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Abstract. The magnetic structures of Nd/Pr superlattices have been investigated using x-ray
magnetic resonant scattering. Magnetic dipole resonances were observed a{2pgt — 5d)

edges of both components of the superlattices, proving that a coherent spin-density wave is
established in the 5d bands of both elements. Myltiragnetic structures were induced in the

Pr, and the two components of the superlattice were found to adopt identical magnetic modulation
vectors. Magnetic superlattice peaks were observeg-gtans at both edges and from these we
were able to determine the magnetization profiles in each component of the superlattice separately.
From the width of the magnetic peaks in the wave-vecto, we were able to measure the
magnetic coherence of the Nd, and the results demonstrate that the observed spin-density wave in
the Pris responsible for the coupling between successive Nd blocks.

The development of molecular beam epitaxy has enabled the controlled growth of single-
crystal layered structures with almost atomic-plane precision. As a consequence it is possible
to introduce an artificial periodicity and create superlattice structures, potentially with tailor-
made physical properties.

The discovery of the propagation of magnetic ordering through nonmagnetic spacer layers
in rare-earth superlattices has opened a new window on the nature of exchange coupling in
the metallic state [1]. It is generally accepted that long-range order is established by the
magnetic material inducing a spin-density wave in the conduction band of the nonmagnetic
element (the (5d, 6s) electrons in the case of the rare earths), which then propagates the order
to the next magnetic block. In the case of transition-metal superlattices, direct evidence for
the existence of induced ordering has been obtained using x-ray magnetic circular dichroism
(XMCD) [2, 3]. This technique measures the spin and orbital moments in each component
averaged over the superlattice structure, but cannot determine directly the spatial modulation of
the magnetization. A diffraction method, such as x-ray magnetic resonant scattering (XMRS),
shares the species sensitivity of XMCD, and has the added advantage that spatial information
is retained [4—6]. Antiferromagnetic ordering within individual blocks of a superlattice may
therefore be studied using this technique. Furthermore, by measuring the magnetic diffraction
harmonics from the superlattice structure at the resonant edge of each component, itis possible,
in principle, to determine the magnetization profile of each elementindependently. Inthis letter
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we report results from Nd/Pr superlattices, where we have been able to study the magnetic
ordering of the two components of a superlattice separately for the first time using magnetic
x-ray diffraction.

Nd and Pr sit adjacent to each other in the light rare earth series. In the bulk state
both elements adopt the dhcp crystal structure, but have very different magnetic properties.
The localized 4f moments on the hexagonal sites in Nd order b&jpw~ 19.9 K, with
an antiferromagnetic coupling between hexagonal layers and an incommensurate sinusoidal
modulation in the basal plane [7]. As the temperature is lowered, a series ofgmudtgnetic
structures are observed [8,9]. Pr has a nonmagnetic singlet as its ground state and does
not exhibit long-range magnetic ordering until it is induced by the hyperfine interaction at
Ty ~ 50 mK [10, 11]. It has been found that magnetic order may be induced at higher
temperatures by perturbations such as the application of uniaxial pressure or an external
magnetic field [12, 13], or by alloying with Nd, and in this way Pr constitutes an almost
critical system.

Neutron diffraction studies of Nd/Pr superlattices have revealed a number of new
phenomena [14], but since in this case the magnetic scattering is dominated by the contribution
from the 4f moments, any information on the spin-density wave in the (5d, 6s) bands is to some
extent model dependent. The Nd magnetic order on the hexagonal sites propagates coherently
through the Pr, while the cubic site order is confined to single Nd blocks. Forthinner blocks of Pr
(~ 20 atomic planes) the Nd induces long-range order of the Pr 4f moments at all temperatures
below Ty, so that a uniform magnetic structure is formed throughout the superlattice. For
thicker Pr blocks £ 33 atomic planes) the Pr retains its singlet ground state clogg,tand
it is only on cooling that a 4f moment is induced in the Pr. One of the attractive features of
Nd/Pr for studies using synchrotron x-rays is that the in-plane incommensurate component to
the magnetic modulation moves the magnetic scattering away from [00I] to a region where
the structural background is low. It also illustrates how XMRS can provide new information
on the magnetic interactions in artificial metallic superlattices. By isolating the magnetic
scattering from the Pr we obtain direct information on the nature of the induced magnetic
ordering. The energy and polarization dependence of the scattering at the resonances probes
the electronic states of the magnetic species. Furthermore, the narrow wave-vector transfer
resolution achieved using x-rays enables the muhiagnetic structures to be studied more
closely than before. This latter feature also allows a more accurate determination of the
magnetic coherence through the superlattice, and this provides greater understanding of the
mechanism of interlayer coupling.

