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Structural and magnetic properties of holmium-scandium alloys and superlattices
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The properties of Ho-Sc alloys and superlattices grown by molecular-beam epitaxy have been investigated
using x-ray and neutron-diffraction techniques. Structural studies reveal that the alloy samples have different
a lattice parameters for the Sc-seed layer and the Ho:Sc alloy grown on top of the seed layer; while the
superlattices have differeatlattice parameters for the Sc seed, andifoth the Ho and Sc in the superlattice
layers. The structural characteristics are related to the large lattice mismét€hies order 7%) between the
constituent elements. The magnetic moments in the alloys form a basal-plane helix at all temperatures, with
distortions of the helical arrangement for samples with the highest Ho concentrations. The dependences of the
Neel temperatureTy, and the helical wave vector upon both temperature and concentration are compared with
those of other alloy systems. It is found that a good description of the dependéefgeaipbn concentration is
given by a virtual-crystal model where the peak in the conduction-electron susceptibility varies linearly be-
tween that of the pure constituents. In the superlattices, the moments also form a basal-planeThelibnat
this helical phase, some samples exhibit a short-range coherence of an antiferromagnetic coupling between
adjacent Ho blocks. For one superlattice, there is a low-temperature transition to a ferromagnetic phase, in
which moments are ferromagnetically aligned within Ho blocks, and coupled antiferromagnetically between
adjacent Ho blocks. The contrast with systems which have Y or Lu as the nonmagnetic element is discussed in
terms of the structural properties of the samples, band-structure calculations, and the possible influence of
dipolar forces[S0163-18207)04401-9

[. INTRODUCTION acting with other 4 moments. In a magnetic/nonmagnetic
superlattice, moments in a magnetic block spin polarize the
There have recently been extensive studies of alloy angonduction electrons in the adjacent nonmagnetic block. The
superlattice systems grown by molecular-beam epitaxyorm of the induced polarization in the nonmagnetic region is

(MBE). Of particular interest are rare-earth-based systemgl€términed by the conduction-electron susceptibijy).
many of which were reviewed by Majkrzadt al,> Rhyne This induced spin-density wave mediates the coupling be-
etal. 2 and Cowleyet al® These investigation:s have re. tween the magnetic blocks that is necessary for the establish-

vealed considerable departures both from bulk structural an ent of coherent magnetic order. The range of the interac-
. : P jon is calculated from the Fourier transform pfq), which
magnetic properties.

Th ! tal its f th ¢ h ._depends upon the band structure. This model was used to
€ expenmental results from these systems have raiSghqqrine the magnetic properties of some of the first super-

guestions concerning conventional theories used to descritrgttices’ such as Gd/YRef. 6 and Dy/Y® However, it has
magnetic interactions in rare earths. This is illustrated for,.oved more difficult to reconcile the results from some re-
magnetic:nonmagnetic alloys by considering the variation otent studies with the theory in this form. For example, in
Neel temperatureTy, with the concentration of magnetic Ho/Er (Ref. 7) superlattices, no long-range coherence was
elementx. In early studies of many alloy systethd,y was  found for thec-axis component of the Er moments over in-
found to be a universal function of the de Gennes factortermediate Ho blocks. Similarly for Ho/Bmo coherent or-
However, Swaddlinget al® carried out a detailed study of dering of Ho moments across Pr layers was observed. The
MBE-grown Ho:Y and Ho:Lu alloys, and found a different further example of Dy/S¢Ref. 9 is of special relevance.
dependence dFy uponx. Investigations involving other Ho- Band-structure calculatiofs suggest that Sc has a
based alloy systems would thus be particularly useful forconduction-electron susceptibility along tleaxis that is
comparison. qualitatively similar to that of Y. Given these calculations,

Theoretical interpretations of the magnetic ordering ofand also the long-ranged order of Dy moments observed in
rare-earth superlattices were originally based upon converby/Y (Ref. 11 superlattices, coherent ordering of the Dy
tional Ruderman-Kittel-Kasuya-Yosida thedryn which 4f moments through the Sc layers might have been expected.
moments spin polarize thed5and & conduction electrons. No coherence was detected though, suggesting that there
These electrons gain a magnetization similar in form to thevould be considerable interest in investigating other super-
ordered moments, and propagate through the material intelattices with Sc interlayers.
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In this paper, we present a comprehensive study of MBHattice parameters to relax back to suitable values before
grown Ho-Sc alloys and superlattices. Bulk Ho and Sc havgrowth of the rare earths. The rare-earth elements were
the hexagonal-close-packédcp) crystal structur® with an  evaporated from Knudsen effusion cells, with the cell tem-
ABAB. .. stacking of close-packed planes. The lattice paperature being flux calibrated using amsitu quartz crystal
rameters for Sc relative to H@Ref. 12 are such that monitor before each run to produce samples of designated
Aala=—7.5% andAc/c=—6.1%, compared to values for compositions. A 250 A Sc-capping layer was then added for
Sc relative to Dy (Ref. 9 of Aa/a=-7.8% and general protection and in particular to reduce oxidation. In
Ac/c—6.6%. These percentages are particularly large comthe growth direction, the epitaxial relationships are
pared with values ofAa/a and Ac/c for other superlattice (1120)Al ,04|| (110Nb || (000)Sc-Ho. The in-plane epi-
systems; for instance Y relative to H&ef. 13 (+2.0%, taxial relationships betweefl1QNb and(1120)Al ,0 are
+2.0%), Lu _relatlve to HqRef. 13 (—2.1%, —1.2%), or [Ill]Nb | [000LAI ,03, and[112]Nb I [1010JAl ,03. For
even Prrelative to HoRef. 8 (+2.3%, +5.4%). The large  the in-plane orientation of th¢000Drare earth and the
lattice mismatches for Ho-Sc are an important factor in de{110)Nb it is found that the most densely packed row
termining the structural characteristics of the system. [1150]rare earth is parallel to the densely packed row of

The magnetic properties of the rare earth Ho have bee ; -
well documented. Koehleet all* established that between .[bOZ]Nb’ and in the orthogonal direction the01 Ojrare earth
is parallel to[110]Nb. Henceforth, we shall refer to, say,

Tn=132.2 K andT~18 K, the 4 moments align in the X
basal plane. The moments are ferromagnetically couplegoom] and(OOQJ) as[001] and (001), respectively.
When growing the alloys, the substrate temperature was

within each basal plane, and their orientation rotates betweeP X .
. ' . =700 °C, which was chosen to be high enough to promote
successive planes along tbeaxis. The wave vector of the both good crystallinity and bulk interdiffusion. For each

helix reduces smoothly on cooling frog=0.271c* at Ty to )
_ " N ; sample, thetypically) 10 000 A of the rare-earth alloy was
gf—t(hle/Gt))(;S;elcin~ 18 K, when the moments also filt out Jgrown at a combined rare-earth evaporation rate of 1 A
plane to form a ferromagnetic cone structur =1 The six samples produced. HSe have nominal
Gibbs et al® used x-ray magnetic scattering to investigateH ' trati P REO o5 0’4% 01,:_;6‘ 0.75. 085 d
the ordering more thoroughly, and found that betweerh (())Oconcen rations ok=0.25, ©.49, 8.9, 0./5, .65, an
T~30 and 18 K, the wave vector locks in to a series of " __'

values commensurable with the crystal lattice. These IOCkfheTh?o%ﬁsg?ﬁetegqupeerﬁetll:triievgaforgﬂg\(/:vezjf(;?ggntcstjol’;ace
ins were studied in detail by Cowley and Bafesising 9 P

neutron-scattering techniques, with a further examination ofngbg')g/eaot %?Ci%l:é?fgii:yﬁ i;ak;}(;}:‘?gsei:)%%r?ﬂvgthénvéhnsec“vTeltrlgg
the low-temperature magnetic structures undertaken b i

Simpsonet all’ The transition metal Sc is nonmagnetic, but vaporated altemately at a rate of 0'5. A's The thr_ee
its outer electron configuration oft@s? is similar to Y, Lu,  SaMPIes grownHoy, /Sca ) N, have nominal compositions
and the heavy rare-earth elemetfts. of (Ho30/ScC;q) go, (HO20/SC20) g0, and (HO¢/Scy) 6o, for

