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X-ray-scattering techniques have been used to study the crystal and magnetic structurg®rof,Hdloys
in the form of thin films. Three distinct crystal structures are found as a function of concentxati@th of
which has a characteristic magnetic structure. ¥810.6 a hexagonal-close-packed phase is found with the
magnetic moments ordered in a basal-plane helix, whereas ferx34.6 the lattice adopts the crystal
structure of bulk Sm with the moments forming a six-lageaxis antiferromagnet. At Ho concentratiors
< 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 alloyd 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,, /L, 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 4 moments, such as recently proposed by van Veenendaal, Goedkoop, anfPhysleRev. Lett78,
1162(1997], may be needed before quantitative estimates of the magnitudes of the indliosahtents can
be obtained. The temperature dependences of the lattice and magnetic structures, including the lattice con-
stants, magnetic wave vectors, magnetic order parameters;axid coherence lengths, are also characterized.
[S0163-182608)06009-3

[. INTRODUCTION The basic interactions underlying rare earth magnetism
are well understool. They include a Ruderman-Kittel-

In this paper, we report a high-resolution x-ray-scatteringKasuya-Yosida exchange interaction coupling localizéd 4
study of the magnetic structure and phase behavior of a seroments in competition with crystal-field and magnetoelas-
ries of HgPr; _, thin-film alloys, taking particular advantage tic interactions. Long-period, modulated magnetic structures,
of the species-sensitivity introduced by x-ray resonant scattomprised of a large # component (typically
tering techniques. The present work is a companion t®&—10ug/aton) and a small, static spin-density wave
neutron-scattering experiments performed on the samé~0.3ug/atom) that is induced in thedbband, are charac-
samples and described in the preceding papereafter re- teristic features. Detailed theoretical accounts of the mag-
ferred to as paper I. Together these papers elucidate the maggtic structures exhibited by the bulk rare-earth elements
netic properties of the Ho-Pr alloys as well as show howhave been given using mean-field thebiyluch recent re-
x-ray and neutron-scattering techniques may overlap andearch has been concerned with characterizing the magnetic
complement each other in the study of rare-earth magnetiproperties of molecular-beam-epitaxy—grown thin films, in-
structures. cluding pure metals, alloys, and multilayérin addition to
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the fundamental interest in systematically probing the interrare-earttL,,, edge should approximately equal that obtained
actions, these studies offer the hope that thin-film magnetiat the correspondingy,, edge. However, it has recently be-
properties might also be controlled. A key issue confrontingcome clear that /L, branching ratios are much greater
all such studies remains understanding how the strain intrathan 1 for the heavy rare-earth elements while the reverse is
duced at the film/substrate interfaces alters the film magnetitue for the lighter element$:*3*We find that this correspon-
structureg® dence is preserved in Ho-Pr alloys, which are comprised of
The materials of interest in this paper are Ho-Pr alloys. Inboth heavy and light constituents, independent of concentra-
the pure metal, holmium has a hexagonal-close-pa@kegg  tion. Resolving this discrepancy with the theory will be re-
chemical lattice and a basal-plane spiral magnetic structurguired before the induced moment amplitudes can be reliably
below Ty~131.5 K. Its magnetic structure has been wellextracted from the resonant magnetic intensities and is a cru-
characterized in many neutron- and x-ray-scatteringcial step for the development of resonant techniques. More-
experiment$;”® including the separate observations of theover, it implies that the simple picture of rare-earth electronic
4f and induced B magnetization densities mentioned structure employed in these calculations is not adequate. Re-
above? In contrast, Pr has a double hexagonal-close-packegent progress has been made in the theory of these processes
(dhcp chemical lattice and the corresponding crystal-fieldby van Veenendaal, Goedkoop, and Thdle.
interaction leads to a nonmagnetic singlet ground state. Bulk Finally, we have characterized the temperature depen-
Pr does not exhibit magnetic ordering until 0.05 K unlessdence of the lattice and magnetic structures, including the
subjected to perturbations, such as external pressure or magagnetic wave vectors, lattice constants, order parameters,
netic field? (References to earlier work on alloys formed and coherence lengths. All of these measurements have ben-
from combinations of light and heavy rare-earth elements aréfited from the high wave-vector resolution routinely achiev-
given in paper . able with x rays. We have found that the temperature depen-
Our aim in these experiments was first to characterize théences of the induced Ho and Pd Snagnetic wave vectors
lattice and magnetic structures as a function of increasing Fare identical throughout the magnetically ordered phases and
concentration. Briefly, we have found that our results agre@re consistent with that of the total moment determined by
with the main features of the magnetic phase diagram detepeutron scattering. Specifically, in the Sm magnetic phase,
mined by neutron scatterirgspecifically that the alloys ex- the magnetic wave vectors remain locked #e 3 for all
hibit three distinct phases versus Pr concentration. In théemperatures, as in bulk Sm. In the spiral magnetic phase the
Pr-rich phase(Pr concentration greater than 6Q%he wave vectors decrease continuously frdm and lock tor
chemical lattice has dhcp symmetry and remains nonmag= 5 below ~60 K. The temperature dependence of most of
netic down to 10 K. For Pr concentrations between 40% anthe Ho and Pr magnetic order parameters exhibits a power-
60%, the chemical lattice changes and possesses the structlaes dependence nedry with mean-field exponents, as has
of bulk Sm. These alloys are magnetic, exhibiting a six-layebeen observed previously in other Ho filf?s! although
antiferromagnet, similar to that found in bulk Sm, and with not in all of them®*8
magnetic ordering temperaturdg, varying between~ 30 The remainder of this paper is arranged as follows. In Sec.
and 60 K, depending on concentration. In the Ho-rich phas# we discuss the experiment in terms of the crystal structure
(Pr concentration less than 40%e chemical lattice is hcp (Sec. Il A), the magnetic structuréSec. Il B), the tempera-
and the magnetic structure is a basal-plane spiral, as occutsre dependence of the magnetic wave vectors, lattice con-
in bulk Ho. The Nel temperatures fall betweern60 and stants and coherence lengti@®c. Il O, the temperature de-
130 K, again depending on concentration. pendence of the magnetic order paramé$erc. |1 D) and the
For the alloys exhibiting magnetic order, it was also ofinduced Pr moment&Sec. Il B. In Sec. Ill we sumarize and
interest to determine whether the Pr sites support a net magive conclusions.
netization density, either within theirf4shells(which would
imply a chgnge in_the balance between the crystal fjel_d and Il. EXPERIMENT
exchange interactions relative to bulk) Br induced within
the 5d bands by the Ho #moments, or both. An induced5 The growth of the thin-film HgPr,_, alloy samples is
moment has been observed recently for nonmagnetic Lu atiescribed in paper I. Here it will suffice to say that samples
oms when they are dispersed in a magnetic Dy host laftice. with nominal compositions ok=1,0,0.8,0.6,0.4 were stud-
By tuning the incident x-ray energy to thg, andL, ab- ied using x-ray-scattering techniques. The x-ray-diffraction
sorption edges of Ho and Pr, respectively, we have measurezkperiments were performed mainly on the bending magnet
the magnetic scattering from the Ho and Pr sites separatelpeam line X22C at the National Synchrotron Light Source,
It was found that for both the spiral and Sm magnetic strucwith additional measurements performed on BW2 at
tures there is a static spin density wave induced in the allof/ASYLAB. NSLS X22C is equipped with a doubly focus-
5d bands, which propagates on both the Ho and Pr siteiig hickel-coated mirror and a fixed exit @41) double-
analogous to that in the Dy-Lu alloys. To within the avail- crystal monochromator. The samples were mounted in a
able statistics, the induced Pd5Snoment per atom is inde- closed-cycle refrigerator with theffOOL] faces oriented in

