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We report the results of an x-ray-scattering study of the polarization and resonance properties of
the magnetic cross section of holmium. Off resonance, we have measured the degree of linear polar-
ization for several different chemical and magnetic reflections, and shown that the results are con-
sistent with a nonresonant description of the x-ray-scattering cross section. When the incident x-ray
energy is tuned near the L; absorption edge, large resonant enhancements of the magnetic scatter-
ing, and resonant integer harmonics, are observed. Detailed measurements of the dependence of the
integrated magnetic intensity on the incident x-ray energy, on the x-ray momentum transfer, and on
the sample temperature are described for incident x-ray energies in a range of 250 eV below and
above the Ly; absorption edge. In addition, we have characterized the energy dependence of the
linearly o- and m-polarized components of the magnetic scattering in this range, and fitted the re-
sulting line shapes to a simple model of the resonant cross section, including electric dipole and
quadrupole transitions among atomic orbitals. The most striking feature of the line shapes is their
asymmetry, which results from the interference of the resonant and nonresonant cross sections.
Smaller resonant enhancements of the magnetic scattering are reported for incident x-ray energies
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tuned near the L and L; absorption edges.

I. INTRODUCTION

In this paper, we present the results of an x-ray-
scattering study of the rare-earth metal holmium. Our
main purpose in this work has been to explore basic ele-
ments of the polarization and resonance properties of the
x-ray magnetic cross section. Specifically, for linearly o-
polarized incident x radiation, we have examined the
dependence of the integrated magnetic intensity on the
incident x-ray energy, on the x-ray momentum transfer,
and on the sample temperature, as the incident x-ray en-
ergy is tuned near to and far from the Ly, Ly, and Ly
absorption edges. In addition, we have characterized the
energy dependence of the linearly o- and w-polarized
components of the scattered x-ray beam, and fitted the re-
sulting line shapes to a simple model of the resonant x-
ray cross section.!™3 The experiments described in this
paper were motivated, in part, by earlier experiments on
holmium'? in which attempts were made to distinguish
the contributions of the orbital- and spin-magnetization
densities to the magnetic cross section by analyzing the
polarization of the scattered beam. In addition, an ap-
proximately fiftyfold resonant enhancement of the x-ray
magnetic scattering, and resonant integer harmonics,
were discovered when the incident x-ray energy was
tuned near the L, absorption edge.""? Besides intrinsic
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interest in the x-ray-scattering cross section and its
description, studies of this type are also motivated by the
possibility that new structural and magnetic properties of
rare-earth metals might be revealed, and that new tech-
niques may thereby be developed. In this regard, the
spiral antiferromagnetic holmium offers a unique oppor-
tunity for detailed analysis. By virtue of its large magnet-
ic moment and incommensurate magnetic structure, x-
ray magnetic scattering is readily detected using syn-
chrotron radiation. Further, the detailed magnetic struc-
ture of holmium is well established on the basis of a
var‘itet?f2 of earlier x-ray- and neutron-scattering stud-
ies.

The results described in this paper are analyzed within
two regimes of the incident x-ray energy, namely, in the
limit of high-x-ray energies, when the incident x-ray ener-
gy lies above the excitation energy of any absorption
edge, and at resonance, when the incident energy lies
near an absorption edge. In the high-energy limit, the
amplitude for x-ray magnetic scattering has the simple
form [L(Q)-A+S(Q)-B].>" !5 Here, L(Q) and S(Q)
refer to the Fourier transforms of the atomic orbital- and
spin-magnetization densities, respectively, and the vec-
tors A and B depend on the incident and scattered wave
vectors and on the incident and scattered polarization
vectors.!>" !> Because the vectors A and B are not iden-
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tical, the polarization dependence of the orbital contribu-
tion to the magnetic cross section differs from that of the
spin contribution. This leads to the possibility that the
orbital- and spin-magnetization densities may be dis-
tinguished in x-ray-scattering experiments. The same dis-
tinction is not directly possible by neutron-diffraction
techniques (in dipole approximation, where the polariza-
tion dependence of the orbital contribution is identical to
that of the spin contribution), and is important to a fun-
damental understanding of the electronic structure of
magnetic materials. A particular class of experiments for
which these techniques may be useful will concern quan-
titative studies of mixed-valence and heavy-fermion ma-
terials, for which the 4f and 5f orbital and spin magneti-
zation densities are presently uncertain.

In Sec. V, we report measurements of the degree of
linear polarization of the scattering obtained at several
different chemical and magnetic reflections of holmium
for incident x-ray energies set about 200 eV below the
L, absorption edge. We find that, for predominantly
o-polarized incident radiation, the radiation scattered at
the chemical reflections is predominantly o polarized,
while that obtained at the magnetic reflections is predom-
inantly 7 polarized (rotated by 90°). These results are
consistent with calculations of the nonresonant cross sec-
tion (derived in the high-energy limit) for charge and
magnetic scattering.!* The fact that the incident linear
polarization vector is rotated upon magnetic scattering
may be interpreted within the nonresonant limit as
reflecting the large orbital moment in holmium. We have
also made estimates of the magnitude of the resonant
contributions to the o- and w-polarized components of
the magnetic scattering from the nearby L;; edge, and
found that, while significant, these corrections appear to
fall within the experimental error.

In the resonant regime, when the incident x-ray energy
is tuned near an absorption edge, there are additional
contributions to the x-ray-scattering cross section.'3
Within a one-electron view of the electronic structure,
the incident photon promotes an inner shell electron to
an unoccupied orbital above the Fermi energy, which
subsequently decays through the emission of an elastical-
ly scattered photon. The amplitude for resonant magnet-
ic scattering then depends on the matrix elements which
couple the ground state and the excited magnetic states
allowed by the exclusion principle. In this way, the ener-
gy and polarization dependence of the magnetic scatter-
ing probes the fine structure of magnetic states. It fol-
lows that detailed modeling of the line shapes of the mag-
netic scattering may reveal the spectrum of allowed tran-
sitions near Ej, including, perhaps, the magnitude of the
exchange splitting and the induced polarization within
metallic conduction bands.>3 It is also important to note
that the polarization dependence of the resonant cross
section depends in a simple way on the directions of the
local atomic moments. The existence of large resonant
enhancements of the magnetic scattering then makes
feasible the determination of magnetic structures by x-
ray-scattering techniques in a wider class of materials
than was previously imagined. We believe that resonant
techniques will be of special interest in studies of the
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magnetic properties of rare earths and actinides, particu-
larly in application to multilayers, thin films, and surface
layers. Experiments of this type are straightforward us-
ing synchrotron radiation when the incident x-ray energy
lies near the L absorption edges of the rare earths
(fiw~6-10 keV) and the M absorption edges of the ac-
tinides (#iw ~3-5 keV). X-ray-reflectivity studies of these
materials, and of transition elements, over an even wider
range of energies offer still another direction for resonant
studies of magnetic properties.

In Sec. VI, we confirm the approximately fiftyfold reso-
nant enhancement of the x-ray magnetic scattering for
the (0,0,2+7) magnetic reflection of holmium for in-
cident x-ray energies tuned near the L ;; absorption edge,
and characterize the energy dependence of the resonant
second-, third-, and fourth-order harmonics.! ~> We have
also performed detailed measurements of the line shapes
of the linearly o- and w-polarized components of the
magnetic scattering for the (0,0,2+7), (0,0,4+7), and
(0,0,6+7) magnetic reflections, and of their sum, both
near to and about 150 eV below the L;; absorption edge.
These line shapes have been fit to a simple model of the
resonant cross section for a magnetic spiral, including
electric dipole and quadrupole transitions, coupling 2p to
5d and 4f magnetic states, respectively.® Although not
unique, the fits provide a reasonable description of the
data, which is qualitatively consistent with an atomic or-
bital description of the electronic structure. The most
significant feature of the line shapes is their pronounced
asymmetry, which results from the interference of the
resonant and nonresonant contributions to the cross sec-
tion. We have also performed high-Q-resolution mea-
surements of the profiles of the magnetic scattering as a
function of the incident x-ray energy near the L; edge,
and found a slight broadening of the radial and trans-
verse profiles, which we suggest is related to the increased
absorption. In addition, we have measured the tempera-
ture dependence of the principal resonant and non-
resonant magnetic cross sections for the (0,0,2+7)
reflection and found that, to within our statistics, they
are identical. Finally, resonant magnetic scattering has
been observed near the L;; and L; absorption edges with
an intensity which is considerably reduced from that ob-
served at the L edge.