In the 1960's, Child and Koehl¥t obtained powder Mo a@ndnscplanes of Ho and Sc in a single bilayer, with the
neutron-diffraction patterns from alloy samples of Ho with bilayer unit repeatetl times.
Sc. They found that the Hof4moments ordered in a helical
structure, with no ferromagnetic component. MBE can now
be used to produce highly homogeneous alloys, as well as
superlattice samples. To our knowledge, there have been no The samples were examined at the Clarendon Laboratory,
other studies of MBE-grown Ho-Sc alloys or superlattices. Oxford using a high-resolution triple-axis x-ray diffracto-

Sections Il and Ill give accounts of the growth and ex-meter mounted on a Staotating anode generator, operating
perimental procedures used for examining the Ho-Sc systenat 6 kW. At room temperature, scans were performed with
These are followed in Sec. IV with a presentation of thethe wave-vector transfe® along the[00/] direction in re-
structural investigations of the samples, describing the reeiprocal space, in addition to transverse scans through the
sults first from the alloys, and then from the superlatticesmain (002 nuclear Bragg peak.
Section V details the elucidation of the magnetic properties, Neutron-scattering experiments were undertaken af Riso
and is similarly divided into subsections for alloys and su-National Laboratory, Denmark, using triple-axis spectrom-
perlattices. To conclude, in Sec. VI the implications of oureters situated on the cold source of the DR3 reactor. Samples
results are discussed in the light of previous studies of MBEwere all mounted with theh(0/) plane in the scattering
grown rare-earth alloys and superlattices. plane, andQ was scanned along the directiof®0/],
[h00], and[1077]. The alloys were placed in a closed-cycle
cryostat for temperature measurements in the range
T=10-140 K, while the superlattices were positioned in a

The Ho-Sc samples were grown by MBE using a Balzersvariable-flow cryostat for measurements betwden4 and
UMS 630 facility at the Clarendon Laboratory, Oxford, 140 K. Temperatures could be measured to an accuracy of
adopting the growth techniques developed by Ketal,'®  approximately=1 K. Pyrolytic-graphite crystals were used
and described by Jehaat al?° For each sample, a sapphire as monochromator and analyzer, both being set to reflect 5
substrate was use@vith a surface area measuring approxi- meV neutrons. The reactor-to-sample horizontal collimations
mately 1 cnf), upon which was deposited 1500 A of of 120 -30'—60'—140 for the alloys, and
body-centered-cubi¢gbco Nb as a chemical buffer layer. 30'—40"—60"—81'—141 for the superlattices, resulted in
This was followed by a 1800 A Sc-seed layer to enable thevave-vector resolutions in the scattering plane of approxi-

Ill. EXPERIMENTAL PROCEDURES

II. SAMPLE GROWTH
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[00/] the directions in which the wave-vector transfér was
@ Nuclear scanned to assess the structural coherende) dhe alloys,
X Magnetic and (b) the superlattices. Firstly, high-resolution x-ray scans
<> (002) were performed witlQ along the[00/"] direction. The width
of the main(002 Bragg peak obtained from these scans was
2 :l (1ot used to give the real-space coherercef the stacking of
close-packed planes in the growth direction, sifeeglect-
(100) ing the very high x-ray resolutioré=27/AQ, whereAQ is
] [700] the FWHM of the peak in reciprocal space. Transverse scans
Ho:Sc Alloy  Sc (Seed) were made through th®02) peak and the FWHM used as a
measure of sample quality, here referred to as the mosaic
«o—> (002) spread of the sample.
Secondly, studies were made using neutron scattering,
:I (101) with Q scanned alonph00] to investigate the in-plane struc-
5 tural properties of the samples. In previous MBE-grown sys-
(100) tems, such as Ho-¥2??Ho-Lu,® and Ho-P£?3scans ofQ in
—| \ [700] this direction revealed a singl@l00 peak, indicating that
Ho(SL) Sc(SL) Sc(Seed) within error there existed a single lattice parameter. In

contrast, for the Ho-Sc system more than one peak is de-

FIG. 1. A schematic diagram of reciprocal spdoet to scale  tected near the expect€t0) position, implying the samples
showing the scan directions used in structural and magnetic invelid not grow pseudomorphically, and that each sample pos-
tigations of (@) the alloy, and(b) the superlattice samples. Filled S€sSses more than one in-plane lattice parameter. For the alloy
circles represent nuclear Bragg peaks, while crosses indicate réamples, scans @ along[h00] reveal two(100) peaks that
gions where magnetic scattering would be detected for a helics#an be identified with the existence of differeatlattice
arrangement of Ho moments. The FWHM of scansQ@falong  parameters for the Sc seed, and the Ho:Sc alloy. Three peaks
[007] through the(002) nuclear Bragg peak can be used to find the are seen when the same scan is performed for the superlattice
coherence of the stacking of closed-packed planes. Transversamples, indicating that there are differentattice param-
scans through th€d02) peak give an indication of sample quality. eters for the Sc seed, the Ho in the superlattice, and the Sc in
Scans ofQ along[h00] reveal the existence of more than ome the superlattice. The directions of scans performed ith
lattice parameter. For the superlattices, scar@ fthe/ direction  fixed at a value associated with a specific constituent will be
with h fixed at the values ofi identified from[h0Q] scans, can be |gpheled with an appropriate subscript. For example, scans of
used to give the coherence of tRBAB. .. stacking sequence ofa  glong/ for the superlattices with fixed at the value of
particular sample constituent. h for the (100 peak of Ho, will be referred to 510/ ]y,.

. . ) Having identified the relevartt values for the superlattice
matelyq=0.013 A"t andgq=0.012 A™* [full width at half samples, scans @ along/” were carried out withn fixed at
maximum(FWHM)], respectively. A cooled beryllium filter these values, to find the coherence of the AGRAB. . .

was employed to reduce higher-order contamination of thetacking sequence for the different sample constituents.
incident neutron beam.

A. Ho:Sc alloys

IV. STRUCTURAL PROPERTIES . . . .
Studies of the alloys using x-ray scattering techniques

Both x-ray and neutron-diffraction techniques were usedyield structural coherence lengths in the growth direction of
to investigate the structural characteristics of the samples>2000 A, and typical mosaic spreads of 0.1°, as docu-
Figure 1 is a schematic diagram of reciprocal space showingiented in Table I. These values are comparable with those

TABLE I. The structural properties of Ho:Sc alloys. The fitted compositions were deduced by comparing
the results from lattice parameter measurements using both x rays and neutrons, with Vegard’'s Law, as
described in Sec. IVA. Tha andc lattice parameters listed are those obtained at300 K using x-ray
diffraction. The mosaic spread values are the FWHM of transverse x-ray scans throu@f®Zhauclear
Bragg peak. The coherence lengths refer to structural coherence in the growth direction, as determined from
X-ray measurements.

Nominal  Fitted  Nominal thickness a c/2 Mosaic spread Coherence length
X x+0.03 A +0.001 A +0.0005 A +0.03° +100 A
0.25 0.18 10 000 3.363 2.6622 0.11 2850
0.40 0.33 10 000 3.403 2.6857 0.15 3750
0.50 0.40 10 000 3.413 2.6982 0.12 2050
0.75 0.71 10 000 3.496 2.7506 0.13 3500
0.85 0.85 10 000 3.529 2.7773 0.14 3350

1.00 1.00 2800 3.565 2.8109 0.14 2500
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FIG. 2. Scans af =140 K of the wave-vector transfe@, along FIG. 3. (@ The a and (b) the c lattice parameters of the alloy
[hO0] using neutrons, showing that separatdattice parameters samples as measuredTat 300 K using x rays. The straight line is
exists for the(a) alloy, and(b) superlattice samples. an extrapolation between values fox 1.00 and the Sc seed value

of x=0.00, which gives the dependence of the lattice parameters

obtained from previous alloy systefAigrown using similar ~UPon concentration for alloys obeying Vegard's Law.
methods.

