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4 Instituto de F́ısica ‘Gleb Wataghin’, Universidade Estadual de Campinas, CP 6165, 13083-970 Campinas, São Paulo, Brazil
5 Departamento de F́isica, Universidade Federal de São Carlos, CP 676-13565-905 São Carlos, SP, Brazil

Received 22 September 2000

Abstract. We report on X-ray magnetic diffraction studies of the spin density wave antiferromagnetism
formed in the conduction electron band of chromium. Non-resonant X-ray magnetic scattering was used
to directly determine that chromium has zero orbital magnetisation. Furthermore, the azimuthal depen-
dence of this scattering provides unique evidence that chromium forms a linearly polarised wave. In the
vicinity of the K absorption edge, resonant X-ray magnetic scattering was observed. A consistent model
of the magnetic scattering has been derived from the resonant and non-resonant magnetic amplitudes.
The enhancement of the magnetic intensity arises primarily from dipole transitions from the core 1s level
to 4p states. Quadrupole transitions to the magnetic 3d states are essentially non-existent due to their
sensitivity to (and the absence of) orbital moment. This effect is predicted from atomic considerations of
the 3d5 (L = 0) transition metal ions.

PACS. 75.25+z Spin arrangements in magnetically ordered materials (including neutron and
spin-polarized electron studies, synchrotron-source x-ray scattering, etc.) – 75.30.Fv Spin-density waves

1 Introduction

X-ray magnetic diffraction is a powerful implement
for understanding magnetically ordered structures. Non-
resonant X-ray magnetic scattering (NRXMS) [1–3] in-
herently relates spin and orbital moments that cannot be
directly accessed by its neutron scattering counterpart,
while resonant X-ray magnetic scattering (RXMS) [4–6]
uniquely provides element and electron shell selectivity.
We have applied these elegant X-ray probes to studies of
the archetypal itinerant spin density wave (SDW) antifer-
romagnet, chromium.

The first series of the transition metals are charac-
terised by the gradual filling of 3d states. The fourth ele-
ment of this period, bcc chromium, possesses an anoma-
lous 3d54s1 electronic structure [7], associated with the
lower ground state energy of half-filled shells compared
to those in which Pauli pairing occurs. Hund’s rules dic-
tate zero orbital moment (L = 0) for this configuration.
The 3d wave functions of the transition metals are per-
turbed by the crystal field potential, which disrupts spin
orbit coupling and quenches the orbital moment. Spin
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and orbital moments are traditionally accessed by neutron
magnetic form factor considerations. This dependence has
been modelled for chromium using spin only radial inte-
grals [8,9] consistent with L = 0. A similar zero orbital
moment has also been deduced from the wave-vector de-
pendence of high energy X-rays [10]. Since, neither of these
X-ray and neutron probes provide direct measurements of
the spin and orbital magnetisation, the results can be am-
biguous. For example, the neutron form factor of NiO [11]
can only be reproduced with a quenched orbital moment
(L = 0). Nethertheless, recent NRXMS [12] measurements
have demonstrated that in this material the orbital con-
tribution to the magnetisation is as large as 17%. We have
used NRXMS, using polarisation analysis at a third gen-
eration synchrotron, to confirm unambiguously that there
is no orbital contribution to the chromium magnetic mo-
ment. These results are described in Section 3.