Before turning to a detailed discussion of our results
for holmium, we note the results of some related efforts.
Recently, experiments sensitive to the orbital- and spin-
magnetization densities have been attempted in UAs,!®!7
and in Fe, Gd, and Tb.!'® Resonant and off-resonant x-
ray magnetic scattering studies have been performed on
most of the heavy rare-earth metals, including Ho,"* ™ !!
Dy,19 Tm,?° and Er,?! on two rare-earth magnetic multi-
layers, including Gd-Y (Ref. 22) and Ho-Y,? and in a
variety of actinides and transition metals including
UAs,'®17 UN,?* URu,Si,,?* UO,,% USb,?® Ni,?” MnF,,
and Fe.?® The largest resonant enhancements have been
observed for incident x-ray energies near the My absorp-
tion edges of the actinides!®!72*~2% and near the L ab-
sorption edges of the rare earths!°"?! and transition
metals.?’ Spin-dependent absorption measurements have
been performed on a wide variety of transition-metal and
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rare-earth powdered ferromagnets (see, for example, Ref.
30). Recently, calculations have been made of the reso-
nant cross sections for scattering and for absorption in
ferromagnets.’!

The first x-ray magnetic scattering experiments were
performed by deBergevin and Brunel on NiO and various
Fe compounds,’>*? following the original calculations of
Platzman and Tsoar,>* in 1972. The first polarization-
sensitive x-ray magnetic scattering experiments were per-
formed by Brunel and co-workers on Fe in 1982.%
Blume suggested that interesting magnetic effects might
occur near an absorption edge in 1985.)* Namikawa and
co-workers performed early measurements of resonant
magnetic effects in Ni.?’

The outline of this paper is as follows. The experimen-
tal procedures are summarized in Sec. II. Relevant
features of the electronic and magnetic structure of hol-
mium are described in Sec. III. Detailed expressions for
the resonant and nonresonant contributions to the x-ray-
scattering cross section are discussed for holmium in Sec.
IV. The results of the experiments obtained off resonance
and near resonance are presented and analyzed in Secs. V
and VI, respectively.

II. EXPERIMENT

The experiments described in this paper were begun on
beamline A-2 at the Cornell High Energy Synchrotron
Source (CHESS) and continued on beamline X22C at the
National Synchrotron Light Source (NSLS). For simpli-
city of presentation, we shall describe our procedures at
NSLS X22C, elaborating only where necessary on partic-
ular aspects of the measurements performed at CHESS.

X22C utilizes a doubly focusing nickel-coated mirror
(spot size ~1 mm?) and a fixed-exit Ge(111) double-
crystal monochromator. With this monochromator, the
incident x-ray energy is tunable from about #w=3 to 30
keV, with an energy resolution between 5 and 10 eV at
#io=8067 eV. The high-symmetry faces of a (9X4X4
mm?) holmium sample were first mechanically polished,
and then electropolished in a passivating methanol-
perchloric solution.’® The mosaic width measured at the
chemical (0,0,2) reflection was 0.03°. The sample was
supported inside a closed-cycle helium refrigerator and
studied with the (0,0,L) face mounted in a vertical
reflection geometry. Nal scintillation detectors were
used to count the incident and scattered photons.

A schematic view of the geometry used in these experi-
ments is shown in Fig. 1. In the figure, the x-ray beam is
incident onto the sample from the left, and makes an an-
gle 6 with respect to its surface and to the (0,0,L ) Bragg
planes. The coordinate system is chosen so that the o-
polarized components of the incident and scattered
beams are normal to the diffraction plane (spanned by the
incident and scattered wave vectors k and k'), while the
m-polarized components lie within the diffraction plane.

Linear polarization analysis was accomplished by
means of an instrument which has been described in de-
tail elsewhere.’” Briefly, a pyrolytic-graphite (PG) crystal
(with a mosaic width of 0.3°) was placed after the sample
on the 26 arm of the spectrometer. When the incident x-
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FIG. 1. Schematic view of geometry used in these experi-
ments.

ray energy is tuned to #iw =7847 eV, the scattering angle
for the PG (0,0,6) chemical reflection is precisely
90° (Ographites in Fig. 1). Consequently, one linear com-
ponent of the beam scattered from the sample is reflected
into the detector, while the other is suppressed. By accu-
rately rotating the graphite analyzer assembly and detec-
tor about the axis of the scattered beam (¢, in Fig. 1),
the former is suppressed and the latter is reflected. In
this way, the intensities of the linearly o - and m-polarized
components of the scattered beam may be independently
measured. It is important to add that, while polarization
analysis using the PG (0,0,6) reflection is optimally
efficient at an energy #iw=7847 eV, this same reflection
may be used to analyze the polarization of the scattered
beam in a range of energies several hundred eV around
#iw=7847 eV. For example, when the incident x-ray en-
ergy is tuned near the L; absorption edge at #io =8067
eV, the difference in 0,,,,pi from 90° (see Fig. 1) leads to
an error in the intensity of order 1%, which is neglected
here. Using this device, the degree of linear polarization

P=,—I,)/(I,+1I,)

of the incident beam was determined to be P=0.9%0.1
on beamline X22C at NSLS and P=0.77+0.075 on
beamline A-2 at CHESS. These values are the averages
obtained from measurements of the polarization of the
direct beam, as well as of the charge scattering from the
(0,0,2), (0,0,4), and (0,0,6) chemical Bragg reflections.

All of the results reported in this paper for the degree
of linear polarization and for the energy dependence of
the magnetic scattering were derived from integrated in-
tensities, obtained by rocking the sample at the appropri-
ate Bragg angles. It is noteworthy in this regard that the
background intensities measured at each x-ray energy
mirror the sample fluorescence, and thereby provided
continuous, on-line calibration of the incident x-ray ener-
gy. Horizontal and vertical slits (located upstream of the
mirror) were employed in order to symmetrize the diver-
gence of the beam scattered from the sample.
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Specifically, the horizontal and vertical divergences were
set equal to about 0.03° at 20=35°, which is about ten
times smaller than the PG (0,0,6) mosaic width. As a re-
sult, it was not necessary when rocking the sample to also
rock Byapnice (in Fig. 1) at each Oy in order to obtain
properly integrated intensities. Horizontal and vertical
slits (located after the monochromator) were also used to
limit the beam spot on the sample, thereby permitting the
intensities obtained at large and small scattering angles to
be directly compared (after correction by the Lorentz fac-
tor).

III. MAGNETIC STRUCTURE OF HOLMIUM

Metallic holmium has a hcp crystal structure with two
layers per chemical unit cell and a saturation magnetic
moment of 10.3uy /atom.*® In the ground state there are
ten 4f electrons in a Hund’s-rule °I; configuration and
three electrons in the 5d and 6s bands. In the metal, the
5d and 6(s-p) conduction bands have energy widths be-
tween 5 and 10 eV, which is typical of rare earths.’%40
The 4f bands have energy widths of about 2 eV and lie
less than 5 eV above or below the Fermi energy.>’ In hol-
mium, the Ly; absorption edge occurs at #iw=8067 eV,
and is well separated from its L;; and L; partners at
#iw=28916 and 9395 eV, respectively. The My and My,
absorption edges occur at fiw=1392 and 1351 eV, respec-
tively.

Immediately below the magnetic ordering temperature
(Th =138 K), the nonresonant x-ray (neutron) magnetic
diffraction pattern for holmium consists of single pairs of
magnetic satellites split symmetrically around each of the
main chemical (nuclear) Bragg reflections, and parallel to
the [0,0,L ], or ¢, axis. This pattern is consistent with a
simple spiral modulation in which the average moments
are ferromagnetically aligned within the basal planes, but
rotate from plane to plane with an average turn angle
proportional to the magnetic wave vector 7.*>7% As the
temperature is decreased from T'=138 K, the magnetic
wave vector decreases from about 7~0.3¢c* to 7=1c¢*
below T=20 K, and may lock to rational values.” 12 At
T.=20 K, there is a first-order transition to a conical
magnetic structure with a net ferromagnetic moment
along the c axis.

Besides the principal magnetic scattering at 7, weak
fifth- and seventh-order harmonics have been observed
below T~80 K by neutron diffraction.*>’~12 The dis-
tortions of the spiral implied by fifth and seventh har-
monics result from the tendency of the atomic moments
to bunch along the six easy directions defined by the
basal-plane crystal field. Second- and higher-integral-
order magnetic satellites have also been observed along
the [1,0,L ] axis by neutron scattering.* ™12

In early x-ray-scattering experiments on holmium,
Keating® discovered additional charge scattering at
(1,1,L +27), and attributed its origin to the asphericity
of the 4f charge distribution. These peaks are not ex-
pected along the c axis for a simple spiral magnetic struc-
ture,® nor to our knowledge have they been observed. In
high-resolution x-ray-scattering experiments, still more
satellites (due to charge scattering) were discovered along
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the ¢ axis and shown to arise from lattice modulations ac-
companying magnetic ordering.’”!! These peaks reflect
correlations among localized spin defects, or spin slips,
and possess a wave vector satisfying the simple relation,
Taip— 127—2. More recently, nonintegral magnetic har-
monics have been observed in holmium both along and
off the ¢ axis by neutron scattering, and a generalized
phase discommensuration model has been applied to hol-
mium.'?>*! In the experiments discussed in this paper, we
are mainly concerned with the resonant and off-resonant
magnetic scattering observed at (0,0,L +7) (with L
even), and with resonant harmonics observed at
(0,0,L +271), (0,0,L+37), and (0,0,L +47). To our
knowledge, no previous studies have reported harmonics
at 27, 37, and 47 along the c axis.

