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X-ray resonant magnetic scattering has been used to examine the magnetic interactions coupling the
rare earth and iron sublattices in the antiferromagnetic compound DyFe4Al 8. Dramatic differences are
observed in the temperature dependencies of the energy profiles at resonance depending on whether th
photon energy is tuned to the DyL2 or L3 absorption edge. In particular, for temperatures increasing
from 10 K, the resonant scattering intensity at theL3 edge decreases whereas that at theL2 edge rises.
We suggest a physical model capable of reproducing these phenomena. [S0031-9007(99)08671-8]

PACS numbers: 75.25.+z, 75.30.Mb
r-

is

a
he
e

ved

f

at
n
re
d

s
ed
l

ies

ed
n
A
he

on
d

The 4f electrons of the rare-earth elements are we
shielded from their environment so that the interactio
among them take place mainly through their coupling
the 5d electrons, which form the major constituent of th
conduction-electron band [1]. Interesting properties a
found when the rare earths are combined in compoun
multilayers, or amorphous melts with3d-transition ele-
ments. Broadly speaking, the3d elements tend to give
rise to a higher magnetic-ordering temperature, where
the rare-earth elements introduce magnetic anisotro
The magnetic nature of the rare-earth5d states is crucial
to an understanding of this class of materials. In this Le
ter, we report results of resonant magnetic x-ray scatter
(XRES) experiments on a single crystal of DyFe4Al 8 that
give new insight into how the5d conduction band is af-
fected on cooling below the Néel temperatureTN , first by
the ordering of the Fe3d electrons, and then by the subse
quent growth of the ordered component of the Dy4f mo-
ments. The experiments were performed by monitori
the intensity and energy dependence of the resonant m
netic scattering for incident photon energies tuned ne
the DyL2 andL3 edges as a function of temperature.

The compound DyFe4Al 8 crystallizes with the body-
centered tetragonal ThMn12 structure [see Fig. 1(a)], with
a ­ b ­ 8.74 Å, andc ­ 5.036 Å. Neutron-diffraction
experiments [2] have shown that the single crystal us
in our investigation has ordered Fe and Al sublattice
Whereas the Dy atoms contribute to all Bragg reflection
the lower symmetry of the Fe atomic sites imposes mo
restrictive diffraction conditions, allowing the contribu
tions of the Dy and Fe sublattices to be separated [
Much work has been done on the orderedMFe4Al 8 com-
pounds (M ­ rare earth or actinide). Early studies [4
showed that antiferromagnetic (AF) ordering occurred b
tween 140 and 180 K depending on the atom species. O
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neutron experiments [2] show that the Fe sublattice o
ders with the moments in the (001) plane atTN , 170 K
in a small modification of theG-type AF structure [5].
Superimposed on the AF order, shown in Fig. 1(a),
a long-wavelength modulation withq ­ fqq0g, where
q , 0.14 reciprocal lattice units (rlu) atTN and locks to
q ­ 0.1333 ­

2
15 rlu below ,100 K. At a lower tem-

perature, which we define asTDy s,50 Kd, the intensities
of the neutron reflections start to change indicative of
progressive (with decreasing temperature) ordering of t
Dy 4f moment. TDy also heralds the onset of a hyperfin
field in the Mössbauer spectroscopy of161Dy in this com-
pound [6]. No other phase transitions have been obser
by us or earlier workers [4–6].

Synchrotron experiments on a single crystal o
DyFe4Al 8, with a polished faces1 3 1 mm2d, were first
performed at the bending magnet beam line X22C
the National Synchrotron Light Source at Brookhave
National Laboratory. The XRES measurements we
performed at AF satellites situated symmetrically aroun
the charge reflections at6q in reciprocal space. At the
L3 absorption edge of Dy a maximum in intensity wa
observed at low temperature. On warming, it decreas
rapidly at ,25 K, however, interestingly, a small signa
remained up toTN . At TDy and below, we also observed
the appearance of weak2q charge satellites, indicating the
presence of a magnetoelastic distortion that accompan
the ordering of the Dy4f moments. The remaining
experiments discussed in this paper were perform
on the ID20 undulator beam line [7] of the Europea
Synchrotron Radiation Facility, Grenoble, France.
double crystal, Si(111), monochromator selected t
appropriate x-ray energy giving linearlys-polarized
radiation. This was then diffracted at the sample positi
onto a graphite crystal [(006) reflection], which was use
© 1999 The American Physical Society 2187
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FIG. 1. (a) The DyFe4Al 8 crystal structure (omitting the Al
atoms) showing the Dy atom surrounded by eight Fe atom
The 1 and 2 signs on the Fe atoms indicate theG-type an-
tiferromagnetic structure. (b) The two configurationsA and
B used in the experiment. The momentum transfer isQ ­
fhh0g ­ 4pssin uyld, where ki and kf are the incident and
scattered wave vectors, respectively. The scattering angle
2u. As determined in these experiments, the magnetic m
ments rotate in the (001) plane—darkly shaded in the figu
(c) Lorentz-corrected intensity as a function ofu for configu-
rations A and B at a temperature of 12 K. All are measure
in the s ! p channel. The average value found for all of th
satellite intensities in configurationA (open squares) has bee
normalized to 1. For configurationB (closed squares), the solid
line is then drawn to predict the intensities with no adjustab
parameter.

to discriminate thes- andp-polarized components of the
scattered radiation, corresponding to nonrotated and
tated channels, respectively. The sample could be rota
azimuthally about the scattering vector. Experimen
aimed at resolving the magnetic structure at 12 K we
performed at the DyL3 edge. The two configurations
used, labeledA and B, are shown in Fig. 1(b) and the
results are shown in Fig. 1(c).

