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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,Bif-e Dramatic differences are
observed in the temperature dependencies of the energy profiles at resonance depending on whether the
photon energy is tuned to the Oy, or L; absorption edge. In particular, for temperatures increasing
from 10 K, the resonant scattering intensity at theedge decreases whereas that atithedge rises.

We suggest a physical model capable of reproducing these phenomena. [S0031-9007(99)08671-8]

PACS numbers: 75.25.+z, 75.30.Mb

The 4f electrons of the rare-earth elements are welheutron experiments [2] show that the Fe sublattice or-
shielded from their environment so that the interactionglers with the moments in the (001) planefat ~ 170 K
among them take place mainly through their coupling tan a small modification of theG-type AF structure [5].
the 54 electrons, which form the major constituent of the Superimposed on the AF order, shown in Fig. 1(a), is
conduction-electron band [1]. Interesting properties ar@ long-wavelength modulation witly = [¢¢0], where
found when the rare earths are combined in compoundg, ~ 0.14 reciprocal lattice units (rlu) aly and locks to
multilayers, or amorphous melts withd-transition ele- ¢ = 0.1333 = % rlu below ~100 K. At a lower tem-
ments. Broadly speaking, tif/ elements tend to give perature, which we define &%, (~50 K), the intensities
rise to a higher magnetic-ordering temperature, whereasf the neutron reflections start to change indicative of a
the rare-earth elements introduce magnetic anisotropyarogressive (with decreasing temperature) ordering of the
The magnetic nature of the rare-eafih states is crucial Dy 4f moment. T, also heralds the onset of a hyperfine
to an understanding of this class of materials. In this Letfield in the Mdssbauer spectroscopy!®fDy in this com-
ter, we report results of resonant magnetic x-ray scatteringound [6]. No other phase transitions have been observed
(XRES) experiments on a single crystal of DyR& that by us or earlier workers [4—6].
give new insight into how théd conduction band is af- Synchrotron experiments on a single crystal of
fected on cooling below the Néel temperat@g first by — DyFeAlg, with a polished facél X 1 mn?), were first
the ordering of the F8d electrons, and then by the subse-performed at the bending magnet beam line X22C at
quent growth of the ordered component of the4ymo-  the National Synchrotron Light Source at Brookhaven
ments. The experiments were performed by monitoringNational Laboratory. The XRES measurements were
the intensity and energy dependence of the resonant magerformed at AF satellites situated symmetrically around
netic scattering for incident photon energies tuned neathe charge reflections atq in reciprocal space. At the
the Dy L, andL; edges as a function of temperature. L3 absorption edge of Dy a maximum in intensity was

The compound DyF&lg crystallizes with the body- observed at low temperature. On warming, it decreased
centered tetragonal ThMpstructure [see Fig. 1(a)], with rapidly at ~25 K, however, interestingly, a small signal
a=b=2874A andc = 5.036 A. Neutron-diffraction remained up td@y. At Tpy and below, we also observed
experiments [2] have shown that the single crystal usethe appearance of we&ly charge satellites, indicating the
in our investigation has ordered Fe and Al sublatticespresence of a magnetoelastic distortion that accompanies
Whereas the Dy atoms contribute to all Bragg reflectionsthe ordering of the Dy4f moments. The remaining
the lower symmetry of the Fe atomic sites imposes morexperiments discussed in this paper were performed
restrictive diffraction conditions, allowing the contribu- on the 1D20 undulator beam line [7] of the European
tions of the Dy and Fe sublattices to be separated [3]Synchrotron Radiation Facility, Grenoble, France. A
Much work has been done on the orderd&e,Als com-  double crystal, Si(111), monochromator selected the
pounds 4 = rare earth or actinide). Early studies [4] appropriate x-ray energy giving linearlyr-polarized
showed that antiferromagnetic (AF) ordering occurred beradiation. This was then diffracted at the sample position
tween 140 and 180 K depending on the atom species. Ownto a graphite crystal [(006) reflection], which was used
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described in terms of a multipole expansion. The leading
terms involve the promotion dfp core electrons to par-
tially filled 54 and4f band states vi& 1 (electric dipole)
and E2 (electric quadrupole) transitions, respectively
[8—10]. The observed energy spectra appear to peak at
positions consistent with afil transition [11] and depend
directly on the polarization of théd bands. An impor-
tant point is that we have been unable to detect any signifi-
cant intensity associated withi2 transitions, which may
be identified by their angular and polarization dependen-
) Q=[hh0] Q={hh0] cies [12]. The null result of a special search for séith
intensity performed in thes configuration witho — o
geometry, in which theE'l signal is forbidden, leads us
to conclude that an¥2 contribution to the intensities is
<10%. However, the presence df moments is never-
001 theless important. Similar experiments on the isostruc-
tural compound LuFglg, which orders in a similar
magnetic structure, found no measurable intensity at ei-
ther of the LuL,; edges. Since théf shell in Lu is full
(implying no net4f moment), we infer that the presence