Chromium forms an itinerant incommensurate anti-
ferromagnetic structure below its Néel temperature, TN =
311 K [13], with a low temperature magnetic moment am-
plitude of 0.62µB. The SDW is well understood from band
structure calculations [14–16] and arises from the nesting
of 3d electron and hole Fermi surfaces by a propagation
vector q = (2π/a)(1 ± δ) [17]. Magnetic moments are ar-
ranged perpendicular to the propagation vector (µ ⊥ q)
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in the temperature range 122 K ≤ T ≤ TN [18] in
a so-called transverse spin density wave (TSDW). How-
ever, several structures are compatible with the magnetic
diffraction pattern. Originally, an antiphase domain order-
ing was proposed [19,20], but subsequent investigations of
the third order harmonic satellites [21] were found to be
incompatible with this structure. Helical [22,23] and sinu-
soidal linear [24] spin density wave configurations, have
also been supposed. A spin reorientation occurs below
TSF = 122 K [25]; the magnetic moments flip parallel to
the propagation vector (µ ‖ q) and a longitudinal spin
density wave (LSDW) is formed. In this phase, the spin
density wave can only be linear, so that the spin flip transi-
tion is fairly convincing evidence against the formation of
a helical SDW in the high temperature phase. Polarised
neutron scattering studies [26] also corroborate this as-
sumption. Nevertheless, there is some controversy over
the direct observation of a linear SDW and associated
polarisation domains (Sx and Sy) [27–29], above TSF [30].
In our investigations, the NRXMS azimuthal dependence
gives decisive evidence confirming the formation of a lin-
ear SDW together with two polarisation domains in the
TSDW phase. These measurements are discussed in Sec-
tion 3.

Magnetic-field dependence neutron measurements
[31,32] have demonstrated that chromium comprises a
single-Q structure. Three Q domains (Qx, Qy and Qz)
are formed in different regions of the crystal, each con-
taining a single magnetisation wave. These domains give
rise to six magnetic satellites in reciprocal space. Upon
field-cooing, chromium crystals form a single-Q domain,
for which there are only two magnetic satellites in recip-
rocal space. The dimensions of the Q domains have been
estimated from topography measurements to be relatively
large ∼ 1−2 mm3 [27–29]. The chromium spin and charge
density waves have been the subject of previous X-ray
diffraction publications [33,34]. These investigations re-
port the observation of single-Q phase chromium despite
the fact that neither sample had been field cooled. The
domain structure of chromium is addressed in Sections 2
and 3.

RXMS is an element specific spectroscopy occurring
when the incident photon energy matches roughly that
of an absorption edge [5,6]. The enhancement of the mag-
netic intensity was first explained by Hannon [6], as arising
from electric dipole (E1) or quadrupole (E2) transitions
to available states above the Fermi level. Excitations at
K absorption edges, involve transitions from core 1s to
the 4p (E1) and 3d (E2) states. The core 1s level is not
spin orbit split and these resonances generally rely on spin
orbit effects in the intermediate states. Consequently, the
magnetic enhancement is expected to be weaker than at
the spin orbit split L2,3 and M2−5 edges. At these spin-
orbit split edges, sum rules [35] on the imaginary part of
the magnetic scattering amplitude can be used to deter-
mine 〈L〉. At K edges it appears that the quadrupole res-
onance is proportional to 〈L〉 [36]; such a conclusion can
also be drawn from Hannon’s model [37]. Therefore, in the
absence of orbital polarisation in an atomic ground state

(such as that demonstrated unambiguously for chromium
in Sect. 3), no quadrupole resonance is predicted. RXMS
with polarization analysis has not been previously re-
ported from chromium. We have taken advantage of a high
flux undulator beamline at a third generation synchrotron,
using polarisation analysis, for a renewed understanding
of the resonant processes in this material. These investi-
gations are described in Section 4.

2 Experimental

The chromium sample was grown by iodide vapour trans-
port [38,39] and has approximate dimensions ∼ 5 × 5 ×
5 mm3. The examined surface was grown with a (001) face
and was not treated by mechanical polishing or chemical
etching. The sample was found to be highly pure spectrally
and this is also supported by the observed value of the Néel
temperature. The crystal was mounted on the cold finger
of a closed cycle refrigerator and sealed in a beryllium
cap with helium exchange gas. Using 16 keV photons, the
crystal mosaic the (004) reflection was found to be 0.008◦,
indicating that the crystal was excellent quality.

