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LETTER TO THE EDITOR 

Short-range magnetic order in holmium-praseodymium 
superlattices 
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t Departmen1 of Solid State Physics. Ris0 National Laboratory, DK 4000 Roskilde, Denmark 

Received 20 May 1995 

Abstrad. The chemical and magnetic structures of HoPr snperlaltices have been sNdied by 
a combination of x-ray and neutron scattering techniques. While the Ho blocks are hcp, the 
Pr blocks retain their bulllike dhcp suucture, but with a sacking of thc k x ~ o n a l  atomic 
planes that is not coherent hetwen successive blocks. Below a N&I l e m p e m  of -1 IO K, 
the Ho magnetic moments order into a basal plane spiral with a magnetic coherence length Lhat 
is limited U, the width of a single Ho block even for a sample comprising of only s h  atomic 
planes of Pr. These observations are discussed in term of the differing band suuctures of the 
two elements 

Metallic superlattices grown by molecular beam epitaxy (MBE) display a wealth of magnetic 
properties not exhibited by the bulk state that are challenging our understanding of magnetic 
interactions. In the case of the rare earths, attention has focused largely on combining a 
magnetic heavy rare earth element with a non-magnetic spacer such as Y or Lu [l]. For 
systems of this type, long-range magnetic order propagates through the spacer layers with 
coherence extending over many superlattice repeats [2]. Rare-earth superlattices also exhibit 
novel magnetic structures, such as the transition of Ho to a ferromagnet at low temperatures 
in HoLu [3]. Whereas heavy rare earth elements, Er, Ho, etc. form magnetic structures 
that are modulated along the c direction, the light rare earths are modulated in the basal 
plane with interactions along c mainly restricted to nearest neighbours only. To date, little 
is known about superlattices with mixed heavyflight rare earth combinations, and to our 
knowledge the study of NdPI’ [4] is the only one yet reported. (Although Y is not a 
rare earth element, it may be regarded as one due to its similar electronic and structural 
properties.) In this letter we present the results of a study of Ho/Pr superlattices, where 
both elements are magnetic, but have different crystal structures and magnetic properties. 
Our results are compared with those of the NdN system. 

Ho has the hcp crystal structure, and below an ordering temperature of 132.2 K the 
magnetic moments are confined to the basal plane. While ferromagnetically coupled within 
each basal plane, the orientation of the moments in successive basal planes along the c axis 
rotates through an angle, as first determined by Koehler and coworkers [5].  This helical 
arrangement is characterized by a wavevector q, and at the onset of ordering q w 0.275c*. 
The wavevector reduces smoothly on cooling until below “--U) K the wavevector locks into 
a series of commensurable values [6] which are accounted for by the spin slip model [7, 81. 
Below 20 K the moments tilt out of the basal plane due to dipolar interactions, and the 
wavevector locks into (Q)c*. In contrast, Pr has the dhcp structure and the crystallographic 
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sites in the unit cell may be divided into those having hexagonal symmetry and those with 
an approximately cubic environment. Pr is a non-Kramers ion, and the ground state crystal 
field levels for both of these sites are singlets 191; other multiplet states are significantly 
higher in energy [IO] and below -40 K only the singlet state is occupied. Magnetic ordering 
occurs through the hyperfine interaction [I 1, 121, with long-range order developing below 
4.5 mK [13, 141, and takes the form of a longitudinal wave along the 6 axis. A summary 
of the magnetic properties of PI is given by Jensen and Mackintosh [1.5]. 