Measurements of the neutron scattering wh@nis  presence of the Sc-seed and capping lajszs Fig. 4a) for
scanned in thgh0O0] direction reveal twq100) Bragg peaks, a typical examplg The intensity,|(Q), of elastic scattering
which indicates that the samples have differarattice pa- of x rays from a crystal lattice is given by
rameters for the Sc-seed layer and the Ho:Sc alloy. A typical
scan is shown in Fig.(2).

A number of methods were considered to refine the nomi- 1(Q)
nal compositions, including comparisons of the integrated
intensities of nuclear and magnetic Bragg peaks, examina-
tions of the Iattipe parameters obtained from both X-ray an‘ij/vhereQ is the wave-vector transfef,(Q) is the scattering
neutron_—scatterl_ng measurements, as well as noting trends é{?nplitude of thelth atom, andR, is the position of thdth
magnetic ordering temperatures and wave vectors. The r 6#%

2

D)

ZI fi(Qe QR

P d ing the latti d biai Gtom. The sum is over all atomic planes in the superlattice.
inement was made using the lattice parameter data obtainggq . < ..s withQ along[00/7], and writing thec-axis com-

fr_om neutron measurements #t=140 K (Wh_ere T>Ty). onent ofR, asR;, Eqg.(1) can be factorized into two terms
Fitted compositions were derived by comparing the measur <uch that

ments with a linear extrapolation between the values for
x=1.00 andx=0.00 (the Sc seeq as would be appropriate
for alloys obeying Vegard’'s Law. Figure 3 is an illustration T —
of the consistency between the lattice parameters obtained 10* [ a) X-ray data Sc seed 1
using x rays and neutrons. This figure shows the results of
x-ray measurements a=300 K compared to Vegard's
Law, with the sample compositions set to the values obtained
from the refinement based upon the neutron-scattering data.
Table | lists the nominal and fitted compositions, with the
agreement not being as close as that obtained for Ho:Y and
Ho:Lu alloys® For the Ho:Sc samples, the discrepancy be-
tween nominal and fitted compositions was traced to a cali-
bration error arising from an incorrect positioning of the

103 [

10% |

10! o - ! ! )

T T T T T

10* | b) Neutron data Sc seed .

Intensity (abitrary units)

10°

quartz crystal monitor in the MBE chamber. 10*
101 1 1 n L 12 n |
B. Ho/Sc superlattices 2.1 22 23 2.4 2.5
High-resolution x-ray-scattering techniques were em- Wave-vector transfer (A™) | tooq
ployed to study the structural properties of the superlattice
samples. AfT =300 K, scans o along the[00/] direction FIG. 4. Scans ofQ along [00/] through the(002 nuclear

reveal the mair{002 Bragg peak together with a series of Bragg peak of the superlattice sample 4§8cy, at (a) T=300 K
peaks at separationsr2r/L (wherem is an integer, antl is  using x rays andb) T= 140 K using neutrons. The solid line is a fit
the bilayer repeat distance in)Aand a sharp peak due to the to the data using the model described in Sec. IV B.
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TABLE II. The structural properties of Ho/Sc superlattices. The fitted compositirepacings, and
values foro were determined by fitting the results from both x-ray and neutron-diffraction measurements of
Q scanned in the directigrd0/], to models of the superlattice structure based upon the work of tzn
(Ref. 20. Within this model,o is a parameter associated with the width of interdiffusion at the interfaces.
The mosaic spread values are the FWHM of transverse x-ray scans through thé@@ginuclear Bragg
peak. The coherence lengths listed are for the structural coherence in the growth direction, and were obtained

using x rays.

Nominal Fitted N Ao dsc o Mosaic spread Coherence length
Ho/Sc Ho/Sc +0.002 A +0.002A =1.0 plane +0.3° +50 A

20/20 19.0/21.5 80 2.814 2.625 1.5 2.1 450

30/10 26.5/10.0 80 2.804 2.634 2.0 1.7 650

20/40 19.5/36.0 60 2.795 2.620 25 1.7 450

2 are sensitive only to thexistenceof close-packed planes,
(2)  whereas th§10/] scans give information about the stacking
sequence of the close-packed planes. The peaks marked
where Q=1Q)|, the bilayer length_=n,,dyo+nNsdsc, and  (002+q) and (101 q)y, are magnetic in origin, and will be
the d spacingsdy,, and ds; are the separation of close- discussed in the following section.
packed planes in the growth direction of Ho and Sc, respec- The exact composition of the samples can be determined
tively. The first sum in Eq(2) generates the series of peaks by fitting independently scans @ in the [00] direction

1(Q)«

N one bilayer
( 2 eiQLm>( 2 f.(Q)e‘QR'>

m=

observed at positions (obtained at temperatures above the magnetic ordering tem-
peraturesusing both x rays and neutrons, to a model of the
Qnue=2mar/L (3)  superlattice structure as described in detail by Jettaai?°

his model includes a simulation of interfacial interdiffusion
sing a tanhgo) function, wherez is along[00/], and o
defines the width of the interface. The results from both the
-ray and neutron-scattering data are identical within errors,
ith typical fits to both sets of data shown by the solid lines

. . in Fig. 4. For each sample, it was possible to extract values
Transverse scans through #92) peak yield mosaic spread for the bilayer length, the number of planes of Ho and Sc, the

values of approximately 2°, which is large compared to thed ; :
. 2 spacings for Ho and Sc, aned Consistent agreement was
typical range of 0.1°—0.5° for superlattices such as Ho/Y, b g 9

(Ref. 20 and Ho/Lu grown by the same technique. This oo e oeore o e Mominal and filted number of planes.
large value is presumably connected with the considerable
lattice mismatches between Ho and Sc.

Figure Zb) illustrates the neutron scattering Bt 140 K 150 , : — : . ,
from a superlattice sample whépis scanned alongh00Q]. [ Ho (SL) . a) 1

with the amplitude of the peaks modulated by the secon
term, the one-bilayer structure factor. The width of (862
peak obtained from scans f along[00/] gives a coher-
ence of the stacking of close-packed planes in the growt
direction over many bilayer repeats, as recorded in Table Il

100

The presence of three peaks indicates separdidtice pa- z [ 5=2.0524"

rameters for the Sc seed, and fayth the Ho and Sc in the 5 50

superlattice. The existence of different in-plane lattice pa- g 0 ’ <7 ‘ . e
rameters has not, to our knowledge, been reported for any = [ ' ' ' ' ' ' '
previous MBE-grown rare-earth superlattices. However, the i 300 1 sc (SL) N b
separate values @f for the Ho and Sc in the superlattice do g 200} h=2.167A

not correspond to bulk values, implying that the system is £ 100

still strained to some extent. Figure 5 shows the results of g ¢ fraes , , )
scanningQ in the / direction withh fixed at values appro- 2 L ' . '
priate for(a) Ho in the superlattice(b) Sc in the superlattice, Z 1000 2°:(S;§?))2A_1 o
and (c) the Sc seed. The widths of the peaks(@ and (b) 500 | ’ ]
indicate that coherence of the h&fBAB. .. stacking se- o

quence is confined to individual Ho or Sc blocks. As an 0 . . ' !
illustration of the different structural coherence lengths, Fig. 1.0 L1 12 13

6 shows the results of neutron-scattering measurements at Wave-vector transfer (A1) | [10g

T=4 K where Q is scanned alonga) [00/], and (b)

[107]4o- In the former direction, there is long-range struc- G, 5. Scans af =140 K of Q in the / direction of the super-
tural coherence as attested to by the presence of superlattiggice sample Hgy/Sc,, at T>Ty, whereh is fixed at values ap-
peaks around002). This is to be contrasted with the scan of propriate for(a) Ho in the superlattice(b) Sc in the superlattice,
Qalong[10],,, Where no structure is seen in the scatteringand (c) the Sc seed. The solid line is a fit of the data to a Gaussian
near (101),. The difference arises because [B8/] scans function used to give the positions mof the three peaks.
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102 M\; Wave-vector transfer (A'l) H [004]

08 0'9 ‘ 1'0 1'1 ' 1'2 1'3 1'4 FIG. 7. The neutron scattering observedTat 10 K from the

) ’ ) ’ ’ ) ) alloy sample wittk=0.85 whenQ is scanned alon0/"], showing
Wave-vector transfer (A'l) | (1081, the nuclear002 Bragg peak, a peak at (062)) associated with a
helical arrangement of moments, and the harmonics of
(002—-5q), and (006-5q) indicating that there is some distortion
of the helical ordering. The solid line is a guide to the eye.

