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Interplay between structure and magnetism in HoxPr12x alloys.
II. Resonant x-ray magnetic scattering
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X-ray-scattering techniques have been used to study the crystal and magnetic structures of HoxPr12x alloys
in the form of thin films. Three distinct crystal structures are found as a function of concentrationx, each of
which has a characteristic magnetic structure. Forx>0.6 a hexagonal-close-packed phase is found with the
magnetic moments ordered in a basal-plane helix, whereas for 0.4<x,0.6 the lattice adopts the crystal
structure of bulk Sm with the moments forming a six-layerc-axis antiferromagnet. At Ho concentrationsx
,0.4 the alloys are double hexagonal-close-packed and remain nonmagnetic down to the lowest temperatures
studied. Using x-ray magnetic resonance scattering techniques, we demonstrate that a small, static spin-density
wave is induced within the alloy 5d band at both the Pr and Ho sites in both of the magnetically ordered
phases. The interpretation of the data is, however, complicated by the fact that the intensity branching ratio
L III /L II differs from order unity for both Ho and Pr, in contrast to what is predicted from the simplest models
of the resonance process. This suggests that an improved treatment of the full exchange interaction between the
5d and 4f moments, such as recently proposed by van Veenendaal, Goedkoop, and Thole@Phys. Rev. Lett.78,
1162~1997!#, may be needed before quantitative estimates of the magnitudes of the induced 5d moments can
be obtained. The temperature dependences of the lattice and magnetic structures, including the lattice con-
stants, magnetic wave vectors, magnetic order parameters, andc-axis coherence lengths, are also characterized.
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I. INTRODUCTION

In this paper, we report a high-resolution x-ray-scatter
study of the magnetic structure and phase behavior of a
ries of HoxPr12x thin-film alloys, taking particular advantag
of the species-sensitivity introduced by x-ray resonant s
tering techniques. The present work is a companion
neutron-scattering experiments performed on the sa
samples and described in the preceding paper,1 hereafter re-
ferred to as paper I. Together these papers elucidate the
netic properties of the Ho-Pr alloys as well as show h
x-ray and neutron-scattering techniques may overlap
complement each other in the study of rare-earth magn
structures.
570163-1829/98/57~10!/5941~10!/$15.00
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The basic interactions underlying rare earth magnet
are well understood.2 They include a Ruderman-Kittel
Kasuya-Yosida exchange interaction coupling localizedf
moments in competition with crystal-field and magnetoel
tic interactions. Long-period, modulated magnetic structur
comprised of a large 4f component ~typically
5 – 10mB /atom! and a small, static spin-density wave
(;0.3mB /atom) that is induced in the 5d band, are charac
teristic features. Detailed theoretical accounts of the m
netic structures exhibited by the bulk rare-earth eleme
have been given using mean-field theory.2 Much recent re-
search has been concerned with characterizing the mag
properties of molecular-beam-epitaxy–grown thin films,
cluding pure metals, alloys, and multilayers.3 In addition to
5941 © 1998 The American Physical Society
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5942 57A. VIGLIANTE et al.
the fundamental interest in systematically probing the in
actions, these studies offer the hope that thin-film magn
properties might also be controlled. A key issue confront
all such studies remains understanding how the strain in
duced at the film/substrate interfaces alters the film magn
structures.4–6

The materials of interest in this paper are Ho-Pr alloys
the pure metal, holmium has a hexagonal-close-packed~hcp!
chemical lattice and a basal-plane spiral magnetic struc
below TN;131.5 K. Its magnetic structure has been w
characterized in many neutron- and x-ray-scatter
experiments,2,7,8 including the separate observations of t
4 f and induced 5d magnetization densities mentione
above.9 In contrast, Pr has a double hexagonal-close-pac
~dhcp! chemical lattice and the corresponding crystal-fie
interaction leads to a nonmagnetic singlet ground state. B
Pr does not exhibit magnetic ordering until 0.05 K unle
subjected to perturbations, such as external pressure or
netic field.2 ~References to earlier work on alloys forme
from combinations of light and heavy rare-earth elements
given in paper I.!

Our aim in these experiments was first to characterize
lattice and magnetic structures as a function of increasing
concentration. Briefly, we have found that our results ag
with the main features of the magnetic phase diagram de
mined by neutron scattering,1 specifically that the alloys ex
hibit three distinct phases versus Pr concentration. In
Pr-rich phase~Pr concentration greater than 60%!, the
chemical lattice has dhcp symmetry and remains nonm
netic down to 10 K. For Pr concentrations between 40%
60%, the chemical lattice changes and possesses the stru
of bulk Sm. These alloys are magnetic, exhibiting a six-la
antiferromagnet, similar to that found in bulk Sm, and w
magnetic ordering temperaturesTN varying between;30
and 60 K, depending on concentration. In the Ho-rich ph
~Pr concentration less than 40%! the chemical lattice is hcp
and the magnetic structure is a basal-plane spiral, as oc
in bulk Ho. The Ne´el temperatures fall between;60 and
130 K, again depending on concentration.