IV. X-RAY SCATTERING CROSS SECTION

A. Nonresonant amplitude

The cross section for elastic scattering of x-rays from a
single crystal has the form

2 2

2
e all atoms iQ

'R (kK A0) | 1)

n

where R, is the position of the nth atom in the crystal,
#iw is the incident photon energy, and Q =k —k’ is the
photon momentum transfer. Using second-order pertur-
bation theory, Blume!? has shown that the scattering am-
plitude per atom f, may be written

[k, K5 Fi0) = f 708 Q) + £, (K, K3 Fiew)
+if (kK fiw) + [P0k, K fo) 2)

where fcharee(®) js the usual Thomson contribution, f,
and if]’ are the contributions arising from A-P, and f*Pi®
represents the amplitude for all scattering which explicit-
ly contains the electron-spin operator. In the limit of
high-x-ray energies (#iw>> energy of any absorption
edge), the scattering amplitude f, may be simpliﬁed:13 -1

fn(k,k';ﬁa))Z :harge(0)(Q)+f’:nagnetic(0)(Q) ,
where
;harge(O)(Q):Pn(Q)e'el

and

i ifio
;nagnetlc(O)(Q)z_n_;.z_[%Ln(Q).A+Sn(Q).B] . 3)
Here, fcharee(0) apg fmagnetic(0) are the nonresonant ampli-
tudes for charge and magnetic scattering, respectively.
p,(Q) is the Fourier transform of the electronic charge
density, and L, (Q) and S,(Q) are the respective Fourier
transforms of the orbital- and spin-magnetization densi-
ties of the nth atom. € and €' are, respectively, the in-
cident and final photon polarization vectors. The vectors
A and B depend on the initial and final photon polariza-
tion vectors and on the initial and final photon wave vec-
tors. General expressions for the vectors A and B may
be found in Ref. 14.
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For the particular case of a magnetic spiral, the degree
of linear polarization of the scattered beam at the mag-
netic wave vector 7 in the nonresonant limit is'**?

I, —TI.

, o 1%
where

I’ <(1+P)+(1—P)(1+g)*in%(0) ,

I, «<(14+P)(1+g)%in%(0)+(1—P)[1+2g sin%(6)]?,
and

L(Q)-J(Q) _ (L-If(Q)
S(Q)-J(Q)  (8-3)f5(Q)

In these expressions, the linearly o- and 7-polarized com-
ponents of the photon polarization are taken to be, re-
spectively, perpendicular to and coplanar with the x-ray-
diffraction plane (see Fig. 1). 6 is one-half the scattering
angle and P is the incident degree of linear polarization.
g(Q) is the ratio of the orbital- and spin-magnetization
densities, each projected along the total angular momen-
tum. For holmium, g(Q) may be rewritten in terms of
the normalized orbital and spin form factors:*
g(Q)=3f, /fs. It has also been assumed in writing Eq.
(4) that the contributions from the right and left circular-
ly polarized components of the incident beam cancel in
the scattered beam. For this assumption to be valid, the
magnetization across the surface must be uniform, the
right and left circularly polarized components of the in-
cident beam must have equal intensities, and all the scat-
tered photons must be collected at the detector.

It is clear from Eq. (4) that, in the nonresonant limit,
the degree of linear polarization for the x-ray magnetic
scattering from a spiral is sensitive to the orbital- and
spin-magnetization densities. Thus, by measurement of
P’, it should be possible to distinguish these contributions
in x-ray-scattering experiments. In particular, it should
be noted that, in the limit P—1, the o-polarized com-
ponent of the magnetic scattering from a spiral depends
only on the spin-magnetization density (I, «{S(Q)|?),
while the m-polarized component depends on the sum of
the orbital and spin densities

I’ = |L(Q)+S(Q)|%in%0 .

g(Q)= 4)

Since P ~1 in these experiments, it follows that the prin-
cipal differences measured for the intensities of the o-
and wr-polarized components of the magnetic scattering
must originate in the contributions of the orbital-
magnetization density of holmium.

The nonresonant degree of linear polarization of the
charge scattering from the chemical structure is'4

P’ _ 1—cos*(6)+P[1+cos*(H)]
charge 1 4 cos2(0)+ P[1—cosX(0)]

(5)

B. X-ray resonance exchange scattering

When the incident x-ray energy is tuned near an ab-
sorption edge, there are additional resonant contributions
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to the x-ray magnetic scattering amplitude.'”>!* In the
following, we consider only the resonant terms arising
from the operator A-P in the Hamiltonian, which con-
tribute directly to f’ and f'’, and we ignore crystal-field
effects.! ~>13 An important consequence of such a simple
description is that conventional electric multipole selec-
tion rules may be used to investigate which transitions
are allowed. For the particular case of electric 2L-pole
(EL) transitions in a magnetic ion, the contribution to
the2030herent scattering amplitude from A-P may be writ-
ten”

L A A
fEL_47TK 2 [/él*'YLM(k')YEM(k)'/C\]FLM(CO) ’
M=—L
where
P,P,,I',(aMb;EL)/T
Fiylo)=73 . (6)

wb X(a,b)—i

In this expression, the Y;,,’s are the vector spherical har-
monics with quantization axis Z;, k and k' are the initial
and scattered photon wave vectors, and A is the photon
wavelength. a and b are the initial and excited ionic
states of energy E, and E,, respectively. P, gives the sta-
tistical probability for the initial state a, and P, gives
the probability that the excited state b is vacant for tran-
sitions from a. Summed over M, I', (aMb;LM) gives the
partial width for EL radiative decay from the b to a, and
I is the total width for b (determined from all radiative
and nonradiative decay). In the resonance denominator,

x(a,b)=2E,—E,—#w)/T .

It is clear from Eq. (6) that the amplitude of the reso-
nant scattering is determined by the detailed electronic
structure through the F;,’s. Specifically, the energy
widths I', and I" depend directly on matrix elements of
the initial and excited states.>® Provided sufficient spin-
orbit correlations among the ground or resonant states
that the sums on M are nonzero,?’ it follows that the
greater the overlap is of the wavefunctions, the greater
the resonant magnetic intensity will be. For this reason,
the L and M absorption edges of the rare earths and ac-
tinides (for which the overlap is large) have been studied
intensively. It also follows from Eq. (6) that the polariza-
tion dependence of the resonant scattering is determined
independently of the Fj,;,’s through the dependence of
the vector spherical harmonics (Y, ,) on the direction of
the local ionic moment Z;. Further, the spectrum of the
allowed diffraction harmonics (m7, m =0, 1, 2, etc.)
arises from the dependence of the Y, products on
powers of Z ;.

For incident x-ray energies near the L,; absorption
edge of holmium, the dominant contributions to the reso-
nant scattering [Eq. (6)] arise from (1) electric dipole tran-
sitions coupling 2p core and 5d-derived conduction-band
states, and (2) electric quadrupole transitions coupling 2p
and 4f-derived states. (Transitions involving 6s states are
ignored by virtue of the assumed small induced s moment
and the small overlap with the p states.) For core excita-
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TABLE 1. Polarization dependence of x-ray-scattering cross
section from a magnetic spiral for E1 and E2 transitions, as-
suming o-polarized incident radiation (Refs. 2 and 3).

Harmonic El E2
0 o o
1 T o,T
2 o, T,
3 none o,T
4 none a,T

tions involving typical x-ray energies between #io =35 and
10 keV, a reasonable first step is to assume that one-
particle Hartree-Fock wave functions provide an ade-
quate description of the electronic structure. In the fol-
lowing, the initial state of the resonant electron in holmi-
um is taken to be an atomic 2p state:

[S11%)

3 —_—3 — 1 1
IZp%,mj) with m;=—3, —1, 1, and

Similarly, the states within the 5d band are assumed to be

|5d,m;,m;) with m;=—2, —1, 0, 1, and 2

and
m,=x=

It may be further assumed that the spin-down and spin-
up holes differ in energy by the exchange splitting A, and
that the energy of the spin-down holes lies lowest. The
consequences of this assumption for the line shapes ob-
served in holmium are discussed in Sec. VI A. The four
4f holes available in a quadrupole transition are taken to
be

|4f,m;,m,) with m;=—3, —2, —1, and O

and

The linear polarization dependence and the spectrum of
allowed diffraction harmonics may also be calculated for
a magnetic spiral.>® Assuming purely o-polarized in-
cident radiation, there are two resonant harmonics for
the electric dipole scattering and four for the electric
quadrupole scattering. The detailed polarization depen-
dence is shown in Table I.

Hannon et al.>3 have computed the relative intensities
expected for each of the harmonics listed above from ex-
plicit calculations of the Fj,,’s, using 2p, 5d, and 4f
atomic wave functions of (Ho)**. In addition, they have
considered the corresponding intensities for the
(2p —5d, 2p —4f) and (2s —6p, 25 —5d, 25s —4f) tran-
sitions appropriate for the respective Ly; and L absorp-
tion edges. We refer to the results of these calculations as
needed in the following.

