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Abstract

The propagation of Nd long range magnetic order in the hexagonal and cubic
sublattices has been investigated in double hexagonal compact Nd/Sm(001)
superlattices by resonant x-ray magnetic scattering at the Nd L, absorption
edge. For a superlattice with 3.7 nm thick Sm layers, the magnetic structure
of the hexagonal sublattice propagates coherently through several bilayers,
whereas the order in the cubic sublattice remains confined to single Nd blocks.
For a superlattice with 1.4 nm thick Sm layers, the magnetic structures of both
sublattices appear to propagate coherently through the superlattice. This is the
first observation (i) of the long range coherent propagation of Nd order on the
cubic sites between Nd blocks and (ii) of a different thickness dependence of the
propagation of the Nd magnetic phases associated with the hexagonal and cubic
sublattices. The propagation of the Nd magnetic order through Sm is interpreted
in terms of generalized susceptibility of the Nd conduction electrons.

1. Introduction

In rare earth metals, the different magnetic structures result from the competition between
the long range indirect exchange interaction between the localized 4f moments through the
conduction electrons, and the local crystal field. The magnetic behaviour is then very sensitive
to slight modifications of the inter-atomic distances, e.g due to strains. Advances in molecular
beam epitaxy (MBE) have allowed the production of artificial structures like superlattices,
periodic stacks of single crystal bilayers, where these strains may be finely monitored by
adjusting the components of the layers and their thicknesses. Moreover, superlattices present
new physical properties correlated with the presence of a nanoscale period. One of the most
spectacular phenomena in rare earth superlattices is the coherent propagation of the long range
magnetic order of one of the superlattice components (A) through the other one (B), which
may be magnetically ordered or not [1-6]: one could establish [7] that the long range magnetic
order propagates from an individual layer A to the next one, via a spin density wave (SDW) in
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the conduction band of the B spacer layer. The limited extension and damping of the SDW in B
accounts for a maximum critical thickness of the layers B above which the coherent propagation
cannot establish. This is the so-called spacer critical thickness.

Coherent magnetic propagation depends on a number of conditions. In particular, both
constituents of the superlattice should exhibit similar crystal and electronic structures, to enable
the matching of Fermi surfaces at the interfaces. However, to determine whether coherent
propagation might occur, a still debated issue is the relative importance of (i) the non-local
magnetic response of the spacer layer B (its static susceptibility x (¢)) and (ii) the matching of
the wavefunctions and the band structures at the interfaces [8].

Long range magnetic order was first evidenced in hcp rare earth superlattices [1-5]. In
systems with double hexagonal compact structure (dhcp), the presence of two sublattices of
non-equivalent crystal sites, of hexagonal or cubic local symmetry, is an additional source of
complexity. In dhcp rare earths (Nd, Sm, Ce), both sublattices order in a different magnetic
structure, with different propagation vectors and different ordering temperatures.

The magnetic order of Nd in superlattices has already been studied in the Nd/Pr [6],
Nd/La [9] and Nd/Ce [10] systems. The incommensurate magnetic structure of the hexagonal
sublattice is similar to the bulk one and it propagates coherently across several bilayers in the
three systems. Coherence has been evidenced with Pr spacer layers as thick as 33 atomic
planes (=10 nm) in Nd/Pr. The same studies have shown that the magnetic structure of the
cubic sublattice in Nd/Pr and Nd/La superlattices is also the same as the bulk one, but does not
propagate coherently through ten atomic layers (3 nm) of Pr or La. In Nd/Ce superlattices [10]
with 30 atomic plane thick Nd layers (=9 nm), the case is significantly different since the
Nd cubic sublattice exhibits a c-axis ferromagnetic order, similar to the magnetic structure
observed in bulk Nd under pressure. This ferromagnetic phase propagates coherently through
the Ce spacer layers that are supposed to exhibit a similar ferromagnetic order.

