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ABSTRACT

GdN and SmN are two of the lanthanide nitrides, most of which are intrinsic ferromagnetic semiconductors. Superlattices comprising the
pair offer a unique opportunity to investigate heterojunctions that feature simultaneous conductivity and magnetic interface influences. Here
we report an investigation of these influences, using magnetisation and X-ray magnetic circular dichroism for magnetic effects, and magne-
toresistance and Hall effect studies of their electrical conductance. Magnetic data show clear signatures of a conflicting Zeeman vs. interfacial
exchange and the magnetic disruption that results, while resistivity and Hall measurements show conduction in both GAN and SmN.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000099

I. INTRODUCTION

Semiconductor heterojunctions have become some of the
most important structures within electronics technology, open-
ing the door to confined electron gases, tunneling structures,
high electron-mobility transistors, quantum well lasers and much
more.'~* Ferromagnetic hetero-interfaces have likewise driven tech-
nological advances: giant magnetoresistance and tunneling mag-
netoresistance random access memory (MRAM) to mention just
two.” However, combined semiconductor/ferromagnetic hetero-
interfaces, comprising both magnetic and electronic-state control,
have until recently been unrealised, a result of the relative paucity of
intrinsic ferromagnetic semiconductors.®

Within this scenario the rare-earth nitrides, LN (L a lan-
thanide element) can offer new opportunities, for they harbour
many such intrinsic ferromagnetic semiconductors.” Their Curie
temperatures lie well below room temperature with a maxi-
mum of about 70K for GdN, ideally suited for low tempera-
ture applications like superconducting computers, which require
memory devices operating at cryogenic temperatures. Here LNs
have an advantage over metallic ferromagnets due to their strong
spin-polarisation beneficial for devices based on magnetic tunnel

junctions. The series comprises 14 epitaxy-compatible compounds
with a very simple NaCl structure. The spin/orbit alignment and
magnetic response vary widely across the series, driven by the strong
spin-orbit interaction in the 4f shell of the lanthanides. An espe-
cially strong contrast is found between the magnetic properties of
GdN and SmN,* " the pair of LN on which the present study is
focused.

GdN has served for decades as the prototypical LN, encour-
aged by the relative simplicity of the Gd** half-filled 4f shell and its
Curie temperature, which at 50-70 K is the highest in the series.®'*!*
The 4f-shell configuration is ®S;/, with L = 0 and J = S = 7/2. As is
expected for that configuration its magnetisation in the ferromag-
netic phase corresponds to 7 y, per Gd* ion, and the spherically
symmetric orbital wave function leads to a very small coercive field
of ~0.01 T. A cubic anisotropy field of 0.1 T was reported in Khazen
et al.,'* though a uniaxial anisotropy field of 0.6 T was also reported
and presumed due to lattice strain. GAN has an optical absorption
onsetat ~1 eV, in agreement with an LSDA+U band structure, which
further shows it to have a ~0.45eV indirect (I' - X) band.'>'° As
for all the LN, thin films are doped n-type by nitrogen vacancies to
typically > 10* cm™ in as-prepared films, reducible to ~ 10'® cm™
when co-doped with Mg.!”
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The 4f shell of Sm*>* adopts the ®Hs;, configuration, with
J=8=5/2, L=5. The strong spin-orbit interaction and weak
crystal-field influence on the 4f shell then ensures that the magneti-
sation of ferromagnetic SmN is vanishingly small, corresponding
to ~ 0.035 p, per Sm’* ion.”'¥ X-ray magnetic circular dichroism
(XMCD) and anomalous Hall effect measurements identify that it
is the orbital component that dominates the net magnetic moment,
so that the 4f spin magnetic moment in SmN is antialigned to an
applied field.'%"” Its magnetocrystalline anisotropy, though some-
what larger than that of GdN, is nonetheless small. However, the
very weak Zeeman interaction in SmN requires a very large mag-
netic field to overcome even that weak anisotropy; it has a coercive
field > 10 T at low temperature ( < 5K).”!*-1?

