problem for all reflections is
equivalent to the determination of the atomic positions in the unit cell. This is
so because having obtained the structure factors Fiy(7) for a sufficient number of
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reflections, the atomic positions may be obtained by Fourier inversion. Writing (3)

in the form
Fy(7) = /unit (}: bié(r — R,-)) T T dp (8)

cell

it is seen that the nuclear structure factor is nothing else but the Fourier transform
of the interaction potential, which in turn is determined by the positions of the
atoms and their scattering strengths. _ .

The above derivation was carried out using some simpliflying assumptions.
The lattice has been taken as perfect, and the thermal motion of the atoms has
been neglected. The temperature motion and zero point fluctuations can be taken
into account by the substitution

b — b,'e_w(k)kz, (9)
where W (k) is the temperature factor which may be anisotropic. The function
exp(~W (k)k?) is known as the Debye-Waller factor. Other experimental factors

such as extinction and absorption corrections are also readily applied [5], and
standard procedures exist for taking these into account [6].

2.2. Magnelic scallering

In comparison to nuclear scattering, for which the interaction potential be-
tween neutron and nucleus is determined by the nuclear force, magnetic scatter-
ing of neutrons is based on an entirely different interaction mechanism. Magnetic
neutron scattering referred to here arises due to an electromagnetic interaction be-
tween the magnetic dipole moments of the neutron and those of the electrons. An
introduction and a complete derivation of the basic formulae for magnetic neutron
scattering can be found in standard text books on neutron scattering [1, 2].

Here the interest is focused on elastic magnetic scattering only, with the mag-
netic structure being restricted to ferromagnetic order. For the purpose of carrying
out the neutron scattering experiment it is immaterial whether the ferromagnetic
order is intrinsic or whether it has been induced by the application of an external
magnetic field. :

A more detailed analysis (as given, e.g., in [1, 2, 4]) shows that the strength
of the neutron—electron magnetic moment interaction is determined by the product
of the gyromagnetic ratio of the neutron ¥ (y = —1.913) and the classical electron
radius rg with 7o = 2.81785 x 10~1% m. The product byr = yrg = —=5.39 x 10~ m
defines a magnetic scattering length bar, which provides the unit for measuring the
strength of magnetic moments in magnetic neutron scattering experiments. There-
fore in the following the magnetic moments g will always be measured in units of
bar. It is also important to note here that the magnitude of bas is comparable with
typical magnitudes of nuclear scattering lengths.

For a ferromagnetically ordered state the cell dimensions as defined by the
chemical unit cell are not changed. Hence by summing over the same atoms as
in (3) a magnetic structure factor of the unit cell may be defined as

Fy(k)=3 pifi (ke 22, (10)
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Here p; is the magnetic moment located on the i-th atom, and f;(k) is the atomic
magnetic form factor of the atom. The form factor f; is normalised according to

filr=0)=1. ’ (11)
The magnetic structure factor as defined in (10) is a vector quantity. The overall
strength of the magnetic neutron scattering is determined by the sizes of the mag-
netic moments. Atoms with no magnetic moment, g; = 0, will not contribute to
the magnetic scattering. An additional scattering vector dependence is introduced
into the structure factor due to the magnectic form factor. In general, the magnetic
form factor tends to decrease with increasing magnitude of the scattering vector.
As a consequence, the magnetic scattering diminishes for increasing scattering an-
gles. This is in contrast to nuclear scattering for which the equivalent nuclear form
factor is independent of the scattering vector and equal to one.

Similarly to the case of the structure factor for nuclear scattering the mag-
netic structure factor can be expressed as the Fourier transform of the interaction
potential. For magnetic scattering the interaction potential is given by the mag-
netization density within the unit cell

N\ — Noik P g
Fa(k) = / gy MOIH T (12)
where M(r) is the position dependent magnetization. M(r) is a periodic function
which has the periodicity of the nuclear lattice for a ferromagnetically ordered
state. For a magnetization distribution which is given as the superposition of lo-
calised atomic magnetic moments located at »; within the unit cell the magneti-
zation density is given by

M(r) = Z mi(r— ;). | (13)
In this case the’niagnetic structure factor in (12) reduces to

Fu(k) = /Emi(r— i)tk T, (14)
A comparison with ‘(10) yields the atomic form factor in the form

(k) = pl_ / mi(r)] 6 T (15)

as the Fourier transform of the real space atomic magnetization m;(r). The total
magnetic moment p; is defined as the integral of m;(r) according to

b = / mq(r)dr. (16

This definition together with (15) ensures the normalization of the atomic form
factor as defined in (11). For localised moments the integration in (14) and (15) is
carried out over the whole of the three-dimensional space. All the various magnetic
contributions of each individual atom are subsumed within m;. In general, m;
is composed of several magnetic moments, including spin and orbital magnetic
contributions and, if necessary, a core polarization as well.

For the case of itinerant electron magnetism, for which the electronic wave
functions are sufficiently delocalised, the general form (12) has to be used for
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the description of the magnetic structure factor. In general, it is not possible to
uniquely allocate a given magnetization density to an individual atom, and the
notion of a magnetic moment located on an atom loses its meaning. It is only

meaningful to talk about the total magnetic moment per unit cell, M, with the
total magnetic moment being defined as

Mo, = / L M(dr. (17)
cell
Obviously for the case of localised magnetic moments Mo, is determined by the
sum over all magnetic moments in the unit cell.

In this way the magnetic structure factor may be defined for both, localised as
well as itinerant electron magnetism. However, for neutron scattering additional
complications arise due to the vector form of the magnetic structure factor as
compared to an equivalent scalar quantity for nuclear scattering.

It turns out [1, 2, 4] that only those components of Fps(k) which are per-
pendicular to the scattering vector k may give rise to magnetic neutron scattering.
The components which are active in the scaltering process are defined as

Fig(®) = w’“ x (Far(k) x B). (18)

In order‘to combine the magnetic scattering contribution as defined by the vector
in (18) with the nuclear scattering part as described by the scalar quantity Fi(7)
the vector Fj;(k) has to be reduced to a scalar. A more detailed analysis shows
that it is the scalar product of Fj (k) with the polarization vector P of the neutron
beam that is needed for the neutron scattering cross-section. The scalar magnetic
structure factor is defined as

Fiz(k) = P- Fi;(k). (19)

For perfect polarization of the neutron beam P is a unit vector, the direction of
which indicates the polarization direction. For a partial polarization of the neutron
beam |P| is defined as

-

|P| = ;———
T1+ny

(20)

with ny, n}, being the number of spin up or spin down neutrons in the beam. FAJ;(L)
is the entity which plays the equivalent role to the nuclear structure factor in the
formula for the scattering cross-section. For this reason Fi (k) will be referred
to as the magnetic structure factor. (This should not be confused with Fas(k) as
defined in (10).) Considering only magnetic scattering, the differential cross-section
is determined as

9. (k) = Nae Y IFHDP6(K - 7a), | (21)

where Tp7 is a reciprocal lattice vector of the magnetic lattice and Nys is given
by the number of magnetic unit cells in the sample. For ferromagnetic order the
chemical and magnetic unit cells are identical. Consequently Nps and Ty have
the same values as their nuclear counterparts.
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With nuclear and magnetic scattering present both contributions have to
be combined. There are the two possibilitics of either combining the intensities of
nuclear and magnetic scattering or of adding the structure factors first and then
inserting the sum into the formula for the differential cross-section.

For the first possibility the intensities are summed by adding (4) and (20).
This corresponds to an incohierent superposition of the scattered waves from the
nuclear and the magnetic subsystems of the target. Ilere, however, nuclear and
ferromagnetic scattering is considered which is superimposed on the same Bragg
reflection. Under these conditions it is the sum of the nuclear and the magnetic
structure factors as determined by (3), (14) and (19), which has to be evaluated.
The underlying assumption is one of a coherent superposition of nuclear and mag-
netic scattering contributions. The sum has to be inserted into the expression for
the differential cross-section. Assuming perfect polarization of the neutron beam
one arrives at

(:1%('”')) N Z: |Fn (k) + Ty (B8 (k - 7), (22a)

(g—fz(k)) 0o NZTI | (k) = Fi&(W)P8(k — 7) (22b)

for a neutron spin polarization parallel (a) and antiparallel (b) to the external
magnetic field direction. For a partially polarised neutron beam the cross-section
is an average of (22a) and (22b) with the weighing factors determined by the
proportion of spin up and spin down neutrons in the neutron beam. For this case
the cross-section takes the form

do
15)
(d‘Q polarization I

= N (w0 + 25w (8P - By + F) 6(k = 7). (23)

The direction of P is taken to be parallel to the direction of the external magnetic
field. This form of the differential neutron scattering cross-section differs by the
presence of an interference term between nuclear and magnetic scattering from the
cross-section obtained for an incoherent superposition of the nuclear and magnetic
intensities. The incoherent superposition is realized for an unpolarised neutron ex-
periment, for which the magnitude of P is equal to zero. In this case the differential
cross-section takes the form

(:li_;)(k)> no polarization =N ;(]FN(IJ)P + lpﬁ(k)lg)‘s(k - 7)' (24)

It is the presence of the interference term between nuclear and magnetic scattering
which forms the basis of magnetic form factor measurements. It depends on the
polarization of the neutron beam through Pin (23) or through the change of sign of
Fjt in (22a) and (22b). In the next section it will be discussed how this interference
is exploited experimentally and how it can be utilised for the investigation of details
of the magnetization on an atomic level.
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2.3. Ezxperimental

The quantities which have to be determined by experiment are the nuclear
and magnetic structure factors. These are measured in separate experiments and
by using unpolarised and polarised neutrons, respectively.