V. OFF-RESONANT REGIME

In this section we report the results of measurements of
the degree of linear polarization P’ of both charge and
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magnetic scattering along the c axis for an incident x-ray
energy of #iwo=7847 eV. This value of the energy lies
about 200 eV below the energy of the L absorption
edge, and was chosen so that the PG(0,0,6) reflection used
to analyze the final polarization had a scattering angle
(Ographite in Fig. 1) of precisely 90°. Our goal in these ex-
periments was to identify the orbital and spin contribu-
tions to the magnetization density through the use of Eq.
(4) for nonresonant magnetic scattering.

Figure 2 shows the results of rocking the sample
through each of the chemical Bragg reflections at (0,0,2),
(0,0,4), and (0,0,6) for the o- and m-polarized components
of the charge scattering. These scans, and those shown in
Fig. 3, were made with the sample held at a temperature
T <20 K, in which holmium exhibits a conical magnetic
structure with 7=1c*. It is clear from Fig. 2 that for
each reflection the intensity of the o-polarized com-
ponent of the charge scattering is considerably stronger
than that of the m-polarized component. This behavior
reflects the profile of the incident beam, which is predom-
inantly o polarized. Indeed, the integrated intensities ob-
tained from these (and similar) scans were combined with
the results obtained from direct measurements of the in-
cident beam to determine the average incident degree of
linear polarization. It is noteworthy that the decrease in
intensity of the o-polarized component observed with in-
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FIG. 2. Rocking curves of the o- and w-polarized com-
ponents of the charge scattering for the (0,0,2), (0,0,4), and
(0,0,6) chemical reflections of holmium, obtained for an in-
cident x ray of iw=7847 eV.
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creasing momentum transfer in Fig. 2 is consistent with
calculations of the structure factor of holmium, after ac-
counting for the form factor, Lorentz factor, and incident
polarization.

Figure 3 shows the results of rocking the sample
through each of the magnetic Bragg reflections at
(0,0,2+7), (0,0,4+7), and (0,0,6+7) for the o- and =-
polarized components of the magnetic scattering. In con-
trast to the results for the charge scattering shown in Fig.
2, the intensity of the m-polarized component of the mag-
netic scattering dominates the intensity of the o-
polarized component. Note also that the intensity of the
mr-polarized component increases with increasing momen-
tum transfer, from the (0,0,2+7) to the (0,0,4+7),
where it takes a maximum. Referring to the expression
for the mr-polarized component of the nonresonant cross
section [Eq. (4)] and assuming P—>1, it is seen that the
dominance of the m-polarized component observed in the
data reflects the existence of a large orbital moment in
holmium. The observed Q dependence of the m-polarized
component is qualitatively consistent with the decrease of
sin(6) at small momentum transfers, and with the de-
crease of the orbital and spin form factors at large
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FIG. 3. Rocking curves of the o- and w-polarized com-
ponents of the x-ray magnetic scattering for the (0,0,2+7),
(0,0,4+7), and (0,0,6+ 7) magnetic reflections of holmium, ob-
tained for an incident x-ray energy of #w=7847 eV.
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momentum transfers. Typical counting rates (obtained at
CHESS) for the m-polarized component of the (0,0,4+7)
magnetic reflection at this energy were about 50 sec ™! on
backgrounds of <1 sec”! with a mosaic width of 0.03°
(identical to the charge peaks). Background rates for the
o channel were larger, typically 5 sec™!, due to charge
scattering.

The results shown in Fig. 2 and 3 are quantified in Fig.
4, where the degree of linear polarization of the charge
and magnetic scattering is plotted versus the momentum
transfer sin(6)/A. The solid square at Q=0 in Fig. 4
represents the degree of linear polarization of the in-
cident beam P =0.77 (obtained at CHESS). The open
circles show the degree of linear polarization P, of the
charge scattering at the (0,0,2), (0,0,4), and (0,0,6) chemi-
cal Bragg reflections. The solid line drawn through the
open circles gives the prediction of Eq. (5) for non-
resonant charge scattering. The solid circles in Fig. 4
show the average degree of linear polarization P, mea-
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FIG. 4. Top: The solid square at =0 corresponds to the de-
gree of linear polarization of the incident beam. The open cir-
cles show the degree of linear polarization measured for the
charge scattering and plotted vs momentum transfer for the
(0,0,2), (0,0,4), and (0,0,6) chemical reflections. The solid line is
degree of linear polarization for the charge scattering calculated
from Eq. (5). The solid circles show the degree of linear polar-
ization measured for the magnetic scattering at the (0,0,2+7),
(0,0,4%7), and (0,0,6+7) reflections. The dashed lines show
the degree of linear polarization calculated from Eq. (4) for the
nonresonant magnetic cross section assuming (L =0, S arbi-
trary), (L=6,S=2), and (L arbitrary,S=0). Bottom: The
brackets indicate the corresponding ratio g(Q) of the orbital
and spin form factors for the magnetic scattering obtained by
inverting Eq. (4). The solid line gives g(Q) calculated from Ref.
43.
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sured for the positive and negative magnetic reflections at
(0,0,2+7), (0,0,4%7), and (0,0,6+7). The large error
bars indicated for the magnetic scattering reflect the un-
certainty arising from the larger background (due to
charge scattering) which occurs in the o channel of the
scattered beam. The dashed line labeled (L =6, S=2)
shows the degree of linear polarization P, calculated
from the nonresonant cross section, Eq. (4), assuming
L =6 and S =2 and using calculated form factors for the
Q dependence of the orbital- and spin-magnetization den-
sities.*® The remaining dashed lines show P/, calculated
from Eq. (5) assuming first (L =0 and S arbitrary), and
then, (L arbitrary and S =0). It is clear from the figure
that the predominantly o-polarized character of the in-
cident beam is preserved upon charge scattering (P, >0),
but that the incident linear polarization is rotated upon
magnetic scattering (P,, <0). To within the experimental
error, this behavior is consistent with the nonresonant
cross sections for both the charge and the magnetic
scattering. In terms of the nonresonant cross section for
the magnetic scattering, this behavior reflects the fact
that the orbital-magnetization density in holmium is
large relative to the spin density, and that the 7-polarized
component of the intensity follows a sine-squared depen-
dence on 0 [see Eq. (4)].

The measured ratio g(Q) of the orbital and spin form
factors is compared to the ratio calculated using nonrela-
tivistic Hartree-Fock wave functions*® in the lower panel
of Fig. 4. At Q=0, the calculated ratio (solid line)
equals 3.0. At higher momentum transfer, the ratio in-
creases, reflecting the rapid falloff of the form factor for
spin in holmium. As may be seen, however, the experi-
mental error spans this variation in Q.

It is noteworthy that the deviations of P,, from pre-
dicted nonresonant behavior in the top panel of Fig. 4 ap-
pear the largest at small momentum transfers, near the
(0,0,2+ 7) reflection (where the error bars, unfortunately,
are also largest). Attempts to measure the off-resonant
degree of linear polarization for the magnetic satellites
nearest to Q =0, where P,, >0 is predicted by Eq. (4),
have so far been unsuccessful. (These satellites have been
successfully observed at resonance, however.) This is
probably due to the fact that, at small momentum
transfers, only a fraction of the incident beam actually
impinges upon the sample, and that the background lev-
els are large relative to the signal levels. More recently,
we have measured the energy dependence of the magnetic
scattering in holmium over several hundred eV around
the L;;; absorption edge, and fit the results to a simple
resonant model of the x-ray cross section (see Sec. VI).
These results permit semiquantitative estimates to be
made of the magnitude of the resonant contributions to
the total magnetic scattering at #iw=7847 eV. In particu-
lar, the calculations show that the resonant contributions
to the intensities of the o- and 7-polarized components of
the magnetic scattering may be as large as 20% of the
nonresonant contributions for the (0,0,2+17), (0,0,4+7),
and (0,0,6+7) reflections (see inset, Fig. 12). Referring
to Fig. 4, the addition of resonant contributions to the
calculated P, would reduce it at small momentum
transfers, but not to the point where it falls outside the
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experimental error bars. Similar calculations of the reso-
nant contributions from the L and My absorption
edges suggest that these are negligible at 7iw =7847 eV.

We conclude from this discussion that the present re-
sults, obtained about 200 eV below the Ly absorption
edge, are consistent with the qualitative features of the
nonresonant cross section predicted for a magnetic spiral,
and, in particular, with the existence of a large orbital
moment in holmium. The agreement is preserved (to
within the error bars) when semiquantitative estimates of
the resonant magnetic cross section are also included.
More generally, it seems clear that both resonant and
nonresonant contributions to the magnetic cross section
must be explicitly considered in experiments which seek
to determine the atomic orbital- and spin-magnetization
densities. Significant improvement of the experimental
results is possible by the increase of the signal-to-noise ra-
tio in the o channel of the polarization analyzer, and by
the increase of the degree of linear polarization of the in-
cident beam P —1 [see Eq. (4)].