To interpret these results, we note that the resonant s
nal observed at theL edges of the lanthanides may b
2188
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described in terms of a multipole expansion. The leadi
terms involve the promotion of2p core electrons to par-
tially filled 5d and4f band states viaE1 (electric dipole)
and E2 (electric quadrupole) transitions, respective
[8–10]. The observed energy spectra appear to peak
positions consistent with anE1 transition [11] and depend
directly on the polarization of the5d bands. An impor-
tant point is that we have been unable to detect any sign
cant intensity associated withE2 transitions, which may
be identified by their angular and polarization depende
cies [12]. The null result of a special search for suchE2
intensity performed in theB configuration withs ! s

geometry, in which theE1 signal is forbidden, leads us
to conclude that anyE2 contribution to the intensities is
,10%. However, the presence of4f moments is never-
theless important. Similar experiments on the isostru
tural compound LuFe4Al 8, which orders in a similar
magnetic structure, found no measurable intensity at
ther of the LuL2,3 edges. Since the4f shell in Lu is full
(implying no net4f moment), we infer that the presenc
of 4f moments in the Dy compound plays an importa
role even if theE2 resonance itself is weak.

The E1 cross section [12] in thes to p channel has
two components. One is parallel toQ and proportional to
smk sin ud2. The other is perpendicular toQ in the scat-
tering plane and proportional tosm' cosud2, wheremk

and m' are transition probabilities [8]. In configuration
A [Fig. 1(b)] both components were observed. The fa
that the scattering intensity is independent ofu suggests
thatmk ­ m' ­ m, so that the scattered intensity is pro
portional to smk sin ud2 1 sm' cosud2 ­ m2. In con-
figuration B [Fig. 1(b)] only thesmk sin ud2 component
parallel toQ was observed, and the intensities follow
sinusoidal dependence. These results are consistent
the structure having two equal components in the shad
plane of Fig. 1(b). Since the propagation vector is alo
Q ­ f110g within the scattering plane, the magnetic stru
ture is a cycloid.

We now focus on the temperature dependence of
measured intensities (see Fig. 2), which is the most s
prising part of our results. There are two remarkable fe
tures of the data to explain. First, the energy (and angu
integrated intensity of the XRES at the DyL3 edgefalls
for 12 , T , 25 K, stays approximately constant up t
T , 100 K, and then falls nearTN . In contrast, the inten-
sity at theL2 edge initially rises, for 12 K , T , TDy ,
and then also falls smoothly toTN . This effect gener-
ates a “temperature dependent” branching ratio (defin
as the ratio of the integrated intensities at theL3 to L2
edges), shown in the inset of Fig. 2(a). Such an obser
tion is unexpected, and, as far as we know, unpreceden
in either scattering or dichroism experiments at rare-ea
L edges. The second point is that these intensity chan
are accompanied by significant shifts in line shape and c
ter of mass of the resonance (see Fig. 3). We recall t
all of the spectra have an essentially pureE1 character.
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FIG. 2. (a) Temperature dependence of the energy integra
intensity of thes440d 1 q satellite in thes ! p channel as
measured at theL2 (open triangles) andL3 (open squares) edges
of dysprosium. These intensities have not been corrected
the small difference in absorption at the two edges. The lin
through the points are a result of calculations using the mod
presented in the text. The derived temperature depende
of the branching ratio is shown in the inset. (b) and th
corresponding inset show the temperature evolution of t
parameters from the fits. The filled diamonds (right-hand sca
show the temperature dependence of the2q charge amplitude
(so identified as it is present only in thes ! s channel),
normalized atT ­ 12 K. The factor 1.25 in the left-hand scale
is the normalization arising from a fractional hole occupation o
8

10
for two electrons in the5d band.

Indeed, extensive modelingassumingthe additional pres-
ence of either a strong nonresonant signal or anE2 signal
or a combination of both has been unable to reproduce
temperature dependence of the line shapes.