The measurement of the nuclear structure factor is equivalent to a structure
determination experiment. In the experiment the integrated Bragg intensity is
determined for a number of Bragg reflections. As discussed above in Sec. 2.1, a
structural model may be used to refine the free parameters of a model structure,
thus obtaining the nuclear structure factors Fiy(7) for all Bragg reflections used
in the refinement. The nuclear structure factor together with other experimental
entities such as lattice parameter etc. are assumed known when the spin polarised
neutron experiment is carried out.

For the determination of the magnetic forin factor a single crystal of the ma-
terial under investigation is orientated in an external magnetic field in such a way
that the magnetic moment is along the magnetic field direction. This necessitates
that the magnetic field is directed parallel to an casy axis of magnetization. In or-
der to maximize the magnetic signal (see (18)) it is preferable to align the magnetic
field perpendicular to the scattering plane (which is defined as the plane spanned
by the wave vectors of the incoming and scattered neutrons with the scattering
vector being the difference of these two vectors). Spin polarised neutrons are used
in the form factor measurement. Ilowever, no polarization analysis is needed after
the neutrons are Bragg scattered by the sample under investigation.

For a given Bragg reflection 7 and assuming a perfect neutron spin polar-
ization the differential neutron scattering cross-sections are determined to be

do 2
(d_Q(JL-))TT =N Z: |Fn (k) + Fiz(k)| (k- 7), (252)
da' 1 2 X
(m(k)> L\ N Z: |Fn (k) = Fiz (k)| 8(k — 7). (25b)
The integrated intensities of this Bragg reflection are given by
2
Ity = S(7) |Fn(7) + Fig ()], (26a)
Iy = S(r) |Fn(r) - Fii ()| (26b)

Here 11 denotes a neutron spin polarization parallel to the applicd magnetic field,
while 7] indicates an antiparallel neutron spin polarization.

By using either the differential cross-section of the integrated Bragg intensity
the flipping ratio R(7) is defined as

(ggdi‘%j)ﬁ _ I _

(),

dan

Fy(r) + Fiy(r)[* @7

R(r) = Fn(r) = P ()|

Experimentally it is easier and [aster to measure the relative intensities of spin
up and spin down neutrons at only one point on the Bragg reflection (which in
the experiment is found to be broadened to a Gaussian peak shape compared to
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a “delta function” indicated in the above formulae) instead of having to obtain
the integrated intensities for both neutron spin orientations. Therefore, in the
experiment the crystal is set so as to maximize the counting rate for a given Bragg
reflection and the relative counting rates are measured as determined by (25a) and
(25b). To the extent that the shapes of the nuclear and magnetic Bragg reflections
are identical R(7) does not depend on how the ratio is defined, whether by using
the ratio of the integrated intensities or by utilizing the ratio at only one point of
the Bragg reflection. As discussed in detail elsewlicre [5], other experimental factors
are readily included in the definition of the flipping ratio. Taking into account a
partial polarization P of the neutron becam, the efliciency e of the neutron spin
flipper and the angle @ between magnetic moment direction and scattering vector,
the flipping ratio takes the form

FZ(7) 4+ 2Psin®@FN(7) Far(7) + sin*@Ff (7)
F2(7) = 2Pesin?@Fn(7)Far (1) + sin@OF}(7)|
Returning to the expression of the flipping ratio as given in (27), the equation is
readily inverted to yield the ratio of the magnetic to nuclear structure factors as
a function of the flipping ratio

Fi(7) _ [R(7) + 1] £ 2¢/R(7) (29)
Fn(T) R(t) -1 '

The ambiguity given by the +21/R(7) term in (29) is rclated to the ambiguity of
writing R(7) in (27) either in terms of Fj;/Fn(7) or by using the inverse ratio
Fn(7)/Fig (7). 1t is the equivalent to the question of whether Fi(7)/Fn(7) is
larger or smaller than one. In an actual experiment this does generally not present
a problem, because a choice can be made on physical grounds.

At this point it is worth stressing again that the knowledge of the nuclear
structure factor is vital for the determination of Fjj(7). The uncertainty in the
magnetic structure factor is firstly determined by the experimental error in the
measurement of the flipping ratio R(r), but secondly also, and more importantly,
by the uncertainty in the nuclear structure factor. As seen from (29) the magnetic
structure factor is measured in units of the nuclear one, and consequently any
systematic error in the determination of the nuclear structure factor (as given by
the neglect of temperature factors, absorption, extinction etc.) will influence the
accuracy of the magnetic structure factor.

Some particular features of the flipping ratio are worth noting. It is first of
all a quantity which is independent of a scaling factor. By taking the ratio in (27)
the scaling factors have cancelled. Furthermore, it is a function only of the nuclear
and the magnetic structure factors.

To appreciate the significance of this statement consider the case of weak
ferromagnetic order characterised by

|Fis (7)] < |Fn (7)) (30)

When expanding (27) to leading order in I (7)/Fn(7) the flipping ratio is given
by

(28)

R(7) =

R(7) ~ 1+ 4Fji(7)/Fn(7). (31)
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The deviation of the flipping ratio from one is a direct measure of the magnitude of
Fy; as measured in units of the nuclear structure factor. As Fy(7) is known from
a previous structure determination experiment the deviation of the flipping ratio
from one immediately yields the value of Fii; (): both its magnitude and phase! (Tt
should be stressed again that only centrosymmetric structures are considered here.
For such structures the phase degree of frecdom of the structure factors reduces
to a choice of a % sign in front of the wave function.)

In these respects the measurement of the flipping ratio is unusual. It ren-
ders possible an absolute measurement without the necessity of a normalization.
Furthermore, it allows for a simultaneous determination of the amplitude and the
phase of the magnetic scattering contribution. The physical origin of this can be
traced back to the presence of the interference term in the differential neutron
scattering cross-section. As the interference term is proportional to the product of
the nuclear and magnetic structure factors the phase of the magnetic scattering
can be related to the phase of the nuclear structure factor. The phase problem
for the nuclear structure factor (which is the key question for any structure deter-
mination) has been solved and the phase is already determined (up to an overall
phase factor common to all reflections). Thus the knowledge of the phase of the
nuclear structure factor can be used to extract the information on the phase of
the magnetic structure factor.

It is also worth pointing out that due to the interference term the sensitivity
is significantly increased. While for an experiment employing unpolarised neutrons
and with ferromagnetic order present in the sample the scattered intensity is given
by

I F{(7) + Fiy(r) = F{()[L + F§ (7)/F{ (7)), (32)
for an experiment carried out with spin polarised neutrons the intensity change is
determined to be given by

Iw [Fn(7) + Fig(m)]* = F(7)[L+ Fjj (7)/ Fn (7))

~ FL(T)[1 4 2F4 (7)) Fn(T)] + ... (33)
For a ratio of Fi;(7)/Fn(7) = 0.1, the change of intensity, §I/I, may be compared
with and normalized to the intensity I of an identical sample without magnetic
order. For an unpolarised neutron experiment §1/1 is of order 1%, while a value of
order 20% is found for §I/I for the spin polarised neutron scattering experiment.
This increased sensitivity in spin polarised neutron scattering experiments allows
for a more accurate determination of the magnetic scattering contribution and,
finally, also of the magnetic structure factor.

Thus, a measurement of the flipping ratios yields accurate values of the
magnetic structure factors. As an experimentally determined entity the magnetic
structure factors are model independent. Ilowever, the collection of values of mag-
netic structure factors is not very revealing if presented on its own and in tabular
form. It is more informative to consider the Fourier transform of the magnetic
structure factors.

As pointed out above the magnetic structure factors are determined by the
Fourier transformation of the magnetic interaction potential. According to (12)
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the magnetic structure factor Fyr(7) is determined by

Fy(r) = /unit M(r)el T Tdr. (12)

cell

The inverse transformation is given by
_1 —iTr
M(r) = ZT: Fpr(7)e™ (34)

with V being the volume of the unit cell. The summation is carried out over all
reciprocal lattice vectors 7. The magnetic structure factors are the Fourier coefli-
cients in the series (34). The Fourier transform back into real space will therefore
construct a picture of the real space interaction potential, which amounts here to
the magnetization density distribution. In this manner a map of the magnetization
density may be constructed and presented in real space as either a cut through
the unit cell or as a projection.

In order to be able to perform the Fourier transformation by using the exper-
imentally determined magnetic structure factors an infinite number of the Fourier
components in (34) has to be known. Experimentally this presents a problem, as
only a finite number of coeflicients can be determined. A Fourier series is an infinite
series and it is only complete if all coeflicients of the infinite series are included.
Therefore, constructing a magnetization map by using a finite subset of coefli-
cients will result in “incomplete” and thus erroneous magnetization density maps.
However, it turns out that a magnetization density map constructed by using a
finite set of coefficients in (34) may still be meaningful and yields a magnetization
density with the important features present. In order to understand the limitations
imposed by the finite number of magnetic structure factors and to appreciate the
significance of magnetization density maps a more detailed discussion of some of
the relevant aspects is helpful. A discussion relating to these questions has been
given by Moon [7].