VI. RESONANT REGIME

A. Ly absorption edge

Representative rocking curves of the (0,0,2+7) mag-
netic reflection, obtained as the incident photon energy is
tuned through the Ly absorption edge, are shown in Fig.
5. In these scans the sample temperature was fixed at
T=32 K, at which temperature holmium exhibits a sim-
ple spiral magnetic phase with 7=0.189¢*. The data in
Fig. 5 were obtained without the use of an analyzing
crystal. Instead, two sets of horizontal and vertical slits
were located on the 26 arm with slit separations of about
5 mm each. The results for fiw=8000 eV are shown in
the lower right of the figure, where a small magnetic peak
is visible on top of a flat background. Typical count rates
in the magnetic peak at this energy were about 1000
sec”! (on backgrounds of about. 1 sec™!) at an NSLS
electron storage-ring current of 100 mA. As the incident
photon energy is increased, the scattering angle (26) de-
creases and the peak intensity increases, until about
#iwo=28070 eV, where the magnetic intensity reaches a
maximum. At this energy the measured count rate in the
magnetic peak is about 45000 sec ™! (at a ring current of
100 mA) on a background of about 2000 sec ~!. Thus, the
measured peak intensity increases by nearly a factor of 50
by tuning the incident x-ray energy from %o =28000 eV to
an energy near the L, absorption edge. Relative to the
intensity of the charge scattering obtained at the (0,0,2)
reflection, the resonant magnetic scattering at the
(0,0,2+7) reflection is reduced by a factor of order 10*
The increased background above the edge originates in
the holmium L fluorescence, and may be reduced by
the use of an energy dispersive detector. Above
#iwo=8070 eV, the magnetic intensity again decreases but
remains on top of the large fluorescent background.

Integrated intensities measured for the (0,0,2+ 1) mag-
netic satellite are shown plotted on a linear scale from
#iw=7700 eV to %iw=28100 eV in the lower part of Fig. 6.
Although the intensity obtained near #iw=7700 eV (the
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lowest energy studied in these experiments) appears small
when plotted on this scale, the measured signal at that
energy was several hundred count/sec. The data in the
figure have been corrected at each energy for the holmi-
um L, absorption, which is shown plotted in the top
panel of Fig. 6. For simplicity, we have assumed the
infinite flat plate geometry, in which the integrated inten-
sity is multiplied by the absorption coefficient u at each
incident photon energy. To determine the absorption
correction, the transmission through a 5-um holmium
film was measured under alignment conditions identical
to those present in the scattering experiment. Referring
to the figure, the width of the absorption is between 5 and
10 eV, and the inflection point of the abrupt change is lo-
cated at #io=8067 eV. It is important to note that none
of the qualitative features of the line shapes visible in the
raw data are significantly altered by the absorption
correction. After correction for the absorption, the in-
tegrated intensity measured at the Ly absorption edge
for the (0,0,2+47) reflection is greater by a factor of
about 150 than the integrated intensity measured at
#iw=7850 eV.

In addition to the resonant enhancement observed for
the magnetic scattering at (0,0,L =2+7), we have also
observed resonant harmonics of the magnetic scattering
at L=2+2r, 2+37, and 2+4r. The energy dependence
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FIG. 5. Rocking curves of the x-ray magnetic scattering for
holmium at the (0,0,2+7) reflection plotted as the incident x-
ray energy is tuned through the Lj; absorption edge at
#iw=28067 eV.
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of the integrated intensity, corrected for the absorption,
of the resonant magnetic scattering at = and its harmon-
ics is shown plotted on a linear scale in Fig. 7. At the top
of the figure are the results at 7. The maximum integrat-
ed intensity occurs a few eV above the inflection point of
the absorption at an incident photon energy #w=_8070 eV
and the energy full width at half maximum (FWHM) is
about 10 eV. The second panel of Fig. 7 shows the ener-
gy dependence of the scattering at 27. In this case, no
scattering is observed below #w=8040 eV nor above
#io=28082 eV. Similar to the magnetic scattering at 7, the
maximum intensity again occurs near 8070 eV, but is re-
duced by a factor of about 25. In contrast to the scatter-
ing at 7, the line shape for the scattering at 27 exhibits a
shoulder near #iw =28062 eV, which leads to a broadening
of the FWHM to about 14 eV. (It is shown below that
the profiles obtained at 7 and at 2 may each be decom-
posed into two peaks, split symmetrically above and
below the inflection point of the absorption by about 6
eV.) The energy dependence of the integrated intensity of
the scattering at L =2+ 37 is shown in the third panel of
Fig. 7. To within the experimental statistics, no scatter-
ing is observed below #w=28054 eV nor above #o=_38080
eV. The profile of the scattering at 37 takes a maximum
at 7io =8063 eV, which is about 4 eV below the inflection
point of the absorption.** The energy FWHM for the
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FIG. 6. Top: The absorption measured from a 5-um holmi-
um film as the incident x-ray energy is tuned through the L
edge. Bottom: The integrated magnetic intensity of the
(0,0,2+7) reflection of holmium for the same range of incident
photon energies. Solid lines are drawn only to guide the eye.
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scattering at 37 is 6 eV, which is the instrumental resolu-
tion at this incident-photon energy. The profile for the
scattering at L =2-+47, shown in the fourth panel, also
takes a maximum at #iw =8063 eV and has similar energy
width.

The energy dependence of the linearly o- and 7-
polarized components of the scattering observed at
4+7, 2+27, and 2+ 37 is shown in Fig. 8. The top panel
of the figure gives the measured absorption coefficient
plotted as the incident x-ray energy is tuned through the
L absorption edge. The solid vertical line indicates the
inflection point of the abrupt change of the absorption lo-
cated at #iw =8067 eV. In the lower panels, the open cir-
cles indicate the results obtained for the 7-polarized com-
ponents of the scattered beam, while the solid circles in-
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dicate the results obtained for the o-polarized com-
ponent. At each photon energy shown in the figure, the
scattering angle of the polarization analyzer (8,,ppite 1
Fig. 1) was incremented, the sample orientation checked,
and then the sample rocked through the appropriate
Bragg angle in order to obtain properly integrated inten-
sities.

Referring to the second panel of the figure, it is clear
that the o- and w-polarized components of the magnetic
scattering have significantly different line shapes. In par-
ticular, the 7-poiarized component of the intensity takes
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a maximum about 3 eV above the inflection point of the
absorption, while the o-polarized component peaks about
3 eV below.* Further, the 7-polarized component of the
scattering appears asymmetric, with a long tail to lower
energy. A similar asymmetry to higher energy is suggest-
ed by the o-polarized component, but is not established
by the data. In contrast to the behavior at 7, the -
polarized component of the scattering at 27, shown in the
third panel, takes a maximum below the inflection point
of the absorption and the o-polarized component reaches
a maximum above. At 27, neither line shape appears
asymmetric to within the available statistics. For the
scattering at 37, both components peak below the
inflection point and no scattering is observed above. (A
polarization analysis was not performed at 4r.)

The degree of linear polarization P’ for the scattering
at each harmonic plotted versus incident photon energy
is shown inset in Fig. 8. For the magnetic scattering at 7,
P,, undergoes a resonance near #o==8062 eV, suggesting
that, at this energy, the scattering is mainly circularly po-
larized (or unpolarized). In contrast, the intensity of the
scattering at 27 is predominantly 7 polarized below the
inflection point (P’'<0), and o polarized above the
inflection point (P’'>0). Evidently, the degree of linear
polarization at 37 is mainly o polarized (P’ >0) and in-
dependent of the incident x-ray energy.

In our view, all of the data presented in Figs. 7 and 8
are most simply characterized by supposing that the en-
ergy dependence of the diffraction pattern is derived from
two excitations, split below and above the inflection point
of the absorption. In the excitation channel correspond-
ing to x-ray energies below the inflection point, resonant
scattering exists at four harmonics: 7, 27, 37, and 47. In
the channel corresponding to x-ray energies above the
inflection point, resonant scattering exists at only two
harmonics, 7 and 27, and is absent at higher harmonics.
(No experiments were attempted at momentum transfers
corresponding to fifth and higher harmonics.) This
description of the data finds a natural explanation in the
theory of x-ray resonance exchange scattering,”> which
has been summarized in Sec. IV. According to these
ideas, both resonant and nonresonant contributions to
the x-ray cross section may exist for incident x-ray ener-
gies near the Ly absorption edge. The nonresonant con-
tributions depend on the atomic orbital- and spin-
magnetization densities,'* as has been discussed in Sec. V.
The resonant contributions arise from electric multipole
contributions to the x-ray scattering cross section. In ap-
plication to holmium, it has been shown that the dipole-
allowed transitions, coupling 2p core electrons with 5d-
derived conduction-band states, lead to only two harmon-
ics: at 7 and 27 (see Sec. IV). Similarly, the quadrupole-
allowed transitions, coupling 2p core electrons to 4f-
derived states, lead to four harmonics: at 7, 27, 37, and
4r. It is then straightforward to associate the scattering
observed above the inflection point of the absorption in
Figs. 7 and 8 with the 2p —5d transitions and, similarly,
to associate the scattering below the inflection point with
2p —4f transitions. Importantly, the observed polariza-
tion dependence of the resonant scattering at 7 and its
harmonics in Fig. 8 is consistent with the polarization

dependence calculated for a magnetic spiral in Table I.
For these reasons, and for others presented below, we
find the description of the data offered by the theory of
x-ray resonance exchange scattering to be convincing.