pendent of concentration. the vertical scattering plane.
One of the most intriguing results of the present study High-Q-resolution studies were performed using a
concerns the branching ratios measured atltjeandL,,  Ge(111) analyzer crystal, resulting in a momentum-transfer

absorption edges of both Ho and Pr in the 50-50 al®sn  resolution [full width at half maximum (FWHM)] of 7
magnetic structude In the simplest theories of the cross X104, 3.6x10 4, and 2<10 2 A~ in the longitudinal,
section'! the resonant magnetic intensity determined at dransverse, and out-of-plane directions, respectively. The
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FIG. 1. Phase diagram of the crystal and magnetic structures of
the alloys studied. The N¢temperature is reported as a function of
Ho concentration. FIG. 2. Longitudinal scan alon0L ]. (&) Hog Py 4 alloy. Spi-

ral magnetic structure and hcp crystal structdiog Ho, sPry 5 alloy.
resolution function was determined approximately from thesm magnetic structure and Sm crystal structure.
(1120) reflection of the sapphire substrate. The incident ra-

diation from the bending magnet is95% linearly polarized L g
) . . wheree ande; are the incident and the scattered polarization
in the plane of the storage rin@ polarized. In some ex- unit vectors and: is the unit vector llel :

) o . parallel to the magnetic
periments, the scattered radiation was analyzed using a p?ﬁoment on th .”l] atom. The factoP includes various con-
larization analyzer mounted on the 2rm of the diffracto- tribut dq b ) imated
meter. The orientation of polarization analyzer crystal was' PUtons and may be approximated as
chosen to select the component of the magnetic scattering,
that is, the component rotated by 90° with respect to the r
incident polarization or perpendicular to the plane of the p~_—2 —n,+én,+
storage ring. Graphit®06) and Cy220 crystals were used X=l
as polarization analyzer crystals at thg (Ho) andL,, (Pr)
edges respectively. wherex is a measure of the energy offset from resonance in