For the alloys exhibiting magnetic order, it was also
interest to determine whether the Pr sites support a net m
netization density, either within their 4f shells~which would
imply a change in the balance between the crystal field
exchange interactions relative to bulk Pr! or induced within
the 5d bands by the Ho 4f moments, or both. An induced 5d
moment has been observed recently for nonmagnetic Lu
oms when they are dispersed in a magnetic Dy host lattic10

By tuning the incident x-ray energy to theL III and L II ab-
sorption edges of Ho and Pr, respectively, we have meas
the magnetic scattering from the Ho and Pr sites separa
It was found that for both the spiral and Sm magnetic str
tures there is a static spin density wave induced in the a
5d bands, which propagates on both the Ho and Pr s
analogous to that in the Dy-Lu alloys. To within the ava
able statistics, the induced Pr 5d moment per atom is inde
pendent of concentration.

One of the most intriguing results of the present stu
concerns the branching ratios measured at theL III and L II
absorption edges of both Ho and Pr in the 50-50 alloy~Sm
magnetic structure!. In the simplest theories of the cros
section,11 the resonant magnetic intensity determined a
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rare-earthL III edge should approximately equal that obtain
at the correspondingL III edge. However, it has recently be
come clear thatL III /L II branching ratios are much great
than 1 for the heavy rare-earth elements while the revers
true for the lighter elements.12,13We find that this correspon
dence is preserved in Ho-Pr alloys, which are comprised
both heavy and light constituents, independent of concen
tion. Resolving this discrepancy with the theory will be r
quired before the induced moment amplitudes can be relia
extracted from the resonant magnetic intensities and is a
cial step for the development of resonant techniques. Mo
over, it implies that the simple picture of rare-earth electro
structure employed in these calculations is not adequate.
cent progress has been made in the theory of these proc
by van Veenendaal, Goedkoop, and Thole.14

Finally, we have characterized the temperature dep
dence of the lattice and magnetic structures, including
magnetic wave vectors, lattice constants, order parame
and coherence lengths. All of these measurements have
efited from the high wave-vector resolution routinely achie
able with x rays. We have found that the temperature dep
dences of the induced Ho and Pr 5d magnetic wave vectors
are identical throughout the magnetically ordered phases
are consistent with that of the total moment determined
neutron scattering. Specifically, in the Sm magnetic pha
the magnetic wave vectors remain locked tot5 1

3 for all
temperatures, as in bulk Sm. In the spiral magnetic phase
wave vectors decrease continuously fromTN and lock tot
; 2

9 below ;60 K. The temperature dependence of most
the Ho and Pr magnetic order parameters exhibits a pow
law dependence nearTN with mean-field exponents, as ha
been observed previously in other Ho films,15–17 although
not in all of them.4,18

The remainder of this paper is arranged as follows. In S
II we discuss the experiment in terms of the crystal struct
~Sec. II A!, the magnetic structure~Sec. II B!, the tempera-
ture dependence of the magnetic wave vectors, lattice c
stants and coherence lengths~Sec. II C!, the temperature de
pendence of the magnetic order parameter~Sec. II D! and the
induced Pr moments~Sec. II E!. In Sec. III we sumarize and
give conclusions.

II. EXPERIMENT

The growth of the thin-film HoxPr12x alloy samples is
described in paper I. Here it will suffice to say that samp
with nominal compositions ofx51,0,0.8,0.6,0.4 were stud
ied using x-ray-scattering techniques. The x-ray-diffracti
experiments were performed mainly on the bending mag
beam line X22C at the National Synchrotron Light Sourc
with additional measurements performed on BW2
HASYLAB. NSLS X22C is equipped with a doubly focus
ing nickel-coated mirror and a fixed exit Ge~111! double-
crystal monochromator. The samples were mounted i
closed-cycle refrigerator with their@00L# faces oriented in
the vertical scattering plane.

High-Q-resolution studies were performed using
Ge~111! analyzer crystal, resulting in a momentum-trans
resolution @full width at half maximum ~FWHM!# of 7
31024, 3.631024, and 231022 Å 21 in the longitudinal,
transverse, and out-of-plane directions, respectively. T
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57 5943INTERPLAY BETWEEN STRUCTURE . . . . II. . . .
resolution function was determined approximately from
~11̄20! reflection of the sapphire substrate. The incident
diation from the bending magnet is;95% linearly polarized
in the plane of the storage ring~s polarized!. In some ex-
periments, the scattered radiation was analyzed using a
larization analyzer mounted on the 2u arm of the diffracto-
meter. The orientation of polarization analyzer crystal w
chosen to select thep component of the magnetic scatterin
that is, the component rotated by 90° with respect to
incident polarization or perpendicular to the plane of t
storage ring. Graphite~006! and Cu~220! crystals were used
as polarization analyzer crystals at theL III ~Ho! andL II ~Pr!
edges respectively.