B. Energy dependence of the line shapes

To investigate the dependence of the line shapes on
electric-multipole transitions, on the induced polarization
and exchange splitting within the d band, and on the non-
resonant magnetic scattering, systematic studies of the in-
tegrated magnetic intensity of the (0,0,2+7), (0,0,4+7),
and (0,0,6+7) magnetic reflections were undertaken be-
tween 7iw =7900 and 8150 eV. Results were obtained for
the total cross section at 7, as well as for the o- and -
polarized components of the magnetic scattering at 7. As
in earlier sections, all of the intensities reported here are
integrated intensities, and have been corrected for the ab-
sorption and by the Lorentz factor. Except for a single
scale factor (A, below), these intensities may be regard-
ed as absolute. In the analysis, however, no account has
been taken of the contributions to the scattering from
nonlinearly polarized components of the incident or scat-
tered beams. Although we believe these additional con-
tributions are probably small (P=0.9%£0.1 at NSLS),
they certainly exist, and they may distort the line shapes.
For this reason, our interpretation of the line shapes is
limited mainly to their qualitative features. It is worth
noting in this regard that the degree of linear polarization
P,, partially escapes these difficulties by subtracting these
contributions in its numerator. Unfortunately, measure-
ments of the energy dependence of P, are limited in
these experiments by the weakness of the o-polarized
component of the magnetic scattering (see Fig. 11). In
the experiments described below, the sample temperature
was fixed near T=32 K, at which temperature holmium
exhibits a spiral magnetic phase with 7=0.189¢*.

The total integrated intensity obtained at the magnetic
wave vector 7 for the (0,0,2+7), (0,0,4+7), and
(0,0,6+7) reflections is plotted on a logarithmic scale
versus incident x-ray energy in Fig. 9. In these experi-
ments, polarization analysis was not performed, and the
detector was placed directly after the slits on the 26 arm.
For clarity of presentation, the results for the (0,0,2+7)
and (0,0,4+ 1) reflections have been scaled by factors of
200 and 10, respectively. The solid lines in Figs. 9-11 are
the results of fits, which are discussed below. The main
features of the line shapes in Fig. 9 are clear. In each
case the profile of the magnetic scattering exhibits a long,
asymmetric tail which extends toward lower energy and a
large enhancement of the scattering in the neighborhood
of the Ly; edge. The asymmetry is weakest, and the
enhancement largest, for the (0,0,2+7) satellite. As the
scattering angle increases, the relative asymmetry also in-
creases. It is interesting that the resonance width for the
(0,0,6+7) reflection is broader near the Ly; edge than
are the corresponding widths for the (0,0,4+7) or
(0,0,2+7) reflections. This behavior, which is mirrored
in the results for the w-polarized component of the mag-
netic scattering at high momentum transfers (shown in
Fig. 10), suggests the possibility of additional fine struc-
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ture. Above the Ly absorption edge, the scattering is
again reduced, and the fluorescent background is large.

The linearly o- and w-polarized components of the
magnetic scattering from the (0,0,2+7), (0,0,4+7), and
(0,0,6+ 1) reflections are plotted on a linear scale versus
incident x-ray energy from #iw =7900 to 8150 eV in Fig.
10. It is clear from the figure that for each reflection, the
o- and m-polarized components of the magnetic scatter-
ing have distinct line shapes, as found earlier for the
(0,0,4+ 1) reflection in Fig. 8. As before, the 7-polarized
component is dominant in each case and takes a max-
imum a few eV above the inflection point of the absorp-
tion. In addition, the m-polarized components each ex-
hibit a long, asymmetric tail to lower energies and the
asymmetry increases relative to the resonant maximum
with increasing momentum transfer. In this regard, the
line shapes for the mr-polarized components are nearly
identical to those obtained for the total magnetic scatter-
ing shown in Fig. 9. This reflects the weakness of the o-
polarized components of the intensity relative to the -
polarized components. The maximum intensity occurs
for the (0,0,2+7) reflection. After correction by the
Lorentz factor, the maximum intensity for the (0,0,4+7)
reflection is slightly reduced relative to the (0,0,2+7)
reflection, and that for the (0,0,6+ 1) reflection is re-
duced by about a factor 2.4 In contrast, the intensities of
the o-polarized components of the magnetic scattering
take a maximum about 2-3 eV below the inflection point
of the absorption, and are reduced from the intensities of
the m-polarized components by a factor 3-5. To within
the available statistics, the maximum intensities for the
o-polarized components are all approximately equal. As
was seen in Fig. 8, the line shapes of the o-polarized com-
ponents again suggest, but do not establish, the possibili-
ty of an asymmetry toward higher energies.

1

10 T T T T T
% 10° - 1
=
p L _
= L + 4
3 4 (002) x 200
< 10 — —
= L _
2 +
&5 - (004)"x10 -
= 102 |- -
o
[VE] - -
—
<C
<
s = _
108 —
=

10-4 ! | ! | 1 | 1

7900 7950 8000 8050 8100
ENERGY (eV)
FIG. 9. Total integrated intensity for the (0,0,2+7),

(0,0,4+7), and (0,0,6+ 7) reflections plotted on a logarithmic
scale as the incident x-ray energy is tuned through the Ly ab-
sorption edge. The solid lines are the results of fits, which are
discussed in the text.

DOON GIBBS et al. 43

The degree of linear polarization for the magnetic
scattering P,, obtained for the (0,0,2+7), (0,0,4+7),
and (0,0,6-+7) reflections is plotted in Fig. 11. In each
case there is a resonance in P, near #io=28062 eV. At
this incident energy the quadrupole contributions to the
resonant scattering (and, consequently, the o-polarized
components of the scattering at 7) are the greatest. This
behavior is consistent with the earlier results for 7 shown
inset in Fig. 8, and with the polarization dependence of
the cross section shown in Table I.

We have modeled the energy dependence of the mag-
netic scattering for the (0,0,2+7), (0,0,4+7), and
(0,0,6+7) reflections, using Egs. (3) and (6) for the non-
resonant and resonant x-ray-scattering amplitudes, re-
spectively. In the model, we assume that the resonant
contributions to the m-polarized components of the cross
section arise mainly from electric-dipole transitions cou-
pling 2p core states and 5d conduction-band states and
from electric-quadrupole transitions coupling 2p core
states and 4f states (consistent with Table I). For simpli-
city, we also assume that the degree of linear polarization
of the incident beam P=1. Then, the amplitude for the
m-polarized component of the magnetic scattering is
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FIG. 10. Integrated intensity of the linearly o- (open circles)
and 7- (solid circles) polarized components of the magnetic
scattering plotted as the incident x-ray energy is tuned through
the Ly absorption edge for the (0,0,2+7), (0,0,4+7), and
(0,0,6+7) reflections. Solid lines are the results of fits, which
are discussed in the text.
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5.5 for (0,0,2+7),
4.0 for (0,0,4-+71),
2.3 for (0,0,6+7),
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FIG. 11. The degree of linear polarization for the (0,0,2+7),
(0,0,4+7), and (0,0,6+7) magnetic reflections, plotted as the
incident x-ray energy is tuned through the L absorption edge.
The solid lines are the degree of linear polarization calculated
from the fits shown in Figs. 9 and 10.
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In this expression, the term containing J.4 is the 7-
polarized component of the nonresonant contribution to
the magnetic scattering for a magnetic spiral'* and de-
pends on the form factors for.the orbital- and spin-
magnetization densities f; and fg. The values for J ¢
listed in Eq. (7) are calculated from published values*
and are consistent with the results of Sec. V. The terms
containing A and B are the resonant contributions from
electric-dipole transitions coupling 2p and spin-down and
spin-up 5d orbitals. n, and n, are, respectively, the net
induced polarization and the number of holes in the 5d
band of holmium, and A is the energy of the exchange
splitting between spin-down and spin-up states in the d
band. F represents the contribution from the F,,’s in
Eq. (6) and depends on the overlap of radial 2p and 5d
electronic wave functions. The principal effect of the ex-
change splitting in Eq. (7) is to introduce a second-order
pole with amplitude proportional to B. T is the width of
the excited resonant state, and x =2(E, —E, —fiw) /T is
the resonant denominator. The term containing C is the
resonant contribution from electric quadrupole transi-
tions coupling 2p and 4f states. The 6-eV shift which ap-
pears in the resonant denominator of the quadrupole
term

x'=2E,—E,—#o—6)/T

accounts for the 6-eV splitting which separates the dipole
and quadrupole excitations evident in the data (see Fig.
8). The trigonometric functions in Eq. (7) give the polar-
ization dependence of the resonant and nonresonant cross
sections for a magnetic spiral, and depend on the scatter-
ing angle. A, is a global scale factor, independent of
scattering angle 26, which accounts for the structure fac-
tor, the Debye-Waller factor, the incident intensity, etc.
The amplitude for the o-polarized component of the

magnetic scattering is similarly written:

2
#iw . C'sin(20)

2=A4, |——= —— 8

|f ool . CzSeﬁsm(29) Tx'—1) , (8)

where

1.4 for (09092+T)’
S.g=+fsJ=10.9 for (0,0,4+7),
0.6 for (0,0,6+7) .