A reflection which is not measurable by neutrons is the Bragg reflection
corresponding to T = 0. Ilowever, for this reciprocal lattice vector the definition
of the magnetic structure factor in (12) reduces to the evaluation of the total
magnetic moment in the unit cell as given in (17). While this reflection is not
accessible in the neutron scattering experiment, its value may be obtained by
magnetization measurements using conventional magnetometers. Its inclusion in
the Fourier series and in a magnetization density map adds a scattering vector
independent contribution. This Fourier coeflicient may thus be considered to ﬁx
the zero level in the magnetization density map.

A more serious limitation is the upper cut-off in || in the summation of the
Fourier series. Denote by k. the magnitude of the scattering vector 7 beyond which
no more experimental values of Fjj(7) are available. k. is taken to characterise
the upper limit of the cut-off in the Fourier series. The coeflicients belonging to
|7| > k. giverise to fast oscillating contributions in the unit cell. These components
are needed for the description of the finer details in the magnetization density in
real space. By not including these magnetic structure factors in (34) these details
are lost. This loss of detailed structure corresponds to a picture where in the
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perfect real space magnetization density (which is obtained by including all Fourier
coefficients in (34)) a local average is carried out over a small volume element so as
to eliminate the fast oscillating contributions within this volume element. In order
to estimate the dimension of the volume element and to be able to relate it to k.
the following procedure may be used (it suflices to consider the one-dimensional
case). The magnitude of the cut-off wave vector k. defines a characteristic length
in reciprocal space. Let r. be a characteristic length in real space. A reasonable
estimate for the interval of average [0, rc] will be given by a value of r for which
the phase factor exp(ik - ) undergoes several (but at least one) oscillation(s) as
r is varied within the limits of the averaging interval and for a scattering vector
k > k. This criterion results in a definition of r. given by k. - r. = 27. Writing
k. in terms of a cut-off scattering angle O, as k. = 47 sin ©./), with X being the
neutron wavelength employed in the experiment, the interval of average is defined
as [0, '12'51;\_&] . For the two- or three-dimensional cases the volume of average may
be taken to be a square or a cube with the linear dimensions defined by re.

Thus carrying out a Fourier transform on a limited set of Fourier coefficients
may still yield a correct magnetization density which, however, is deprived of some
details in its structure. The experimentally determined magnetization densities are
therefore not sensitive on a length scale defined by r, with the fine structure being
smeared out over the average volume.

The coeflicients which remain in (34) are all those Fourier components which
belong to scattering vectors = with |7| < kc. It is obvious that within this limited
range the set of coeflicients must be complete, or at least as complete as possible,
for a meaningful magnetization picture to emerge from the Fourier transformation.
As the various Fourier components in (34) are linearly independent a “missing
component” in the series cannot be compensated by other ones. A magnetization
density map will be severely distorted when constructed with an incomplete finite
series with some coeflicients missing for a 7 with |7| < k.. An example of a
magnetization density map with a missing component will be given below.

So far the discussion lhas been restricted to a paramagnetic material with
a centrosymmetric crystallographic structure, and the procedures of a magnetic
form factor measurement have been developed within this restriction. In order to
complete this section, a brief discussion is given of the problems which arise when
these restrictions are lifted.

First, consider a magnetically ordered state of the sample. A brief but very
instructive introduction to the investigation of magnetic order by neutron scatter-
ing has been given by Brown [8]. The crystallographic structure is still required
to be centrosymmetric. For a ferromagnetically ordered sample a magnetic field is
not needed for inducing magnetic moments or aligning disordered ones, because
long-range ferromagnetic order is assumed present. Ilowever, in order to define a
unique direction of the magnetic moment, and thus Fi;(7), an external magnetic
field has to be applied. This is true even in the case of strong magnetic anisotropy,
which tends to align the moments along a given crystallographic axis. Under these
circumstances the external magnetic ficld has to remove the degeneracy connected
with the domain structure in the magnetically ordered state. Only if the whole sin-
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gle crystal is also characterised by only one magnetic domain the approximations
do apply in the derivation of the flipping ratio in (27). It has already been pointed
out above that in the case of magnetic anisotropy the external magnetic field must
be applied parallel to an easy axis of magnctization. All these precautions have
to be taken in order to uniquely define the direction of magnetic moments in the
crystal under investigation.

For the case of an antiferrornagnetically ordered structure the measurement
of the magnetic form factor is complicated due to several factors. For many an-
tiferromagnetic structures the magnetic order changes the size of the unit cell.
As a result, magnetic and nuclear Bragg reflections occur at different points in
reciprocal space. For a magnetic form factor measurement, however, the presence
of nuclear and magnetic scattering is needed at the same reciprocal lattice point.
If a nuclear reciprocal lattice vector Thyclear does not coincide with a Tmagnetic,
the nuclear-magnetic interference term will be absent from the elastic neutron
scattering cross-section. Thus an interference term in the elastic neutron scatter-
ing cross-section will be absent for antilerromagnetic structures with an increased
unit cell volume due to the magnetic order. This does also include more compli-
cated magnetic structure such as incommensurate or helical ones.

Therefore, only the case of an antiferromagnet without an increased unit
cell needs to be considered further. Such an antiferromagnetic order occurs, for
example, in a bee structure where the magnetic atoms at positions (0, 0, 0) and
(1/2, 1/2, 1/2) have their magnetic moments aligned antiparallel with respect to
one another.

The various cases of magnetic ordering are best described with the help of the
time inversion operator @;. When acting on a magnetic moment M this operator
reverses the moment direction according to

6, M= M. | (35)

In addition to the time inversion operator O, it is only the symmetry element
for the inversion in space, I, which is needed out of all the symmetry elements
which characterise the crystallographic structure. Space inversion does not change
the orientation of the magnetic moment M. (This is due to the fact that the
spin part of the magnetic moment is not coupled to the spatial coordinates, while
the orbital part of M is proportional to the pseudovector » x p, where r is the
position of the electron under consideration and p is its linear momentum. The
vector product r x p does not change its orientation when acted upon by I.) For
ferromagnetic order and some antiferromagnets the inversion symmetry operator
is not combined with the time inversion. As a consequence any atom at position R;
has an equivalent atom located at —R;. Thus grouping those atoms together which
are related by inversion symmetry; their contribution to the magnetic structure
factor is found to be proportional to

Fau(r) o Mie T Bi 4 pie=im-Bi = oy cos(T - ;). (36)

As seen from (36) under the above assumptions the magnetic structure factor is a
real quantity. (This was assumed above and stated without proof for the magnetic
structure factor of the paramagnet in an external magnetic field.)
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If, however, the antiferromagnetic state is characterised by a combination of
operators as given by the product of space inversion times time inversion symmetry
operator, the magnetic moment of the symmetry related atom is reversed. This
results in a magnetic structure factor proportional to

Fp(T) M;eif'R" — Mic= T I = 9i M sin(r - Ry). (37)

This magnetic structure factor is purely imaginary. It is phase shifted by 90° with
respect to the nuclear structure factor. As a consequence of this phase shift the
" flipping ratio as defined in (27) is identically equal to one. Denoting the real and
imaginary part of the structure factor by Re and Tm, respectively, and under the
assumption as stated above that the structure factors are given by

Fn(7) = Re(Fn(7)), Fif = ilm(Fi; (). (38) -

The flipping ratio as defined in (27) is equal to one for all reflections 7 because
the identity

|Re(Fn (7)) +ilm(Fii (7))| = |Re(Fa (7)) — iIm(Fi (7))

= |Fp(7) + Fig ()| = |Fn(7) = Fi(7)] (39)
is fulfilled for all Bragg reflections. Thercfore no R(7) # 1 reflection may be found
for an antiferromagnetic structure which combines the space inversion element
with time inversion.

However, for a structure for which the space inversion element is a proper
symmetry element both the nuclear and magnetic structure factors are real quan-
tities. This is the case for a ferromagnectic and some types of antiferromagnetic
structure, for which the assumptions leading to (36) are true. Only for these struc-
tures a measurement of the flipping ratio is a possibility.

However, in addition to the structural requirements which have to be fulfilled
for a nonzero flipping ratio to occur, a further complication arises due to the
presence of magnetic domains in the sample. For most magnetic structures and
including a coupling to the lattice a small number of magnetic domains is possible.
It suffices here to restrict the discussion to two domains, which are related to
one another by time inversion symmetry. Such a pair of magnetic domains is -
always possible. It is appropriate to denote these domains as a 0° and a 180°
domain, because the 180° domain is obtained from the 0° domain by an inversion
of all magnetic moment directions. It may also be described as obtaining the 180°
domain from the 0° one by the action of &, on the 0° domain.

Both domains are energetically degenerate. It may therefore be expected
that the two domains occur with the same probability in a sample. Therefore, the
magnetic structure factor of the whole sample has to be obtained by averaging
over the various magnetic domains. This average, however, will result in a zero
average magnetic structure factor.