The HOPI superlattices were prepared by MBE using the growth techniques previously 
described by McMorrow et al [16]. A buffer layer of Nb was first grown on a sapphire 
substrate, with the [IIZO] direction normal to the surface, at a substrate temperature of 
1000 "C. A seed layer of %lo00 .& of Y, with the growth direction along c, was then 
deposited. The optimum substrate temperature for MBE growth of metallic superlattices 
was found by Flynn to be - 3Tm/8 for an element with melting point T, [17]. This 
represents a compromise between trying to limit the interdiffusion that occurs at elevated 
temperatures, while maintaining sufficient surface mobility to prevent island growth as the 
temperature is reduced. For systems consisting of two heavy rare earth elements with 
similar melting points, the superlattices have been grown at a temperature of 400 "C. Pr 
has a significantly lower melting point than Ho; consequently the growth temperature of 
this system was reduced to 3.50 "C. Three samples were prepared with nominal block sizes 
H O ~ / P ~ ~ ~ .  H o j ~ l h ~ ~ ,  and HmPI6,  where the subscripts refer to the number of atomic 
planes in each block, and each biblock unit was repeated 80 times. The growth was 
monitored by in situ RHEED patterns which indicated uniform two-dimensional growth for 
the Y seed and the first PI layer. During subsequent growth the crystallographic quality 
of successive blocks deteriorated, probably due to the lattice mismatch and the different 
crystal structures preferred by Ho and Pr. This was not observed in the heavy rare earth 
superlattices, where the R E E D  patterns remained essentially unchanged throughout the 
growth process. We have investigated the consequences of this deterioration with our x-ray 
and neutron scattering measurements. 

The neutron scattering measurements were carried out using the triple-axis spectrometers 
TASl and TAS6 at the DR3 reactor of Ris0 National Laboratory, Denmark. The collimation 
from reactor to detector was selected to give a wavevector resolution of approximately 
0.01 A-' for 5meV incident neutrons. Contamination from higher-order neutrons was 
reduced by the use of a cooled Be filter. The samples \*.ere mounted with the (hot) 
crystallographic plane in the scattering plane and cooled using a variable temperature 
cryostat. Measurements were made with the wavevector transfer, Q, along the [OOL] and 
[lot] reciprocal lattice directions at a range of temperatures. The crystalline quality of 
the samples was also investigated using a triple-crystal x-ray diffractorneter, by performing 
scans with the wavevector transfer along [OOt]  and transverse through the Bragg peaks. 

Typical x-ray measurements for the Ho~olPr~o superlattice are shown in figure l(a). 
This scan, with the wavevector transfer along [OOt] ,  is sensitive only to the stacking 
sequence of the planes perpendicular to c, and reveals a series of relatively sharp peaks 
with separations in Q of 2n/L  (A-'), which indicates the superlattice has coherent growth 
along this direction. From the width of these peaks, the structural coherence length is found 
to be ~250 A. (The real space coherence length, c, was calculated from the FWHM in 
reciprocal space, AQ, using c = 2n/AQ and neglecting the very high.resolution of the x- 
ray diffractometer.) This value is somewhat smaller than found in previous studies of heavy 
rare earth superlattices; for example, the structural coherence length of the HorY system 
was found to be - 2000 A. A transverse scan through the (002) peak had a width of %I" 
(FWHM) for each sample, as shown in table 1. This is significantly larger than found for 
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Figure 1. (a) The x-ray scattering of the HozdPrlo system mken with the wavevector transfer 
(using the hcp reciprocal lattice notation) dong [We] around the (002) position. The solid line 
shows five Gaussian peaks of equal separations in Q, and the peak near Q = 2.19 A-' is due 
to the Y s e d  layer. In (b) the neutron scattering data from the Hom/R,o sample with Q along 
[loel show peaks at (loo), (101) and also (10;). These have been modelled by three Gaussiaus, 
but unlike the [OOe] peaks these a~ much broader. The peaks at (100) and (101) have an 
additional, s h q e r  component which is due to scattering from the Y substrate. The solid line is 
a fit to a constant background and a sum of these five Gaussians. 

Table 1. Summary of properties determined by our x-ray and neutron scattering measurements. 