For the o-polarized component and P=1, only the spin-
magnetization density contributes to the nonresonant
magnetic scattering. Because the contributions to the
amplitude for the magnetic scattering from f,, are
small, we neglect them in the model for the total cross
section (that is, for the data in Fig. 11), and simply use
Eq. (7) with a new scale factor A,. From the measured
efficiency of the polarization analyzer with PG (0,0,6) at
#iw=28100 eV, A, is constrained to equal ~16A4,. The
adjustable parameters in the model of Egs. (7) and (8) are,
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therefore, A,, A, B, C, C',and I'.

Self-consistent fits of the data to the model are shown
by the solid lines in Figs. 9-11. Because these parameters
are highly correlated, it has not been possible to obtain
“best fits” of the results, which would result from arbi-
trary variations of the parameters. Instead, these values
have emerged after repeated trials starting from a variety
of initial values. Small variations of the parameters may
also give reasonable fits.*” Although the results are ap-
proximate, certain features of the resulting line shapes
are clear and suggest that the basic elements of the
description are correct. In particular, it is seen that the
asymmetric tail and the large enhancement near the Ly
absorption edge for the total cross section in Fig. 9 and
for the m-polarized component of Fig. 10 are closely
reproduced. On the basis of the model, it is unambiguous
that this asymmetry arises from the interference of the
resonant and nonresonant cross sections in Eq. (7). It
may also be deduced that the decreased asymmetry in the
line shape for the (0,0,2+7) reflection results from the
decrease of the nonresonant magnetic cross-section
scattering [due to sin(60) in Eq. (4)] at small momentum
transfers.

A second result of the fitting concerns the apparent
broadening or fine structure of the line shapes of the
(0,0,6+7) reflections, relative to the line shapes of the
(0,0,4+7) and (0,0,2+ 7) reflections, in both Figs. 9 and
10. Although the agreement is not precise, it seems clear
from the model that the weak shoulder which becomes
visible at higher momentum transfers arises from quadru-
pole contributions to the w-polarized component of the
magnetic scattering [that is, from the term containing C
in Eq. (7)]. This manifestation of the quadrupole contri-
butions at higher momentum transfers is a consequence
of the polarization dependence of the resonant cross sec-
tion. It is also noteworthy that Eq. (8) provides a reason-
able description of the o-polarized components of the
magnetic scattering, both with regard to their intensity
relative to the m-polarized components (which was used
to fix the value of C’) and with regard to the possibility of
a weak line shape asymmetry toward higher energies.

The values of the parameters used to generate the fits
shown in Figs. 9-11 are A;=0.03, 4=2, B=4,
—C=C'=3, and I'=9 eV. The fitted level with I'=9
eV is close to the atomic value calculated for holmium of
about 7 eV.*® It is interesting that the ratio of the fitted
constants 4 /B =1 is of the same order of magnitude as
may be estimated from reasonable values of the parame-
ters for holmium: A4/B=n,/n,A=1 with n,~8,
n,~0.2, and A=0.2 eV. Similarly, the fitted values of
the constants 4 and B each fall within a factor of 2 of the
values obtained using one-electron orbitals in a calcula-
tion of the F;,,’s for (Ho)®. Using the same estimates for
n,, n,, and A as above, these calculations®? yield 4 ~1
and B ~8. Thus, the fitted parameters 4 and B are quali-
tatively consistent with one-electron predictions for the
electronic structure. The discrepancies between the fitted
parameters and their calculated values suggest that more
sophisticated calculations of the electronic structure may
be required before a quantitative comparison is possible.
In the calculation, for example, the influence of the core
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hole on the wave functions of the excited state has been
ignored. It should be clearly noted, in addition, that the
effect of the exchange splitting on the model may be en-
tirely removed by setting B =0 in Eq. (7) above. Fits of
the model with B=0 have also been successfully per-
formed, leading to results of nearly the same quality as
those shown in Figs. 9 and 10. For this range of the pa-
rameters, the main effect of the exchange splitting on the
line shapes is to introduce small corrections to the max-
imum intensity. Therefore, while the present results are
consistent with an orbital model of the electronic struc-
ture which includes exchange splitting of the d band,
these fits are not unique. Finally, we note the values of
the constant C and C’ are of the same order of magnitude
as A and B, but that C has opposite sign to the results ex-
pected from one-electron calculations. It seems possible
that this difference may reflect the influence of the crystal
field, which has also been ignored in the calculation.??
Before concluding this discussion, we illustrate certain
features of the resonant line shapes in more detail. The
solid line in Fig. 12 shows the fit of the (0,0,4+7)
reflection in Fig. 10, plotted on a logarithmic scale from
#iw=7600 to 8600 eV. Plotted on this scale, there is a
clear interference minimum just above the resonant max-
imum. Although the decrease of the magnetic scattering
measured above the Ly;; edge in holmium is abrupt, the
observed scattering is still too weak to permit observation
of the minimum. The dashed line in Fig. 12 shows the
energy dependence of the nonresonant scattering for the
(0,0,4+7), obtained from Eq. (7) by setting
A=B=C=0. As expected, the resonant cross section
approaches the nonresonant cross section at x-ray ener-

107! T T

[ = 6F ]
@ 5 00—

— 102 (004" B4
£+ S 3F 1
= o
o -3 = -2r ]
5 107 g 1+ _
z i g Ogp————— ]
2 4f = 7800 7850 7900
g 107 ENERGY (eV)
E b
o
=107
[o =
2 .
E 108 | ,/'/ h N

B /‘/ \‘\‘

107 L =1 I I T~
7750 8000 8250 8500
ENERGY (&V)

FIG. 12. Solid line: fit of the energy dependence of the mag-
netic scattering at the (0,0,4+7) reflection, including resonant
and nonresonant contributions, and plotted on a logarithmic
scale. Dashed line: Energy dependence of the nonresonant
magnetic scattering [obtained from the fit of the (0,0,4+7) line
shape by setting 4 =B=C=0 in Eq. (7)]. Dash-dotted line:
Energy dependence of the resonant magnetic scattering [ob-
tained from the fit of the (0,0,4+ 7) line shape by setting J.z=0
in Eq. (7)]. Inset: Same as above, but plotted on a linear scale
between #iw="7800 and 7900 eV, near where the off-resonant ex-
periments were performed.
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gies sufficiently far from the Ly; edge. These same line
shapes are shown in the inset in Fig. 12, plotted on a
linear scale between #iw=7800 and 7900 eV. This is, the
range of energy in which the off-resonance experiments
described in Sec. V were performed. From the inset it is
clear that the resonant contributions to the w-polarized
component are of the order of 20% of the nonresonant
contributions. Similar statements hold for the (0,0,2+7)
and (0,0,6+ 7) magnetic reflections, and for all of the o-
polarized components. It is on the basis of these calcula-
tions that estimates of the magnitude of the resonant con-
tributions were made in the discussion of Fig. 4. The
dashed line in Fig. 12 shows the energy dependence of the
pure resonant scattering, obtained from Eq. (7) by setting
J.#=0. In the absence of a nonresonant contribution, the
line-shape asymmetry characteristic of the data is com-
pletely lost. In fact, as may be seen by the dashed line in-
set in the figure, pure resonant magnetic scattering is
unobservable on a linear scale below about 7w = 8000 eV.
Finally, we note that estimates of the magnitude of the
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FIG. 13. Top: The absorption measured through a 5 um hol-
mium film as the incident x-ray energy is tuned through the L
edge. Bottom: Integrated magnetic intensity of the (0,0,2+17)
reflection plotted vs incident x-ray energy. The solid lines are
drawn only to guide the eye.
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corrections to the resonant cross section near the Ly ab-
sorption edge from the My and L;; edges were made and
found to be negligibly small.

C. Ly and L, absorption edges

The energy dependence of the integrated magnetic in-
tensity obtained from the (0,0,2+7) reflection of holmi-
um is plotted for incident x-ray energies near the L; edge
at Aiw=28916 eV in the lower panel of Fig. 13. The data
have been corrected for the absorption, which is shown
plotted in the top panel. Similar to the results obtained
for energies near the Ly, absorption edge, a resonant in-
crease in the magnetic scattering near the Lj; absorption
edge is observed with an energy FWHM of about 10 eV.
Compared to the maximum intensity measured at the
Ly edge, the maximum intensity measured at the Ly
edge is reduced by about a factor of 10. Assuming that
the magnetic scattering is dominated by electric-dipole
transitions coupling 2p,,, and 5d,,, atomic orbitals,
one-electron calculations of the F;,,’s in Eq. (6) suggest
that the enhancement obtained at the L; edge should be
of the same order of magnitude as that obtained at the
Ly edge. We were unable to detect resonant second har-
monics at the Ly absorption edge, and did not perform
polarization analysis of the magnetic scattering at 7.

