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We have detected the presence of a spin-density wave (SDW) induced in the conduction band of
a Dygelugqo thin film alloy that orders as a c-axis helimagnet. By tuning the incident x-ray energy
to the Lj; edges, we exploit the species sensitivity of x-ray resonant magnetic scattering to isolate the
contribution of each element individually. As Lu has a filled 4f shell, magnetic intensity observed at
that resonance reflects the polarization of the 5d orbitals in the helical SDW. The SDW amplitude is of
order 0.2 p/atom. Complementary neutron data show that the temperature dependence of the induced
Lu intensity and its wave vector follow that of the total moment.

PACS numbers: 75.25.+z, 75.30.Fv, 75.50.Cc

It is generally accepted that exchange interactions in
the heavy rare-earth metals (Gd to Er) are indirect,
arising through the agency of spin-density oscillations
induced in the 5d-6s conduction bands by the localized 4f
moments [1]. The conduction electron response peaks at
a wave vector determined by nesting features in the Fermi
surface and, in competition with the hexagonal crystal
field, leads to the complex antiferromagnetic structures
observed at low temperatures, including c-axis modulated,
helical, cycloidal, and conical configurations [2,3]. Band
structure calculations, indeed, give a good account of
the periodicities observed near Ty [4]. However, direct
evidence for the induced spin-density wave is sparse.

In early experimental work, Moon et al. [S] were
able to determine the conduction electron polarization
in ferromagnetic Gd by subtracting from the observed
neutron scattering intensity the component attributable to
the half-filled 4f shell of Gd. Extra intensity was observed
in low-order peaks which, when combined with the excess
moment measured at saturation, yielded a map of the
conduction electron polarization around each Gd ion
and revealed its oscillatory nature. Similar methods have
been used to map the magnetic response of nonmagnetic
Sc [6] and Lu [7] in a uniform field of order 6 T. In the
case of Dy, which is of interest here, it is well known
[8] that the saturation moment in the low-temperature
ferromagnetic phase exceeds the 10up expected for the
®H,s/, ground configuration by approximately 0.33up.
The excess is usually attributed to the conduction electron
polarization, and has been detected by means of x-
ray resonant scattering [9,10]. However, the induced
polarization of a nonmagnetic atom has never been
measured in the helimagnetic phase. In this Letter we
demonstrate that it is possible to detect the conduction
electron polarization induced on a nonmagnetic atom in
the helical phase of a rare-earth alloy by means of the
resonant scattering of x rays.
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X-ray resonant magnetic scattering (XRES) [9] is an
element-specific technique that exploits the anomalous
cross section for x-ray scattering at an absorption edge.
The XRES intensity is much larger, in general, than that
of off-resonant scattering; the two processes also have
different polarization characteristics. In the lanthanide
series, the Ly edge lies in an energy range (7—10 keV)
that is convenient for diffraction studies. Near the edge
energy, both dipole transitions from the 2p3/, core level
to unoccupied 5d states and quadrupole transitions to
unoccupied 4f levels contribute significantly to the atomic
form factor for x-ray scattering. Sensitivity to magnetic
order arises from the differential occupancy of spin-up
and spin-down states in the vicinity of the Fermi surface.
Recently, studies of the binary magnetic-magnetic rare-
earth alloys HogsErgs [11] and Ho(sTbg s [12] using this
technique have been reported. For our work, we have
chosen the helimagnetic alloy Dy,¢lug4, which has been
found via neutron scattering [13] to order in a basal-plane
spiral below 120 K. This alloy affords the opportunity
to study the diffraction profiles at both the Dy (7.79 keV)
and Lu (9.24 keV) Ly; edges. Because Lu has a filled
4f shell, any scattered intensity that is resonant at the Ly
edge must arise from magnetization of the 5d levels at the
Lu site, and will therefore be a measure of the induced
conduction electron polarization at the helimagnetic wave
vector.

The alloy sample was grown by molecular beam
epitaxy methods. Buffer layers of (110) Mo and (0001)
Y were first grown on a sapphire (1120) substrate,
followed by deposition of 2.05 um of the Dygg¢lugy
alloy. The in-plane mosaic of the sample is =0.1°, which
compares well with other rare-earth epitaxial crystals;
the c-axis structural coherence length is =130 nm. Our
measurements were performed at wiggler beam line X25
of the National Synchrotron Light Source. At this beam
line, a cylindrically bent Si mirror and double-crystal
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Si(111) monochromator collimate and filter the beam.
The sample was mounted on the cold finger of a closed
cycle refrigerator supported in a six-circle diffractometer.
Beam size at the sample face was smaller than the
3 X 1 mm? entrance slits. The radiation produced by
the wiggler source is linearly polarized (within 1%) in
the plane of the storage ring, referred to here as the
o polarization plane. We will ignore contamination by
the orthogonal 77 component. Polarization analysis was
performed by mounting a polarimeter on the detector
arm. The polarimeter contains a suitable analyzer crystal
and a detector positioned at a Bragg angle close to
45°. With the detector in the scattering plane, the
polarimeter resolves o-polarized scattered x rays. The
analyzer crystal and detector may be rotated by 90° about
the diffracted beam to detect the 7r-polarized scattered
intensity.