X-ray resonant magnetic scattering is an element-spe
technique that exploits the anomalous cross section for x
scattering at an absorption edge. It has been found that l
enhancements of the magnetic scattering are observed w
the incident photon energy is tuned near anL III or L II absorp-
tion edge of a rare-earth metal. The resonant contribution
the cross section may be described on the basis of elec
dipole and quadrupole transitions between 2p core states and
unoccupied 5d and 4f valence levels, respectively.9,11

Electric-dipole transitions, coupling 2p3/2 and 5d1/2 states at
the L III edges and 2p1/2 and 5d3/2 states at theL II edges,
sufficiently dominate the quadrupole transition in the ra
earth elements9,12 that we neglect quadrupole transitions
this paper. For a system where the magnetic and charge
cells have a different periodicity, the electric-dipole cont
bution to the resonant scattering amplitude at the prim
magnetic wave vector is11

f j
E1} iP~ei3ef* !• ẑj , ~1!

FIG. 1. Phase diagram of the crystal and magnetic structure
the alloys studied. The Ne´el temperature is reported as a function
Ho concentration.
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whereei andef are the incident and the scattered polarizat
unit vectors andzj is the unit vector parallel to the magnet
moment on thej th atom. The factorP includes various con-
tributions and may be approximated as

P'
r 0

x2 i S 2nu1dnh1
D

G~x2 i !
nhD , ~2!

wherex is a measure of the energy offset from resonance
units of the half-width of the resonanceG/2. The other fac-
tors in Eq.~2! depend on properties of the 5d bands:nu is
the net spin polarization,nh is the number of holes per atom
d is the difference in matrix elements for the spin-up a
spin-down bands, andD is the exchange splitting. Thus th
resonant dipole intensity reflects the magnetization den
induced within the 5d bands by the localized 4f moment. At
anL-edge resonance of one of the constituents of a rare-e
alloy, the positions and intensities of the dipole scatter
reflect the site-specific 5d magnetization density, as has be
demonstrated earlier in Ho-Er,19 Ho-Tb,20 and Dy-Lu
alloys.10 This is the key fact underlying the experiments d
scribed in this paper. However, it is important to note th
extracting the magnitude of the moment from the intensit
remains a challenge, as will be discussed in detail in Sec.
on rare-earth branching ratios. From Eq.~1! it is seen that for
linearly s-polarized incident x rays, in the dipole approxim
tion the scattered radiation from a magnetic spiral or fro
the Sm magnetic structure isp polarized.

of

FIG. 2. Longitudinal scan along@00L#. ~a! Ho0.6Pr0.4 alloy. Spi-
ral magnetic structure and hcp crystal structure.~b! Ho0.5Pr0.5 alloy.
Sm magnetic structure and Sm crystal structure.
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5944 57A. VIGLIANTE et al.
A. Crystal structure

The crystal structure of bulk Ho is hcp with stacking s
quenceABAB, while that of Pr bulk is dhcp with stacking
sequenceABACA. As established by the neutron-scatteri
experiments1 performed on these samples, the chemi
structure changes from hcp to the rhombohedral structur
samarium and then to dhcp, by alloying Ho with an incre
ing concentration of Pr. This is shown in the phase diagr
of Fig. 1. The Sm structure21,22 is rhombohedral and corre
sponds to the space groupR3̄m (D3d

5 ). It may be considered
as three interpenetrating rhombohedra with three lat
points in the unit cell, whose atomic position are at~0,0,0!
and 6(m,m,m), wherem5 2

9 . In transforming from rhom-
bohedral to hexagonal coordinates, the new hexagonal
cell has nine equidistantly spaced layers, where the stac
sequence is@ABABCBCAC#AB. The new nine lattice
points are at the following positions

(0,0,0),(2
3 , 1

3 , 1
3 ),( 1

3 , 2
3 , 2

3 ) and (0,0,6m),( 2
3 , 1

3 , 1
3 6m),

( 1
3 , 2

3 , 2
3 6m). Two-thirds of the sites have near-neighb

layer configurations similar to that found in the simple he
agonal structureABAB and one-third are similar to that o
the fcc structureABCABC. It is shown in paper I that the
Ho atoms preferentially occupy hexagonal sites in the S
like alloys. The allowed reflection conditions are2h1k1 l
53n, 2h1k53n, and h1 l 53n, wheren is an integer.
For convenience we will mostly use the hcp indices in
following.