We present here a study of the magnetism of Nd in Nd/Sm(001) superlattices, where both
Nd and Sm exhibit the same double hexagonal compact crystal structure [11]. The initial
interest in such systems is that one expects unusual effects, as, in their bulk phase, both
components of the superlattice order with different magnetic structures, incommensurate in
Nd and commensurate in Sm, and different magnetic moment directions, along ¢* in Sm [11]
and close to the basal plane in Nd [12—15]. Also, as established in rare earth superlattices, the
same dhcp stacking for both constituents is a prerequisite to coherent propagation of magnetic
orders. This system is thus well suited to study the propagation of Nd magnetic orders through
magnetic spacer layers.

This paper concentrates on the magnetic order in the Nd layers. Section 2 summarizes the
experimental details, while section 3 gives an overview of the results: several magnetic phases
are evidenced in the cubic or the hexagonal sublattices and coherent propagation occurs with
different critical thicknesses of the Sm spacer layers. Section 4 presents a general discussion
of the conditions to be fulfilled to get coherent propagation.

2. Experimental details

Although bulk Sm exhibits a nine hexagonal plane stacking sequence, previous investigation
devoted to pure Sm has shown that several hundred nanometre thick Sm films with a dhcp
stacking sequence could also be obtained by MBE [11]. Taking advantage of this method, we
could grow Nd/Sm(001) superlattices, deposited onto a (110) sapphire substrate covered with
a 80 nm thick Nb(110) buffer. This paper reports on the results obtained in two Nd/Sm(001)
superlattices: [Nd(18.8 nm)/Sm(3.7 nm)],, and [Nd(15.4 nm)/Sm(1.4 nm)],;, referred to as
S1 and S2, respectively. The subscripts correspond to the number of bilayer repeats. From
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x-ray diffraction, both elements Nd and Sm exhibit the same dhcp stacking sequence along the
growth direction and the dhcp stacking is coherent over many bilayers [11].

The long range magnetic order in the Nd layers has been studied using resonant x-
ray magnetic scattering (RXMS). This technique is chemically selective, which makes it
particularly well suited to the study of such binary systems as superlattices, and offers high
resolution in the reciprocal space. It allows one to detect the coherence of a magnetic structure
through a superlattice, and measure coherence lengths on the scale of atomic distances. More
precisely, the signature of the coherence of a magnetic structure through several bilayers is the
splitting of the magnetic Bragg peaks into an array of peaks separated by a distance ¢/ A along
the growth direction (¢ in our case), where A is the period of the superlattice (bilayer thickness).
The magnetic coherence length & along the ¢ direction is defined as the size of blocks where
long range magnetic order is established, and can be deduced from the (resolution corrected)
full width at half maximum of the magnetic peaks in the growth direction AQ: § =~ 2w /AQ
(with AQ in A7)

The RXMS experiments were carried out at the ID20 beamline (European Synchrotron
Radiation Facility, in Grenoble, France), with polarization analysis of the scattered beam, using
the (220) reflection from a Cu crystal, to reduce the charge background.

The incident photon beam energy was tuned to the Nd L, absorption edge at £ =
6.723 keV where the resonant intensities are about one order of magnitude stronger than at
the L3 edge [16], due to both a branching ratio of the order of six, and a lower absorption by
the windows and air gaps along the beam path. In the Nd/Sm(001) superlattices, the magnetic
phases in Sm layers have been shown to be very close to the ones evidenced in dhcp thick
films [17].

3. Results

We first present the magnetic structures observed in the Nd layers, before we consider their
propagation through the Sm spacer layers. In the following, the scattering vector is defined as

Q = (Qy 0k Q}) in the (a*b*c*) basis.

3.1. Magnetic structure in the Nd layers

For both samples, several magnetic reflections corresponding to the incommensurate order
usually associated with the hexagonal sublattice in bulk Nd have been evidenced below 20 K.
They appear around (004) and (008) charge reflections, at positions (Tppex 0 Q1) With QO =
441 and 8+ 1, in agreement with the bulk magnetic propagation vector Thex = (Thex 0 1) with
0.126 < thhex < 0.14 [13]. At 8 K, additional magnetic peaks appear at positions (Tgeup 0 Q1)
and are attributed to magnetic order in the cubic sublattice by analogy with bulk Nd [13] where
the propagation vector is Teyp = (Thew € 1), With ¢ vanishing below 7 K.