With the definition of the magnetic structure factor as given in (12) and by
using an obvious notation to identify the structure factors for the various magnetic
domains one obtains

Fi(7) = - Fji(7) , (40)

0°domain 180°domain
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The magnetic structure factor is a vector, the direction of which is determined
by the direction of the magnetic moments. As the magnetic moment direction is
reversed by going from one domain to the other the magnetic structure factor
changes sign. Therefore, a zero average magnetic structure factor results for any
sample with equal amounts of magnetic domains present which are related by time
inversion symmetry. This argument applies equally well for a ferromagnetically as
well as an antiferromagnetically ordered structure.

In order to remove the degeneracy of the 0° and 180° magnetic domains
a magnetic field has to be applied. For a ferromagnetically ordered sample it
suffices to apply a homogeneous external magnetic field. This field removes the
degeneracy of the magnetic domains, and if of sufficient strength it may stabilize
a single magnetic domain in the whole crystal.

For an antiferromagnet the applied magnetic field has to have the modulation
of the antiferromagnetic structure in order to remove the degeneracy. The wave
vector of the magnetic modulation is of the order of angstréms, and at present no
externally applied magnetic fields are available with such short wavelengths. Other
experimentally controlled parameters such as pressure do not break time inversion
symmetry, and they are therefore not capable of removing the degeneracy of the
magnetic domains.

Thus one is left with the conclusion that for an antiferromagnetic structure
a flipping ratio may be observed for certain structures and under the condition of
an imbalance of magnetic domains which are related by time inversion symmetry.
The above discussion has illustrated the complexity of the argument and it has
borne out the experimental difficulties which have to be overcome.

Not withstanding these problems measurements of the flipping ratio in an
antiferromagnetic structure have successfully been carried out [9]. The interested
reader is referred to the original publications for a detailed discussion of various
aspects of the experiment.

For an antiferromagnetically ordered substance an external magnetic field
may be applied to induce a ferromagnetic component. This may be achieved by
tilting the magnetic moments out of their antiparallel alignment into the direction
of the external magnetic field thereby creating a ferromagnetic component. This
situation is illustrated in Fig. 1. The ferromagnetic component of the magnetic
structure is characterised by a wave vector kg = 0, while the antiferromagnetic
component is described by a wave vector ¢. It is only the k; component which
couples to an applied magnetic field. The contributions of both wave vectors may
be decoupled and considered separately. For the ferromagnetic component the
theory applies as developed above. For the antiferromagnetic component all those
complications arise which have been considered in the earlier discussion. In the
experiment proper account has to be taken of both magnetic components. Thus,
in a form factor measurement of an antiferromagnetic crystal (which does not
increase the dimensions of unit cell by ordering antiferromagnetically) and which
is placed in an external magnetic field it is only the ferromagnetic component
which contributes to the interference term. However, due account has to be taken
of the antiferromagnetic scattering contribution to the total intensity of the Bragg
peak.
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Fig. 1. TFigure 1 shows the arrangement of spins for an antiferromagnetically ordered
structure (a). If a moderately strong and homogeneous ficld is applied as shown in part
(b), the spin on each atom is tilted slightly into tlie direction of the applied magnetic field.
The resulting arrangement of spins (part (b)) may be resolved into an antiferromagnetic
(part (a)) and a ferromagnetic (part (c)) contribution.

For crystallographic structures which do not possess a centre of inversion
symmetry the nuclear and magnetic structure factors are complex quantities.
This implies a larger number of components for their characterization. One com-
plex number, or equivalently two rcal numbers to characterise real and imagi-
nary paris, are needed as compared to only one real number and a sign in the
case of centrosymmetric structures. The gencralization of the above derivation to
non-centrosymmetric structures will result in more complicated expressions [5].
Denoting the real and imaginary parts by / and ¥, respectively, and dropping the
scattering vector dependence of the functions, the flipping ratio takes the form

Fie+iFg + Py +ing") [
R= . (41)
Fiy+iFg - (Pl +iFg")
While the nuclear structure factor Fp, + iFy is known, it sullices to note that a
single measurement of only one {lipping ratio per Bragg reflection is not sufficient
for extracting the complex quantity F3;(7). A second measurement is needed for
which the external magnetic field direction or the orientation of the crystal is
reversed.

As pointed out above the real part of the structure factor is related to that
part of the magnetization which is symmetric with respect to the inversion opera-
tor. The imaginary part on the other hand is antisymmetric under space inversion.
If the external magnetic field direction is reversed, the real part of the magnetic
structure factor will not change its sign while the imaginary part will. Thus re-
versing the external field direction will yield a flipping ratio given by

2
Fiy+iFjy+ (Fi' - iFg")
iy +iFg - (Fl - iFg")

For a non-centrosymmetric structure the flipping ratio is different for the two con-
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figurations of the magnetic field. These two measurements are in general sufficient
to determine both the real and the imaginary part of the magnetic structure fac-
tor. For a centrosymmetric structure the second setup will yield the same flipping
ratio as the first measurement.

3. Magnetic form factor calculations for some simple model systems

In the previous section the magnetic form factor measurements have been
considered from an experimental point of view. The magnetic structure factors
and their Fourier transform in the form of magnetization density maps are the
experimentally determined quantities. In order to fully interpret the experimental
observation an attempt has to be made to quantitatively describe magnetization
densities or magnetic structure factors. By using a model, paramcters have to be
obtained from observation for a description of the magnetization on an atomic
level. _

For the most general case the theory will be complicated, and the interested
reader is referred to the literature for details of some theoretical aspects of neutron
magnetic form factors (ITarmon [10]). Tt will also not be attempted here to derive
the full expressions for the magnetization in real space or of the wave vector de-
pendent susceptibility (see e.g. Oh et.al. [11], Cooke et al. [12]). Rather in order to
illustrate the power of magnetic form factor measurements in this section atten-
tion will be focused on some simple model systems. The first case is characterised
by delocalised or itinerant electrons, while a second model system is one with a
collection of localised and atomic-like magnetic moments.

The theoretical evaluation of M() necessitates the calculation of matrix
elements of the form

M(r) = (F|M(x)|¥), (43)

where |7} is the many-electron wave function of the crystal under investigation.
Operators will here and henceforth be denoted by a ™ sign in order to distinguish
the operator from its expectation value.

Depending on the form of the operator it may be more convenient to present
the wave function either in momentum space or in position space. These Hilbert
spaces are defined such that the state vectors of the Ililbert space are either eigen-
states of the linear momentum operator p with

plk) = hk|k) (44)
or of the position operator = as given by
?|r) = »|7). v (45)

The momentum space and the position space are assumed to be complete

/ kR (k] = 1, / Al =1 - (46)
and the state vectors normalised

(kK = 6(k— &),  (v]') = 6(r— 7). (47)
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The transformation which yields |¥%) as either a representation in momentum or
in position space is given by

7) = /duk)(kw) - /dku(k)lk),
) = / dr|r) (r]¥) = / dru()|r) )

with the functions u(k) and u(r) being given as

u(k) = (K),  u(r) = (1]P). (49)
Within u(k) and u(r) is contained the information connected with the occupation
of the various levels or energy bands of the solid. For a complete description of the
quantum mechanical state both the state vectors and the functions u(k) and u(r)
have to include an index o to denote the clectronic spin degree of freedom. The
functions u(k) and u(r) are not independent from one another. The transformation

of u(k) from a momentum space representation to a position space representation
is achieved by a Fourier transform.

For the magnetization operator /M(v) a separation is possible of the total
magnetic moment operator into a spin and an orbital contribution according to

M(r) = M (r) + (). (50)

Both the spin and the orbital contribution to the magnetization operator have a
position dependence given by

M(r) = Mb(5 — #) = M 6(7 — 1) + M 6(5— 7). (51)

For some magnetic materials the orbital component is zero. This may be
the case either for a magnetic moment with I = 0 (with Mn2+ and Gd3* being
examples) or it may arise due to the quenching of the orbital moment due to
crystalline electric fields. Examples of the latter are found among the 3d elements
and their alloys. Under these conditions only the spin part of the magnetic moment

—~95 .

operator is active. The operator for tlic spin density, M (r), is defined as

—5 ~ .

M (r)=—2pp ) S6(i— 7). (52)

i

The summation is carried out over all electrons in the crystal. The spin operator
S is determined as

~ 1. N

§= 5 +3u)n, (53)

where 87 and §; are operators which distinguish between spin up and spin down
states of the i-th electrons according to

HIN =11,  &ln=0,
§11) =0, Sty =—-11) (54)

Here | 1) and | |) denote the spin state of a single electron. The vector n is a unit
vector which defines the axis of quantization in the system and a unique direction
with respect to which the electron spins are either up or down.
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Using the above definitions and transforming to a position space represen-
 tation the matrix element (52) is evaluated to

M) = M0 = [ar [y B @Eew). )

—$ .
The matrix element (/| M (#)|+/') is readily evaluated with the result

([BE (") = ~2un 3 (1353~ )] +)

= —2up Z S(#|7"V6(+" — r;) = —2up Z S6(+4 = 1")6(+" — 7). (56)

On inserting (56) into (55) and integrating, the matrix element for the magneti-
zation takes the form

M%(r) = ~2pp Z Slui(r)]*. . (87)

The physical significance of this result can be made even more transparent when
the spin variable is tranformed from S to the function u;(#+). This is achieved in a
similar manner as above in (53) by separating the spin up and spin down parts of
u;(r) with the insertion of a spin index. The magnetization density can be written
in the form

M) = Y CETEE

= —pz ([ut(») = [ (M)*) n. (58)

The bar denotes the average spin up/spin down density of the electrons in the
sample with the average being obtained by carrying out }°; and summing over
all electron contributions. This result shows that the magnetization density in real

space is determined by the densities ]uTl('r)l‘“) of spin up and spin down electrons.
A net magnetization arises at position » il the density of spin up electrons is
different from the one of spin down electrons at this location in the crystal. Within
this description no magnetic contribution arises for completely filled bands or
atomic orbitals. Thus only those electronic wave functions may contribute to the
magnetization density which belong to partially filled electronic bands or localised
levels and which may give rise to a net magnetic moment.