Our experiments were undertaken at the ID20 mag-
netic scattering undulator beamline [40] of the European
Synchrotron Radiation Facility. Two, phased, 42 mm pe-
riod undulators deliver linear σ-polarised photons perpen-
dicular to the diffraction (in this case vertical) plane. The
incident beam energy is selected by a silicon (111) dou-
ble crystal monochromator; the second crystal bends to
provide sagittal beam focus. Two curved Si-Rh dual-track
mirrors, astride of the monochromator, suppress higher
order contamination and focus the beam in the vertical
direction. The primary slits, prior to the optical elements,
were closed around the central cone of the first harmonic
of the undulators to 1.2×0.8 mm2. At 5.219 keV the pho-
ton flux measured at the sample position was 7 × 1012

photons/s/200 mA, with 99.8% polarisation in a focussed
spot-size of 0.2× 0.3 mm2.

In addition to the standard four circle axes (θ, 2θ,
χ, and φ) of the diffractometer, a specially designed az-
imuthal circle was mounted on the φ rotation. This axis
has been specifically incorporated for Renninger type
scans [41] about the surface normal, nominally designated
azimuthal Φ (see Fig. 1). In specular geometry, this in-
volves rotations about the scattering vector Q. In X-ray
magnetic scattering experiments, a standard co-ordinate
system [3] can be constructed around the centre of ro-
tation of the diffractometer. This system comprises the
components of the sample magnetisation in terms of the
incident and exit wave vectors ki and kf along three or-
thogonal axes U1, U2 and U3 (see Fig. 1). U1 is directed
along the incident and scattered wave vectors ki + kf , U2

along the cross product of ki and kf , perpendicular to
the scattering plane and U3 is directed antiparallel to Q.
The cross-section for σ and π incident polarisations are
expressed for the magnetisation components along these
directions. The sample was aligned with a four-fold axis
in the diffraction plane (parallel to U1 in Fig. 1), nomi-
nally designated azimuthal Φ = zero (see Fig. 3). At this
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Fig. 1. Incident σ-polarised photons with wave vector k,
are diffracted from the sample with scattered wave vector k′.
The specular (001+δ) spin density wave was studied in both
non-resonant and resonant scattering regimes. The sample is
aligned with the crystal four-fold axis along parallel to the scat-
tering plane which is defined as azimuthal Φ = 0. At this value
of Φ, the Sx polarisation domain has magnetic moments par-
allel to U1 and the Sy domain has magnetic moments directed
along U2. The standard axes Ui (i = 1, 2, 3) is discussed in
the text. The magnetic scattering from the two polarisation
domains is averaged by azimuthal Φ.

value of Φ, the two polarisation domains formed in a lin-
ear TSDW phase are defined in Figure 1. The Sx domain,
comprises a SDW, with magnetic moments directed along
U1 and the Sy domain, contains a SDW, with magnetic
moments directed along U2. For a helical SDW, the mo-
ments would spiral in the plane perpendicular to Q. These
polarisation domains could be unequally populated within
the scattering volume of the crystal. This is especially true
for chromium, which has relatively large domain dimen-
sions. Therefore, the azimuthal dependence is required to
average the scattering from the domains, for an accurate
determination the L/S ratio.

Polarisation analysis of the scattered intensity was
used in both the non-resonant and resonant scattering
regimes (see Fig. 1). Appropriate analyser crystal reflec-
tions are selected to give Bragg angles (θp) close to 45◦.
For the non-resonant scattering studies, 5.219 keV pho-
tons in combination with a graphite (004) analyser (of 8%
measured peak reflectivity) were used. This energy is se-
lected below the chromium K-absorption edge to reduce
the background from fluorescence and to give an analyser
Bragg angle (θp) of exactly 45◦. These photons probe the
sample to a depth of ≈ 17 µm. In the resonant scatter-
ing regime, the incident X-ray energy was tuned to the
chromium K-absorption edge ∼ 5.989 keV. An Al (220)
analyser crystal (of 4% measured peak reflectivity) was
used for polarisation analysis. At this energy, the analyser
Bragg angle (θp) is ≈ 47.2◦ and the photons probe a region
of the surface to approximately 3 µm.