A conflict develops ata GAN/SmN interface as a consequence of
SmN’s orbital dominance. In an applied field the Zeeman interaction
tends to align the net magnetisation in the individual layers, while
interface exchange between Gd-Sm favors their spin alignment.'*"!
The GdN layer’s large spin-only magnetisation is held firmly parallel
to an applied field, so the conflict is accommodated within the SmN
layer, which develops an exchange spring such that it is only far from
the interface that the SmN magnetisation aligns with the field.'' The
present paper reports magnetisation, XMCD and anomalous Hall
effect studies of the conflict’s influence on the magnetic alignment
in GAN/SmN superlattices.

Il. EXPERIMENTAL DETAILS

The superlattices used in the present study were grown in two
ultra-high vacuum systems on MgO and Al,O3 substrates. Metal-
lic Gd and Sm sources were evaporated in the presence of carefully
purified nitrogen gas. As for most of the lanthanide metals, atom-
ically clean Gd and Sm surfaces show the facility to break the N,
triple bond, forming their nitrides without any activation of the
gas.”?’ Even when grown at room temperature, the films are usu-
ally strongly (111) textured.”’ For the present study we prepared
first a series of superlattices as 12x(10 nm GdN/x nm SmN), x = 0,
1.5, 5, 7.5, 10, a series that facilitated an exploration of the com-
plex exchange spring and the effective exchange between adjacent
GdN layers. All these superlattices were grown in a Thermionics vac-
uum chamber on MgO(111) substrates held at 400°C during growth,
with a nitrogen pressure of 3 x10™* mbar. A further superlattice,
6x(10nm GdN/16 nm SmN) was grown in a Riber system on a c-
plane Al, O3 substrate, which was held at 400°C during growth, with
a nitrogen pressure of 4 x10”> mbar. The film was then investigated
by magnetisation, XMCD, resistance and Hall effect measurements.
The films were all grown under < 10™* mbar of nitrogen, which
dopes them with ~ 10*' cm™ electrons.”'” All were capped with AIN
or GaN in order to prevent oxidization.

Magnetisation was measured with a Quantum Design MPMS
SQUID magnetometer and magneto-transport studies were per-
formed in the Van der Pauw geometry in a Quantum design PPMS.
XMCD was performed on beamline 4-ID-D at the Advanced Pho-
ton Source at Argonne National Laboratory. Data was collected on
the Gd and Sm L,-edges using partial fluorescence yield, where sat-
uration and self-absorption distort the spectra.”” These distortions
are however independent of the magnetic field, allowing for direct
comparisons of the amplitudes of the spectra at different fields.

scitation.org/journal/adv

I1l. RESULTS AND DISCUSSION

A. Magnetisation and influence of GAN-SmN interface
exchange interaction

We turn first to a disruption of the GAN-GdAN exchange
through the exchange-spring structure in an intervening SmN layer.
Figure 1 displays the magnetic responses in an in-plane magnetic
field of superlattices with 10 nm GdN layers separated by varying
thicknesses of SmN. The data are all plotted as the magnetic moment
per Gd ion, and are normalised to the GAN saturation magnetisa-
tion of 7 uy. The magnetisation of SmN is too small to affect the
saturation magnetisation measured by SQUID in these superlattices.

The homogeneous GdN film, an end member of the superlat-
tice series, follows the pattern often reported, with a coercive field of
0.01 T and reaching saturation at ~ 0.1 T.” In comparison, the super-
lattice with 1.5 nm SmN layers shows the same coercive field, though
with a slower approach to saturation. The implication is that a
1.5nm SmN layer does not fully block GAN/GAN exchange; the
exchange spring in SmN does not impact on the alignment at the
two interfaces. Exchange blocking is, however, accomplished by
5nm of SmN, and thereafter the magnetic response changes little
with increasing SmN thickness, supporting the loss of interface-
exchange spin alignment across a few nm of SmN. The picture that
emerges is that there is a penalty imposed by the need to align the
Sm**spin magnetic moment near the interfaces, in the presence of
a Zeeman interaction that would on its own anti-align the Sm spin
moments relative to an applied field. Thus the measured net super-
lattice magnetisation for SmN thicknesses > 5 nm corresponds to the
magnetisation in isolated 10 nm thick GdN layers.