X-ray resonant magnetic scattering is an element-specifignjts of the half-width of the resonan¥2. The other fac-
technique that exploits the anomalous cross section for x-ray s in Eq.(2) depend on properties of thedSands:n, is
scattering at an absorption edge. It has been found that largge net spin polarizatiomy, is the number of holes per atom,
enhancements of the magnetic scattering are observed whens the difference in matrix elements for the spin-up and
the incident photon energy is tuned neatgnor L, absorp-  gpin-down bands, and is the exchange splitting. Thus the
tion edge of a rare-earth metal. The resonant contributions tgagonant dipole intensity reflects the magnetization density
the cross section may be described on the basis of electrigyqyced within the 8§ bands by the localizedf4moment. At
dipole and quadrupole transitions betwegncdre states an anL-edge resonance of one of the constituents of a rare-earth
unoccupied 8 and 4 valence levels, respectively"  gjjoy, the positions and intensities of the dipole scattering
Electric-dipole transitions, couplingn2,, and &y, states at  reflect the site-specificcmagnetization density, as has been
the Ly, edges and @, and Sy, states at thd, edges, gemonstrated earlier in Ho-Ef, Ho-Tb?® and Dy-Lu
sufficiently dominate the quadrupole transition in the rare-a|loys1° This is the key fact underlying the experiments de-
earth elemenfs? that we neglect quadrupole transitions in scribed in this paper. However, it is important to note that
this paper. For a system where the magnetic and charge uUnikiracting the magnitude of the moment from the intensities
cells have a different periodicity, the electric-dipole contri- remains a challenge, as will be discussed in detail in Sec. Il E
bution to the resonant scattering amplitude at the primaryn rare-earth branching ratios. From Et). it is seen that for
magnetic wave vector linearly o-polarized incident x rays, in the dipole approxima-

E, . s~ tion the scattered radiation from a magnetic spiral or from
fileiP(exe€) 7, 1) the Sm magnetic structure is polarized.

L (r.l.u)

T(x=1) Nhl, 2
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A. Crystal structure TABLE I. Some parameters of the samples studied. The inter-

The crystal structure of bulk Ho is hcp with stacking Se_planar spacing for the alloys was measured atl0 K.

quenceABAB, while that of Pr bulk is dhcp with stacking
sequencdBACA As established by the neutron-scattering

Mosaic spreaddeg Interplanar spacing®h) Neel T (K)

experiments performed on these samples, the chemicah? 0.22 2.81 131

structure changes from hcp to the rhombohedral structure 0.8 0.17 2.823 100.86
samarium and then to dhcp, by alloying Ho with an increas-0.6 0.13 2.846 64.73
ing concentration of Pr. This is shown in the phase diagranp.s 0.14 2.878 40.01
of Fig. 1. The Sm structufé?? is rhombohedral and corre- .4 0.13 2.882 31.79
sponds to the space gro®3m (ng). It may be considered 0.0° 2.910 106

as three interpenetrating rhombohedra with three latticeo.& 2.958 0.05

points in the unit cell, whose atomic position are(@i0,0

and = (u, . ), Whereu=2. In transforming from rhom- “Ho film.

bohedral to hexagonal coordinates, the new hexagonal unjBulk Sm atT=300 K.

cell has nine equidistantly spaced layers, where the stackingulk Pr atT=300 K.

sequence iISABABCBCAGAB. The new nine lattice

points are at the following positions: ;I'able Il Except folr thehHQfGFl)erg film, the average:j:-axis A
211y (122 o+ 211 attice coherence lengths fall between 1200 and 1700 A,

((3,(202),(3,3,3),(3,3,.3) and _(O’O’_ #).(5:5.3 _'L,L)' which is typical of the best rare-earth films grown to date. It

(3,5,5=u). Two-thirds of the sites have near-neighborgho iq be noted that the structural coherence lengths re-

layer configurations similar to that found in the simple hex-norted in paper | were deduced from (30scans, not (00)

agonal structurBAB and one-third are similar to that of scans as reported here, and are therefore sensitive to the

the fcc structureABCABC It is shown in paper | that the ABA . stacking sequences in the films. Those lengths were

Ho atoms preferentially occupy hexagonal sites in the Smypserved to be shorter than the puceaxis coherence

like alloys. The allowed reflection conditions areh+k+1 |engths, which mainly reflect the interplanar spacing along

=3n, —h+k=3n, andh+I=3n, wheren is an integer. the ¢ axis. The variation of the observed &le¢emperatures

FCI’IV convenience we will mostly use the hcp indices in theyth concentration is also discussed in detail in paper I.
ollowing.