As aspecial case and as an illustration of the discussion given above electrons
are considered in a solid with their wave functions being given by those of free
electrons. The quantum number k of these clectrons is a good quantum number,
yielding the free electron wave function in momentum space. It is therefore appro-
priate to re-evaluate the matrix element for the magnetization density in reciprocal
space and by making use of the linear momentum representation for |¥).

According to (12) the Fourier transform of the magnetization density in real
space is the magnetic structure factor. Thus
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Fyr(k) = / dr (0|32 (r)|9)ekT
= [ar [av [ aw oy we ek
=/d’l'/dk’/dk"u*(kl)(k'lﬁs(-,-)lk")u(k”)eik""_ (59)

The index S on the magnetic structure factor indicates that it is only the
spin part of the total magnetization which is included. With the help of the com-

. . S5
pleteness relation (46) the matrix element (k'|M (v)|k”) may be related to the
matrix element in position space as given in (56):

5 —

KR = [ ar [ a3 (ol (o ), (60)

The matrix element formed by the combination of a linear momentum bar
and a position ket vector is given by

1 - il

(r|k) = (27r)3/2 L (61)

Inserting (56), (60) and (61) into (59) and making use of the “delta function”
in the form

8(k) = W / drelkr, (62)

the magnetic structure factor takes the form
FS (k) = —pun / dES(K)u* (K u(k — K. (63)

In explicit form and including the spin up and spin down notation of u(k) the
above equation may be written as

508 = = [ AU [(W1@)" w1l = 1) - (@) (k= )] m (60)

Equations (63) and (64) are convolution integrals and nothing else but the
Fourier transforms of (57) and (58). The magnetic structure factor as given in (64)
is still generally valid and not yet restricted to the case of free electrons.

The integration in (64) becomes particularly simple for the case of free elec-
trons. Their wave function is given by plane waves with u(k) equal to a constant.
The constant equals one for all occupicd states, while the function u(k) is equal to
zero for k states which are not occupicd. The energy dispersion for free electrons
is given by a parabola with degenerate encrgy bands for spin up and spin down
electrons.

In order to have a nonzero magnetic structure factor and a net ferromagnetic
moment the energy bands for spin up and spin down electrons must be displaced
in encrgy. This is illustrated in Fig. 2. The lifting of the degeneracy may be either
due to an external magnetic field or due to an intrinsic ferromagnetic instability
of the conduction electron band. The Fermi surlace is assumed to be a sphere for
both spin up and spin down electrons with the Fermi wave vectors given by kI‘

and kﬁ, respectively.
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(a)

(b)

(c)

Fig. 2. Part (a) shows the band structure of free electrons without an applied magnetic
field. The band is degenerate with respect to the spin orientation of the electrons. A
magnetic field lifts this degeneracy and splits the bands into minority and majority
bands. This yields a net polarization of the conduction electrons which, depending on
the strength of the magnetic ficld, may result in a partial (part (b)) or a complete
polarization (part (c)). The Fermi level Er adjusts itsell so as to ensure a constant
number of conduction electrons.

The function uf(k — k') (u!(k - ') has a nonzero value (= 1) in a sphere
of radius k} (Lll;) The centre of the sphere is located at k. Thus the convolution
integral (64) reduces to the integration of the intersection of two spheres of equal
radii and with their centres a distance |k{ apart. This situation is illustrated in
Fig. 3. Using these geometric arguments and denoting |k| by k the integral is
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Fig. 3. Integration contour of Eq. (64). Two spheres with equal radii and with their
centres placed a distance |k| apart intersect each other over the region outlined by the
thicker line. The three-dimensional picture is obtained by an out of the plane rotation
of the above figure around the dotted line.

f(x)
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Fig. 4. Plot of the magnetic form factor for conduction electrons with a band structure
as shown in Fig. 2b and 2c for parts (a) and (b), respectively. Part (a) shows the magnetic
form factor of the minority band (dotted line), majority band (dashed line) and the total
magnetic form factor (full line). Note that each form factor has been normalised to one
at zero scattering vector. The magnectic form factor is zero for k values with |k > 2kr.
A conversion to a sin @/ scale on the z-axis is achieved by dividing by 47 the scale
shown in the above figures.

evaluated to

™ T 2/ T
’ T * 1 Y = ‘1—2(ng - k') (kF + k') 'fol' k < 2kF’
/dk (ut(K))" uT (k- &) {0 . for k> kL. (65)

The spin down integral can be evaluated in an identical manner, and the magnetic -
structure factor is obtained by the subtraction of the results of the integration for
spin up and spin down electrons.
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The magnetic structure factor may be calculated for the two cases of com-
plete and partial magnetic polarization of the electrons as illustrated in Fig. 2. The
resulting magnetic structure factors are illustrated in Fig. 4, where the scattering
vector dependence is plotted for the magnetic structure factor normalised to one
at zero scattering vector by dividing F5,(k) by the total magnetic moment.

The results of the integration in (64) shows that the contribution of the free
electron magnetization to the magnetic structure factor is limited to low scattering
vectors. An upper limit of the contribution may be obtained from (64) by consid-
ering the fully polarised state. For scattering vectors k with k > max(k], kL) the
magnetic structure factor is zero for free electrons. A typical value for the Fermi
wave vector may be chosen to be 2 A. This results in an estimate of 1/x for the
upper cut-off in sin0/) for a free electron contribution. For a partially polarised
state the upper cut-off will be reduced appropriately. ‘

The magnetic structure factor for free electrons may be used to estimate the
contribution of conduction electrons. While conduction electrons in real solids are
delocalised they may not be entirely free (that is have a u(k) as given above).
But the free electron picture may serve as a reasonable guide to estimate their
contribution to the magnetic structure factor.

In “real” solids, and taking rare earth alloys as an example, the main part of
the magnetization is carried by localised magnetic moments which originate from
4 f-electrons. A polarization of the conduction electrons will give rise to a small
additional magnetic moment, which will change the value of the total magnetic
moment in the unit cell and influence the first few Bragg reflections. The total
f-electron moment obtained by an extrapolation of the magnetic form factors
or magnelic structure factors of higher scattering vectors to lower k values does
not always agree with the total magnetic moment as obtained by magnetization
measurements. The difference is usually atiributed to a conduction electron polar-
ization. As their contribution is confined to low scattering vectors it is sometimes
approximated by a “delta function”. There are only few Bragg reflections within
the range of a nonzero free electron magnetic structure factor. Thus the detailed
form of the magnetic structure factor is not readily investigated experimentally by
using the technique discussed here. It is only due to a deviation of a few magnetic
structure factors from their extrapolated values at low absolute scattering vectors
(and most significantly at k¥ = 0) that the conduction electron polarization may
be detected. An approximation by some well localised and narrow function cen-
tred at zero scattering vector seems to be adequate to achieve consistency with
observation.

- It is a general feature of the Fourier transform that a localised contnbutlon
in one space will result in a Fourier transform which has a delocalised character.
The inverse is also correct. As for the case of free electrons their wave function is
delocalised in real space, thus giving rise to a sharply peaked magnetic structure
factor. In order to have a magnetic structure factor which is more extended in
reciprocal space the source of magnetuatlon density must be more locahsed in
real space. :

The other extreme compared to the com plete]y delocahsed and flee electrons



Magnetic Form Faclor Measurements ... - 67

is given by completely localised electrons. Such cases are realized in rare earth and
actinide metals and their alloys. The f-electron wave functions are well localised
within the electron cloud of the free atom with a radius of the f-electron wave
function which is much smaller than the radii of the outer s or p electrons. Thus, if
atoms with a partially filled f-electron shell are alloyed'into a solid, their f- electron
wave functions do not overlap and they remain to a large degree atomlc-hke. How-
ever, complications arise due to an interaction with conduction clectrons, resulting
in a rich spectrum of physical properties including intermediate valency and heavy
fermion behaviour.

For the purpose of analysing magnetic form factor measurements, however,
the most important feature is the localization of those electrons which give rise
to the magnetization in the unit cell. With the example of f-electron systems in
mind it is to be expected that the magnetization of f-electrons can be uniquely and
unambiguously assigned to a certain atom. The overlap integral is small between
f-electron wave functions located on neighbouring atoms and the integral may be
approximated by zero for the purpose of calculating the magnetization density. It
suffices to consider only the localised contributions to the magnetization density
with a wave function |¥) for the whole crystal given in a tight binding approxima-
tion. For simplicity it is assumed that only one atom per unit cell is contributing
to the localised magnetization density. Within a band picture the f-electrons will
give rise to a narrow band. This f-electron band will be characterised by only a
very modest dispersion due to the smallness of the wave function overlap between
f-electron atoms on neighbouring lattice sites. For real solids the dispersion of the
f-electron band is mainly due to the hybridization with conduction electrons. In
order to simplify the description, only one band will be considered.