The magnetisation measurements above do not resolve the van-
ishingly small SmN-layer magnetisation. Thus to advance further we
have exploited the element-specific character of XMCD at the Gd
and Sm L edges. The L, 3 edge represents transitions into the 5d shell,
the conduction band, and thus the L, 3-edge XMCD signal follows
the 5d spin alignment. The strong f-d exchange interaction ensures
that the 5d spin alignment follows also the dominating 4f alignment.

100 nm GdN |
10 /1.5 nm GAN/SmN
10 /5 nm 1
10 /7.5 nm

10/10 nm i

M (u /Gd™)

4 2 0 2 a4
Magnetic field (10° Oe)

FIG. 1. (Colour online) In-plane magnetisation of a series of superlattices differing
only in the thickness of the SmN layers. Both SmN and GdN are deep in the
ferromagnetic state at 5K.
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Figure 2 shows XMCD spectra for both the Gd and Sm edges
from a 6x[10 nm GdN/16 nm SmN] superlattice, collected at graz-
ing incidence (70° from the normal). The data were collected at 2K
and with a magnetic field of 6 T, followed by a measurement in zero
field. Looking first at the Gd data, one sees that the signal is almost
twice as strong in 6 T than in the remanent magnetisation when the
field is reduced to zero, in full agreement with the SQUID measure-
ment of the hysteresis shown in the inset. The XMCD signal in Sm
is of the same sign as in Gd, in direct opposition to the signal in bulk
SmN,'? indicating that in this superlattice the average spin align-
ment in the SmN layers is opposite to that in bulk SmN. Clearly
the SmN layers in the superlattice carry an average spin alignment
through their thickness dominated by the interface exchange inter-
action. The dependence on the applied field, however, is the opposite
of that in the GdN layers; the Sm spin alignment is in fact weaker
in 6 T than in the remanent magnetisation. Again that follows from
the exchange-Zeeman interaction conflict in the SmN layers; the
remanent magnetisation in the GdN layer is enough to align the

2 T T T
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a -1 -
(& M_=0.55M
g 2 z™ %
5
3L g
&
41 s J/ §
'5 r -10000 -5000 [ 5000 10000 -
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-6 L L 1
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FIG. 2. (Colour online) L,-edge XMCD in a 6x[10 nm GdN/16 nm SmN] superlat-
tice at a temperature of 2 K. The magnetisation of the GdN layers was saturated
in the 6 T field, so that the reduced Gd signal after returning the field to zero cor-
responds to the remanent magnetisation, as illustrated by the SQUID data shown
in the inset of the upper panel. The contrasting increase of the Sm signal results
from the absence of interface-exchange-vs.-Zeeman conflict because the Zeeman
interaction is absent in zero field. The inset in the lower panel shows L,-edge
XMCD from bulk SmN (adapted from Ref. 10) for comparison, note the reversed
sign.
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entire thickness of the SmN layers in zero field, but, as illustrated
in Figure 3, the Zeeman interaction in an applied field reverses the
spin alignment in the center of the SmN layers.

A similar system has been studied in NdN/GdN superlattices
via XMCD and magnetisation measurements.”’ In that system the
NdN shares the orbital-dominant magnetisation of SmN, but the
net magnetisation is much larger than that of SmN at around
1 u,/Nd**. At the lowest temperatures of 5K the NdN has such a
large anisotropy energy that the NdN magnetisation remains rigid
while an exchange spring forms in the GdN layer. This is in contrast
to the current SmN/GdAN system, with the difference arising pri-
marily from the larger magnetisation and anisotropy energy in NdN
compared to SmN. At higher temperatures near the Curie tempera-
ture of NdN, the NdN anisotropy energy becomes small, and XMCD
measurements provided strong evidence of exchange spring forma-
tion within the NdN layers while the magnetisation of GdN layers
was relatively bulk-like; the same situation as the current SmN/GdN
superlattice. While the SmN/GdN and NdN/GdN systems share
many features (notably the orbital moment dominant magnetisa-
tion), interpreting the various magnetic arrangements which arise in