Representative scans of the §4Pry 4 (hcp structurg and
Hog sPry 5 (Sm structurg taken along th¢ O0L | direction at
10 K are shown on a logarithmic scale in Fig&)2and 2b), The magnetic structures of the sequence of Ho-Pr alloys
respectively. The charge-scattering peaks associated with théere studied by scanning the momentum transfer along the
chemical lattice of the HayP1, 4 alloy [Fig. 2(@)] are indexed [00L] and[10L] directions, both as a function of tempera-
in hcp units. The magnetic peaks are labeled (Gt0;pand  ture and as a function of incident photon energy. Represen-
(0,0,4+ 7), where 7 is the magnetic wave vector. Peaks tative scans along tH&0L ] direction obtained at the Hoy,
originating from the sapphire substrate or Y seed are labelegdge atT=10K are shown in Fig. 2 for the two different
accordingly. The charge scattering peaks of the 4Rq, s  Magnetic phases observed in this work. The magnetic peaks
alloy are indexed in both hcp and Sm units, the latter showr@re all indexed in hcp units with the magnetic wave vectors
in parentheses. Magnetic peaks are again labeled with refefeferred to the(0,0,2 and (0,0,4 reflections. In all such
ence to the hcp basisvith 7= 3). The origin of the clusters scans, whether along tfi@0L ] or [10L ] direction, the posi-
of peaks appearing nelr=1.3 and 3.0 in Fig. @) and near tions of the magnetic peaks were found to be consistent with
L=3.2in Fig. 2b) is not understood. Their persistence in thethe symmetries assigned in the neutron-scattering studies of
diffraction patterns for temperatures above the respectivéhese alloys and reported in paper I. Specifically, the x-ray-
Néel temperatures, however, suggests that they are neith&gattering results are consistent with a spiral magnetic struc-
magnetic nor magnetoelastic in origin and we have not studture in the hcp phasgeorresponding tox=0.8 and 0.6 and
ied them further. Although we have not performed detailedWith @ Sm magnetic structure in the Sm phaserrespond-
intensity analysis of the charge-scattering peaks in the allojng to x=0.5 and 0.4 In the spiral magnetic phase, which
series, we note that the positions and qualitative intensities of ) )
the charge scattering peaks are consistent with hcp and Sm TABLE Il Coherence length of the chemical and magnetic
structures assigned in the neutron-scattering experiments detices.
scribed in paper |.

Longitudinal scans of the charge and magnetic scattering

B. Magnetic structure

FWHM  Coherence length FWHM  Coherence length

were fitted to squared-Lorentzian line shapes for all of the (0921) (002 (002,_17) (002-=7)
ind i i X (A7 A) (A7 A)

samples studied in these experiments. Transverse scans wére

fitted to Lorentzian line shapes. These line shapes were ch@2  0.001 68 1200 0.0022 900
sen for convenience of fitting; no significance is attached tog.8 0.001 25 1600 0.0021 1000
their forms. The mosaic spreads, together with the interplage 0.0028 700 0.003 700
nar lattice spacings, and Bletemperatures are reported for g5 0012 1700 0.0012 1700
each sample in Table I. The mosaics for these samples are &l; o go17 1200 0.003 700

similar, varying between 0.1° and 0.2°. Thexis coherence
lengths for the chemical and magnetic lattices are reported ifHo film.
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ul 8 % i FIG. 4. Temperature dependence of the magnetic wave vector
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22+ ""'«r««m«««mm«'r««u« data shown were collected at the Hgq, edge. The temperature
10 pos 8;2 894 = '96 dependence of the magnetic wave vector was also measured at the
8.88 8. : i : PrL, absorption edge for the four alloys and resulted in exactly the
Energy (keV) same behavior as shown.

FIG. 3. Energy scans of the magnetic peak (962 collected at
the HoL,, andL, and PrL,, andL, absorption edges of the
Hog sPry 5 alloy.

energy resolution of the beam line=(L0 eV). As discussed

in more detail below, the existence of dipole resonant scat-

tering at the Pr and H& edges implies that there is an

h ) bulk holmi h . ; induced magnetization density within the alloyd Hand,

c aractgrlzes ulk holmium, the atomic moments are Terrog ;- jg present at both Pr and Ho sites. The symmetry of

magnetically allgqed within the basal planes, but rotate frorqhe magnetic diffraction patterns shown in Fig. 2 for the

E'a”e to plane W'th. a temperature-dependeqt turn.asbgle spiral and Sm magnetic structures was preserved at reso-

=7m. The magnetic structure of bulk Sm is a SIX'l"jlyernance independently of whether the incident photon ener

c-axis antiferromagnet described by a wave veectersc* P y . b gy
. was tuned to a Ho or Pr edge. This suggests that the mag-

(see paper | for more detajls . . . 4 . :

netic structure of the spin-density wave is consistent with

The full widths of the magnetic reflections were found to ) X
be comparable to those from the chemical lattice, falling bellat determined for the total moment by neutron scattering.