The elastic scattering cross section for x-ray scattering
from a single crystal is given by
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where rg is the classical radius of the electron; Q =
Kin — Kour, the photon momentum transfer; and fiw, the
x-ray energy. The atomic scattering amplitude f; consists
of the usual Thomson contribution plus magnetic terms.
The nonresonant magnetic amplitude may be written as
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the vectors A and B depend on the polarizations of
the incoming and outgoing photons relative to their
respective wave vectors. L;(Q) and S;(Q) are the
Fourier components of the orbital and spin magnetization
densities due to the jth atom [14]. In a helimagnet, it has
been shown [15] that the signal scattered from the o to the
7r channel is due to the sum of orbital and spin densities.

The resonant scattering contributions are more complex
[9,16]. The electric dipole contribution at the Ly; edge
has been treated in detail by Hannon et al. [9] and can be
approximated by

El,xres FO
f‘ =

! Ep, — ho — il'/2
X [,e\out . ,e\innh + i(,e\out X é\in) : ,Z\jP/4]~ (3)

Here, Fy includes the 2p3/, — 5d radial matrix element,
E;, is the edge energy, and I' is the width of the
resonance. The magnetic moment of the jth ion is parallel
to /z\j. The first term, which depends on the number #n;, of
holes of both spins, does not reflect the magnetic order.
The polarization factor can be written as
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where ng; — ngp is the net number of magnetized 5d
electrons, 6 depends on the difference in radial matrix
elements for spin-up and spin-down electrons, and A is
the exchange splitting. At this level of approximation, the
magnetic reflections appear only as first-order satellites of
the main Bragg peaks, and only in the & — 7 channel.
X-ray resonant magnetic scattering was observed at
both the Dy [10] and Lu edges in the o — 7 geometry,
consistent with dipole selection rules. An MgO crystal
was used at the Lu edge (Oprage(420) = 454° at
9.25 keV) and also at the Dy edge (Opragg(420) = 57.7°
at 7.79 keV). The same crystal was used at both energies
in order to compare directly the magnitudes of the reso-
nant intensities. First-order helimagnetic satellites were
detected about the (0002), (0004), and (0006) Bragg re-
flections of the alloy; they are designated as (000¢ * 7).
At low temperatures, these were separated from the
Bragg peaks by 7 = (.24 reciprocal lattice unit (rlu), in
agreement with earlier neutron scattering data from the
same sample [13]. We focus mainly on the (0002 + 7)
magnetic reflection, since the resonant scattering is more
intense than at the (0004 *= 7) or (0006 * 7) reflections
and the background is lower than at the (0002 — 7)
reflection. Figure | shows the Q-integrated intensity of
the (0002 + 7) peak at 10 K as the energy was scanned
through the Lu Lj; edge (main figure) and the Dy Ly
edge (inset), both taken with the MgO analyzer. The
data are normalized to monitor counts, with the energy
dependence of the monitor efficiency taken into account,
and are corrected for the Lorentz factor. Polarization and

1.20
20.0
1.00 i
2 080 +
g
. 0.0
o ! | 1 1 1
& o060 7.65 7.70 7.75 7.80 7.85
2 Energy (keV)
7
g
E 040 1 1§
I
0.20 i T l
000 ] 1 | | 1
9.230 9240 9.250 9.260 9.270 9.280 9.290 9.300
Energy (keV)
FIG. 1. Q-integrated intensity of the (0002 + 7) magnetic

peak vs energy through the Lu Ly; edge. Residual intensity is
attributed to the nonresonant scattering from the Dy moments.
Inset: The same, measured through the Dy L;; edge. An MgO
(420) analyzer was used for both measurements. Lorentzian-
squared curves with a FWHM of 7 eV have been fit to both
data sets.
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Debye-Waller corrections, which amount to = 1% of the
intensity each, were not applied. Absorption was also not
taken into account. The presence of resonant magnetic
scattering at the Lu edge demonstrates the existence of an
induced moment on the Lu atoms. The o — 7 character
of the scattering shows that it occurs within the Lu 5d
band, and is the principal result of our paper.

Figure 2 shows the position of the (0002 + 7) mag-
netic peak (filled circles) as a function of temperature,
with the neutron scattering data of Ref. [13] superposed.
The helimagnetic wave vector is = 0.265¢™ at the Neel
temperature 7y = 120 K, and decreases with temperature
before appearing to lock in to 0.240 + 0.001c¢™ (= 6/25)
below =60 K. This may be seen more clearly in the in-
set to Fig. 2, where the position of the same reflection,
measured at the Dy edge using a Ge(111) analyzer for
better resolution, is plotted. This is a considerably tighter
spiral than observed [17] in bulk Dy, where the wave vec-
tor is 0.239¢™ at Ty decreasing to 0.147¢* at the Curie
temperature 7¢ = 89 K.