FIG. 6. The neutron scattering observedTat4 K from the
superlattice sample Hg'Sc,;. (&) A scan withQ along[00/7],
with superlattice peaks arour(@02) separated by 2/L resulting
from the periodically repeated bilayer unit of lendgthThe width of ~ these harmonics corresponds to a coherence length that is
the peaks gives a coherence of the stacking of close-packed planapproximately 100 A less than that derived from the
over several hundred A. The peaks at positions (0GR are mag-  (002—q) peak. This reduction indicates that the details of
netic in origin, and can be identified with a helical ordering of Ho the irregularities in the helical ordering are not coherent over
moments(b) A scan withQ along[ 10/, displaying no superlat- as great a range as the average characteristics of the primary
tice peaks around (104). The width of this nuclear peak indicates magnetic scattering. Scans of the wave-vector transfer along
that the hcp stacking sequend@AB. . . is coherent only within [10/]a10y Were also performed at temperatures above and
individual blocks. The peaks at positions (104)u, again arise  pelow T, being sensitive to components of the moments in
from a helical moment configuration, but there is no structure tothe basal planend along thec axis. For all samples, no
Zld?dgeefé iﬁgi;g,ce of ordering in this direction. All solid lines are %xtra scattering is detected around (m@)or .( 101)a||0y for

T<Tyn when compared to the results obtained n€g2).

V. MAGNETIC PROPERTIES We Fherefore conclude that the moments are predominately
confined to the basal plane.
A. Ho:Sc alloys Values of Ty are listed in Table Ill, and were deduced

The magnetic properties of the alloy samples were studief/om the temperature dependence of the scattering detected
using neutron-scattering techniques. Scans v@halong &t the (0_02— g) position. Figure 8 shows the variation of
[00/] were carried out at a number of temperatures betweehn With fitted Ho concentratiorx together_ with the results
T=140 and 10 K to investigate the ordering of moments infrom Ho:Y and Ho:Lu alloys. In early studies of many alloy
the basal plane. AT=140 K, all samples exhibit only Systems.it was found that
nuclear scattering. However, on reducing the temperature, i
additional scattering is detected with an intensity that in- TABLE Ill. The magnetic properties of Ho:Sc alloys. Theelle
creases smoothly with decreasing temperature. This intensifgmperatured’y were calculated from the temperature dependence
is attributable to the magnetic ordering of the H6 mo-  ©Of the intensity of magnetic scattering measured at (0GR o,
ments. Figure 7 illustrates the scattering profile observed 3"d % are the wave vectors of the helical orderingTat Ty and
T=10 K for the alloy withx=0.85. The peak at (002q) is T=10 K, respectively. The spln-sllp model of Cowley and Bates
present for all samples, and arises from a basal-plane helicAke'. 19 ¢an be used to identify the low-temperature structures to
ordering of moments, characterized by a wave vecfoFhe thlﬁh theqzI _valufes eorrel'spond. These structures are given in terms
width of the (002-q) peak, after allowing for instrumental of the resulting fractional wave vector.

resolutlen, can b_e used to give the coherence length .of the\ominal Ty & % Spin-slip
magnetic ordering ¢ again employing the relation X K +0.002* o+ ot
E=2m/AQ. Except for the alloy sample witlk=1.00 at

T=10 K, the coherence length is found to be at least 300 A 0.25 14+2 0.251 0.25%0.002 1/4
and temperature independent. The peaks at positions 0.40 292 0.262 0.26%+0.002 6/23
(002-5qg) and (000G-5q) are observed for samples with 0.50 35-4 0.265 0.264 0.002 5/19
x>0.5 atT=10 K. These higher harmonics of the principal 0.75 742 0.272 0.258 0.002 8/31
magnetic scattering indicate that the moments no longer 0.85 982 0.275 0.246:0.002 14/57
form regular helices, but instead bunch about the easy axes 1.00 132+1 0.278 0.178 0.003 7/39

in the basal plane, as observed in pure?Mi@he width of
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) ] FIG. 9. The variation of ordering wave vectgrwith tempera-
FIG. 8. The dependence @f uponx, wherex is the fitted Ho  yre for the alloy samples together, with that of bulk Ho.
concentration for the alloys Ho:Lu, Ho:Y, and Ho:Sc. The solid

lines are a fit of the data using the relatiomy o . " .
—X[XTyo+ (1-X)T,], as predicted by an alloy virtual-crystal susceptibility. Figure 1@ shows the variation of; with

model. For Ho:Lu and Ho:YT o= 132+ 2 K; with T,=144+2 k,  X- A quadratic extrapolation t&=0.00 gives the position of
: : Yo ; y +2 K,

and 2173 K, respectively. For Ho:ScT,,=130+2 K, and (he peakin the Sc susceptibility gs=0.241+ 0.00Z*. This
T,=53+2 K. is comparable with results from other alloy systems contain-

ing Sc, for example Th:S€, where it was found that
Ty~Ay?? | (4) 0,~0.23* . Child and Koehlef also studied the variation of

g; with concentration. Their results are less accurate than
where the de Gennes factge=x(g—1)2J(J+1), g is the  those we present, and there is agreement with our results
Lande factor, andJ is the total angular momentum of the within errors.
rare-earth ion. However, Ed4) does not describe the de-  The wave vectorsy= ¢,, measured at the lowest tempera-
tailed dependence afy uponx observed for Ho:Sc alloys. tures are listed in Table Il and are commensurable with the
Swaddlinget al® found that Eq.(4) was also inappropriate crystal lattice. For most of the alloys, the wave vectors cor-
for Ho:Y and Ho:Lu alloys, and proposed a virtuébr av-  respond to spin-slip structures based upon the commensurate
erage crystal model of an alloy, where the height of the peakq= (1/4)c* structure. These spin-slip structures are most eas-
in the conduction-electron susceptibilityy(q), is the ily described by giving the number of spin layers orientated
weighted average gf(q) for the constituents. For an alloy along successive easy axes within the basal planes until the

Ho:y, this approach suggests that pattern repeats. In this notation, the (1/4)c* structure is
denoted a$121), and theg=(1/6)c* structure is referred to

Tn=X[XThot (1=X)T,] , (5 as(2). For the alloys wittk=0.4, 0.5, and 0.75, the spin-slip

whereT,y, is the transition temperature of pure Ho, ahgis

the transition temperature of pure Ho assuming the 0.28

conduction-electron susceptibility is that of pureThe solid 027 [

lines in Fig. 8 are a fit of the data using E§) for y=Y, Lu, o 026 |

and Sc. For Ho:Y and Ho:LuT,,=132+2 K; with = 1

T,=144+2 K, and 21 3 K, respectively; while for Ho:Sc 0.25 [

Tho=130+2 K, and T,=53+2 K. We conclude that the 024

peak inx(q) for Sc is smaller than that of Y or Lu. The % 0.09

transition temperature of Ho:Sc bulk alloys was also mea-  ~ i

sured by Child and Koehléf,who in qualitative agreement T 006

with our own results found thaky decreased with decreas- £ 0.03

ing Ho concentration, and that for a given concentration, . 0.00

Ty was lower than that predicted by Ed). However, Child <= — .

and Koehlel® also reported thaly decreased rapidly for o0 02 04 06 08 10

x<0.20, and that fox<<0.18 there was no long-range mag- Fitted Ho concentration, x

netic order. Hence, in this low concentration region, there
appears to be a difference between the behavior of the bulk 5 19 (@) The dependence of the ordering wave vedgr

alloys and our MBE-grown samples. upon the fitted Ho concentration The quadratic fit to the data
The temperature dependence of the wave vector for thgnown is extrapolated to the dilute limit of=0.00 to give