tween 0.0012 and 0.003 A as measured at the (0,6;2)
reflections(see Table ). These correspond to-axis mag-
netic coherence lengths between 700 and 1700 A along the
axis, which is again typical of most rare-earth thin films stud-
ied to date. As noted earlier, no magnetic scattering was In Fig. 4 we summarize the temperature dependence of
observed in the dhcp phas&<0.4) by x-ray or neutron the magnetic wave vectors for the different magnetically or-
scattering, down to 23 mK. dered alloys, after correction for the temperature variation of
The energy dependence of the magnetic scattering of thine c-axis lattice constants. Identical results were obtained at
Hoy sPry 5 alloy at the (0,0,2- 7) reflection is shown in Fig. both the HoL,, and PrL, resonances in each sample, con-
3, as the incident photon energy was tuned through each afistent with the results of neutron scattering. In the simple
the Ho and Pt andL,, edges. These data were obtained atspiral phase of thg=0.80 sample, the magnetic wave vector
T=10 K using a G€L11) analyzer crystal. The strongest en- decreases continuously from about=0.25 at T=Ty
hancements were found at the Hg and PrL,, edges across =110 K until aboutT=230 K, where it locks into a value
the alloy series, as is clear in Fig. 3 for theddBry s sample. =0.215-0.002. The behavior of the other Ho-rich alloy (
The resonant full widths+ 10 eV) reflect the atomic widths =0.60) is qualitatively similar, although the decrease in
of the L excitations(typically 5—10 eV} convolved with the wave vector occurs over a much narrower temperature range,

C. Temperature dependence of the magnetic wave vectors,
lattice constants, and coherence lengths
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from about T=Ty=60K to T=30K and locks intor 580} (@ ' ' ]

=0.217+0.002. Both alloys exhibiting the Sm magnetic 5 ; s

structure have wave vectors locked inte=% throughout o nasmalin s f N\

their ordered phases, consistent with bulk Sm. 575 ¢ & \W T
The temperature dependence of the magnetic wave vec- s

tors in the holmium-rich samples is qualitatively similar to E5y9l  eeeeseccsces Comm»

that observed in bulk and thin-film Ho, as shown by the open o

triangles and squares in Fig. 4, respectively. In the bulk, the
magnetic wave vector decreases continuously from about 5.65
=0.28 atT=Ty=131.5K until aboutT=20 K, where it

locks intor= %, whereas the thin-film wave vector locks into

0000000000000
©0 azmy,

7=4:. The { phase of Ho is well understoddnd corre- 560 , , ]
sponds to a conical magnetic spiral with a ferromagnetic 0 20 40 60 80 100 120
component along the axis. The in-plane structure is a Temperature (K)
bunched spiral, in which the moments on pairs of adjacent ® y y T
planes are slightly distorted toward the six easy directions of 0.006

the hexagonal basal planes. Testructure is a simple spin-

: 0.005 ° 807% Ho
slip structuré that may be formed from thé structure by * 60% Ho
replacing every fourth pair of planes in the spiral by a single __0.004 | o igé ng ]
plane, i.e.(1222(1222(1222. Here a 1 represents a single k) . ee ..,.'
plane or spin slip ah a 2 represents a pair of planes. The = 0.003 o® e
nearness of the observed lock-in wave vectors in xthe Z
=0.8 and 0.6 samples te=3~0.22 suggests a spin-slip 0.002 °°, . ° 1
description in this case as wéll2)(12)(12), with a spin-slip 0.001 = e ®0006,,00000URP
occurring for every pair of planes. The occurrence of lock-in
transformations to spin-slip structures reflects the large six- 0

fold crystal-field anisotropy of holmium at low temperatures
and the clamping of the film by its substrate.

The temperature dependences of the avecagses lattice
constants and inverse magnetic coherence lengths are shownr|G. 5. (a) Temperature dependence of thaxis lattice param-
in Figs. 5a) and §b), respectively. Referring first to the eters. Inset: detail of the HgPr, , sample(dotted ling compared to
c-axis lattice constants, it is seen that their low-temperature pure Ho film.(b) Temperature dependence of the full widths at
values increase with increasing Pr concentration and apralf maximum of the (002 7) magnetic peaks. High-resolution
proach the interplanar spacing of bulk 82 A on this  scans of the Ho#r ¢ Sample(open diamongiwere made only at
scalg for Sm-like Hg 5Py 5 and Hg Pry g samples.(The  T=10K.
interplanar layer spacings are compared directly in Table I.

There is little temperature variation of any of the lattice con-rating the hcp Sm and Sm dhcp phases and we speculate that
stants on the scale of Fig(&. The greatest change 0CCUrS e reduced coherence lengths may reflect a corresponding

for the Hg dPlo , Sample, which is shown on a finer scale in gy cyyral metastability, also noted in paper .

the inset(dotted ling. The observed increase beldly, is

consistent with that recorded in a pure holmium fi{lapen

squaresand is due to magnetostriction. .However, it is clear o Temperature dependence of the magnetic order parameter
that the absolute values of the alloy lattice constants are ex-

panded relative to puore holmium by between 0.3% for the  The integrated intensity of the magnetic scattering was
x=0.8 sample and 3% for the=0.4 sample. The largest yeagred as a function of temperature at the (6:G)2re-

expansmn.corresponds to the.s.amples in the intermed'a‘t%ction along the longitudinal direction for all four magnetic
concentration regime that exhibit the Sm crystal StrUCthe%”Oys at the Ho L (=8.071keV) and PrL
1l -9 1l