The temperature dependence of the (0002 + 7) mag-
netic peak is shown in Fig. 3. In this figure, the Dy data
were taken in the high-resolution mode (Ge analyzer) and
the Lu data in the 0 — 7 mode (MgO analyzer). Neu-
tron scattering data are shown in the inset, for reference.
Lines are drawn as a guide to the eye.

The next question we seek to address is the magni-
tude of the induced moment on the Lu atoms observed in
Fig. 1. Each of the resonance curves shown in the figure
was fit to a Lorentzian-squared profile with a FWHM of
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FIG. 2. Magnetic wave vector 7 in units of the c-axis
reciprocal lattice vector, determined from the (0002 + 7) peak.
Solid circles: XRES data at the Lu edge in the o — 7
configuration; squares: previous neutron scattering data. Inset:
XRES data at the Dy edge, measured in the scattering plane,
using a Ge analyzer for higher resolution. Below 60 K, a lock-
in occurs to a value near 0.240 rlu.

3184

TABLE 1. Numerical values used in our calculation of the
Lu induced moment. Values for the absorption coefficients
were determined from analysis of the fluorescence near the
edges [10].

Dy Lu
) 0.00491 0.00405
r 7 eV 7 eV
Rgt — R4) 0.357 e
) 0.0857 =0
A 0.357 eV =(
u(7.79 keV) 4900 cm ™! 1500 cm™!
©(9.24 keV) 3200 cm ™! 4500 cm™!

7 eV. Residual intensity above background at the mag-
netic peak position is attributed to nonresonant scattering
from the Dy magnetization. We estimate the magnitude
of the induced Lu moment by a direct comparison of the
relative intensity of the Lu and Dy resonant signals, taking
into account polarization, concentration, and absorption
factors. For Lu, only the first term in the polarization
factor [Eq. (4)], the net number of spin-up electrons, is
nonzero. The corresponding factor Ppy may be calcu-
lated by scaling the values of A [18] and & [19] for
Gd by the ratio of the spins; these are given in Table I.
We use n, =9 for Dy [18], and average the energy-
dependent denominator in Eq. (4) over the width of the
resonance. An additional factor that enters into our cal-
culation is the square of the radial matrix element (r)py
for the 2p3/, — 5d transition contained in F of Eq. (3).
Numerical values have been calculated for Dy and Lu by
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FIG. 3. Temperature dependence of the (0002 + 7) magnetic

peak. Squares: Lu-edge data taken in the o — 7 geometry;
circles: Dy-edge data, taken in high-resolution mode. Inset:
Neutron diffraction data for the same sample.
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Hamrick [19]. The Lu polarization factor is then

(r)py )2 \/coy ©(1.79 keV) Iy
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where the intensities 7, have been modified by the ratios
of the radial matrix elements, concentrations, and ab-
sorption factors (r)y, cx, and u(E) = cpyppy + CLupLu.
With the values shown in Table I, we find that Pp, =
—0.38, dominated by n;8, and that | py | = 0.19.

We can make a relatively simple mean-field argument
that shows this to be the correct order of magnitude for the
induced magnetization. While the sf interaction produces
a large conduction electron polarization around each 1 rare-
earth atom, it is the net additional s-d polarization §s;-4
at that site, produced by neighboring rare-earth sites, that
provides the indirect exchange coupling among the rare-
earth magnetic moments. The resonant signal at the Dy
edge measures the combination of the self-moment of that
atom and the additional moment induced by its neighbors;
at the Lu site, only the induced moment exists. The s-
d polarization produces a molecular field that acts on the
rare-earth moment, which can be written as

— — 1))y 855
T = (g7 g)ILjLsf s-d
JIB

(6)

where j;s = 0.140 eV for bulk Dy [20]. In the mean-

field approximation [21], we may also write H ¢ as
3k3®p

(grmp)?J(J +

o
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where ®p = 154 K is the paramagnetic Curie temperature
of bulk Dy. In the helical phase, we have |<7)| =
J[1 + cos(6)]/2 = 0.86J at low temperatures where the
turn angle is 6 = 43.2°. A further reduction by the
concentration of Dy atoms yields é ts-g = gupbss-g =
0.10p, within a factor of 2 of our experimental estimate.
As was the case in extracting an experimental value, our
mean field estimate is meant to be an order-of-magnitude
calculation, and relies on several assumptions. Actual
band calculations of the induced moment are needed both
to improve on the mean field estimate of its size and to
provide more reliable values of the radial matrix elements.

In summary, we have demonstrated that the element
specific nature of resonant x-ray scattering permits the
first observation of the helimagnetic spin density induced
on the nonmagnetic constituent of a rare-earth alloy.
The detection of that polarization requires the use of
state-of-the-art synchrotron sources. This technique holds
promise for new studies of the magnetic properties of
complex materials, particularly those involving lanthanide
and actinide elements. It is likely that the full potential
of these methods will be realized at third-generation
synchrotron sources.
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