(002-q) peak for all samples is illustrated in Fig. 9. The g =0.241+0.002*. (b) The dependence ofkg=(g;—a,) upon
wave vectorsg=q, at Ty are listed in Table Ill.g; is of  the fitted Ho concentratiox. The solid line is a fit of the data to the
particular interest since in the limit of no magnetic orderingpower lawAqg=Ax", wheren=7.0+0.5. The dashed line is a fit
it gives the position of the peak in the conduction-electronwith n=3.3 found appropriate for Ho:Y and Ho:Lu alloys.
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TABLE IV. The magnetic properties of Ho/Sc superlattices. ThelNemperatured were calculated
from the temperature dependence of the intensity of magnetic scattering measured-agX.0§2and g,
(modulo 277) are the wave vectors of the helical orderinglat Ty andT= 10 K, respectively. The spin-slip
structures formed at low temperatures are given in terms of the resulting fractional wave vector. The
temperature-independent coherence lengths refer to magnetic ordering in the growth direction. The first
length is for when the Ho moments are helically aligned within blocks, and the second for when they are
ferromagnetically aligned. Finallyf,c is defined as the temperature at which additional magnetic scattering is
first detectable in the region (002), upon cooling fram T.

Nominal Ty 1(Ho) Oo(Ho) Spin-slip gy (sg (s Coherence length T
Ho/Sc K  +0.002* c c* +0.00Z* c* A A K

20/20 1325 0.258 0.176:0.010 1/6 0.157 0.2350.010 135-15, 25G:50 ~50
30/10 1272 0.261 0.1740.002 4/23 0.137 0.3680.002 15G-20,
20/40 125-3 0.267 0.18%0.002 2/11 3415,

structures have on@ 11) unit periodically replacing &121) concentrationx. The solid line is a fit of the Ho:Sc data to
unit such that the structures formed af€l21)® 111), the relationAq=AX", wheren=7.0+0.5 . This is to be
((12D* 111, and ((121) " 112), respectively. The spin-slip compared to the value af~3.3, shown by the dashed line,
structure formed by the alloy witkx=0.85 may also be found appropriate for Ho:Y and Ho:Lu alloys, as well as for
based upon the=(1/4)c* structure but with some of the bulk Ho> The contrast in the exponents indicates that the
(121 blocks replaced with 4212 block, resulting in the changes in the band structure upon alloying Ho with Sc are
((12)* 212 spin-slip structure. Similar commensurate different to the changes upon alloying with Y or Lu.
structures were also observed at low temperatures for Ho:Y
(Ref. 22 and Ho:Lu (Ref. 5 alloys. For the alloys with
x=0.5, 0.7, and 0.9, the spin-slip structures observed were
(12D 7 111, (121, (21); and ((121)? 111), (121), (21) for Neutron-diffraction techniques were used to investigate
Ho:Y and Ho:Lu, respectively. the magnetic structure of the superlattice samples. At
The temperature dependence of the wave vector for th& =140 K, when the wave-vector transfer is varied along
Ho film grown on a Sc-seed layére., the alloy sample with [00/7] only the nuclear scattering is observed, as previously
x=1.0) is similar to that of Ho films grown on L(Ref. 5 described in Sec. IV B. As the temperature is lowered, all the
and Y22 For all of the Ho films, the wave vectors are larger superlattices exhibit additional scattering at (838, as il-
or equal to those of bulk Ho. The magnetic structures formedustrated in Fig. @), indicating a basal-plane ordering of Ho
by films with a thickness less than or equal to 5000 A aremoments. The temperature dependence of the intensity at
basal-plane helices, except for the 5000 A Ho film on a Lu-(002—q) was used to deduce values T, which are listed
seed layer which showed evidence of a small ferromagnetith Table 1V. The absence of any observable higher harmon-
moment along the axis belowT=20 K. A 5000 A Ho film ics of the main magnetic scattering indicates that the helical
grown on an Y-seed layer showed two commensurate struestructure is largely undistorted betwe€r Ty, andT=4 K.
tures at low temperatures corresponding to dgre(1/5)c* Scans withQ along[ 10/, [with a typical example shown
(21) and theg=(4/21)c* (2221 spin-slip structures. A Ho in Fig. 6(b)] establish that the moments are within error con-
film of the same thickness but grown on a Lu-seed layer alséined to the basal plane.
showed two commensurate structures but these correspondedAs for the nuclear scattering, it is interesting to compare
to theq=(1/6)c* (2), and theq=(7/39)c* (222222) spin- the results of scannin@ along[00/"] and[10/], as illus-
slip structures. The thinner 2500 A Ho film grown on a Sc-trated in Figs. €) and Gb), respectively. Alond 00/, the
seed layer forms thg=(7/39)c* (222222) structure at low magnetic scattering at (0023) is structured, though the
temperatures. These results are consistent with the changefieaks are less well defined than those observed for Ho/Y
wave vector caused by the strain imposed on the Ho films byRef. 20 or Ho/Lu (Ref. 5 superlattices. In contrast, along
the different seed layers. For the Ho films on a Y-seed layel,00/],;, the magnetic scattering at, say, (304) has no
the Hoa lattice parameters are larger than that of bulk Ho,structure and consists of a single peak that has a width cor-
while they are smaller for Ho films grown on Lu- and Sc- responding approximately to one Ho block length.
seed layers. Similarly, the-axis parameters are smaller for ~ While the samples Hg/Sc;, and Ho,y/Scyq retain this
Ho films with Y seed layers, and larger for the Lu- andtype of helical order down to base temperature, the magnetic
Sc-seed layers. It is then initially surprising that for the filmsscattering observed from BgSc,, changes considerably
grown on Lu- and Sc-seed layers the wave vectors are largéelow T~50 K. Extra scattering is detected around (682
than for bulk Ho. Presumably this arises because magnetstructural peaks with an intensity that increases with decreas-
elastic effects in the basal plane increase the ordering wavieg temperature. Simultaneously, the intensity at the
vector and inhibit the development of the cone phase ob{002—q) position reduces, falling to zero betwedi 30
served in bulk Ho. and 20 K. A subtraction of data obtained from the same scan
Elliot and Wedgwootf suggested thakq=(q,—q,) de-  but with T>T, can be made for scans at temperatures below
pends upon the band splitting produced by the ordered moF=50 K. This subtraction yields a series of peaks around
ments. Figure 1) illustrates the variation aAq with fitted (002 separated by /L, but displaced by /2L from the

B. Ho/Sc superlattices
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1200 F — — : q wherem is an integer® = ny,épot NscPsc IS the total turn
£ I angle across one bilayer, aggl,, and ¢5. are the turn angles
; 800 per plane in Ho and Sc, respectively. Rgr—, the first
g term in Eq.(7) generates a series éffunctions at positions
£ 400
< Q.=(2mam/L)x=(P/L) . (8)
£ 0
5 I The amplitude of thesé functions is modulated by the sec-
= 600 [ ond term, the one-bilayer structure factor, which for a model
g 400 of only ordered Ho moments generates a profile centered at
=
5 I
Z 200} Q.=2mn/dy, . 9
0 . . . . . .
185 190 195 200 205 210 215 The intensity of nuclear neutron scattering has the_same
functional form as Eq.(2), but with nuclear scattering
Wave-vector transfer (A7) || [004] lengths in place of x-ray form factors. Hence nuclear super-

lattice peaks occur at positionQu.., given by Eg.(3).