The a-axis values are clamped by the substrate and do no(=6.440 keV) edges. Longitudinal scans offer the simplest

vary with temperature. means for separating the magnetic scattering from the

The longitudinal full widths of the magnetic scatterin . . .
[Fig. 5(b)] gre also approximately indeper?dent of temper%_charge—scatterlng background due to the film reflectivity.

ture, except near their respective magnetic ordering temper&{CWeVer, transverse scans were also taken at the magnetic
tures, where they increageorresponding to a decrease in the P€aK positions to check for consistency. For alloys of con-
magnetic coherence lengtiThe small increase in width also Centrationx=0.6,0.5,0.4, the data were collected using the
observed in thex=0.8 sample nea =30 K probably re- Polarization analyzer set to select theto - component of
flects the approach of the conical transition at low temperathe magnetic scattering. For the=0.8 alloy, a Gél11) ana-
tures and has been observed previously in thin Ho fiftis.  lyzer was used due to the very weak signal at the Pr edge.
is interesting that the averageaxis lattice and magnetic A representative plot for the Ha@Pry s sample is shown
coherence lengthsee Table Il for the latt¢rare shorter for on a linear scale in Fig.(8). The intensities collected at the
both thex=0.6 and 0.4 samples than for tke-0.8 and 0.5 Pr edge have been multiplied by a constant, for easy com-
samples. These concentrations lie near the boundaries segsrison with the intensities obtained at Ho edge. It is clear
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data within about T—Ty)/Ty~20%. Most of these values
fall near}, in agreement with the results obtained by neutron
scattering on thex=0.6 samplé and on several pure Ho
films. 1615t is interesting thaj3 appears smaller thahfor

the x=0.8 sample, in agreement with bulk measurements,
which cluster around 0.39, and with at least one other pure
Ho film.*18

E. Induced Pr moment

One of the unique features of the cross section for reso-
nant x-ray magnetic scattering is its selectivity in studying
the magnetic ordering of different atomic species, which is
accomplished by tuning the incident x-ray energy td_aor
M absorption edge of the chosen atom. Indeed, the selection
rules governing the electric-dipole and -quadrupole scatter-
ing permit identification not only of the species, but also of
the symmetry of the magnetic states, for example, whether a
magnetic moment resides within @ ®r 4f orbital or both®
A main objective of the experiments described in this section
was to use these techniques to determine whether a small
magnetic moment is induced on the Pr atoms within the alloy

5d bands and then to estimate its magnitude with respect to
that induced on the Ho atoms, as a function of increasing Pr
concentration. Related experiments have shown recently that
in Dy-Lu alloys a small~0.2ug moment is induced within
alloy 5d bands on the Lu atoms by the Dy #gnoments. The
latter results are interesting since atomic Lu has a filléd 4
shell and is nonmagnetic in the metallic state. In contrast,
atomic Pr has two electrons in it§ 4hell and a nonmagnetic
singlet ground state in its metallic state, which does not ex-
hibit magnetic ordering until'y=0.05 K. However, the de-
generacy of the ground state is lifted in the presence of an
applied pressure or magnetic fiéldt is also interesting to
ask whether the change in the lattice symmetry for alloys
with 0.4<x<0.6 is sufficient to alter the Pr ground state
leading to a Pr 4 moment.

A second motivation for these experiments was to explore
the dependence of the measutgdL,, “branching ratios”
in the rare-earth elements on theif dccupancy. More spe-
cifically, it has been found in both x-ray resonant magnetic
scattering and x-ray magnetic circular dichroism experiments

from the figure that the data for Pr preclude a reliable, quanth@t the magnetic intensities obtained at thg edges of the

titative comparison with the Ho, although qualitatively the N€@vier rare-earth elemen(€b and higher are ~ 10 times
two data sets are consistent with each other to within estiStronger than those obtained at the correspontljingbsorp-

mated errors. Instead, the Ho resonance data were fittdfPn €dges. In contrast, the intensities obtained atltje
separately to a power law in reduced temperaturgT,  ©d9es of the lighter rare-earth eIemcgflsésn and lower are
—T)2# [see Fig. )] and the values o were extracted for stronger than ot_)te_uned at tI_1q1| edges*BThis is surprising
all the alloys. The fitted values of the order paramgare because the existing theories of resonant magnetic scattering

shown in Table Ill and were determined by analyzing the@nd absprption predict that_ the branching ratios shpuld be
near unity across the series. From this perspective, the

Hoy sPrp 5 random alloy is an ideal test system, as it com-
bines both light and heavy rare-earth elements in the same
lattice and permits the Ho and Pr branching ratios to be de-
termined under identical experimental conditions.