The wave function |¥) has to take due account of the localization and at the
same time also of the requirement of the Bloch theorem for wave functions in a
periodic lattice. For a localised moment system in a tight binding approximation
the state vector of the whole crystal may be expanded as

19) = [ dbayra(t) (66)

using the complete and orthonormal basis set of Bloch state vectors |¥,(k)). As
pointed out above, only one band will be considered as a consequence of which
the band index n will be fixed.

The transformation of a Bloch state vector to a vector in position space
representation is given by '

|, (k)) =/d1~|1~)('r|lpn(k)) = /d7'|7')un(k, 7‘)e'ik'r. (67)

u,(k, 7) is a periodic function with the periodicity of the lattice. For the case of
one magnetic atom per unit cell and within a tight binding approximation the
function u,(k, r) takes the form

un(k, 7) = 71—17 S etk Bg(r - o). (68)

The function $(r— R;) is a wave function which is assumed to describe the localised
contribution arising from the i-th atom located at R;. R; is a lattice vector of the
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crystallographic lattice. The number N is equal to the number of unit cells in the
crystal which, for the conditions specified above, is equivalent to the number of
magnetic atoms in the crystal. The overlap is assumed negligible with

/ drd*(r— B)O(r— B;) ~ 0 for i+ j. (69)

It is often assumed that @(») is given in terms of wave functions which are char-
acteristic of the free atom. It may be composed of several parts according to
S(r— R;) = Z aafa(r— R;) (70)
o
with all functions 74(7) of the expansion being located at the position of the i-th
atom. This allows the lifting of degeneracy of an atom in a crystalline environment
as compared to a free atom to be taken into account. For 4 f-electron systems the
reduction in symmetry lifts the degeneracy of the 4f levels. The 4f energy levels
split into crystalline electric ficld levels with the degeneracies of the levels being
determined by the point symmetry of the atomic position. Ilere, however, the
splitting of the f-electron band or f-electron levels will not be considered further.
The matrix element for the magnetization density in real space is given by

M(r) = (U[Bi(r)|7) = / ¥ / a / a / dr? (0| (K@ ()]
X (o | BA() | ") (" |0 (7)) (0 (K1) 12). (71)

In (71) the magnetization operator includes the spin and orbital contribution. With

the state vector as specificd above in (66) the matrix element for the magnetization
takes the form

M(r) = / dK’ / Ak / . / i’ a® () an (K'Yt (K, o)
XMUn(k”, ""I)eikl"ﬂe_ik""lu6(7/ _ 'I'”)(S(’l' _ 1‘/’)

- / d¥ / A a (K )an (K'Y, (K 7)) Mun (K", )K= (79

Inserting the matrix element u, (k, ») in (68) into the above formula, M(r) takes
the form

M(r) = / a¥ / et (K Yan (K")
X Z ¢*(7" _ Ri)MQ*('I‘ _ Rj)eikl>R.'e—ik"~Rj e—i(kl—k”)'Ri . (73)
ij
Because of the assumption of negligible overlap between neighbouring lattice sites

the summation over the index j will only give a contribution for the term i = j.
Thus (73) may be written as.

M) =5 [ [ e wiew)
x Y 8" (r - B;)MB* (r — Rj)ei (K -k Rig-itk'- k"), (74)
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With a shift of the origin by R; (i.e. by a variable transformation r— R; — r) and
with the help of the “delta function”

7y — i(k-E')-R;
6(Ic—k)_N'Ze‘( ) (75)
the magnetization density in real space is finally obtained as
M(r) = / dblan (R)]20* (r) MB(1). (76)

The factor [ dk|a,(k)|? is nothing else but an occupation factor, which in real
space corresponds to an average occupation of the level, or levels, included in
&(r). The remaining factor @*(r) M®(r) yields the magnetization density in terms
of the wave function which describes the localised contribution. The occupation
factor may be absorbed into @#(7), which then corresponds to a wave function
composed of a sum over all occupied states with weighing factors according to the
occupation of the various levels.

As pointed out above a frequently used approximation is to take the funec-
tions &(r) to be given by those of a frece atom. This is the reason why free atom
form factors are so often employed for an explanation of magnetization density
measurements. It is worth recalling the definition of the magnetic form factor f(k)
as given in (15) where f(k) was defined as the Fourier transform of the magnetiza-
tion density of a single atom. The results of calculations of atomic magnetic form
factors for rare earth and actinide atoms have been tabulated in the literature
both, for nonrelativistic [13] and relativistic [14] calculations.

Thus, the calculation of the magnetization density in real space has been
reduced to the calculation of the magnetization density of a free atom. Both spin
and orbital contributions to the magnetization are more readily calculated for the
free atom compared to a determination by a band structure calculation. Other
interactions such as spin-orbit coupling and crystal field interactions with the
crystalline environment may also be included. Particularly for the interactions
which give rise to the crystalline electric fields it is an advantage that for localised
and atomic-like wave functions it is possible to scparate the wave function into an
angular and a radial part.

By transforming to spherical coordinates the wave function $(r) may be
written in the form &(r) = R(r) Y (9, ). The angular part of the wave function is
readily treated thoroughly taking into account the removal of spherical symmetry
and the lifting of degeneracies in the crystal. Group theory predicts the splitting
and the level degeneracies. The remaining matrix elements which are not fixed by
symmetry considerations are commonly taken as free parameters to be fixed by
comparison with experiments.

A complete derivation of the mathematics is given in [15, 16] and in Lovesey
[2]. The case of crystal fields has been considered by Boucherle [17]. The radial
part of the wave function is not determined by symmetry alone but it is a rather
complicated function of r. Its full and satisfactory determination requires a full
scale relativistic calculation for the free atom. To go beyond this approximation
necessitates a full scale band structure calculation. This, however, is often not
feasible and the radial dependence of a free atom calculation is used for comparison
with experiment.
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The problem of calculating the magnetization density in the unit cell has
thus been reduced to the calculation of the magnetization of a single atom. Under
the assumption that it is adequate to treat the atom in the crystal essentially in
the same manner as a free atom all the standard procedures of spectroscopy may
be applied. While the mathematical procedure may be involved it is nevertheless
straightforward. A complete exposition of the physics of spectroscopy is given in
the book by Condon and Odabasi [18], and it should be consulted in addition to
the references cited above.

After the discussion of the calculation of the magnetization density in real
space an experimental investigation will be considered in the next section. Exper-
imental results are presented and the magnetization densities are interpreted and
discussed in relation to the models of localised and itinerant electron magnetization
densities. '

4. Experimental investigation

The investigation of the magnetic form factor and the magnetization densi-
ties in a solid commences with a proper characterization of the nuclear structure.
Therefore, the first part of this section will be concerned with the determination of
the nuclear structure as defined by the identification of the atomic positions. In the
second part data will be presented of the magnetic form factor and magnetization
density, and an interpretation will be given of the observation.

Two substances will be considered here, UBe;s and UPts, with both com-
pounds belonging to the group of heavy fermion superconductors. The properties
of heavy fermion systems are of interest in themselves, and their investigation is
currently a very active field of research. Ilowever, the physical properties of heavy
fermions are not of primary interest here, but rather attention is focused on their
magnetic form factors only. Thercflore, out of the rich spectrum of heavy fermion
properties it is only the static magnetic characteristics as seen in an investigation
of the magnetization densities which are of interest here.

4.1. Nuclear struclure of UBey3 and UPl3

The crystallographic structure of UBej3 and UPts is cubic and hexagonal,
respectively. The crystallographic space groups proposed in the literature {19] are
given as Fm3m for UBeys and P63/mmc for UPts. These structures have been
confirmed in a detailed neutron scattering ~xperiment, and the free parameters
have been determined experimentally for these structures as given by the positional
parameters of one Be atom position in UBe;3 and the position of the Pt atom in
the unit cell of UPt;. Additional information was obtained in these experiments
with regard to temperature factors, absorption and extinction.

The nuclear structure of UBe;3 is presented in Fig. 5 as a projection of the

~atomic positions onto one of the cubic faces. Each unit cell contains 8 formula units,
with 8 U atoms and 104 Be atoms on two crystallographically different positions.
Denoting the two Be sites by Bel and Bell, there are 8 Bel and 96 Bell atoms
shown in the projection. For clarity a projection is shown in Fig. 5b which contains
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Fig. 5. Projection of the nuclear structure of UBeys onto one of the faces of the cube.
There are 8 formula units within a unit cell and the projected positions of all 112 atoms
are shown in part (a). Parts (b) to (d) show only 1/4 of the projected unit cell with the
positions of U atoms (part (b) with two U atoms being projected down onto the cube’s
face) and the two Be atom positions in parts (c) and (d) with 8 and 96 atoms per unit
cell, respectively. '

only the U atom positions. The uranium and Bel atoms each form a simple cubic
sublattice within the UBe,3 structure. For the projections shown in Fig. 5b there
are two U atoms being projected down onto each uranium site.