(@)

© 10 . rrrr . . of 4f moments in the Dy compound plays an important
@ ] role even if theE2 resonance itself is weak.
ne 1 The E1 cross section [12] in ther to 7 channel has
T " o oo 3 two components. One is parallel @ and proportional to

] (my sin 0)>. The other is perpendicular 1 in the scat-
] tering plane and proportional ter, cos#)?, wherem,

Normalised (SF)*

0.1 g n B)
andm, are transition probabilities [8]. In configuration
A [Fig. 1(b)] both components were observed. The fact
Wo=e @ B & b & that the scattering intensity is independentjosuggests
8 (deg) thatm) = m, = m, so that the scattered intensity is pro-

- o2 2 _ 2 i
FIG. 1. (a) The DyFgAlg crystal structure (omitting the Al portional to (’g.” ST g) +|(mﬁ cosf)” = - In con
atoms) showing the Dy atom surrounded by eight Fe atomdiguration B [Fig. 1(b)] only the(m sin 6)° component
The + and — signs on the Fe atoms indicate tetype an- parallel toQ was observed, and the intensities follow a

tiferromagnetic structure. (b) The two configuratioasand  sinusoidal dependence. These results are consistent with
B used in the experiment. The momentum transfeQis=  the structure having two equal components in the shaded

[hh0] = 4 (sin 8/2A), wherek; and k, are the incident and : : : :
scattered wave vectors, respectively. The scattering angle Plane of Fig. 1(b). Since the propagation vector is along

20. As determined in these experiments, the magnetic mo6 = [110] within the scattering plane, the magnetic struc-
ments rotate in the (001) plane—darkly shaded in the figureture is a cycloid.
(c) Lorentz-corrected intensity as a function éffor configu- We now focus on the temperature dependence of the

rationsA and B at a temperature of 12 K. All are measured measured intensities (see Fig. 2), which is the most sur-

in the o — ar channel. The average value found for all of the ;qing nart of our results. There are two remarkable fea-
satellite intensities in configuratioA (open squares) has been

normalized to 1. For configuratioB (closed squares), the solid tures of the data to explain. First, the energy (and angular)
line is then drawn to predict the intensities with no adjustableintegrated intensity of the XRES at the iy edgefalls
parameter. for 12 < T < 25 K, stays approximately constant up to

T ~ 100 K, and then falls neafy. In contrast, the inten-

sity at theL, edge initiallyrises,for 12 K < T < Tpy,
to discriminate ther- andr-polarized components of the and then also falls smoothly t6y. This effect gener-
scattered radiation, corresponding to nonrotated and rates a “temperature dependent” branching ratio (defined
tated channels, respectively. The sample could be rotateas the ratio of the integrated intensities at theto L,
azimuthally about the scattering vector. Experimentsedges), shown in the inset of Fig. 2(a). Such an observa-
aimed at resolving the magnetic structure at 12 K werdion is unexpected, and, as far as we know, unprecedented
performed at the DyL; edge. The two configurations in either scattering or dichroism experiments at rare-earth
used, labeledd and B, are shown in Fig. 1(b) and the L edges. The second point is that these intensity changes
results are shown in Fig. 1(c). are accompanied by significant shifts in line shape and cen-

To interpret these results, we note that the resonant siger of mass of the resonance (see Fig. 3). We recall that

nal observed at thé. edges of the lanthanides may be all of the spectra have an essentially pdiré character.
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FIG. 2. (a) Temperature dependence of the energy integrated
intensity of the(440) + ¢ satellite in thec — 7 channel as
measured at the, (open triangles) anfl; (open squares) edges FIG. 3. The incident photon energy dependence of the angle-
of dysprosium. These intensities have not been corrected fonhtegrated scattering at the Dy.; (upper panel) andL,
the small difference in absorption at the two edges. The lineglower panel) edges as measured at different temperatures at
through the points are a result of calculations using the modethe (440) + ¢ satellite in theo — 7 channel. The solid
presented in the text. The derived temperature dependendi@es result form the model described in the text. They
of the branching ratio is shown in the inset. (b) and thereproduce both the energy and temperature dependence of the
corresponding inset show the temperature evolution of thebservations. There is only one overall scale factor for the
parameters from the fits. The filled diamonds (right-hand scalejipper and lower figures. The expected energies of Atie
show the temperature dependence of 2pecharge amplitude (dipole) andE2 (quadrupole) transitions at thig edge as given
(so identified as it is present only in the — o channel), in Ref. [11] are marked in the upper panel.
normalized afr = 12 K. The factor 1.25 in the left-hand scale
is the normalization arising from a fractional hole occupation of ) )
18_0 for two electrons in théd band. two bands on doubling t_he_ unit _cc_ell beldfy;. A parame-