The (001+δ) SDW intensity at 5.219 keV was ∼
6000 cts/sec at 200 mA synchrotron current, without

polarisation analysis. The pre-sample slits where set to
0.4×0.4 mm2 so that illuminated footprint on the sample
at the (001+δ) SDW (Bragg angle of 25.59◦ at 5.219 keV)
was ∼ 0.4× 1.0 mm2. Only (001±δ) like magnetic reflec-
tions were observed and no evidence for off-specular satel-
lites could be found, indicating that the sample region
within the illuminated footprint was entirely single-Q. It
has been suggested that a single domain state could arise
from surface strain effects [33]. However, we have addi-
tionally observed this single domain state using 25 keV
photons to probe the bulk of the sample (60 mm). The
observation of a single-Q state in this experiment is consis-
tent with the fact that the beam does not probe the entire
sample. X-ray topography experiments on our chromium
sample [42] also indicate large > 2 mm3 domain sizes.

3 Non-resonant X-ray magnetic scattering

The components of the orbital (L) and spin (S) magnetic
moments in the NRXMS regime are defined within the
standard co-ordinate system in Figure 1 as Li and Si (i =
1, 2, 3). For incident σ polarised photons, the NRXMS
scattering amplitude is [1],

fnon−res =
[
fσ→σ
fσ→π

]
= −i

~ω
mc2

r0

×
[

sin 2θS2(Q)
2 sin2 θ cos θ [L1(Q) + S1(Q)] +

(
sin2 θS3(Q)

)] ,
(3.1)

where, ~ω is the incident energy and r0 is the classical
electron radius. The different polarisation dependence of L
and S components, leads to the possibility of spin and or-
bit moment separation using polarisation analysis [43,44].
The magnetisation components Li and Si, in equa-
tion (3.1), can be expressed in terms of the azimuthal-Φ
rotation angle, as,

S1(Q) = S(Q) sinΦ,
L1(Q) = L(Q) sinΦ,
S2(Q) = S(Q) cosΦ. (3.2)

Here we have assumed that L and S are colinear and
the formation of a linear SDW. The L/S ratio, for
the azimuthal averaged intensities, follows from equa-
tion (3.1) as

L(Q)
S(Q)

=
1

sin θ

√
IσπΦ
IσσΦ
− 1 · (3.3)

IσσΦ and IσπΦ are the Φ averaged intensities, corrected by
the different analyser rocking curve widths for the σσ
and δπ polarisations. An azimuthal dependence is not
expected for a helical SDW because the moments are
isotropic in the basal plane for this structure. Therefore,
in the TSDW phase, the azimuthal intensities give unique
insight into the nature of the chromium spin density wave,
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Fig. 2. Typical radial scans normal to the surface (parallel
to Q) in the non-resonant regime used to integrate the scat-
tered intensities in the σσ (open circles) and σπ (solid circles)
channels. The data are on a logarithmic scale and the larger
background for the σσ polarisation is from the specular charge
rod. The solid lines are Lorentzian fits to the data.

directly confirming if it is linear from an observed period-
icity. In the LSDW phase, the polarisation flips parallel
to Q and no magnetisation components are rotated in Φ
around the scattering vector. Consequently, no azimuthal
dependence is expected in this phase.

Only (001±δ) SDW magnetic reflections are accessible
at 5.219 keV, due to the relatively small lattice param-
eter (a0 = 2.88 Å). Radial scans normal to the surface
(parallel to Q) of the (001+δ) spin density wave reflec-
tion, are compared in Figure 2. The magnetic peaks are
resolution limited, so that it is not possible to extract
an exact correlation length for the S domain from the
widths. However, a lower limit of ∼ 4000 Å can be de-
duced. A larger background for the σσ polarisation arises
from the specular ridge and this is accounted for in the
Lorentzian fits to the data. The σσ and σπ scattered po-
larisations were collected for several azimuthal angles (Φ)
and their integrated intensities are shown in Figure 3. The
open circles are for the σσ intensities and the solid circles
for the σπ, in the TSDW phase (T = 140 K). This figure
demonstrates that chromium indeed forms a linear spin
density wave because of the observed azimuthal periodic-
ity. The intensities exhibit a two-fold symmetry, consistent
with an almost entirely single polarisation domain popu-
lation. Since the intensities do not go to zero at Φ = 90◦,
the scattering volume cannot be completely single domain
(Eq. (3.2)). Domain volume fractions, vy = 0.83 ± 0.03
and vx = 0.17 ± 0.03, of the Sy and Sx polarisation
domains, have been deduced from Figure 3. The size of
the S domains could have been further investigated by
translating the sample in the X-ray beam. However, this
kind of analysis was not undertaken. The solid line is
a fit using equation (3.2) and gives the σσ and σπ in-
tensities averaged across the vx and vy domain volumes.