It is worth pointing out some of the features of the projection of the nuclear
density in Fig. 5. First of all, it is a map in real space of the neutron—nuclei in-
teraction potential. It is obtained by a Fourier transformation using the nuclear
structure factors in a manner identical to the procedures described above for the
magnetization density. The nuclear density is seen to be smeared out over a small
region with the centre of the density being located at the position of the atom.
This smearing is a consequence of the finite Fourier series which has been used to
obtain the nuclear density. The “real” interaction potential is'a “delta function”
when a standard description of the interaction potential is used with the Fermi
approximation. Thus, the finite width in the nuclear density map is entirely due
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to the number of the Fourier coeflicients used in the Fourier inversion. In order to
allow a comparison with the magnetization density map the same cut-off is used
in the Fourier series as will be used later in the construction of the magnetiza-
tion density. In studying the projection of the nuclear density it should also be
taken into account that the nuclear density is measured by the strength of the
neutron— nucleus interaction. The strength of the interaction potential is param-
eterized by the neutron scattering lengths by and bp. [20]. ITowever, due to very
similar values of the scattering lengths for U and Be (by = 8.41 x 10715 m, bg, =
7.79 x 10~1% m) it is difficult to distinguish the U and Be atom positions from the
values of the contour levels in Fig. 5.

For UPts the nuclear structure is shown in Fig. 6 as a three-dimensional
picture. Figure 7 shows the position of the U and Pt atom for two cuts through

-
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Fig. 6. Hexagonal unit cell of UPts. There are two formula units within a unit cell
arranged on two planes with z = 1/4 and z = 3/4. The origin of the unit cell and the
point (1/2, 1/2, 1/2) are centres of inversion symmetry.

@ U atom O Uatom
[ Pt atom 0 Pt atom
A layer, z = 1/4 B layer, z = 3/4

Fig. 7. Arrangement of U and Pt atoms in UPt3 within the two hexagonal planes at
z=1/4 and z = 3/4.
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the unit cell. The unit cell of UPts contains two formula units with the atoms
located in two hexagonal planes with z = 1/4 and z = 3/4 and as shown in Fig. 7.
Both planes are related to one another by centres of inversion symmetry which are
located at the origin of the unit cell (0, 0, 0) and at the position (0.5, 0.5, 0.5).

Both nuclear structures are centrosymmetric as a consequence of which the
nuclear structure factors can be chosen real. Therefore, the phase factor of the
nuclear (and also of the (ferro-) magnetic) structure factor is given by either +1 or
—1. Both materials are paramagnetic in the temperature range investigated in the
form factor measurement. For UPt3 antiferromagnetic order is reported to occur
at approximately 5 K with a doubling of the unit cell. This, however, will not
interfere with the form factor measurements and therefore the antiferromagnetic
order of UPts will not be pursued further.

4.2. Magnelic form faclor measuremenls in UBeyg and UPly

In the spin polarised neutron scattering experiment the samples were placed
in a magnetic field of 4.6 tesla. For the UBe;3 sample the magnetic field direction
was parallel to the crystallographic [1, 1, 0] direction, while for UPt3 the magnetic
field was along [2, 1, 0]. For UPt3 this corresponds to a configuration where the
field is in the hexagonal plane and perpendicular to the magnetically hard direction
which is found to be given by the crystallographic c-axis.

The flipping ratios of a number of the Bragg reflections have been measured
at temperatures of 10 K for UBe;3 and for 5 K and 23 K for UPts. As the flipping
ratios for UPts did not vary with temperature, the two data scts were merged in
order to 1mprove statistics.

In the spin polarised neutron scatteung, experiments the flipping ratios have
been obtained for all measurable Bragg reflections with values of the scattering
vectors characterised by sin@/A < 0.5 A=1. In order to present the data in a
concise and meaningful manner one may assume that the magnetization arises
only from the 5f electrons located on the uranium atom. Due to the simplicity
of the structures for both UBej3 and UPts it is possible to reduce the magnetic
structure factor to the magnetic form factor of the uranium atom. Within this
model of only taking into account the 5f-clectron magnetization and by using
(14) and (15) the magnetic structure factor can be written as

Fu(r) =) mifi(r)eT ™. (77)

Here the summation is carried out over all uranium atoms with their posi-
tions given by r; within the unit cell. According to the assumption made above
all other atoms in the unit cell do not contribute to the magnetization and there-
fore they need not be included in the summation in (77). Moreover, all uranium
atoms are on crystallographically equivalent positions and their induced magnetic
moments are all equal. Thus with

filr)=f(r), mi=p (78)

the magnetic form factor reduces to

Far(7) = pf(7) ) e (79)
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The factor 37; ¢/T'" is a known cntity as all the parameters such as atomic positions
are known. Thus, this factor may readily be removed from (79). Thereby, the
magnetic structure factor is reduced to the magnetic form factor of the uranium
atom multiplied by a constant. The multiplicative factor in front of the magnetic
form factor is equal to the total ferromagnetic moment located on the uranium
atom. ‘

The magnetic form factor of the uranium atom is the Fourier transform of
the atomic magnetization density. These densitics have been calculated for the
various states of ionization of the free uranium atom, and the relevant functions
have been tabulated in the literature [14]. Assuming that three 5f-electrons are
present on the uranium atom and that crystal field splittings and hybridization
effects can be neglected, the magnetization density of the uranium atom retains
its spherical symmetry within the crystalline environment. A magnetic form factor
which is evaluated under these assumptions is known as a form factor in dipole
approximation.

Using the dipole approximation for the 5 f-electron magnetization there re-
mains only one free parameter to be determined by comparison with experiment.
The unknown entity is given by the size of the magnetic moment located on the
uranium atom. While the saturation magnetic moment of this configuration can
be calculated, the magnetic moment aligned by the external magnetic field and at
the relevant temperature may be substantially different from the total magnetic
moment on the atom. Thus, with the assumption of a localised magnetization
density centred on the Uranium atom and within a dipole approximation for the
magnetization distribution a one-parameter fit has to be carried out.

The results of such a fitting procedure are shown in Fig. 8 and Fig. 9. The
continuous line corresponds to the magnetic form factor of the uranium atom
while the data points are given by the measurements on UBe;3 and UPts. While
the experimental values of the magnetic form factor of UBe;3 are satisfactorily
reproduced by a form factor of the Uranium atom in dipole approximation, the
corresponding data points for UPtys show a significant scatter around the curve of
a spherically symmetric magnetization distribution.

In order to improve the agrecment between calculation and observation for
UPt3 one may try to relax the condition of a spherically symmetric magnetization
distribution and model the form factor within a crystal field model. However, even
within this less stringent model the agreement of an improved model calculation
and experimental observation is poor. It turns out that the scatter of the data
points in Fig. 9 is too varied to allow modelling using only an uranium atom
magnetization.

In order to obtain more insight into the reason for such a discrepancy and to
be able to identify the various contributions to the magnetization it is informative
to study the magnetization density in real space. Using the measured magnetic
structure factors in the Fourier series, the real space magnetization densities have
been constructed for both, UBe;3 and UPts.

The magnetization density in UBe, 3 is shown in Fig. 10 as a projection onto
one of the faces of the cubic unit cell. Tlie number of the Fourier coeflicients and the
other conditions for obtaining the plot are the same as the one for the projection
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Fig. 8. Magnetic form factor of UBe;s as deduced from measurement (crosses) and as
calculated (line) using a spherically symmetric free-atom-like magnetization distribution
centred on the uranium atom. The theoretical calculation is obtained by a one-parameter
fit Lo the experimental data assuming a f* configuration of the uranium atom. For details

see text.

of the nuclear density in Fig. 5. It is seen from the magnetization projection that a
magnetic density arises at the positions of the uranium atoms. No other structure
or detail is visible within the unit cell. In particular, there is no localised magnetic
contribution centred at the Be atom positions.

This result is not surprising in view of the fact that the magnetic form fac-
tor fit in Fig. 8 is a good description of the experimental data. The magnetization
density in real space is therefore dominated by the 5 f-electron magnetization. How-
ever, for low scattering vectors a systematic deviation is found in Fig. 8 between
the observed data points and the calculated form factor curve. This deviation at
low values of sinf/) is attributed to a polarization of the conduction electrons.
As discussed in some detail in Sec. 3, the conduction electron contribution will be
sharply peaked at 7 = 0 and quickly fall to zero as the size of the scatteriug vector
increases. The Fourier transform is not expected to show significant structure.