ter, 2g, represents the rigid splitting of the bands labeled

1 and 2. The individual bands are not spin split, rather

Indeed, extensive modelirgssuminghe additional pres- it is the preferential spatial distribution of the “up” and
ence of either a strong nonresonant signal oEarsignal doWn” spin electron (quasiparticle) density on the two

or a combination of both has been unable to reproduce tH@agnetic sublattices which generates the antiferromagnetic

temperature dependence of the line shapes. state [13]. We write the probability of an electron being
To understand these effects, we need to go beyond tH8 the spin up or down lower band @s(1 = ¢,). (ii) For

standard formalism of XRES. The symmetry embodiedsMall sublattice polarization, a linear correction for the up

in the approximation of an isolated ion, which generates &nd down componentt, = 5,), may be made to the mean

temperature independent branching ratio, needs to be lof2dial matrix element. L ,

ered. Specifically, one would like to add two “solid state” We define the probability of finding an electron in the

effects: that DyFeAls is antiferromagnetic and that it is '0Wer band asa;, and analogous quantities are defined
r the upper band, subscript 2. In general,= —¢;.

metallic. Accordingly, we have developed an elementariz ; )

model of the XRES cross section in an antiferromagneti¢V/€ Start from the anomalous scattering amplitude [14]

metal. The minimal assumptions necessary are the fo@Nd consider transitions into the intermediate band states
described under the approximations (i) and (ii) above.

lowing: (i) The antiferromagnetic state is considered to

arise out of a single paramagnetic band which is split ir|1toThiS gives the incident energy dependence of the cross

section as
AT[T? + (By — ho; + gAr/A)Y]
[(Eo — hw; — g)? + I'?][(Ey — hw; + g)* + 2]’

| fI? o
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where I' is the width, E; is the pole of the reso- a rapid increase in order beloWp,. The anomalous

nance, w; is the incident photon frequencyA; =  thermal evolution of the scattering intensity and its
(1 —ap)(e; +61) + (1 —ay)(ex + 82), and A, =  dependence on incident photon energy are modeled taking
(1 —ap(e; +61) — (1A — ax)(s; + 57). into account the antiferromagnetic, metallic nature of the

ForTpy, < T < Ty the magnetoelastic distortion is ab- compound. We propose that changes in the radial matrix
sent [Fig. 2(b)], and the magnetic polarization at the Dyelements caused by the increasing ordered component
site is weak. Neutron diffraction [2] and Mdssbauer [6] of the Dy 4f moment and concomitant magnetoelastic
experiments give an upper limit dd.1up for the or- distortion belowTp, are responsible for the abnormal
dered Dy4f moment abovelpy, so that for this tem- behavior of theL;/L, intensity ratio. The similarity of
perature range we may remove assumption (ii), settinghe L;/L, ratio at low 7T with that found in pure Dy
81 = 8, = 0. The ratioA;/A, then yields an estimate of supports the important role dff polarization on the radial
2.2 electrons for the occupancy of the lower band (the upmatrix elements in the pure material [16].
per band taken to be empty), which is in good agreement We have shown that XRES, which is both element and
with estimates based on band structure calculations of thelectron-shell specific, may be used to gain information
5d states [1]. We plot the ratio of the sum and differ- on 5d sublattice interactions through the positions and
ence of the two parameterd; andA;, normalized to an intensities of the resonant peaks.
occupancy of two electrons, in Fig. 2(b). As anticipated, Discussions with Mike Brooks of Karlsruhe and John
this quantity is close to unity abov&,,; however, impor-  Hill of BNL are much appreciated. The HCM EC funded
tant deviations are seen below. These may be interpretdthining program partly funded S.L. and N.B., and the
as due to the increase @f, 6, driven by the increasing latter also thanks the ILL, Grenoble and ITE, Karlsruhe
ordered component of the DYf moment and concomi- for financial support. J.A.P. acknowledges support from
tant magnetoelastic distortion. The latter is observed as aNICT under Contract No. PRAXIS/FIS/2213/95. Work
growing amplitude of charge scattering at thesatellites  performed at Brookhaven is supported by U.S. DOE under
on cooling, the temperature dependence of which is indiContract No. DE-AC02-98CH10886.
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