FIG. 11. Points show the neutron scattering observad=a4 K Combining Eqs(3) and(8),
from the superlattice Hg/Sc,, when Q is scanned alon§00/]. N0 —
The solid line is the result of a subtraction of a similar scan for Qnue™ Q-=P/L . (10
T>Ty, the latter scan having nuclear peaks at positions shown biherefore the offset of the magnetic peaks from the position
the broken arrows. The remaining profile indicates a ferromagnetiof the nuclear superlattice peaks gives(modulo 2x).
arrangement of Ho moments within blocks, with an antiferromag- A more detailed analysis of the magnetic scattering ob-
netic coupling between adjacent Ho blocks that is coherent ovegerved in the region (002q) can be made using E¢7) as
approximately 250 A. a basis, which predicts magnetic peaks separatedby. 2
However, unlike previous superlattices such as HORéf.
nuclear superlattice peak positions, as illustrated in Fig. 1120) and Ho/Lu® the magnetic peaks for the Ho/Sc superlat-
This profile corresponds to a ferromagnetic ordering of mo+ices are less well defined and their separatiamoisequal to
ments within the individual Ho blocks, but with adjacent Ho 277/L. For example, for HgySc,o, the separation of the
blocks antiferromagnetically coupled. This structure was als@tructural superlattice peaks is 0.068.001 A~ !, whereas
found in some Ho/Lu superlatticsSo while all three the separation of the peaks magnetic peaks is
samples exhibit helical ordering @, as the temperature is 0.048+0.002 A", We suggest that this difference arises
reduced HgySc,, undergoes a transition beginning at because Eq7) has been derived assuming a magnetic struc-
T~50 K to a mixed helical/ferromagnetic phase, with a pureture with very long-range coherence. However, for a short-
ferromagnetic phase being established betw€er8B0 and range coherence the series ®functions generated by the
20 K. The width of the peaks indicate that this antiferromag-first term in Eq.(7) are broadened, and there is a decrease in
netic coupling of ferromagnetically aligned Ho blocks is co-the separation of the resultant peaks observed in the
herent over approximately 250 A. magnetic-scattering profile. To account for such a short-
Although the moments in all the samples form a basalrange coherence, the series of peaks of separatigh 2re
plane spiral withinsometemperature region, the details of modeled not as functions, but as equal amplitude Gauss-
the helical ordering differ, and will now be considered morejans offinite width. The one bilayer structure factor is taken
thoroughly. For a basal-plane helix, with the wave-vectoras a broad Gaussian peak to represent the scattering by the
transfer along 00/], the intensity of the magnetic scattering Ho moments. The width of this Gaussian corresponds to a
from a superlattice structuré,,,{Q), is shown by Jehaet  single Ho block length, and hence can be obtained from the
al.?° to be given by width of the scattering at the position of the (104) ,, peak
(after correcting for the different resolutip he final profile
5 {(QR - 1) 2 around (002 q) is then constructed from the product of a
Imad Q)| F(Q)] El Jien = series of Gaussians of finite width, together with a single
broad Gaussian. Figure 12 illustrates this approach for
Ho3¢/Scp at T=10 and 70 K.
(6) Good fits to the data are obtained, with the total turn angle
per bilayer,®, extracted fromQp,.—Q_ using Eg.(10).
whereF (Q) is the magnetic form factod, is the basal-plane  #+o Can be deduced from the position of the broad Gaussian
magnetic moment of thith layer, R, is the position of the Y @Pplying Eq.(9), while the position of the (101, peak
Ith atom alonge, and B, is the turn angle of théth layer. provides an gccurate value fdy,. Two unusual fe.atures'are
| is summed over all planes in the superlattice. Factorizinggﬁpare”t' Firstly, althougly, reduces on coolingas in

the terms on the right-hand side of H6) gives Ik Ho), ® (modulo 27) remains approximately constant.
This is in contrast to Ho/Y(Ref. 20 and Ho/Lu(Ref. 13

J’_

2
E Jlei(QRl+l3|))
|

N one bilayer superlattices, where bott,, and ® varied with tempera-
2 J,el(QR=B) = E el (QLM=®) 2 J,el(QR=8) ture. Secondly, the series of Gaussians are positioned at ap-
! m=1 [ ! ' proximately 2r/2L from the structural superlattice positions,

(7)  so that®d=(2m+1)7. A quantitative example is provided
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FIG. 13. The helical wave vector per plane in the Hp,

o ) (éno), for the three superlattice samples, together with that of bulk
FIG. 12. Points illustrate the neutron scattering measured fofo. q,, reduces to zero for sample KgSc,, when the moments
Q scanned alon§00/] covering the region near (082)) for the  adopt a purely ferromagnetic arrangement.
superlattice sample Hg/Sc,gat(a) T=10 K, and(b) T=70 K. The
dashed lines show a series of Gaussians separatedrbly, 20-  an element of smallex lattice parameter reduces the Ho turn
gether with a single broad Gaussian. The product of the series %(ngle. Below T=20 K, the moments in HgySc,, are

Gaussians with the single broad Gaussian is used to construct ﬂ%ﬁigned ferromagnetically, witéh,,=0. The minimum wave
final profile shown by the solid line. The relative amplitude of the vector that can be ex:tractego fro.m the mixed helical/

Gaussians is adjusted for clarity. ferromagnetic phase is, within error, the commensurate value
f g=(1/6)c*. For HogdSclo,_and Ho,/ScCy, ¢_Ho Iocks in to
values commensurable with the crystal lattice, with the for-
mation of the g=(4/23)c* (2222222}, and the
9=(2/11)c* (222221 spin-slip structures, respectively.

As a cross reference)y,, for all samples can be extracted
ffrom the measurements obtained by scanni@galong
[107]y, at different temperatures. Again adapting EL0),
it follows that

by the results from Hey/Sc,y, for which the separation o
the structural superlattice peaks is 0.888001 A1, It is
found that atall temperaturesQu,.— Q_=0.343+0.005
A~1 while the series of Gaussians are positioned a
2mw/2L+0.005 A~ from the structural superlattice posi-
tions. Final fits were obtained by constraining the position o
the series of peaks to be at exacthy/2L from the structural
superlattice peaks, withh,,, extracted as before. The values
of ¢y at T=Ty andT=4 K expressed as the wave vectors - = ) 12
U1(Hoy» @nd G(ney are listed in Table IV. The width of the Quonye™ Quor-ay,™ Prol o 12
series of Gaussians can be used to deduce the coherenceVdithin errors, the same results are obtained as from the
the ordering, which is found to be temperature independen{,00/"] data.

and approximately equal to 1.4, and 1.3 bilayers for Since ®=ny ¢y, NscPse it IS possible to obtain a
Ho3¢/Scyg, and Ho,y/Sc,, respectively. For Hgy/Sc,g, the  value for ¢4, the effective turn angle per plane in the Sc
width of the series of Gaussians indicates no coherence dflocks. Given the variation aob,y, illustrated in Fig. 13, and

the ordered Ho moments between adjacent Ho blocks. Thehe constancy o, it is clear thategs, falls with increasing
data is therefore fitted to a broad Gaussian, the width ofemperature, and with a different temperature dependence for
which is found to correspond approximately to one Ho blockeach superlattice. Furthermore, the wave vectors upon order-
thickness. The lack of coherence of any type of magnetictng,ql(Sc), tabulated in Table IV, do not agree with the value
ordering may be attributed to this sample possessing the lar@f g, .= 0.241+0.00Z* obtained from an extrapolation to
est number of Sc plangsiominally 40. Previous superlat- x=0.00 of measurements from the Ho:Sc alloys. These re-
tice systems, such as DyfY have exhibited a reduction and sults emphasize that the magnetic properties of Ho/Sc differ
final loss of coherent magnetic ordering with an increase irfrom superlattices with Y or Lu interlayers; such as Ho/Y
the nonmagnetic layer thickness, but the coherence persistRef. 20 and Ho/Lu® or Dy/Y (Ref. 11) and Dy/Lu?®