10' |

10° b

107 .
1078 1072 107 10°

T=|T—TI/Tn

FIG. 6. (a) Order parameters collected at the Hg and PrL,,
absorption edges for the 50% Ho concentration san{p)eOrder
parameters collected at the Hg, edge for the four thin alloy films.
The curves are fitted to a power law in reduced temperature
~(Tn—T)?#; the values ofs are reported in Table III.

TABLE Ill. Fitted values of the order paramet@and Ty as
function of Ho concentration.

X i A Integrated intensities were obtained at both the (06

40 31.79-0.1 0.49-0.05 magnetic and002) Bragg reflections for each of the Ho and
50 40.010.1 0.5 +0.05 PrL, andL,, absorption edges and for each magnetic alloy.
60 64.73-0.1 0.56-0.05 The measurements were performed using 6LGB analyzer

80 100.86-0.1 0.42-0.05 crystal and involved scanning the reflections in both the lon-

gitudinal and transverse directions. Scans of(8G2) Bragg
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TABLE IV. Normalized intensity ratio (002 7)/(002) (10 7). An asterisk denotes cases in which
scattering was too weak to permit integrated intensities to be calculated.

Absorption \ Ho concentration (%) 80 60 50 40
edge

Pr Ly * * 0.52%£0.063 *
PrLy 1.54+0.22 42%027 5.79+0.3 6.95+0.3
Ho Ly, 110*8 48.0+1.2 435+3.0 17.1+0.5
Ho Ly * 4.02%0.2 4.78+0.2 1.96+0.2

reflections, at the four absorption energies, required the usie simplest theorié$ predict is approximately proportional

of calibrated Al absorbers in order that the charge and mago the modulus squared of the inducedl Bloment per atom.
netic scattering could be directly compared. In the fits, it wag=rom the plot it appears that the induced moment on each Pr
found that the respective longitudinal and transverse widthatom is the same in all the alloys to within the error bars.
were all approximately equal, independent of concentration, We attempted to estimate the magnitudes of the induced
allowing the integrated intensities to be calculated fromPr 5d moments using the same techniques employed by
scans in either direction. Longitudinal scans were chosen foEveritt et al. on Dy-Lu alloys. In their work, the induced Lu
this purpose as the specular reflectivity from the multiplesd moment was obtained by taking the ratio of the Ho and
thin-film interfaces introduces a significan-dependent Lu L, intensities, after corrections for absorption, exchange
background in the transverse scans, which requires addsplitting, radial matrix elements, concentration, etc. The in-
tional corrections. Although the integrated intensities ob-tensity ratio was then approximated as

tained from both kinds of scans were found to be consistent,

those obtained from longitudinal scans are believed to be the

2
more reliable. p _{Mby  [Coy Hoy I p2
The ratios of the integrated magnetic (602) and charge Lu (r),_zu CLu M lpy Dy’

(002 intensities obtained for each of the Ho andLRrand
L,, absorption edges and for each magnetic alloy are show,
in Table 1V. By dividing the magnetic satellite intensities by
the intensities of the nearby charge-scattering peaks at ea
energy, we approximately correct for the dependence of th%
incident x-ray intensity on energy and for the absorption.
Resonant magnetic scattering was observed at thd o
and PrL, absorption edges in all the alloys. However, in
most cases the scattering at theLlgy edge was too weak to

permit integrated intensities to be calculated. These are i”d|nterpolat|ng between the radial matrix elements of Ce and

cated by an asterisk in Table IV. . Nd in order to obtain values for Bf.Specifically, we used,
From the existence of resonant scattering at each of the R

L, edges in the alloys, we can infer the existence of a 62rp3,2l|_:(|)5d>|_£6.0(§5g12/2| rffrd%Drlg;oo(Afp,)l,2|fro|gd>Z%DIE)“EI)é
induced Pr moment in all of the magnetic samples, as already, 1o, prl. (2p |r’|5d):O 00’6 30. Assuming for sirr'1-
noted. Polarization analysis of the Pr scattering has shown > A=isi2 ' '

further that(to within our statisticsit corresponds mainly to
the o-to-7r channel, which implies for both the spiral and Sm
structures that there exists an induced moment on the Pr
atoms within the 8 bands, consistent with dipole selection
rules. (Dipole resonant behavior was also observed, of
course, at each of the Ho, edges. It is reasonable to con-
clude, therefore, that the static spin-density wave induced
within the alloy 5 band by the Ho 4 moments propagates

at both Ho and Pr sites. In the present experiments we have
not been able to establish directly whether there is also an

Wherel corresponds to the integrated intensity of each ele-
ent,C to the concentratiorny to the absorption coefficient,
) to species-specific radial matrix elements, &do the
pin-polarization factor defined earlier. Suitable estimates of
these quantities were made for Dy and Lu and the induced
moment on the Lu atoms within thedSband were thereby
deduced in terms of the induced moment at the Dy sites.
Similar arguments have been made in the present case,

1o
N
0

o
)

e}
o
—o—f
—o—i
—o—ri
—o—ri

Integrated intensity (arb. units)

0.05
induced 4 moment at the Pr sitg$or example, by detecting
resonant quadrupole scattering at alPabsorption edge
However, on the basis of an analysis of the neutron magnetic or.
scattering intensities, it is concluded in paper | that the full o 20 4'0 6'0 80

Pr 4f moment develops in each magnetic altoy.