Representative scans of the Ho0.6Pr0.4 ~hcp structure! and
Ho0.5Pr0.5 ~Sm structure! taken along the@00L# direction at
10 K are shown on a logarithmic scale in Figs. 2~a! and 2~b!,
respectively. The charge-scattering peaks associated with
chemical lattice of the Ho0.6Pr0.4 alloy @Fig. 2~a!# are indexed
in hcp units. The magnetic peaks are labeled (0,0,26t) and
(0,0,46t), where t is the magnetic wave vector. Pea
originating from the sapphire substrate or Y seed are lab
accordingly. The charge scattering peaks of the Ho0.5Pr0.5
alloy are indexed in both hcp and Sm units, the latter sho
in parentheses. Magnetic peaks are again labeled with re
ence to the hcp basis~with t5 1

3!. The origin of the clusters
of peaks appearing nearL51.3 and 3.0 in Fig. 2~a! and near
L53.2 in Fig. 2~b! is not understood. Their persistence in t
diffraction patterns for temperatures above the respec
Néel temperatures, however, suggests that they are ne
magnetic nor magnetoelastic in origin and we have not s
ied them further. Although we have not performed detai
intensity analysis of the charge-scattering peaks in the a
series, we note that the positions and qualitative intensitie
the charge scattering peaks are consistent with hcp and
structures assigned in the neutron-scattering experiments
scribed in paper I.

Longitudinal scans of the charge and magnetic scatte
were fitted to squared-Lorentzian line shapes for all of
samples studied in these experiments. Transverse scans
fitted to Lorentzian line shapes. These line shapes were
sen for convenience of fitting; no significance is attached
their forms. The mosaic spreads, together with the inter
nar lattice spacings, and Ne´el temperatures are reported f
each sample in Table I. The mosaics for these samples a
similar, varying between 0.1° and 0.2°. Thec-axis coherence
lengths for the chemical and magnetic lattices are reporte
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Table II. Except for the Ho0.6Pr0.4 film, the averagec-axis
lattice coherence lengths fall between 1200 and 1700
which is typical of the best rare-earth films grown to date
should be noted that the structural coherence lengths
ported in paper I were deduced from (10L) scans, not (00L)
scans as reported here, and are therefore sensitive to
ABA... stacking sequences in the films. Those lengths w
observed to be shorter than the purec-axis coherence
lengths, which mainly reflect the interplanar spacing alo
the c axis. The variation of the observed Ne´el temperatures
with concentration is also discussed in detail in paper I.

B. Magnetic structure

The magnetic structures of the sequence of Ho-Pr all
were studied by scanning the momentum transfer along
@00L# and @10L# directions, both as a function of temper
ture and as a function of incident photon energy. Repres
tative scans along the@00L# direction obtained at the HoL III
edge atT510 K are shown in Fig. 2 for the two differen
magnetic phases observed in this work. The magnetic pe
are all indexed in hcp units with the magnetic wave vect
referred to the~0,0,2! and ~0,0,4! reflections. In all such
scans, whether along the@00L# or @10L# direction, the posi-
tions of the magnetic peaks were found to be consistent w
the symmetries assigned in the neutron-scattering studie
these alloys and reported in paper I. Specifically, the x-r
scattering results are consistent with a spiral magnetic st
ture in the hcp phase~corresponding tox50.8 and 0.6! and
with a Sm magnetic structure in the Sm phase~correspond-
ing to x50.5 and 0.4!. In the spiral magnetic phase, whic

TABLE I. Some parameters of the samples studied. The in
planar spacing for the alloys was measured atT510 K.

x Mosaic spread~deg! Interplanar spacing~Å! Néel T ~K!

1a 0.22 2.81 131
0.8 0.17 2.823 100.86
0.6 0.13 2.846 64.73
0.5 0.14 2.878 40.01
0.4 0.13 2.882 31.79
0.0b 2.910 106
0.0c 2.958 0.05

aHo film.
bBulk Sm atT5300 K.
cBulk Pr atT5300 K.

TABLE II. Coherence length of the chemical and magne
lattices.

x

FWHM
~002!
(Å 21)

Coherence length
~002!
~Å!

FWHM
(0022t)
(Å 21)

Coherence length
(0022t)

~Å!

1a 0.001 68 1200 0.0022 900
0.8 0.001 25 1600 0.0021 1000
0.6 0.0028 700 0.003 700
0.5 0.0012 1700 0.0012 1700
0.4 0.0017 1200 0.003 700

aHo film.



rro
om
e
er

to
be

he
d
a

t

h
a

n-

at-
n

of
he
eso-
rgy
ag-
ith
g.

of
or-
of
at

n-
ple
or

in
nge,

ctor
e

t the
the

57 5945INTERPLAY BETWEEN STRUCTURE . . . . II. . . .
characterizes bulk holmium, the atomic moments are fe
magnetically aligned within the basal planes, but rotate fr
plane to plane with a temperature-dependent turn anglf
5tp. The magnetic structure of bulk Sm is a six-lay
c-axis antiferromagnet described by a wave vectort5 1

3 c*
~see paper I for more details!.

The full widths of the magnetic reflections were found
be comparable to those from the chemical lattice, falling
tween 0.0012 and 0.003 Å21 as measured at the (0,0,22t)
reflections~see Table II!. These correspond toc-axis mag-
netic coherence lengths between 700 and 1700 Å along tc
axis, which is again typical of most rare-earth thin films stu
ied to date. As noted earlier, no magnetic scattering w
observed in the dhcp phase (x,0.4) by x-ray or neutron
scattering, down to 23 mK.