for much greater distances than 40 planes. FopgEt,,

¢, can be obtained from an adaptation of ELD) such that V1. DISCUSSION

Q(002,,,~ Q== PHol Ao (11 The structural investigations of the Ho-Sc alloys and su-
perlattices reveal, in both cases, that the samples did not
where the value fody, obtained from the (10]), peak grow pseudomorphically and that in particular there exist
position can be used to calculate the position of (Q92) differenta lattice parameters for the superlattice constituents.
As seen from Fig. 13, abov&=20 K the temperature While studies of the relationship between rare-earth epitaxial
dependence of,, for all samples resembles that of bulk growth and lattice mismatch are not numerous, there have
Ho, with ¢y, for a given temperature being slightly lower been many reports detailing the epilayer growth of semicon-
for the superlattices. This is in agreement with previousductors upon substrates. In one such report by i, > it
studiest® where it was found that coupling Ho together with is shown how the elastic energy stored in an epilayer due to
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homogeneous strain is proportional to the thickness of thenately 3.3 found for Ho:Y and Ho:L¥,and also bulk Ho.
epilayert. As t increases and exceeds a critical thicknessAlthough no quantitative explanation has yet been given for
t., misfit dislocations set in, with a concomitant departurethe latter exponents, it is clear that if the temperature depen-
from pseudomorphic growth. Theories have been developedlence of the ordering wave vector arises from the effect of
most notably those by Franck and van der Mefv@nd  magnetic order on the band structé?ehen the changes in
Matthews®! to calculatet. . It is found thatt, is proportional  the Ho band structure on introducing Sc are different to those
to the size of the lattice mismatch between the two layersarising from the introduction of either Y or Lu.
Although details are based upon specific semiconductor sys- The moments in all three superlattice samples also form
tems, general conclusions can still be drawn for Ho-Scbasal-plane helices ai,. However, unlike any of the alloy
Clearly the observed difference inlattice parameters indi- samples, for the Hg/Sc,, superlattice there is a transition at
cates that>t, for all the samples studied. Also, it should be T~50 K to a mixed helical/ferromagnetic phase, followed
noted that while the large lattice mismatch for Ho-Sc mightby the establishment of a pure ferromagnetic phase between
at first suggest a highly strained system, the separation df=30 and 20 K. The minimum wave vectays= gy ), 0b-
in-plane parameters means the lattice has relaxed, most protained from the mixed helical/ferromagnetic phase is
ably with the introduction of misfit dislocations, and a con- q=0.170+0.01G*, which is consistent with the commensu-
comitant reduction in overall strain. For the Ho/Sc superlatrate value ofg=(1/6)c*. This is in agreement with the re-
tices, it is the presence of such dislocations at the mangults from Ho/Lu(Ref. 5 superlattices, and also the theoreti-
interfaces that may account for the unusually large mosaical work of Sencet al3* who suggest thay=(1/6)c* is the
spread values. A comparison of the fitted Ho lattice paramiowest value possible for the helical wave vector, with the
eters for Ho/Sc with those of Ho/Lf,shows the difference only stable state at low temperatures pt (1/6)c* being a
from bulk values for both systems are of a similar magni-ferromagnet. A study by Andriand¥suggests the period of
tude, despite the mismatch in Ho/Sc being many timeselical magnetic structures in heavy rare earths depends upon
greater than that of Ho/L(Sec. ). The structural properties the ratio of the lattice parametecsa, with a transition to a
are therefore important when qualitatively assessing théerromagnetic structure expected when the ratio exceeds
magnitude of strain in a system, which in turn can affect the1.582. To an accuracy of-0.005, the values of/a at
magnetic propertie¥ T=4 and 140 K are 1.580 and 1.574; 1.614 and 1.585; and
The 4f moments in the alloy samples order in a helix, 1.569 and 1.562 for the samples §Sc;o, H0,0/SCyg, and
with the moments confined to the basal plane. This is conHo,y/Sc,,, respectively. Hence, within errors, the results of
sistent withy(q) having a peak at a wave vector along the our measurements ofa are in agreement with Andrianov’s
c axis, with the moments confined to the basal plane by th@redictions. The fitted structural parameters further suggest
crystal field®® The form of the dependence ®f, upon con-  that Ho,y/Sc, is the most strained of the three superlattices.
centration cannot be accounted for by a model in whichNot only does this sample have the greatest difference be-
x(0) is independent of the rare-earth ibs for Ho:Y and  tween the fitted! spacings for Ho and S@able 1)), but it is
Ho:Lu,’> a good description is given by an average crystalalso the only sample to have a value by, that corresponds
model in whichy(q) is considered to vary linearly between to a value for thes lattice parameter that is greater than that
the two alloy constituents. For the virtual-crystal model out-of bulk Ho12
lined in Sec. V A, T is found to be less tham,,, Ty, or The details of the helical ordering of the Ho/Sc superlat-
T.,. This result is in accord with calculatioh$®that sug- tices differ considerably from superlattices such as Ho/Y
gest the peak iy(q) for Sc is smaller than that of Ho, Y, or (Ref. 20 and Ho/Lu®® Firstly, for the Ho/Sc superlattices the
Lu. coherence length associated with the helical ordering is at
Broad trends in the ordering wave veciprare also in  most 1.5 bilayers, compared with coherence lengths over
agreement with results from Ho:Y and Ho:Lu alloysith ~ many bilayers observed for Ho/Y and Ho/Lu. Secondly,
the dependence afupon temperature being enhanced as theb=(2m+ 1) at all temperatures. Sinag,, changes with
Ho concentration increases. The occurrence of spin-slipemperature as shown in Fig. 13, this implies tat must
structures, as in bulk Hb, reflects a compromise between have an equal and opposite temperature dependence. Fur-
ordering with a wave vector favored by the exchange energythermore, ¢, is very different from that deduced from the
while still aligning moments close to easy axes produced byeak in the electronic susceptibility as determined by either
the crystal field. The increase in width of the (604) peak the Ho:Sc alloy measuremer(Sec. Ill A), or by theoretical
at T=10 K indicates the competition between the exchangealculations?®3’
and crystal-field energies. Whilst there may be on average 13 These results also differ from those obtained for Ho/Pr
planes between spin slips, the structure is not perfectly reguRef. 8 superlattices, which showed no coherence of heli-
lar. It is interesting to note that for a giveq similar spin-  cally ordered Ho moment over Pr blocks, even for Pr blocks
slip structures are formed in Ho:Sc as were detected in Ho:Ynly six layers thick. It is also of interest to compare our
and Ho:Lu? suggesting that at very low temperatures, theresults with those obtained from Dy/§Ref. 9 superlattices.
ordering wave vector is not qualitatively affected by the dif- It was reported that there was no coherent ordering of Dy
ferences between the nonmagnetic components. However, moments over Sc interlayers, although the data may allow
more detail, if it is assumed that the change in the wavdor the possibility of a short-range coherent ordering similar
vector,Ag=(g;— ), with temperature depends on the or- to that observed for the Ho/Sc superlattices.
dered moment at low temperature, which is proportional to The magnetic interactions in many previous rare-earth su-
x, then for Ho:Sc alloys\q is proportional to the moment to perlattice systenis?**were described as being mediated by
the power of 7.6:0.5, compared to the power of approxi- conduction electrons. In terms of such interactions, two ob-
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servations might explain the short-range coherence lengthithan in Ho/Pr(Ref. 8 superlattices. If the samples were to be
observed for the Ho/Sc superlattices. Firstly, the large numplaced in an applied field sufficiently strong to overcome the
ber of structural defects associated with the existence of difdipolar forces, it should be found thdt=2mm=. We plan
ferent a lattice parameters might reduce the conduction-measurements to test this prediction in the near future.
electron mean free path. Secondly, calculatiéiSsuggest To summarize, we have studied the structural and mag-
that although qualitatively similar, the peakytq) for Scis  netic properties of Ho-Sc alloys and superlattices grown by
in detail smaller and probably broader than those of, say, HMBE. Structural investigations reveal the existence of differ-
or Y, leading to shorter-range coherence lengths for Ho/Scent a lattice parameters that has not been reported, to our
This second observation is also important when considerknowledge, for previous rare-earth MBE grown systems.
ing the temperature dependence &f;, in addition to the When considering the magnetic properties there is not only a
fact that qualitatively¢s. differs from both the values ex- contrast between the Ho-Sc alloys and superlattices them-
pected from the Ho:Sc alloy studies, and from theoreticakelves, but they compare in differing ways to previously
calculations. A small and probably broad pealyim) might  studied systems. For the alloys, it is found that there is long-
suggest thatps. will be dependent on the detailed environ- range coherence of the magnetic structures forngeg. is
ment of the Sc, and be particularly influenced by straingreater than in bulk Ho, and no ferromagnetic structures are
These characteristics of(q) allow the possibility of the observed. The spin-slip structures identified are similar to
temperature variation observed f¢k., and also for the fact those found in Ho:Y and Ho:Lu alloys. Also in accord with
that the magnetic interactions through the Sc layers in thé&lo:Y and Ho:Lu, a good qualitative description of the over-
superlattice system cannot be predicted from the correspon@ll magnetic properties is given by a virtual-crystal model.
ing alloy study, or from calculations based upon bulk Sc. For the superlattices, only magnetic structures with a rela-
The observation thad® is not only constant at all tem- tively short-range coherence are formefl, is in general
peratures, but specifically thdt=(2m+ 1), indicates that less than in bulk Ho, and a basal plane ferromagnetic struc-
there is an overall antiferromagnetic coupling between adjature is observed for the most strained sample. The spin-slip
cent Ho blocks. We suggest an explanation for this, yet to bétructures identified differ from those found in Ho/Y or
fully developed, based on the possible influence of dipolaHo/Lu superlattices. Also in contrast to superlattices with Y
interactions. If each Ho block has a net ferromagnetic moor Lu interlayers, there is no long-range coherence of heli-
ment, magnetic dipolar forces would align these net mo<ally ordered Ho moments over the nonmagnetic interlayers.
ments antiferromagnetically between adjacent Ho blocks, acsome of the unusual characteristics of the helical ordering
counting for the observed values ®. We have estimated might be accounted for by a consideration of the structural
the net field in the center of a Ho block arising from two properties, band-structure calculations, and the possible in-
nearest-neighbor antiferromagnetically aligned planes. Th#uence of dipolar forces.
magnetic domains were taken to be circular with a radius of
90 A obtained from the width of the magnetic scattering in ACKNOWLEDGMENTS
the basal plane. The net moment of a Ho block depends on
its width and ¢,, but typically the field is found at low We would particularly like to acknowledge many useful
temperatures to be a maximum of the order 0.03 T. Since thidiscussions with the late A.R. Mackintosh and advice from
field is much smaller aTy, it seems unlikely that it is suf- J.A. Simpson. The work in Oxford was funded by the
ficiently strong to cause the observed ordering at high temEPSRC, and the experiments at Rispthe EU through the
peratures. Furthermore, it is difficult to understand why thelLarge Installation Programme. C.B.-J. is grateful for the fi-
dipolar forces have more of an effect in Ho/Sc superlatticemancial support of the EPSRC.