The integrated intensities of the (0862) magnetic peaks
obtained at the P, edge, divided by their respective02) FIG. 7. Integrated intensity of the (062r) magnetic peak at
charge intensities and normalized by concentration, arehe PrL, edge in the four alloys studied. The data are normalized to
shown plotted versus Pr concentration in Fig. 7. This quanthe integrated intensity of the neart§02) Bragg peak in each case
tity corresponds to the resonant Pr intensity per atom, whicland corrected for concentration.

Pr (%)
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plicity that there is no self-moment from the Pf mioments, malization by the(002 charge-scattering measured at reso-
the ratio of the Ho and PL, intensities then give®p,  nance, itis found that the so-obtained branching ratios mirror
~0.061P,, for the Hq, sP1, s sample. If the induced moment those shown in the preceding paragraph.
within the Ho & band is about 0,35, this implies an in-
duced moment within the Pr of about 0.Q48. It is clear ll. SUMMARY
from Table 1V, however, that if the same arguments are ap- e have reported a detailed x-ray resonant scattering
plied using the intensities obtained at the Ho and_fPrab-  study of the structural and magnetic phase behavior of a
sorption edges, theRp~0.58P,,, which leads to an in- series of HgPr,_, thin-film alloys with holmium composi-
duced moment on the Pr of about Qul/. This discrepancy tion in the range 40% Ho<80%. The observed magnetic
reflects the branching ratio problem, which must be overstructures are Sm-like for 40%Ho<60% and spirals for
come before quantitative estimates can be made of the irdo>60%. The change in the magnetic structure is accom-
duced Pr moments. These effects are probably less prganied by a change in the chemical lattice from Sm-like to
nounced in Dy-Lu alloys since both Dy and Lu have greatehcp. Each of the magnetic alloys exhibited a concentration-
than half-filled 4 shells. However, the,, edge intensities of ~dependent Nel temperature and simply commensurate wave
Lu were not obtained in the work of Everit al,'®so thata  vectors at low temperatures. In the Sm-like phase, the mag-
measure of the size of these effects in that case is not availietic wave vectors remain locked intq,= 3 at all tempera-
able. tures, while in the spiral phase they lock into a value near
The Ho and Pr branching ratios are easily obtained fronfm= §. X-ray resonant magnetic scattering techniques were
Table IV. After correction for the concentration, the Ho used to show that a small static spin-density wave is induced
L, /L, branching ratio was measured in three of the fourl the alloy 5 bands, propagating at both the Ho and Pr sites
alloys and is~0.1. The PrL, /L,, ratio was measured only of the spiral a_lnq Sm—llke magnetic structl_Jres. To within the
in the x=0.5 alloy and is~10. These values correspond to available statistics, !t was found that the mduged Brmdo-
the values found earlier for bulk Ho and NEefs. 9, 12, and MeNt per atom was independent of concentration. Among the
13) and are consistent with the branching ratios found inmost intriguing results of these st_udles was the obs_ervatlon
rare-earth elements by magnetic circular dichroism. They ar@f @nomalous., /L, branching ratios for Ho and Pr, just as
clearly different from the predictions that give near unity Préviously observed in pure elements. Specifically, it was
branching ratios. However, they are qualitatively consistenfound thatL,, /L, (Ho)~10 andL, /L, (Pr)~0.1. These
with the recent calculations of the magnetic cross section ofesults differ from the near-unity branching ratios predicted

van Veenendaal, Goedkoop, and Thtlayho extended an by the simp_lest theories. Ho_wever, they are qualitatively
earlier analysis to include the coupling of the Blectrons to consistent with recent calculations of van Veenendaal, Goed-

the 4f shell in the excited state. They found that the¢ 5 Koop, and Tholé;’ who consider the coupling of the excited

orbitals may be attracted to thd 4hell when their spins are 2d Orbitals to the 4 shell. It remains to make quantitative
parallel (“breathing”), which introduces important correc- connections between our results and their theory.
tions. The additional terms depend on the spin state of the
exited 5 orbitals (whetherds, or ds;») and on the filling of
the 4f orbitals across the series and give the qualitative fea- It is a pleasure to acknowledge helpful conversations with
tures observed. A more quantitative comparison with ouMichel Veenendaal and Roger Cowley. This work was sup-
data, including extraction of the induced moment magniported by the National Science Foundation, Grant No.
tudes, will require further developments of the theory. HRD9627065, and by U.S. Department of Energy, Division
Finally, it is worth noting that we have also measured theof Materials Sciences, Contract No. DE-AC02-76CH00016.
intensities obtained at the (002) reflection upon integra- G.H. acknowledges the support of the Research Council of
tion over the incident photon energgee Fig. 3. After nor-  Norway.
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