As an illustration, figures 1 and 2 show the thermal variation of the in-plane components
T (=THhex OF THewp) Of the magnetic propagation vectors, and of the integrated intensity,
measured at the (tg 0 7) magnetic peaks. The solid lines in figure 1 correspond to bulk Nd
behaviour [13]. The Néel temperatures and propagation vectors in both samples are close to
the bulk ones. However, on cooling, the tyhex values shift slightly away from the bulk values
and the ty splitting observed in bulk Nd at 6 K is missing. The biggest discrepancies with the
bulk behaviour occur at low temperature: the intensities of the peaks attributed to the magnetic
order in the hexagonal and cubic sublattices decrease rapidly below 5 K for S1 or 4 K for S2,
and vanish around 3 K for S1 and 2 K for S2. Simultaneously, new peaks, corresponding to a
new magnetic phase, appear at intermediate Oy values: Qppew = 0.1525 and 0.158 rlu (S1)
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and QOpnew = 0.1525 and 0.164 rlu (S2). This unusual Nd phase could be associated with a
common magnetic order of the hexagonal and cubic sites [17]. Such a structure has never been
observed in other Nd based superlattices [6, 7, 9, 10].

3.2. Propagation of the Nd magnetic order through the Sm spacer layers

To study the propagation of the Nd magnetic phases across the Sm spacer, we performed scans
of the scattering vector along ¢* across the magnetic reflections associated with hexagonal,
cubic and new magnetic orders. Typical scans are shown in figure 3, for Q; = 7 rlu.

For the hexagonal sublattice, (figures 3(a) and (b)), we observe two magnetic peaks
separated by ¢/ A, characteristic of a long range coherent propagation. Their width is similar
to the width of the structural peaks. The deduced coherence length, § =~ 70 nm, shows that
the magnetic structure propagates through several bilayer repeats in both samples. The critical
thickness of the Sm layer, below which coherent propagation of Nd structure is allowed is thus
larger than 3.7 nm for the Nd hexagonal sublattice. Moreover, the presence of two magnetic
peaks is a signature of the occurrence of different magnetic orders in Nd and Sm layers (i.e. of
a magnetic contrast between the Nd and Sm layers).

For the cubic sublattice, the line shape for S2 (figure 3(d)) also shows two narrow peaks
corresponding to a coherence length & ~ 67 nm. For S1, however, a single broader peak is
observed (figure 3(c)), corresponding to a coherence length & ~ 17 nm, slightly smaller than
the thickness of a single Nd layer. For the propagation of the Nd cubic magnetic order, the
critical thickness of the Sm layer is thus comprised between 1.4 and 3.7 nm.

Finally, for the new phase (figures 3(e) and (f)), coherent propagation through several
bilayers is also observed. At low temperature £ ~ 60 nm in S1. It reaches ~80 nm in S2,
where the Sm spacer layers are thinner.

The temperature dependences of the coherence lengths in the various Nd magnetic phases
are summarized in figure 4 for both samples. The magnetic coherence length of the order in the
Nd hexagonal sublattice, which is the first to establish on cooling, is constant above 5.5 K (S1)
and 7 K (S2). It is similar in both samples, despite different Sm spacer thicknesses. The onset
of the order in the cubic sublattice does not seem to affect the coherence length of the order
in the hexagonal sublattice. In S1, the coherence length of the cubic magnetic order remains
small. In contrast, in S2, it increases from 25 nm at the ordering temperature to 67 nm at 5 K.
At the transition to the new phase, while the higher temperature phases vanish, the coherence
length of those structures which propagate through the superlattices (hexagonal phase for S1
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and cubic and hexagonal ones for S2) decreases. For the cubic phase, this loss of coherence
may be slightly delayed.