Nominal X-ray rocking Magnetic 
Ho block cuwe coherence TN q(l0 K) dTN) 

Sample length(A) (FWHM)(E) length(A) (K) (C*) (C') 

HomPm 56 l.57iO.05 650) 112.5iO.5 0.230 0.271 
Homho 84 1.26iO.05 91P) 117.5 kO.5 0.224 0.270 
HoxIPrb 67 1.36iO.05 84(8) 115.0 f 0.5 0.232 0.277 

the HoN system, where the typical width was 0.2" (FWHM) [18], and is consistent with 
the deterioration of the RHEED pattern during growth. 

The neutron scattering data of figure l(b) shows the scattering from the Ho&ra 
superlattice at room temperature when the wavevector transfer was varied along the [lot] 
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reciprocal lattice direction. Peaks are present at (100). (101) and (10;) (in the hcp reciprocal 
lattice notation). This measurement is sensitive to the orientation of the basal plane layers, 
and the presence of a peak at (10;) shows that some of the superlattice. presumably the Pr 
blocks, have their bulk like dhcp structure. All the peaks along [lot]  have a component 
which is much broader than the features observed along [004 in figure l(a) (after allowing 
for the differences in instrument resohtion). and also contain sharper features due to the 
Y seed and cap. The solid line in figure le) is a fit to a constant background and five 
Caussians: three broad peaks to represent the superlattice (loo), (10;) and (101) reflections, 
and two sharper peaks to account for the scattering from the Y seed. The width of the broad 
peaks corresponds to a real-space correlation length of %85 A for the superlattice. (This 
is obtained by firstly correcting the FWHM, AQ, for instrumental resolution and then 
following the same method as described above for calculating the coherence length along 
c.) This width corresponds to approximately one Ho or Pr block length, and shows that the 
stacking sequence of the hexagonal atomic planes is not ordered coherently for more than 
a single block. For example, if a Pr block adopts the ABAC sequence for stacking of the 
basal plane layers, the next Ho block may form either an ABAB or an ACAC stacking, but 
the choice of the stacking is unrelated to the previous Ho layer. Interfacial roughness will 
then distort the stacking of the planes, and could well be responsible for the much larger 
mosaic spread than found in heavy-rare-earth superlattices. 

The neutron scattering observed from the HodPrx, and HodPrlo samples at 10 K is 
shown in figure 2. In addition to the features resulting from the nuclear scattering in figure 1, 
there are also magnetic peaks positioned at +q and -q, indicating that the Ho magnetic 
moments order in a helical structure. The most striking feature of these peaks is that they are 
extremely broad, and unlike the nuclear xattering do not display any superlattice satellite 
structure. The magnetic coherence lengths derived from the widths of the broad peaks has a 
value that corresponds to one Ho block length in each case, as summarized in table 1. This 
shows that the phase and chirality of the Ho spiral is not transmitted coherently through 
the Pr blocks. This result is very different from that of previous studies of systems such 
as DyN [Z] and HoN [18] where long-range coherent magnetic order is established across 
several bi-blocks of the non-magnetic spacer. Scans were also performed with Q along the 
[hOO] direction, through both the nuclear and magnetic peaks. The widths were found to be 
similar indicating that the in-plane magnetic coherence is limited by the structural properties 
of the sample. From the (100) reflection, the basal plane structural coherence is found to 
be 4.50 A for the Hon/€'rm sample. 

The scattering was also studied as a function of temperature, and the variation of the 
spiral wavevector, q. and the integrated intensity of the (0 0 2 - q )  peak are shown for the 
Ho~&'~z sample in figure 3. At a Ntel temperature of 112.5 K, the wavevector is 0.271c', 
which reduces on cooling until a lock-in to 0.230~' occurs at 30 K. Comparing this to the 
bulk variation, shown by the solid line in figure 3(a), the wavevector is larger than for the 
bulk at all temperatures below I IO K, which may possibly be related to the strain imposed 
by the lattice mismatch of Ho and Pr 1181. The intensity of the peak follows a simple 
Brillouin function, and similar results were obtained for the other samples. 