The energy dependence of the magnetic scattering of
Ho0.5Pr0.5 alloy at the (0,0,22t) reflection is shown in Fig.
3, as the incident photon energy was tuned through eac
the Ho and PrL II andL III edges. These data were obtained
T510 K using a Ge~111! analyzer crystal. The strongest e
hancements were found at the HoL III and PrL II edges across
the alloy series, as is clear in Fig. 3 for the Ho0.5Pr0.5 sample.
The resonant full widths (;10 eV) reflect the atomic widths
of the L excitations~typically 5–10 eV! convolved with the

FIG. 3. Energy scans of the magnetic peak (0022t) collected at
the Ho L III and L II and Pr L III and L II absorption edges of the
Ho0.5Pr0.5 alloy.
-

-

-
s

he

of
t

energy resolution of the beam line (<10 eV). As discussed
in more detail below, the existence of dipole resonant sc
tering at the Pr and HoL edges implies that there is a
induced magnetization density within the alloy 5d band,
which is present at both Pr and Ho sites. The symmetry
the magnetic diffraction patterns shown in Fig. 2 for t
spiral and Sm magnetic structures was preserved at r
nance independently of whether the incident photon ene
was tuned to a Ho or Pr edge. This suggests that the m
netic structure of the spin-density wave is consistent w
that determined for the total moment by neutron scatterin

C. Temperature dependence of the magnetic wave vectors,
lattice constants, and coherence lengths

In Fig. 4 we summarize the temperature dependence
the magnetic wave vectors for the different magnetically
dered alloys, after correction for the temperature variation
thec-axis lattice constants. Identical results were obtained
both the HoL III and PrL II resonances in each sample, co
sistent with the results of neutron scattering. In the sim
spiral phase of thex50.80 sample, the magnetic wave vect
decreases continuously from aboutt50.25 at T5TN
5110 K until aboutT530 K, where it locks into a valuet
50.21560.002. The behavior of the other Ho-rich alloy (x
50.60) is qualitatively similar, although the decrease
wave vector occurs over a much narrower temperature ra

FIG. 4. Temperature dependence of the magnetic wave ve
for four alloy films, a bulk Ho sample, and a pure Ho thin film. Th
data shown were collected at the HoL III edge. The temperature
dependence of the magnetic wave vector was also measured a
Pr L II absorption edge for the four alloys and resulted in exactly
same behavior as shown.
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5946 57A. VIGLIANTE et al.
from about T5TN560 K to T530 K and locks intot
50.21760.002. Both alloys exhibiting the Sm magnet
structure have wave vectors locked intot5 1

3 throughout
their ordered phases, consistent with bulk Sm.

The temperature dependence of the magnetic wave
tors in the holmium-rich samples is qualitatively similar
that observed in bulk and thin-film Ho, as shown by the op
triangles and squares in Fig. 4, respectively. In the bulk,
magnetic wave vector decreases continuously from abot
50.28 at T5TN5131.5 K until aboutT520 K, where it
locks intot5 1

6 , whereas the thin-film wave vector locks in
t5 4

21 . The 1
6 phase of Ho is well understood2 and corre-

sponds to a conical magnetic spiral with a ferromagne
component along thec axis. The in-plane structure is
bunched spiral, in which the moments on pairs of adjac
planes are slightly distorted toward the six easy direction
the hexagonal basal planes. The4

21 structure is a simple spin
slip structure8 that may be formed from the16 structure by
replacing every fourth pair of planes in the spiral by a sin
plane, i.e.,~1222!~1222!~1222!. Here a 1 represents a sing
plane or spin slip and a 2 represents a pair of planes. T
nearness of the observed lock-in wave vectors in thex
50.8 and 0.6 samples tot5 2

9 ;0.22 suggests a spin-sli
description in this case as well~12!~12!~12!, with a spin-slip
occurring for every pair of planes. The occurrence of lock
transformations to spin-slip structures reflects the large
fold crystal-field anisotropy of holmium at low temperatur
and the clamping of the film by its substrate.

The temperature dependences of the averagec-axis lattice
constants and inverse magnetic coherence lengths are s
in Figs. 5~a! and 5~b!, respectively. Referring first to th
c-axis lattice constants, it is seen that their low-temperat
values increase with increasing Pr concentration and
proach the interplanar spacing of bulk Sm~5.82 Å on this
scale! for Sm-like Ho0.5Pr0.5 and Ho0.4Pr0.6 samples.~The
interplanar layer spacings are compared directly in Table!
There is little temperature variation of any of the lattice co
stants on the scale of Fig. 5~a!. The greatest change occu
for the Ho0.8Pr0.2 sample, which is shown on a finer scale
the inset~dotted line!. The observed increase belowTN is
consistent with that recorded in a pure holmium film~open
squares! and is due to magnetostriction. However, it is cle
that the absolute values of the alloy lattice constants are
panded relative to pure holmium by between 0.3% for
x50.8 sample and 3% for thex50.4 sample. The larges
expansion corresponds to the samples in the intermed
concentration regime that exhibit the Sm crystal structu
The a-axis values are clamped by the substrate and do
vary with temperature.