The energy dependence of the magnetic scattering ob-
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FIG. 14. Top: The absorption measured through a 5 um hol-
mium film as the incident x-ray energy is tuned through the L,
edge. Bottom: integrated magnetic intensity of the (0,0,2+7)
reflection plotted vs incident x-ray energy. The solid lines are
drawn only to guide the eye.
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tained from the (0,0,2+7) magnetic reflection for in-
cident x-ray energies near the L; absorption edge at
#iw=9395 eV is shown in the lower panel of Fig. 14. The
data have been corrected for the absorption, which is
shown in the top panel. In this case, the absorption is
dominated by electric-dipole transitions coupling 2s core
states and 6p-derived conduction-band states. The
scattering measured at 7 near the L; edge is rather weak,
which makes reliable integrated intensities difficult to ob-
tain. While their existence cannot be regarded as
definitively established by the data, nevertheless, the solid
line drawn through the data points in Fig. 14 suggests the
possibility that the magnetic scattering exhibits two
peaks, split in energy by about 15 eV. Similar behavior
has been observed in spin-dependent absorption measure-
ments on holmium compounds near the L; edge by
Schiitz and co-workers.** Because the overlap of the 2s
and 6p atomic wave functions in holmium is small, reso-
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nant electric-dipole contributions to the magnetic scatter-
ing are also expected to be small. Calculations of the
electric quadrupole (2s—5d) and octupole (2s—4f)
transitions suggest that these terms may be as large as the
dipole term at the L; edge** and may contribute to the
splitting shown in Fig. 14.

D. High-Q-resolution experiments

To investigate the energy dependence of the scattering
profiles with high Q resolution, a Ge(111) analyzing crys-
tal was placed on the 20 arm before the detector, and ra-
dial and transverse scans of the (0,0,2+7) magnetic sa-
tellite were made as the incident energy was tuned
through the L absorption edge. In these experiments
the scattering angle of the analyzing crystal was incre-
mented and the magnetic signal was optimized at each
energy. Representative scans of the radial profiles for the
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FIG. 15. High—Q-resolution scans taken along the [0,0,L ] direction and plotted on a logarithmic scale of the charge scattering at
the (0,0,2) reflection, and of the magnetic scattering at the (0,0,2+7), (0,0,2+27), and (0,0,2+ 37) reflections. These data were tak-
en with the incident x-ray energy #w=_8062 eV, where the contributions from quadrupole transitions are a maximum.
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(0,0,2), (0,0,2+7), (0,0,2+27), and (0,0,2+37)
reflections at T=35 K are shown in Fig. 15, plotted on a
logarithmic scale. These scans were taken at an energy
#iwo=28062 eV, at which energy the contributions from
electric-quadrupole transitions are a maximum. The
FWHM of these peaks along the [0,0,L ] direction for
the (0,0,2), (0,0,2+7), (0,0,2+27), and (0,0,2+37)
reflections are, respectively, A/=0.0008¢*, 0.0009¢*,
0.0012¢*, and 0.0016¢*. These widths correspond to
structural and magnetic correlation lengths of several
thousand A, or greater. The broadening of the radial
profiles with increasing momentum transfer reflects, in
part, the Q dependence of the resolution function.
Despite the broadening, it seems clear from Fig. 15 that
the line shapes of the resonant charge and magnetic
scattering are all closely similar, and, further, that the
line shapes for the (0,0,2) and (0,0,2+ 7) reflections are
identical.

The FWHM of the radial and transverse profiles
(determined from Gaussian and Lorentzian fits below and
above the edge, respectively) for the (0,0,2+ 7) magnetic
satellite are plotted versus incident x-ray energy in Fig.
16. In both cases the widths are approximately constant
below the inflection point of the L absorption edge (in-
dicated by the dashed line in the figure), but increase by
20% near the edge. Above the edge, the radial and trans-
verse widths are reduced from their maximum values, but
remain larger than their original values. This behavior is
strikingly similar to the absorption, and suggests that the
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FIG. 16. Rocking and radial widths of the (0,0,2+7) mag-
netic satellite plotted as the incident x-ray energy is tuned
through the Ly absorption edge.

broadening is related to the increased absorption at the
Ly edge. It is noteworthy in this regard that the absorp-
tion length of holmium at these energies and the correla-
tion length are each of the same order of magnitude—
about 1 um. In contrast, the extinction length for mag-
netic scattering (assuming a hundredfold resonant
enhancement) is about ten times longer. It therefore
seems reasonable to suppose that the observed broaden-
ing originates in the decreased penetration depth, relative
to the correlation length, at the Ly;; edge. This result il-
lustrates the surface, and near-surface, sensitivity of x-ray
magnetic scattering. It is also worth noting that the ener-
gy dependence of the integrated intensity obtained from
the high-resolution scans discussed here closely matches
the results shown in Figs. 9 and 10.

E. Temperature dependence

We have investigated the temperature dependence of
the magnetic scattering from T'=32 K up to and above
the Néel temperature near T =138 K, for incident x-ray
energies both near to the Ly absorption edge and about
200 eV below it. The square root of the integrated inten-
sity of the (0,0,2+7) magnetic satellite, obtained in a
low-resolution configuration, is plotted on a logarithmic
scale versus temperature. in Fig. 17. The off-resonant
cross section was obtained at o =7900 eV and the reso-
nant cross section was obtained at #iwo=8067 eV, the en-
ergy at which the contributions from electric-dipole tran-
sitions are maximum. In both cases, the order parameter
approaches zero near T=138 K in a manner characteris-
tic of a continuous phase transformation. To within the
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FIG. 17. Temperature dependence of I'/? for the resonant
and off-resonant cross sections. The Néel temperature of holmi-
um is about 7=138 K. Inset: Temperature dependence of the
ratio of the resonant and off-resonant cross sections. Solid lines
are drawn only to guide the eye.
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counting statistics obtained for the nonresonant cross
section, the ratio of the resonant intensity to that of the
nonresonant intensity is a constant equal to about 40 (see
inset). With the sample temperature fixed at T=138 K,
we have also studied the energy dependence of the mag-
netic scattering of the (0,0,2+ 7) magnetic satellite. As
shown in Fig. 18, the line shape of the magnetic scatter-
ing versus incident x-ray energy obtained at T=138 K is
identical to that obtained at T=32 K, to within counting
statistics. It is interesting that preliminary investigations
of the temperature dependence of the higher harmonics
suggest that the integrated intensity for 37 may fall off
faster than that for 7 or 27 above 90 K. Finally, for tem-
peratures increasing through the Néel temperature in
steps of about 1 K, no critical magnetic scattering was
observed in holmium either near to or far from reso-
nance.

VII. CONCLUSIONS

We have presented a study of the polarization and res-
onance properties of the x-ray magnetic cross section of
the spiral antiferromagnet holmium for incident x-ray en-
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ergies near to and far from the Ly, Ly, and L; absorp-
tion edges. Off resonance, that is, 200 eV below the Ly
edge, we have measured the degree of linear polarization
of the x-ray cross section for several different chemical
and magnetic reflections and shown that the dependence
of the degree of linear polarization on momentum
transfer is consistent with a simple nonresonant descrip-
tion. This suggests, in particular, that the results for the
magnetic scattering are mainly determined by the large
orbital magnetic moment in holmium. We have also ob-
served resonant enhancements of the magnetic scattering
at each of the L;, Ly, and Ly absorption edges. Near
the Ly;; edge, we have made systematic measurements of
the line shapes of the total magnetic scattering, of the
linear o- and w-polarized components of the magnetic
scattering, and of their resonant harmonics. These re-
sults are qualitatively consistent with the theory of x-ray
resonance exchange scattering, including electric-dipole
and -quadrupole transitions among atomic orbitals. The
most striking feature of the line shapes is their asym-
metry, which arises from the interference of the resonant
and nonresonant contributions. It remains to explain the
quantitative deviations of the fitted parameters for the
Ly resonance behavior from simple one-electron esti-
mates and to explain the weakness of the enhancement
observed near the L; absorption edge relative to that ob-
served near the Ly; edge. In our view, x-ray magnetic
scattering techniques will find continued fruitful applica-
tion in studies of rare earths, actinides, transition ele-
ments, and their compounds—particularly in the exten-
sions of these studies to thin films, multilayers, and sur-
face layers. It also seems clear that these techniques will
benefit directly from the development of polarization-
and energy-tunable insertion-device beamlines at the
high-brightness storage rings under construction in the
United States, Europe, and Japan.
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