4. Discussion

The main result of this paper concerns the different propagations of the magnetic phases in
the hexagonal and cubic sublattices throughout Nd/Sm superlattices. In S1, with 3.7 nm
thick Sm layers, only the magnetic order of the hexagonal sublattice propagates coherently
through the Sm layers, while the order in the cubic sublattice remains confined in the Nd
individual layers. In S2, with thinner Sm layers (1.4 nm), the magnetic structures of both
the hexagonal and the cubic sublattices propagate simultaneously and coherently through Sm.
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are normalized to the maximum ring current of 200 mA.

This is the first observation of coherent propagation of the modulated structure of the Nd
cubic sublattice, showing that magnetic orders in both sublattices can propagate coherently
and simultaneously. The Sm critical thicknesses are significantly different for the magnetic
structures in the hexagonal and cubic Nd sublattices.

As already mentioned in the introduction, studies of dhcp Nd/Pr [6] have shown that the
long range magnetic order of the Nd hexagonal sublattice could propagate coherently through
Pr layers as thick as 33 atomic planes. Since the extension of exchange between Nd hexagonal
sites over 33 atomic planes (10 nm) seems much larger than expected from Pr generalized
susceptibility, the authors argue that the Fermi surface-matching mechanism should account
for the coherence observed in the hexagonal sublattice. This argument does not account for the
absence of propagation of the cubic magnetic structure, either through Pr [6] or through La [9],
even with a 3 nm (10 atomic layers) thin spacer.

In Nd/Sm superlattices, the coherent propagation of the cubic magnetic structure is
achieved for thin enough spacer layers (approximately five atomic planes). This phenomenon
may be surprising because of the magnetic character of the Sm layers with competing
anisotropy compared to Nd, but their small thickness makes the propagation possible.

The existence of different spacer critical thicknesses for both sublattices is a key point in
this study. It points towards intrinsic differences between these two magnetic orders in Nd and
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suggests that, beyond the role of conduction electron susceptibility in the Sm spacer layer, the
Nd intrinsic electronic properties must be considered to account for the propagation.
Experimental data on x (Q) are not available for Nd metal. However, bulk Nd and Pr
have similar magnetic structures at the ordering temperature, and one can assume, as a first
approximation, that they exhibit similar Fermi surfaces and magnetic excitation spectra. The
measured excitation spectra of Pr metal provide evidence for a susceptibility of the conduction
electrons that is large for an antiferromagnetic configuration of the hexagonal layers and small

for cubic site ordering [18].

From Houmann et al [19], the dispersion relation near zero

wavevector varies rapidly on the Pr hexagonal sites, indicating a very long range interaction.
In contrast, the excitations propagating in the Pr cubic sublattice have negligible dispersion,
indicating that the total coupling between different atomic planes of cubic ions is very small.
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Expected similar features in Nd justify that Nd generalized susceptibility is different for an
antiferromagnetic configuration between hexagonal or between cubic different atomic planes,
and consequently, that the Nd cubic ordering cannot propagate through as thick a spacer layer
as the hexagonal ordering does.

This intrinsic limitation to the coherent propagation of the magnetic order in the cubic
sublattice may also explain the previous results obtained in other Nd based superlattices. The
Pr and La spacer thicknesses used in these studies are most probably lying in between the
two critical thicknesses: below the threshold for the Nd hexagonal sublattice but above for the
cubic one.

5. Conclusion

This study of dhcp Nd/Sm superlattices has brought the first evidence of coherent propagation
of the Nd magnetic structure of the cubic sublattice, through 1.4 nm thick Sm layers. This
coherent phase coexists with the coherent order of the hexagonal sublattice, while only the
order in the hexagonal sublattice propagates coherently through 3.7 nm thick Sm layers. The
existence of two different critical thicknesses of the Sm spacer enlightens the importance of
the conduction electron susceptibility of Nd in the mechanism responsible for the propagation
of magnetic order in these Nd based superlattices. These results thus provide important
information for a better understanding of magnetic interactions in magnetic multilayers.
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