The longitudinal full widths of the magnetic scatterin
@Fig. 5~b!# are also approximately independent of tempe
ture, except near their respective magnetic ordering temp
tures, where they increase~corresponding to a decrease in t
magnetic coherence length!. The small increase in width als
observed in thex50.8 sample nearT530 K probably re-
flects the approach of the conical transition at low tempe
tures and has been observed previously in thin Ho films.18 It
is interesting that the averagec-axis lattice and magnetic
coherence lengths~see Table II for the latter! are shorter for
both thex50.6 and 0.4 samples than for thex50.8 and 0.5
samples. These concentrations lie near the boundaries s
c-
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rating the hcp Sm and Sm dhcp phases and we speculate
the reduced coherence lengths may reflect a correspon
structural metastability, also noted in paper I.

D. Temperature dependence of the magnetic order parameter

The integrated intensity of the magnetic scattering w
measured as a function of temperature at the (0,0,22t) re-
flection along the longitudinal direction for all four magnet
alloys at the Ho L III (58.071 keV) and Pr L II

(56.440 keV) edges. Longitudinal scans offer the simpl
means for separating the magnetic scattering from
charge-scattering background due to the film reflectiv
However, transverse scans were also taken at the mag
peak positions to check for consistency. For alloys of co
centrationx50.6,0.5,0.4, the data were collected using t
polarization analyzer set to select thes to p component of
the magnetic scattering. For thex50.8 alloy, a Ge~111! ana-
lyzer was used due to the very weak signal at the Pr edg

A representative plot for the Ho0.5Pr0.5 sample is shown
on a linear scale in Fig. 6~a!. The intensities collected at th
Pr edge have been multiplied by a constant, for easy c
parison with the intensities obtained at Ho edge. It is cl

FIG. 5. ~a! Temperature dependence of thec-axis lattice param-
eters. Inset: detail of the Ho0.8Pr0.2 sample~dotted line! compared to
a pure Ho film.~b! Temperature dependence of the full widths
half maximum of the (0022t) magnetic peaks. High-resolutio
scans of the Ho0.4Pr0.6 sample~open diamond! were made only at
T510 K.
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from the figure that the data for Pr preclude a reliable, qu
titative comparison with the Ho, although qualitatively th
two data sets are consistent with each other to within e
mated errors. Instead, the Ho resonance data were fi
separately to a power law in reduced temperatureI;(TN
2T)2b @see Fig. 6~b!# and the values ofb were extracted for
all the alloys. The fitted values of the order parameterb are
shown in Table III and were determined by analyzing t

FIG. 6. ~a! Order parameters collected at the HoL III and PrL II

absorption edges for the 50% Ho concentration sample.~b! Order
parameters collected at the HoL III edge for the four thin alloy films.
The curves are fitted to a power law in reduced temperaturI
;(TN2T)2b; the values ofb are reported in Table III.

TABLE III. Fitted values of the order parameterb and TN as
function of Ho concentration.

x TN b

40 31.7960.1 0.4960.05
50 40.0160.1 0.5 60.05
60 64.7360.1 0.5660.05
80 100.8660.1 0.4260.05
-

ti-
ed

data within about (T2TN)/TN;20%. Most of these values
fall near 1

2 , in agreement with the results obtained by neutr
scattering on thex50.6 sample1 and on several pure Ho
films.16,15,17It is interesting thatb appears smaller than12 for
the x50.8 sample, in agreement with bulk measuremen
which cluster around 0.39, and with at least one other p
Ho film.4,18

E. Induced Pr moment

One of the unique features of the cross section for re
nant x-ray magnetic scattering is its selectivity in studyi
the magnetic ordering of different atomic species, which
accomplished by tuning the incident x-ray energy to anL or
M absorption edge of the chosen atom. Indeed, the selec
rules governing the electric-dipole and -quadrupole scat
ing permit identification not only of the species, but also
the symmetry of the magnetic states, for example, wheth
magnetic moment resides within a 5d or 4f orbital or both.9

A main objective of the experiments described in this sect
was to use these techniques to determine whether a s
magnetic moment is induced on the Pr atoms within the a
5d bands and then to estimate its magnitude with respec
that induced on the Ho atoms, as a function of increasing
concentration. Related experiments have shown recently
in Dy-Lu alloys a small;0.2mB moment is induced within
alloy 5d bands on the Lu atoms by the Dy 4f moments. The
latter results are interesting since atomic Lu has a filledf
shell and is nonmagnetic in the metallic state. In contra
atomic Pr has two electrons in its 4f shell and a nonmagneti
singlet ground state in its metallic state, which does not
hibit magnetic ordering untilTN50.05 K. However, the de-
generacy of the ground state is lifted in the presence of
applied pressure or magnetic field.2 It is also interesting to
ask whether the change in the lattice symmetry for allo
with 0.4,x,0.6 is sufficient to alter the Pr ground sta
leading to a Pr 4f moment.