\
% GdN layer
- O spin moments
* =2 |
< N
= ==
ﬁ% . SmN layers
= & | orbital (red) and
M spin(blue) moments
- ==
G=
= G
G= — |
= [
G== =
=5 GdN layer
AN < spin moments
. ¢ s == |
S 8 SmN/GdN
= 9 B=6T
SmN/GdN
B=0T

(

= Bulk SmN
B=6T

FIG. 3. (Colour online) A sketch of the magnetic alignments in a SmN film at 6 T
and in the SmN/GdN superlattice in both 0T and 6 T. In a SmN film, the mag-
netisation is uniformly aligned by the applied field, with the orbital moment (red)
determining the net magnetisation direction, while the spin moment is antiparal-
lel. In the superlattice, the GAN-SmN interface exchange energy dominates the
SmN layer configuration at 0 T, resulting in a negative magnetisation of the SmN
layer. The negative magnetisation of the SmN layers causes the sign reversal of
the Sm XMCD signal in Fig. 2 as compared to the bulk. At 6 T the SmN mag-
netisation partially reverses due to the Zeeman interaction competing against the
GdN-SmN interface exchange. The result is an exchange spring or twisted mag-
netisation in the SmN layer, resulting in a lower net magnetisation in 6 T, observed
in a decrease of the XMCD signal in the Sm L, edge XMCD at 6 T (Fig. 2). Even
at 6 T the average magnetisation of the SmN layers is still negative, which means
the XMCD signal remains the opposite sign as compared to the bulk.

AIP Advances 11, 015348 (2021); doi: 10.1063/9.0000099
© Author(s) 2021

11, 015348-3


https://scitation.org/journal/adv

AIP Advances

each system depends on understanding the relative balance of intra-
layer exchange, interface exchange, anisotropy energy, and Zeeman
energy for each.

B. Magneto-electronic transport

In contrast with the magnetic properties, electron transport in
the LN is a strong function of electron doping as determined by
the nitrogen-vacancy concentration. In the absence of any infor-
mation about band offsets in the GAN/SmN superlattice system, it
is not a priori certain whether electrons will reside in the GAN or
SmN layers, or indeed be shared equally between them. We thus
start by highlighting signatures of GAN and SmN transport in the
temperature-dependent resistivity of a superlattice.

Figure 4 shows the temperature dependence of the average
resistivity of the 6x[10 nm GdN/16 nm SmN] superlattice for which
XMCD is reported above. A positive temperature coefficient of resis-
tance at ambient temperature is as expected from the degenerate
electron gas in these heavily doped films. As the temperature is low-
ered, there is a pair of resistance peaks near the Curie temperatures
of GAN (60K) and SmN (30K). Such peaks are well understood;
they arise from magnetic-disorder electron scattering that rises to
a maximum at the transition temperatures.”’ The presence of both
with very similar magnitudes in Figure 4 signals that current flows in
both the GAN and SmN layers. Significantly the GAN peak is largely
missing in a field of 5T, as is commonly seen also in homogeneous
GdN films.” It follows from the reduction of magnetic disorder
driven by the strong Zeeman interaction. Such a reduced scatter-
ing is not found at the SmN peak as a result of a 200-fold weaker
Zeeman interaction in the near-zero magnetisation of SmN. The
dominance of magnetic disorder scattering is further supported by
the inset in Figure 4, which shows the normalised magnetoresistance

1.08 | 5o oT _
g 108 ."')\\“"\,.. e _‘_,_.-—,.--"" i
%} ‘.fB =5T voo
BTN A:(;ISA ]
/ g0/ W
/ £ I§32 60 K
oz _ 3 s 3036 o
B(T)
0 50 100 150 200
T (K)