Fig. 3. The azimuthal dependence of the σσ (open circles) and
σπ (solid circles) non-resonant scattering in the transverse spin
density wave phase (T = 140 K). The solid line is a fit, giving
L/S = 0. The data give unique evidence that chromium forms
a linear polarised spin density wave. The solid triangles are
data taken in the LSDW phase (T = 50 K). No azimuthal
dependence is expected in this phase.

These values are marked with an arrow on the left hand
axis and correspond to IσσΦ = (5.7 ± 0.1) × 10−6 and
IσπΦ = (1.08±0.06)×10−6. From equation (3.3), this gives
a ratio of L/S = 0.008± 0.03. The orbital magnetisation
in chromium is therefore zero (less than 1%). To the ac-
curacy of these measurements, an upper limit of 3% or-
bital density can be deduced. This negligible value of 〈L〉
is expected for 3d5 electronic ground state of chromium.
The solid triangles in Figure 3 are the σπ intensities in
the LSDW phase (T = 50 K), the weaker intensity arises
from the geometrical terms for S3 in equation (3.1). No
azimuthal dependence is observed in this phase as antic-
ipated for S ‖ Q. The σσ intensities are zero below TSF,
because the magnetisation components along S3 rotate the
incident polarisation.

From this direct measurement of zero orbital magneti-
sation in chromium, we discuss in Section 4 the RXMS
by considering both the non-resonant and resonant am-
plitudes. For this purpose, it is convenient to write the
spin only (L = 0) non-resonant amplitude from equa-
tion (3.1) as,

fnonres(Q) =
[
fσσnonres

fσπnonres

]
= −i

~ω
mc2

r02Sfm(Q) sin θ

×
[

z2 cos θ
sin θ [z1 cos θ + z3 sin θ]

]
. (3.4)

Here, 2S is the ordered magnetic moment, fm(Q) is the
spin only form factor and z1,2,3 are unit vectors along the
magnetisation direction U1,2,3 shown in Figure 1. A pref-
actor of |fnonres| = 2S(~ω/mc2)r0 ≈ 5×10−3r0 can be de-
termined to the geometrical terms in equation (3.4). This
value is then used in the models of the resonant scattering
described in the next section.



D. Mannix et al.: The chromium spin density wave 23

4 Resonant X-ray magnetic scattering

The RXMS dipole and quadrupole amplitudes are con-
veniently given by Hill and McMorrow [45]. For incident
σ-polarised photons the dipole resonant magnetic scatter-
ing amplitude is,

f res1
E1 =

[
fσσE1
fσπE1

]
=

AE1

[(Ea −Ec − ~ωE1)/(Γ/2)− i]

×
[

0
z3 sin θ − z1 cos θ

]
. (4.1)

AE1 determines the strength of the magnetic scattering
(at the magnetic wave-vector) and is related to atomic
overlap integrals between initial and excited states. The
denominator describes the deviation from resonance in
units of the core hole lifetime Γ and accounts for the
Lorentzian profile of the resonance. Ea is the energy of the
initial state and Ec is the energy of the excited intermedi-
ate state. Typical values of AE1 for transition metals are
≈ 10−2r0 [37,46]. A similar expression can be written for
quadrupole transitions, considered later. The total mag-
netic scattering amplitude is the sum of the non-resonant
(Eq. (3.4)) and resonant (Eq. (4.1)) contributions.

The absorption coefficients in the vicinity of the
chromium K absorption edge, extracted from fluorescence
spectra [47], are shown in Figure 4a. The solid line is a
fit to the data, consisting of an arctangent function to de-
scribe the absorption step function and a Lorentzian func-
tion in the white line region. Additional peaks are later
added to account for the EXAFS oscillations after the
edge. By careful fitting of the pre-edge tail a value of the
core-hole life time of Γ = 1.1± 0.5 eV was obtained [48].
The measured RXMS peaks are slightly broader than this
due to finite energy resolution effects.