A second motivation for these experiments was to expl
the dependence of the measuredL II /L III ‘‘branching ratios’’
in the rare-earth elements on their 4f occupancy. More spe
cifically, it has been found in both x-ray resonant magne
scattering and x-ray magnetic circular dichroism experime
that the magnetic intensities obtained at theL III edges of the
heavier rare-earth elements~Tb and higher! are ;10 times
stronger than those obtained at the correspondingL II absorp-
tion edges. In contrast, the intensities obtained at theL II
edges of the lighter rare-earth elements~Sm and lower! are
stronger than obtained at theL III edges.12,13This is surprising
because the existing theories of resonant magnetic scatte
and absorption predict that the branching ratios should
near unity across the series. From this perspective,
Ho0.5Pr0.5 random alloy is an ideal test system, as it co
bines both light and heavy rare-earth elements in the s
lattice and permits the Ho and Pr branching ratios to be
termined under identical experimental conditions.

Integrated intensities were obtained at both the (0022t)
magnetic and~002! Bragg reflections for each of the Ho an
Pr L II andL III absorption edges and for each magnetic all
The measurements were performed using a Ge~111! analyzer
crystal and involved scanning the reflections in both the l
gitudinal and transverse directions. Scans of the~002! Bragg
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TABLE IV. Normalized intensity ratio (0022t)/(002) (1027). An asterisk denotes cases in whic
scattering was too weak to permit integrated intensities to be calculated.
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reflections, at the four absorption energies, required the
of calibrated Al absorbers in order that the charge and m
netic scattering could be directly compared. In the fits, it w
found that the respective longitudinal and transverse wid
were all approximately equal, independent of concentrat
allowing the integrated intensities to be calculated fro
scans in either direction. Longitudinal scans were chosen
this purpose as the specular reflectivity from the multi
thin-film interfaces introduces a significant,u-dependent
background in the transverse scans, which requires a
tional corrections. Although the integrated intensities o
tained from both kinds of scans were found to be consist
those obtained from longitudinal scans are believed to be
more reliable.

The ratios of the integrated magnetic (0022t) and charge
~002! intensities obtained for each of the Ho and PrL II and
L III absorption edges and for each magnetic alloy are sh
in Table IV. By dividing the magnetic satellite intensities b
the intensities of the nearby charge-scattering peaks at
energy, we approximately correct for the dependence of
incident x-ray intensity on energy and for the absorption23

Resonant magnetic scattering was observed at the HoL III
and PrL II absorption edges in all the alloys. However,
most cases the scattering at the PrL III edge was too weak to
permit integrated intensities to be calculated. These are i
cated by an asterisk in Table IV.

From the existence of resonant scattering at each of th
L II edges in the alloys, we can infer the existence of
induced Pr moment in all of the magnetic samples, as alre
noted. Polarization analysis of the Pr scattering has sh
further that~to within our statistics! it corresponds mainly to
thes-to-p channel, which implies for both the spiral and S
structures that there exists an induced moment on the
atoms within the 5d bands, consistent with dipole selectio
rules. ~Dipole resonant behavior was also observed,
course, at each of the HoL II edges!. It is reasonable to con
clude, therefore, that the static spin-density wave indu
within the alloy 5d band by the Ho 4f moments propagate
at both Ho and Pr sites. In the present experiments we h
not been able to establish directly whether there is also
induced 4f moment at the Pr sites~for example, by detecting
resonant quadrupole scattering at a PrL absorption edge!.
However, on the basis of an analysis of the neutron magn
scattering intensities, it is concluded in paper I that the
Pr 4f moment develops in each magnetic alloy.1

The integrated intensities of the (0022t) magnetic peaks
obtained at the PrL II edge, divided by their respective~002!
charge intensities and normalized by concentration,
shown plotted versus Pr concentration in Fig. 7. This qu
tity corresponds to the resonant Pr intensity per atom, wh
se
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the simplest theories11 predict is approximately proportiona
to the modulus squared of the induced 5d moment per atom.
From the plot it appears that the induced moment on eac
atom is the same in all the alloys to within the error bars

We attempted to estimate the magnitudes of the indu
Pr 5d moments using the same techniques employed
Everitt et al. on Dy-Lu alloys. In their work, the induced Lu
5d moment was obtained by taking the ratio of the Ho a
Lu L III intensities, after corrections for absorption, exchan
splitting, radial matrix elements, concentration, etc. The
tensity ratio was then approximated as