The only other study of light-rare-earth superlattices has been of NdN [4], in which 
the magnetic light-rare-earth blocks were separated by the non-magnetic Y layers. As with 
the H o k  superlattices, the magnetic coherence length was limited to the thickness of a 
single Nd block. This occurred for most samples except that if the Y blocks became very 
thin (8-10 atomic planes) the coherence length was somewhat larger, possibly because of 
alloying and surface roughness. 

There are two superlattice systems composed of a heavy rare earth and a nonmagnetic 
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Figure 2. The neutron sanering observed al 10 K with the wavevector transfer along [oofl 
for (a) the H w P r m  sample and (b) HomIPrIO. Bmad magnetic peaks occm al q hom nuclear 
peaks and indicate helical magnetic ordering in Ho blocks, which does nM have long-range 
coherence along c. 

spacer that have also been reported not to develop long-range magnetic order across the 
spacer layer. Dy/Sc 1191 superlattices grown in a similar way to the DyN samples [Z]. i.e. 
with the basal planes perpendicular to the growth direction, display short-range order in the 
absence of an externally applied magnetic field. However, the measuremen& are complicated 
by the ferromagnetic structure within each Dy block and the large lattice mismatch between 
Dy and Sc. This result is nevertheless surprising, as calculations suggest that Sc should 
have a conduction electron susceptibility along the c axis [ZZ] that is very similar to that of 
Y and the heavy rare earths [ZI], and so further investigations of superlattices containing 
Sc would be helpful in clarifying this situation. The other system is DyN grown with the 
b axis as the growth direction [ZO]. In this case there is no long-range order, and the authors 
suggest that this is because the exchange function, J(R),  in Y is long ranged along the 
c axis, but only very short ranged along the b axis. 

We consider that there are two distinct explanations for the lack of long-range magnetic 
order in the HoPr superlattices. The first approach would attribute the lack of coherence to 
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Figure 3. (a) The variation of the spiral wavevector, q. with temperature for the H@dTTm 
sample. This is larger than the bulk value for €io (solid line). @) The integrated intensity of 
the (0 0 2 - q )  peak for h is  sample reduces on w&g following a simple Brillouin function. 
This indicates T ,  sz I125 K. 

the fact that J(R)  along the c axis is of much shorter range than for Y or Lu spacer layers. 
Unfortunately, at present the conduction electron susceptibility of Pr along the c axis is not 
well known, because calculations by Liu et a1 [21] give a larger susceptibility than in Ho, 
and one that would favour a ferromagnetic alignment of R moments in successive basal 
planes along c. Experiments show that an antiferromagnetic structure occurs [15]. However, 
an indication that J(R) along c extends beyond nearest neighbours is the fact the magnetic 
excitons show a significant dispersion along this direction [15]. The alternative approach, 
as discussed elsewhere [U], is to consider that the long-range interaction observed in 
superlattices comprised of a magnetic heavy rare d with Y or Lu can be more reasonably 
understood by the development of a coherent band smcture for the whole superlattice, as the 
two elements have very similar Fermi surfaces. In contrast, Ho and Pr have very different 
Fermi surfaces [15], and this causes the electrons at the Fermi surface to be confined to 
either Pr or Ho blocks. These are then unable to propagate a long-range coherent magnetic 
structure. 

In conclusion, we have studied the crystallographic and magnetic properties of three 
HoPr superlattices. The two elements retain their bulklike structures, namely hcp for Ho 
and dhcp for Pr, but the stacking sequence of hexagonal layers is not coherent along the 
growth direction. Below the N&l temperature of -I15 K, the Ho moments form a helical 
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stnlchue in which the magnetic order is coherent over only one Ho block. The lack of 
magnetic coherence along the c axis may be due to the difference in the band structures of 
the two elements. 

We would like to acknowledge Allan Mackintosh for many useful discussions. Financial 
support for the work at Ris0 was provided by the EU under the Large Scale Facility 
Programme, and the work in Oxford was funded by the EPSRC. 
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