XMRS at the L edges of the rare earth metals is dominated by virtual electric dipole
(E1) transitions from a 2p core level to the 5d bands [5]. Magnetic x-ray diffraction therefore
gives direct information on the conduction-electron spin-density wave responsible for the
propagation of magnetic order in rare-earth metals and superlattices. In this sense it gives
complementary information to neutron diffraction, which tends to be dominated by scattering
from the ordered 4f moments. The resonant cross section may be written down in a convenient
form appropriate to Nd/Pr if we assume that the magnetic moments are sinusoidally modulated
with a wave-vectog, and that we use polarization analysis to measure the rotated component
of the scattering (here labelled-c and explained below) [15]. For scattering vectors close to
[00I] the resonant cross section may then be written

do \"° _ M?P?cog 6
dQ )., (hwo — hw)? + (T/2)2

where M is proportional to the square of the radial matrix element connecting the 2p and
5d stateshwyg is the energy of the appropriate L resonance of half widtl® is the Bragg

dQ-G=*q 1)
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angle, and= is a reciprocal lattice vector. The sensitivity to the magnetism comes from the
polarization factor

P =n() - — OS2

Fwo —hw—ilj2 )

wheren, (1) is the net number of spin-up electrons in the 5d bandhe number of holesA

the exchange splitting antidepends on the difference in radial matrix elements for spin-up
and spin-down electrons [5]. The sensitivity of XMRS to the 5d polarization was exploited by
Everittet al [16] to measure the polarization of the 5d bands at the Lu sites in a Dy—Lu alloy.
The resonant enhancement at theddge over the nonresonant signal is found to be 300 for
Nd metal [17] and very large for Pr in Ho:Pr alloys [18]. These elements are therefore ideally
suited to XMRS, and here we demonstrate the potential for determining the magnetization
profiles in a superlattice structure.

Single-crystak-axis Nd/Pr superlattices were grown using molecular beam epitaxy with
compositions [NehPrxg]so and [Na3Prs3]s0, Where the subscripts labelling the elements refer
to the number of atomic planes in the average bilayer and the last subscript to the number
of bilayers. The x-ray scattering experiments were performed mainly using the four-circle
diffractometer at ID20 of the European Synchrotron Radiation Facility, with additional studies
carried out using X22C at Brookhaven National Laboratory. The samples were mounted with
(hOl) in the scattering plane of the diffractometer. At ID20 the polarization of the scattered
beam was analysed by a sapphire crystal mounted orothen2 of the diffractometer. For the
horizontal scattering geometry employed on ID20 the incident photon beam is predominantly
linearly polarized £ 98%) in this plane, which by convention is labelledthe perpendicular
component being). By rotating the polarization analyser around the scattered beam it was
possible to measure either theo or 7—7 components of the scattering.

In order to characterize the chemical structure, scans of the wave-vector trghsfer
were performed along the [00I] direction through the-f) charge scattering at (004), and
superlattice peaks were observed displaced from the average Bragg reflectiorylay @here
L is the bilayer repeat distance amés an integer. The data were fitted to the structural model
of Jeharet al [19] in which the nhumber of planes and the interplanar spacing of each layer
are allowed to vary, and a tanh function is used to represent the variation of concentration and
d-spacing at the interfaces. This analysis showed that the structures of the superlattices were
close to their target specifications and that interdiffusion at the interfaces was restricted to 4
atomic planes at most.

A search for f—o) magnetic scattering was made at the Nd and Rrdges by performing
scans of@ along the (h03) direction & ~ 3 K. Two magnetic reflections are detected at
Q ~ (0.106, 0, 3) and (0.12, 0, 3) close to the ordering wave-vectors of bulk Nd. The peaks
are observed at identical positions at the two edges, indicating that the superlattices exhibit
uniform magnetic structures. By analogy with bulk Nd, the two components of the scattering
are from different domains of the quadrupgjestructure [9], and the measurements at the Pr
edge are the first direct observation of a myltnagnetic structure in Pr.

Figure 1 presents the scattering measured from4{Rigs]so in scans of the x-ray energy
for fixed @ = (0.106 0, 3) at T ~ 3 K. The scattering was observed to resonate at
6.440 keV and 6.722 keV, close to the energies of the dipole transitions at,tleeldes
of Prand Nd respectively. As this transition is fromm 2 core state to the 5d bands, we can
immediately conclude from the existence of the resonances at the two edges that the 5d bands
are magnetically polarized in both elements. We note that shoulders are evident in the energy
scans at the two edges, indicating that there are at least two resonances in each case. Further
studies are required to understand the origin of this lineshape.
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Figure 1. Energy scansta K with @ fixed at (0.106, 0, 3), showing the resonant enhancement at
(a) the Pr Iy and (b) the Nd | edges. Solid lines are guides to the eye and dashed lines indicate
the positions of the absorption edges.