The integrated intensities of the (001+δ) spin den-
sity wave, in the vicinity of the chromium K edge (E =
5.989 keV), taken at an azimuthal angle Φ = 0, are shown
in Figures 4b–d. The open circles in Figure 4b are for the
σσ scattered polarisation in the TSDW (T = 140 K) phase
and the corresponding σπ polarisation are the solid circles
in Figure 4c. Solid triangles in Figure 4d represent the σπ
intensities in the LSDW phase (T = 50 K). These data
have not been corrected for absorption, but corrections
have been made for cross-talk [49], due to the deviation
from 45◦ of the analyser crystal Bragg angle. RXMS is
observed, as shown in Figures 4c and d. The peak ap-
pears only for the σπ scattered polarisation and occurs
in the white line energy region. These are strong indica-
tions that the resonance arises from dipole transitions to
the 4p states. Quadrupole resonant magnetic scattering,
expected in both σσ and σπ polarisations, below the K
edge, is not observed. The absence of the quadrupole res-
onance is in good qualitative agreement with theory for
zero orbital moment.

To model the energy profiles in Figures 4b–d, we
have initially considered a single dipole resonant mag-
netic amplitude, together with interference from the
non-resonant magnetic amplitude. The total magnetic

Fig. 4. (a) Absorption coefficients obtained from the fluores-
cence taken in the vicinity of the K absorption edge. (b) The σσ
resonant magnetic scattering in the TSDW phase. (c) The
σπ resonant scattering intensity in the TSDW phase. (d) The
σπ resonant scattering in LSDW phase. The solid lines are fits
using the models described in the text.

scattering intensities for the σσ and σπ polarisations in
the different temperature phases of chromium are,

IσσTSDW(Φ) = ASF

∑
i=x,y

νi|fσσnonres(Φ, i)|2 (4.2)

IσπTSDW(Φ) = ASF

∑
i=x,y

νi

×
∣∣∣∣[fσπnonres(Φ, i) +

AE1[−z1(Φ, i) cos θ]
[(Ea −Ec − ~ωE1)/(Γ/2)− i

]∣∣∣∣2
(4.3)

IσσLSDW = 0 (4.4)

IσπLSDW = ASF

∣∣∣∣[fσπnonres +
AE1[z3 sin θ]

[(Ea −Ec − ~ωE1)/(Γ/2)− i]

]∣∣∣∣ .
(4.5)
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Since the measured intensities are not on an absolute scale,
the scale factor ASF is used. The vi(i = x, y) refer to the
volume fractions of the x and y domains, present in the
TSDW phase. The scattered intensity from these domain
volumes depends on the azimuthal angle Φ (Eqs. (4.2,
4.3)). At Φ = 0, the scattering from the two domains
may be separated with polarisation analysis, provided that
L = 0. In the LSDW phase, there can only be one domain
volume, since S ‖ Q. The scattered intensity does not de-
pend on the azimuthal angle below TSF (Eq. (4.5)) and the
incident σ-polarised photons are scattered with a change
of polarisation (Eq. (4.4)). The solid lines in Figures 4b–d
are fits using equations (4.2–4.5). The chromium crystal
had an extended face and the change in absorption across
the K edge region was accounted for by dividing the calcu-
lated integrated intensities by the absorption coefficients
(Fig. 4a). In our models, we have assumed that the domain
fractions do not change as a function of photon penetra-
tion depth.