o= Majkrzak, J. Kwo, M. Hong, Y. Yafet, D. Gibbs, C.L. Chien, J.J. Rhyne, J. Appl. Phyg3, 6904(1993.

and J. Bohr, Adv. Phys10, 99 (1991). 105 H. Lui, R.P. Gupta, and S.K. Sinha, Phys. Rev4B1100
23.. Rhyne, M.B. Salamon, C.P. Flynn, R.W. Erwin, and J.A. (197)).

Borches, J. Magn. Magn. Matet29, 39 (1994. 1IM.B. Salamon, J. Borches, S. Sinha, R. Du, J.E. Cunningham,
SR.A. Cowley, D.F. McMorrow, P.P. Swaddling, R.C.C. Ward, and C.P. Flynn, Phys. Rev. 85, 6808(1987).

and M.R. Wells, Ind. J. Pure Appl. Phy33, 509(1995. 2R W.G. Wyckoff, Crystal Structures(Interscience, New York,
4H.R. Child, W.C. Koehler, E.O. Wollan, and J.W. Cable, Phys. 1965, Vol. 1.

Rev.138 A1655(1965. 13D.F. McMorrow, D.A. Jehan, P.P. Swaddling, R.A. Cowley,
5p.P. Swaddling, R.A. Cowley, R.C.C. Ward, M.R. Wells, and R.C.C. Ward, M.R. Wells, and K.N. Clausen, Physical®,

D.F. McMorrow, Phys. Rev. B3, 6488(1996. 150(1993.
bY. Yafet, J. Appl. Phys61, 4058(1987. 14W.C. Koehler, J.W. Cable, M.K. Wilkinson, and F.O. Wollan,

7J.A. Simpson, D.F. McMorrow, D.A. Jehan, R.A. Cowley, M.R. Phys. Rev151, 414 (1966.
Wells, R.C.C. Ward, and K.N. Clausen, Phys. Rev. L&8. 15D, Gibbs, D.E. Moncton, K.L. D'’Amico, J. Bohr, and B.H. Grier,

1162(19949. Phys. Rev. Lett55, 234(1985.
8J.A. Simpson, D.F. McMorrow, R.A. Cowley, M.R. Wells, and °R.A. Cowley and S. Bates, J. Phys.2T, 4113(1988.
R.C.C. Ward, J. Phys. Condens. Matfe.417 (1995. 173.A. Simpson, D.F. McMorrow, R.A. Cowley, and J.A. Jehan,

9F. Tsui, C.P. Flynn, R.S. Beach, J.A. Borches, R.W. Erwin, and Phys. Rev. B51, 16 073(1995.



55 STRUCTURAL AND MAGNETIC PROPERTIES OF ... 329

184 R. Child and W.C. Koehler, Phys. Rel/74, 562 (1968. R. Du, and C.P. Flynn, J. Appl. Phy81, 4043(1987).
193, Kwo, E.M. Gyorgy, D.B. McWhan, F.J. DiSalvo, C. Vettier, 2R.S. Beach, J.A. Borches, R.W. Erwin, C.P. Flynn, A. Mathney,
and J.E. Bower, Phys. Rev. Le85, 1402(1985. J.J. Rhyne, and M.B. Salamon, J. Magn. Magn. Mdted-107

20D A. Jehan, D.F. McMorrow, R.A. Cowley, M.R. Wells, R.C.C.  1915(1992.
Ward, N. Hagman, and K.N. Clausen, Phys. Rev4® 5594 295 C. Jain, A.H. Harker, and R.A. Cowldynpublishegl

(1993. 30F.C. Franck and J. van der Merwe, Proc. R. Soc. London Ser. A
2p.p. Swaddling, D.F. McMorrow, R.A. Cowley, R.C.C. Ward, 198 216(1949.

and M.R. Wells, Phys. Rev. Letf3, 2232(1994. 313.W. Matthews, irEpitaxial Growth B edited by J.W. Matthews
22R.A. Cowley, R.C.C. Ward, M.R. Wells, M. Matsuda, and B.  (Academic, New York, 1975

Sternlieb, J. Phys. Condens. Mat&r2985(1994. 323 A. Borchers, M.B. Salamon, R.W. Erwin, J.J. Rhyne, R. Du,
233.p. Goff, C. Bryn-Jacobsen, D.F. McMorrow, R.A. Cowley, and C.P. Flynn, Phys. Rev. &3, 3123(1991).

R.C.C. Ward, and M.R. Wellunpublishegl 333, Jensen and A.R. MackintosRare Earth Magnetism - Struc-
24G.P. Flecher, G.H. Lander, T. Ari, S.K. Sinha, and F.H. Sped- tures and Excitation$Oxford Science, New York, 1991

ding, Phys. Rev. B3, 3034(1976. 34F. Seno, J.M. Yeomans, R. Harbord, and D.Y.K. Ko, Phys. Rev.
25H.R. Child and W.C. Koehler, J. Phy37, 1353(1966. B 49, 6412(19949.
26R.J. Elliott and F.A. Wedgwood, Proc. Phys. Soc. Lon8dn63  %°A.V. Andianov, JETP Lett55, 667 (1992.

(1964. 3. Rath and J.A. Freeman, Phys. ReviB 2109(1975.

273.J. Rhyne, R.W. Erwin, J.A. Borches, S. Sinha, M.B. Salamon?’R.P. Gupta and A.J. Freeman, Phys. Revl34376(1976.