The temperature dependence of the scattering is summarized in figure 2 which compares
scans of@ in the ¢* direction through the magnetic peaks at the Pr and Ndedges at
selected temperatures for [BPr33]so. These scans give information on the propagation of
the magnetic order through the superlattice. Magnetic superlattice peaks are detected displaced
by 27 /L from the magnetic Bragg peak. The moment profile through the magnetic blocks
determines the intensity of the superlattice peaks, and the presence of strong superlattice peaks
either side of the main magnetic Bragg reflection indicates a near-square-wave moment profile.
This is observed at all temperatures for Nd, and at 3 K for Pr. At higher temperatures
the superlattice peaks decrease in intensity relative to the main magnetic Bragg peak at the Pr
edge, and can no longer be detected’by 10 K. The broadening of the peaks at the higher
temperatures shows a decrease in the coherence of the magnetism.

To model the data, at the Nd edge the magnetic form factors are taken to be unity at the
Nd sites, and zero at the Pr sites, and vice-versa at the Pr resonance. The moment directions
alternate for successive hexagonal planes and, since the structural parameters are determined
from the charge scattering, the integrated intensities of the peaks in figure 2 are determined
solely by the polarization profiles. The magnetic scattering has been calculated using the
polarization profiles in figure 3, and this is shown as the solid lines in figure 2. The widths
are fixed at the experimentally determined values. The polarization follows the concentration
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Figure 2. The temperature dependence of the scan® afi the ¢* direction through ther—o
magnetic Bragg reflection ag(, gx, 3) (a) at the Pr |, and (b) at the Nd |, edges.

profile at all temperatures at the Nd resonance (figure 3). The profile in the Pr blocks has
been modelled as an exponential fall-off of the induced moment away from the interface with
Nd. The results for Pr a&f ~ 3 K show that an almost uniform moment is induced across the
100 A-thick Pr block at low temperatures. However,by- 10 K the induced polarization at
the centre of the thick Pr blocks is very small, see figure 3.

The integrated intensities of the magnetic scattering, at the Pr and Nd edges have been
measured as a function of temperature for both samples. The magnitude of the average
polarization of the 5d band of Pr relative to that of N,/ Py,, may then be obtained

using [16]
Pp, (r%q |Cnalp, 3)
Pya  (r)3,\ Cprlya

where(r) corresponds to the species-specific radial matrix elengethie concentration of each
element in the superlattice, aiids the integrated intensity of the magnetic peak normalized

by the charge scattering at each energy. The radial matrix elements have been calculated for
Nd and Ce [20], and we interpolate between these to obtain the value for Pr. Fqr ¢igé,
(2py1/2|r|5d) = 0.00574 for Nd and 0.00597 for Pr. By dividing the magnetic intensity by the
charge scattering peaks at each energy, we correct for absorption and the dependence of the
incident x-ray intensity on energy approximately. Figure 4(a) showsRpatPy, remains
approximately constant at 0.43 for [DifPryo]go at all temperatures studied. The fact that the
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Figure 3. The amplitude of the magnetic polarization of the 5d bands (a) for Pr and (b) for Nd, as
a function of depth, used to calculate the scattering in figure 2.

polarization of the Pr 5d band is comparable to Nd provides evidence that localized ordering
of the Pr 4f moments is also induced. For f¥Ers]so, the average polarization in the Pr
decreases rapidly at higher temperatures, and this is consistent with the derived fall-off of the
induced order away from the Nd interface, as shown in figure 3.

The magnetic correlation lengttgs,shown in figure 4(b), were obtained from the widths of
thec* scans through the magnetic reflections at the Nddlge using the relation~ 27 /A Q.
For [NdxoPr0]go the magnetic order is coherent over many bilayer repeats at all temperatures,
andé¢ is comparable to the structural correlation length. However, there is a dramatic decrease
in & for [Nds3Prs3]so aboveT ~ 8 K, indicating a decoupling of the Nd blocks. This is
correlated with the reduction of the induced polarization in the centre of the Pr blocks, and
this directly confirms that the Pr conduction-electron spin-density wave is responsible for the
propagation of the Nd magnetic order. The results forsfRa3]so do not agree with those
obtained using neutrons for a sample with the same nominal composition [14], possibly due to
resolution effects. We note that the correction due to instrumental resolution is negligible for
these x-ray measurements. This technique greatly extends the accessible range of correlation
lengths, and allows a simpler understanding of the magnetic coupling in Nd/Pr superlattices
to emerge.

In summary, magnetic resonances were observed for both the Nd ape&gés, showing
that the 5d bands are magnetically polarized in both elements. The two components of the
superlattice are found to adopt identical mujtmagnetic structures. The amplitude of the
induced conduction-electron spin-density wave has been determined as a function of depth in
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Figure 4. (a) The polarization of the Pr 5d band relative to Nd, and (b) the magnetic correlation
length,&, as a function of temperature.

the Pr blocks, and the coherence of the magnetism has been measured. The results provide
new understanding of the induced magnetic ordering and the interlayer coupling mechanism
in Nd/Pr superlattices.
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