In order to illustrate the effects of an incomplete Fourier series a magneti-
zation density map is constructed with one component missing. Such a picture is
shown in Fig. 11, where the component corresponding to = = (2, 2, 0) has been
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Fig. 9. Experimental (crosses) and theoretical (line) magnetic form factor for UPts.
The magnetic form factor calculation was carried out in the dipole approximation. This
model assumes that the magnetization is carried exclusively by uranium 5 f-electrons
with the calculation being carried out for a spherically symmetric magnetization distri-
bution. As seen from this picture this model is a very poor representation of the data.
More refined models which lift the restrictions of spherical symmetry but keep an “ura-
nium atom only magnetization contribution” do not differ appreciably from the simple
calculation presented here. The experimental data is too varied to be explained by an
anisotropic magnetization distribution. For details see text.

reduced by a factor of two. The nuclear structure factor. of this reflection is acci-
dentally very small, as a consequence of which it is experimentally more involved
to obtain accurate values of the flipping ratio. This is due to experimental difficul-
ties and uncertainties which arise in an accurate determination of the background
contribution for weak reflections. For reflections with a low nuclear structure factor
other contributions such as those due to multiple scattering may seriously influence
the intensity of the Bragg reflection. Thus, the flipping ratio of a weak reflection
may be systematically estimated as being cither too low or too high. For a mag-
netization density map which is constructed using this coefficient in the Fourier
series the resulting magnetization density may show additional structure which
arises from the difference between the correct and estimated magnetic structure
factor. Figure 11 shows magnetization density for the magnetic structure factor
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Fig. 10. Projection of the magnctization density in real space for UBe;s as obtained
by the Fourier transformation from the experimental data (see also Fig. 8). For clarity
only 1/4 of the unit cell is shown. The projection corresponds to the projection of the
nuclear uranium atom positions as shown in Fig. 5b. The density has been averaged
over a cube of edge 1 A with the magnetic density levels corresponding to 5, 10, 30, 50,
70, 90, 110, 130 and 150 in units of 10~ pup/A2%.

Fig. 11, Projection of the magnetization deusity in UBeis onto one of the cubic
faces. This figure corresponds to Fig. 10, with the diffcrence that the contribution of the
(2, 2, 0) reflection has been reduced by a factor of 0.5. The experimental determination
of the flipping ratio of this reflection is particularly difficult due to an accidentally
small nuclear structure factor (see text). The “additional features” in the magnetization
density map are artefacts which are characteristic of a “missing component” in the
Fourier series.

with the “correct” coeflicient of the (2, 2, 0) reflection being multiplied by 0.5.
This reflection and the ones obtained from it by the application of the symmetry
elements of the structure contribute a term proportional to cos (4 (r; + ry)) to
the projection of the magnetization density.

In order to see whether or not such structure in the magnetization density
is a “real” effect or whether it arises due to some missing or wrong Fourier com-
ponents one may calculate the magnetization using a simple model such as the
uranium 5 f-electron magnetization only and employing the dipole approximation.
This model may then be used to construct the magnetization density in real space
by a Fourier transformation and with the same coeflicients in the Fourier trans-
form as used in the experimental series. Such a density map should then show only
localised magnetic contributions. Any deviation from this must be attributed to
an effect of the Fourier series. Alternatively, one may study the difference map,
which is obtained by Fourier transforming the difference of observed and calcu-
lated magnetic structure factors. Both procedures enable to identify the origin of
the structure which is found in the magnetization density maps.

Figure 12 shows the magnetization density for UPts as a cut through the unit
cell at a height of z = 1/4. The positions of the atoms in this plane are indicated
in Fig. 7. When studying the magnetization density of Fig. 12, the first impression



78 K.-U. Neumann, K.R.A. Ziebeck

0 (0x0) 1/4

AN

<

Fig. 12. Magnetization density in UPts. The picture shows a cut through the unit cell
at z = 1/4. The atom positions in this plane are indicated in Fig. 7a. In addition to
a 5f-electron magnetization magnetic density can be attributed to uranium 6d and 7s
electrons. The Pt atoms are seen to carry a significant magnetic moment. The platinum
atom magnetization is delocalised and it does not resemble a density expected on the
basis of free atom wave functions. The negative contour levels (dashed line) correspond
to a magnetization density of —15, —10, —5 and —2.5, while positive levels (full lines)
are given for the values 2.5, 5, 10, 20, 30, 40, 50, 60, 70 and 80 in units of 10~% up/A3.
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is one of a complex magnetization distribution with various contributions which
are located at different positions in the unit cell.

Around the position of the uranium atom there is indeed a significant and
well localised magnetization to be found. The radial extent of the 5 f-electron wave
functions is consistent with the innermost magnetization distribution. Ilowever, in
addition to the magnetization of the 5 f-electrons a magnetization contribution is
identified which arises from 6d and 7s clectrons of the uranium atom. The sym-
metry of the 6d-electron wave functions is reduced due to the point symmetry of
the uranium location. The threefold axis of rotation gives rise to the crystal field
splitting of the 6d-electron levels. This is the reason for finding the three regions
of positive magnetization density at a distance of = 1.2 A of the U atom position.
Both the radial extent of the wave function and the fact that it is split into crys-
tal field levels uniquely identify this magnetization distribution as arising from 6d
electron. For s or p electrons no splitting is expected to occur for the site sym-
metry of the uranium atom. The remaining negative magnetization distribution is
attributed to a 7s-electron polarization, with the 7s-clectron spin being orientated
antiparallel to the direction of the 5 f-electron magnetic moment.

The remaining magnctization distribution in the unit cell arises due to a
magnetic polarization of the platinum electrons. The Pt triangle within the unit
cell is seen to carry a significant part of the magnetization density. The electrons
have to be considered delocalised. The overlap between neighbouring Pt atom
wave functions is significant, as a result of which the magnetization distribution
is severely distorted. The appearance of the magnetization density does not any
more resemble the one expected for atomic wave functions.

In order to model the magnetization density for UPt3 all those electronic con-
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tributions identified above have to be included. The model of a localised moment
magnetization can be modified toinclude the localised magnetization contributions
of the uranium atom. It suflices to use frce atom wave functions. For the mod-
elling of the magnetization density within the triangles of Pt atoms the overlap
of wave functions has to be included. This requires a band structure calculation.
Until now, however, a theoretical prediction of the magnetization density in UPts
based on the band structure calculation lias not been reported in the literature.

Bearing these comments in mind a model calculation has been carried out
using free atom wave functions for both, uranium and platinum contributions. By
using such a model the agreement with observation could be significantly improved.
The agreement is considered fair, however, with the main shortcoming of such
a calculation being given by the inabilily to adequately model the delocalised
magnetization density around the Pt atoms.

5. Discussion

The results of the form factor measurement of UPts illustrate quite nicely
the power of the technique of spin polarised neutron scattering. The magnetiza-
tion density as presented in Fig. 12 reveals details of the electronic wave functions,
their radial extent and the angular dependence. It is therefore a decisive test for
any band structure calculation, whether or not such details of the electronic wave
function are reproduced by the calculation. It was pointed out in the introduc-
tion that this type of measurement probes the ground state of the system. The
perturbation which is introduced by the application of a magnetic field is of the
order of 10 K. This energy is much smaller than the energies involved in typi-
cal experiments in spectroscopy, or the accuracy of energy values obtained by a
band structure calculation. For the purpose of comparing the magnetic form factor
measurements with results of band structure calculations the ground state wave
function may be used for the calculation of M(#).

In general, band structure calculations are aimed at a determination of the
eigenvalues of the Tamiltonian of the system. This results in the energy spectrum
as given by the band structure and the electronic density of states. In order to
obtain good estimates for the encrgy eigenvalues of the system it is generally not
required to have the exact wave function which is an eigenstate of the ITamiltonian.
A method due to Ritz is a well known procedure in quantum mechanics whereby
a trial wave function with some frce parameters is used in a variational procedure
to obtain estimates of energies for the system under investigation. Quite different
wave functions may lead to very similar estimates for the energies. It is not essential
to have the correct electronic wave function for obtaining good estimates for the
band structure.

However, for obtaining a complete solution of a quantum mechanical system
the eigenfunctions have to be determined. In this respect a comparison of calcu-
lated wave functions with the results of magnetic form factor measurements can
be helpful. Spin polarised neutron scattering experiments are capable of yielding
very detailed information on the wave [unctions of some electrons in the system.

In addition to providing a challenge for band-structure calculations the mag-
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netization densities may yield qualitative information on the degree of localization
of electrons in metals and on chemical bonding in ionic compounds. A large num-
ber of systems have by now been investigated with this technique. The interested
reader is referred to a compilation of references for magnetic form factor mea-
surements (Boucherle [21]), which contains a large number of systems with varied
physical characteristics. The detailed interpretation of experimental results also
depends to a large degree on the systems which are considered. Ilere only the ex-
ample of a metallic system with localised and delocalised electron magnetization
contributions has been considered. For a more detailed discussion the literature
[22-26] may be consulted in addition to the text books on neutron scattering [1-3).

6. Conclusions

An introduction has been given to the technique of spin polarised neutron
scattering with an application to magnetic form factor measurements. Some exper-
imental questions have been discussed. For the interpretation of the magnetization
density two models have been considered: a localised moment system and a delo-
calised electron system with the electron described by free electron wave functions.
" The various points raised in these discussions have been illustrated with the experi-
mental investigation of the heavy fermion systems UBe;3 and UPtg3. These systems
exhibit the full spectrum of electronic magnetization distributions in metals. For
electrons with localised characteristics it includes contributions from 5 f-electrons
of the uranium atom with the magnetization having spherical symmetry, crystal
field split contributions of 6d-electrons and 7s-electron magnetization with no an-

gular dependence. Delocalised electron contubuuons are found in magnetization
density in real space.

The experimental technique of magnetic form factor measurements by neu-
" tron scattering is a powerful tool, which may yield detailed information concerning
electronic wave functions. This information is complementary to other experimen-
tal techniques which investigate the energy spectrum and band structure of the
solid. Magnetic form factor measurements are also a challenge to theory and band
structure calculations. A closer comparison of the magnetization density in real
space with electronic wave functions obtained in band structure calculation is
highly desirable.
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