FIG. 4. (Colour online) Temperature-dependent average resistivity of the 6x[10 nm
GdN/16 nm SmN] superlattice in zero magnetic field contrasted with its resistivity
in 5T. The overall behaviour is of a very heavily doped semiconductor harbouring
a degenerate electron gas. The peak below 100 K results from spin-disorder scat-
tering in the vicinity of the Curie temperatures in GdN (70K) and SmN (30 K).
The strong Zeeman interaction in GdN severely reduces spin-disorder scatter-
ing, thus removing the 70 K peak, but a two-orders-of-magnitude weaker Zeeman
interaction in SmN severely limits the reduction of the 30 K peak. Inset: Magnetore-
sistance measured at 20 and 60 K in increasing and decreasing fields as marked
by the arrows.
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(MR = [R(B) - R(0)]/R(0)) at 20 and 60 K. The magnetoresistance is
negative and largest near the GAN Curie temperature, where spin-
disorder scattering is strongest. This behaviour is very similar to
what was observed for GAN.”® In the superlattice the magnetore-
sistance is much smaller than the ~20 % for single layer GdN,”® as
expected by the weaker magnetoresistance in SmN.

Low-temperature Hall effect data are presented in Figure 5. The
ambient-temperature slope of 2.5 yQcm/T (not shown) suggests an
electron concentration of 2.5 x10?” cm™, if one assumes carriers in
only one band in a homogeneous material. However, the resistivity
data already shown establishes conduction in both GAN and SmN
layers, and in view that the carriers in doped SmN are proposed to
reside in a heavy-fermion 4f band,”” rather than the 5d-band con-
duction channel as in GAN, one must treat the carrier concentration
as no more than an estimate. Nonetheless we note that cooling from
80 to 60 K, where GAN becomes ferromagnetic, the high-field slope
representing the ordinary Hall effect is unchanged. On the other
hand the slope reduces across the SmN Curie temperature (30 K),
suggesting a two-fold increase in the carrier concentration that we
have never seen in homogeneous SmN films. It is likely that the
change in slope results from a changing balance between the 54
versus 4f conduction channels rather than an enhanced electron
concentration.

The step across -2 to +2T is the anomalous Hall effect, a
result of the spin-orbit interaction on the mobile charge carriers
that deflects the carriers in a direction that depends on their spin
orientation. An accumulation of charge appears at the two sample
edges only if there is a concentration imbalance between the spin-up
vs. spin-down carriers. In the GAN that imbalance is complete, i.e.,
there is an electron current in only one spin channel,”® until the car-
rier concentration reaches 10 cm™. At lower electron doping the
anomalous Hall effect is simply determined by the spin-orbit inter-
action in the conduction channel and the carrier concentration. The
spin-orbit interaction of the GAN conduction channel leads to an
anomalous Hall effect of ~ 2 4Q) cm, much smaller than seen here.”®
On the other hand the SmN 4f band has a spin-orbit interaction a
factor of 10 larger than GdN,' in better agreement with the data of

40 T T T T
20 - E
B3
o
& of ]
z
Q
=20 + 80 K1
60 K
30K
20K
_40 1 1 1 1
-10 -5 0 5 10

B(T)

FIG. 5. (Colour online) The Hall resistivity of the 6x[10nm GdN/16 nm SmN]
superlattice shows a clear anomalous Hall effect in the ferromagnetic state as
is discussed in the text.
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Figure 5 suggesting that the anomalous Hall effect here is dominated
by 4f electrons in SmN.

IV. SUMMARY AND CONCLUSIONS

GdN/SmN superlattices have been grown with varying SmN
layer thickness and the magnetic and electrical transport proper-
ties have been investigated. Magnetisation measurements on the
series of superlattices with varying SmN thickness show the mag-
netic response of isolated GAN layers for a SmN thickness of > 5 nm,
but that of a thicker GdN layer as the SmN thickness is reduced
below that limit. XMCD measurements furthermore show that at
zero applied field the spin alignment of the SmN layers is exchange
coupled to the GAN. When a large field is applied to the sample the
Zeeman interaction is then apparent in the SmN layers, which now
aligns the 4f spin moment anti-parallel to the applied field. Electri-
cal transport measurements show a response to magnetic ordering
transitions in both GAN and SmN layers.

The results presented demonstrate that the varied spin/orbital
behaviour observed in homogeneous LN samples can be translated
through to multi-layer structures. Furthermore, the combination of
materials with opposing spin and orbital magnetisations gives rise
to complex magnetic properties which may be exploited in modern
device structures.
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