PLu5
^r &Dy

2

^r &Lu
2 ACDy

CLu

mDy

mLu

I Lu

I Dy
PDy

2 ,

where I corresponds to the integrated intensity of each e
ment,C to the concentration,m to the absorption coefficient
^r & to species-specific radial matrix elements, andP to the
spin-polarization factor defined earlier. Suitable estimates
these quantities were made for Dy and Lu and the indu
moment on the Lu atoms within the 5d band were thereby
deduced in terms of the induced moment at the Dy sites

Similar arguments have been made in the present c
interpolating between the radial matrix elements of Ce a
Nd in order to obtain values for Pr.24 Specifically, we used,
for Ho L II , ^2p1/2ur u5d&50.0043, for Ho L III ,
^2p3/2ur u5d&50.004 72, for PrL II , ^2p1/2ur u5d&50.0059,
and for PrL III , ^2p3/2ur u5d&50.006 30. Assuming for sim-

FIG. 7. Integrated intensity of the (0022t) magnetic peak at
the PrL II edge in the four alloys studied. The data are normalized
the integrated intensity of the nearby~002! Bragg peak in each cas
and corrected for concentration.
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plicity that there is no self-moment from the Pr 4f moments,
the ratio of the Ho and PrL III intensities then givesPPr
;0.061PHo for the Ho0.5Pr0.5 sample. If the induced momen
within the Ho 5d band is about 0.3mB , this implies an in-
duced moment within the Pr of about 0.018mB . It is clear
from Table IV, however, that if the same arguments are
plied using the intensities obtained at the Ho and PrL II ab-
sorption edges, thenPPr;0.58PHo , which leads to an in-
duced moment on the Pr of about 0.17mB . This discrepancy
reflects the branching ratio problem, which must be ov
come before quantitative estimates can be made of the
duced Pr moments. These effects are probably less
nounced in Dy-Lu alloys since both Dy and Lu have grea
than half-filled 4f shells. However, theL II edge intensities of
Lu were not obtained in the work of Everittet al.,10 so that a
measure of the size of these effects in that case is not a
able.

The Ho and Pr branching ratios are easily obtained fr
Table IV. After correction for the concentration, the H
L II /L III branching ratio was measured in three of the fo
alloys and is;0.1. The PrL II /L III ratio was measured onl
in the x50.5 alloy and is;10. These values correspond
the values found earlier for bulk Ho and Nd~Refs. 9, 12, and
13! and are consistent with the branching ratios found
rare-earth elements by magnetic circular dichroism. They
clearly different from the predictions that give near un
branching ratios. However, they are qualitatively consist
with the recent calculations of the magnetic cross section
van Veenendaal, Goedkoop, and Thole,14 who extended an
earlier analysis to include the coupling of the 5d electrons to
the 4f shell in the excited state. They found that the 5d
orbitals may be attracted to the 4f shell when their spins are
parallel ~‘‘breathing’’!, which introduces important correc
tions. The additional terms depend on the spin state of
exited 5d orbitals~whetherd3/2 or d5/2! and on the filling of
the 4f orbitals across the series and give the qualitative f
tures observed. A more quantitative comparison with
data, including extraction of the induced moment mag
tudes, will require further developments of the theory.

Finally, it is worth noting that we have also measured
intensities obtained at the (0022t) reflection upon integra-
tion over the incident photon energy~see Fig. 3!. After nor-
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malization by the~002! charge-scattering measured at res
nance, it is found that the so-obtained branching ratios mi
those shown in the preceding paragraph.

III. SUMMARY

We have reported a detailed x-ray resonant scatte
study of the structural and magnetic phase behavior o
series of HoxPr12x thin-film alloys with holmium composi-
tion in the range 40%,Ho,80%. The observed magneti
structures are Sm-like for 40%,Ho,60% and spirals for
Ho.60%. The change in the magnetic structure is acco
panied by a change in the chemical lattice from Sm-like
hcp. Each of the magnetic alloys exhibited a concentrati
dependent Ne´el temperature and simply commensurate wa
vectors at low temperatures. In the Sm-like phase, the m
netic wave vectors remain locked intotm5 1

3 at all tempera-
tures, while in the spiral phase they lock into a value n
tm5 2

9 . X-ray resonant magnetic scattering techniques w
used to show that a small static spin-density wave is indu
in the alloy 5d bands, propagating at both the Ho and Pr si
of the spiral and Sm-like magnetic structures. To within t
available statistics, it was found that the induced Pr 5d mo-
ment per atom was independent of concentration. Among
most intriguing results of these studies was the observa
of anomalousL III /L II branching ratios for Ho and Pr, just a
previously observed in pure elements. Specifically, it w
found thatL III /L II (Ho);10 andL III /L II (Pr);0.1. These
results differ from the near-unity branching ratios predict
by the simplest theories. However, they are qualitativ
consistent with recent calculations of van Veenendaal, Go
koop, and Thole,14 who consider the coupling of the excite
5d orbitals to the 4f shell. It remains to make quantitativ
connections between our results and their theory.
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