The relative domain volumes deduced from the az-
imuthal dependence in section 3 vy = 0.87 and vx =
0.13 were used in the fits to data in the TSDW phase
(Figs. 4b, c). In order to model these data, fnonres was
kept constant at its calculated value of 5.0× 10−3r0, with
the geometrical factors in equation (3.4). For the σσ in-
tensities, in Figure 4b, the scale factor is the only vari-
able. The solid line fit is in very good agreement with
the data and shows that the energy profile arises from
the change in absorption for this polarisation. Note, that
this figure is equivalent to Figure 5 in reference [33], mea-
sured without polarisation analysis and for which resonant
magnetic scattering is not observed. The obtained value
of ASF = 1.0 ± 0.2, was subsequently used to model the
TSDW σπ data in Figure 4c. In this fit to the data, the
variables were AE1, ~ωE1 and Γ , which were found to be
AE1 = 3.2± 0.2× 10−3r0, ~ωE1 = 5.989± 0.001 keV and
Γ = 2.4± 0.5 eV. The observed Γ is significantly broader
than that deduced from the fluorescence (1.1 eV). This
broadening reflects the band character of the p states in
chromium. The values of AE1, ~ωE1 and Γ obtained, were
then used in the fit to the σπ LSDW data, in Figure 4d.
The domain volume fraction was assumed to be one and
only variable was the scale factor, which was found to be
ASF = 0.9±0.2. This value is in very good agreement with
the one deduced in the TSDW phase, in good accord with
the expectation of a single polarisation state in this phase.
This value also suggests that chromium remains single-Q
across this temperature range. The apparent shift in posi-
tion and shape if the σπ intensities of Figures 4c and 4d,
arises from a change of sign in the interference between
non-resonant and resonant scattering amplitudes. This is
described by the z1 and z3 components in the dipole cross-
section (Eq. (4.1)). The fits to the energy profiles are
slightly improved by allowing for a small quadrupole am-
plitude of 3 × 10−4r0 at an energy ~ωE2 = 5.985 keV.
This gives an upper limit to the quadrupole amplitude
of at least one order of magnitude smaller than that of
the dipole. Similar weak quadrupole amplitudes have been
determined for other 3d5 compounds, RbMnF3 [46] and

MnO [50]. The values for the dipole and quadrupole ampli-
tudes, found from our models of the RXMS in chromium,
are consistent with those derived in [41,45], taking into
account the smaller magnetic moment of chromium. The
agreement together with the good fit to the data in Fig-
ure 4, gives confidence in the validity of this approach and
to the quadrupole model developed in [37].

5 Conclusions

Our investigations using X-ray magnetic scattering with
polarisation analysis, give a fresh and unequivocal insight
into the fascinating magnetic properties chromium. The
small X-ray beam size individually probes the relatively
large Q domains and our NRXMS investigations give di-
rect evidence for the formation of two polarisation S do-
mains in the TSDW phase. The models used in the reso-
nant scattering regime also support the formation of two
polarisation domains in the TSDW phase and a single do-
main in the LSDW phase. The NRXMS azimuthal depen-
dence provides unique evidence that chromium forms a
linear polarised spin density wave. We have subsequently
used these intensities, to determine directly zero orbital
magnetic moment in chromium. This value of L = 0, is
expected for the chromium electronic configuration. We
have reported on resonant X-ray magnetic scattering from
chromium, using polarisation analysis, for the first time.
A consistent model of the energy profiles has been de-
rived in this energy regime, from the resonant and non-
resonant scattering amplitudes. The scattering arises pri-
marily from dipole transitions to the 4p states. Since the
3d states are of most interest to the understanding the
magnetism of chromium, it is natural the band structure
calculations have focussed mainly on the 3d band and lit-
tle work has been published on the 4p spin polarisation.
However, further calculations of the 4p density of states
are needed to provide a more quantitative model of the
dipole RXMS described in this paper. RXMS involving
quadrupole transitions to the 3d band, was not observed.
This effect can be understood from recent models of the
role of the orbital moment in 3d K-edge quadrupole reso-
nances. For the specific case of the 3d5 ion, the scattering
amplitude is zero. The derived resonant and non-resonant
amplitudes from our model are completely consistent with
values for other 3d5 systems, for example RbMnF3 and
MnO. Dipole transitions, probing the chromium 3d states,
are allowed at the spin orbit split L absorption edges of
chromium. These edges are generally too low in energy
(∼ 600 eV) for scattering experiments, but would offer an
interesting challenge to studies of long periodic materials
such as multilayers.
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