To understand these effects, we need to go beyond
standard formalism of XRES. The symmetry embodie
in the approximation of an isolated ion, which generates
temperature independent branching ratio, needs to be lo
ered. Specifically, one would like to add two “solid state
effects: that DyFe4Al 8 is antiferromagnetic and that it is
metallic. Accordingly, we have developed an elementa
model of the XRES cross section in an antiferromagne
metal. The minimal assumptions necessary are the f
lowing: (i) The antiferromagnetic state is considered t
arise out of a single paramagnetic band which is split in
ted
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FIG. 3. The incident photon energy dependence of the ang
integrated scattering at the DyL3 (upper panel) andL2
(lower panel) edges as measured at different temperatures
the s440d 1 q satellite in the s ! p channel. The solid
lines result form the model described in the text. The
reproduce both the energy and temperature dependence of
observations. There is only one overall scale factor for th
upper and lower figures. The expected energies of theE1
(dipole) andE2 (quadrupole) transitions at theL3 edge as given
in Ref. [11] are marked in the upper panel.

two bands on doubling the unit cell belowTN . A parame-
ter, 2g, represents the rigid splitting of the bands labele
1 and 2. The individual bands are not spin split, rathe
it is the preferential spatial distribution of the “up” and
“down” spin electron (quasiparticle) density on the two
magnetic sublattices which generates the antiferromagne
state [13]. We write the probability of an electron being
in the spin up or down lower band as0.5s1 6 ´1d. (ii) For
small sublattice polarization, a linear correction for the u
and down components,s1 6 d1d, may be made to the mean
radial matrix element.

We define the probability of finding an electron in the
lower band asa1, and analogous quantities are define
for the upper band, subscript 2. In general,´2 ­ 2´1.
We start from the anomalous scattering amplitude [1
and consider transitions into the intermediate band sta
described under the approximations (i) and (ii) abov
This gives the incident energy dependence of the cro
section as
j fj2 ~
A2

1fG2 1 sE0 2 h̄vi 1 gA2yA1d2g
fsE0 2 h̄vi 2 gd2 1 G2g fsE0 2 h̄vi 1 gd2 1 G2g

,
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where G is the width, E0 is the pole of the reso-
nance, vi is the incident photon frequency,A1 ­
s1 2 a1d s´1 1 d1d 1 s1 2 a2d s´2 1 d2d, and A2 ­
s1 2 a1d s´1 1 d1d 2 s1 2 a2d s´2 1 d2d.

For TDy , T , TN the magnetoelastic distortion is ab
sent [Fig. 2(b)], and the magnetic polarization at the D
site is weak. Neutron diffraction [2] and Mössbauer [6
experiments give an upper limit of0.1mB for the or-
dered Dy4f moment aboveTDy, so that for this tem-
perature range we may remove assumption (ii), setti
d1 ­ d2 ­ 0. The ratioA1yA2 then yields an estimate of
2.2 electrons for the occupancy of the lower band (the u
per band taken to be empty), which is in good agreeme
with estimates based on band structure calculations of
5d states [1]. We plot the ratio of the sum and differ
ence of the two parameters,A2 andA1, normalized to an
occupancy of two electrons, in Fig. 2(b). As anticipated
this quantity is close to unity aboveTDy; however, impor-
tant deviations are seen below. These may be interpre
as due to the increase ofd1, d2 driven by the increasing
ordered component of the Dy4f moment and concomi-
tant magnetoelastic distortion. The latter is observed a
growing amplitude of charge scattering at the2q satellites
on cooling, the temperature dependence of which is ind
cated in Fig. 2(b). This hypothesis is supported by th
thermal evolution of the band splitting parameter,g [inset
to Fig. 2(b)], which has a form consistent with that ex
pected for a system of magnetic Dy ions in the field of th
ordered Fe ionssTDy , T , TN d and subject to a grow-
ing self-consistent molecular field on cooling. In additio
to reproducing the intensity changes, the model accurat
gives the energy dependencies (Fig. 3) as a function
temperature with no additional parameters.

The scope of the model may be increased by maki
the matrix elements dependent on band index, adding c
level splitting, anisotropic occupation of orbital momen
tum states in the5d band, and by removing restrictions
on ´1, ´2. Such effects are unnecessary for a prelimina
understanding; however, they are not excluded. Scatt
ing amplitudes based on an energy splitting of spin-up
spin-down states, adapted to isolated ions or, possib
ferromagnetic bands, have been considered [8–10,15,1
In such cases a major difficulty arises since, while coef
cient A1 is, as in the antiferromagnetic case, proportion
to the electronic polarization,A2 becomes proportional to
the total electron count in the shell. It is therefore ex
pected to be temperature independent, which is difficult
reconcile with the present data.

The present experiments, which probe the polarizati
of the Dy5d bands, are consistent with an initial orderin
of these states in the field of the Fe ions, followed b
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a rapid increase in order belowTDy . The anomalous
thermal evolution of the scattering intensity and it
dependence on incident photon energy are modeled tak
into account the antiferromagnetic, metallic nature of th
compound. We propose that changes in the radial mat
elements caused by the increasing ordered compon
of the Dy 4f moment and concomitant magnetoelasti
distortion belowTDy are responsible for the abnorma
behavior of theL3yL2 intensity ratio. The similarity of
the L3yL2 ratio at low T with that found in pure Dy
supports the important role of4f polarization on the radial
matrix elements in the pure material [16].

We have shown that XRES, which is both element an
electron-shell specific, may be used to gain informatio
on 5d sublattice interactions through the positions an
intensities of the resonant peaks.
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