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Tunable magnetic exchange springs in semiconductor GAN/NdN superlattices
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We report twisted magnetization phases, i.e., exchange springs, across interfaces in a semiconducting
NdN/GdN superlattice and compare the exchange springs to those reported previously across SmN/GdN
interfaces. Like SmN, NdN has an orbital moment larger than and opposing its spin magnetic moment, resulting
in exchange-Zeeman competition that in turn precipitates the exchange springs. In contrast to SmN, NdN has
a large net magnetic moment, adding more complexity to the exchange-spring behavior. We investigate how
different temperatures and applied magnetic fields influence the twisted magnetization using complementary
magnetometry and element specific x-ray magnetic circular dichroism. The exchange spring can be driven into
two different phases, with either the hard NdN or soft GdN entering the twisted phase. This tunable twisted
magnetization in ferromagnetic semiconductors could open up a pathway to control tunneling magnetoresistance
in spintronics devices, encouraging further investigation of these new types of exchange springs.
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I. INTRODUCTION

The exchange interaction across an interface between dif-
ferent magnetic materials is well known to result in a vari-
ety of magnetic configurations, depending on the details of
the magnetic order present in each system. In ferromagnet-
antiferromagnet (FM-AFM) systems, interface exchange can
lead to the exchange-bias effect, under which the ferromag-
netic hysteresis is shifted by an exchange bias field Hgg [1],
while at the interface of soft and hard FMs, domain-wall-
like magnetic ordering can be formed in the soft layer (an
exchange spring) due to competing Zeeman and exchange
interactions [2] [Fig. 1(b)]. The details of the resulting ex-
change springs are further influenced by bulk and surface
anisotropies, while chiral exchange interactions play a role
in some systems [3,4]. Interface exchange effects have been
almost exclusively studied in metallic systems, where appli-
cations have been found in hard-drive read heads, spin filters,
and giant-magnetoresistance devices. In contrast, current un-
derstanding of interface exchange in ferromagnetic semicon-
ductors is more limited, although they offer the possibility of
controlling spin-polarized currents in engineered spintronics
devices.

Among the rare-earth nitride (REN) series, there are many
intrinsic ferromagnetic semiconductors, which have shown
promise for low-temperature spintronics applications [5—10],
as well as displaying unusual interface exchange. The rare-
earth nitrides are chemically very similar, and all share the
cubic rocksalt structure with similar lattice constants, making
them epitaxy compatible with each other. Their magnetic
properties, however, vary widely across the series [5]. This
makes the rare-earth nitrides an ideal model system to study
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magnetic interface effects without complications arising from
differing crystal lattice properties.

From a magnetician’s point of view the light rare-earth
nitrides NdN [11] and SmN [12-15] are particularly interest-
ing. In the first half of the rare-earth series the strong spin-
orbit coupling of the 4 f shell forces antiparallel alignment of
the total 4f spin mg = —2ug(S,) and orbital m; = —ug(L;)
magnetic moments, with the magnitude of the orbital moment
my exceeding that of mg in NdN and SmN [Fig. 1(a)]. In
this sense we refer to NdN and SmN as “orbital-dominant”
ferromagnets, in contrast to spin-dominant transition-metal
ions and heavy rare earths. It is the antiparallel alignment
between m; and myg which allows for an unusual interface
exchange in heterostructures.

Previous work shows that this orbital-dominant vs spin-
only contrast results in an exchange spring (or twisted magne-
tization) formation in the SmN layer of a SmN/GdN bilayer
[13]. In this system, the SmN Zeeman coupling competes with
interface exchange with the spin-only GdN, resulting in an
unusual form of exchange spring for two reasons. First, the
SmN, in which the twisted magnetization phase develops, is
a magnetically hard material at low temperatures (Hc > 6 T
at 2 K [16]), while GdN is a soft magnet with a very small
coercive field (Hc < 10 mT) [17]. By contrast conventional
exchange springs generally develop within the soft ferro-
magnetic films coupled to hard layers [Fig. 1(b)] [2,18,19].
Second, the SmN/GdN is semiconducting, in contrast to
nearly all exchange-spring systems, which are metallic. The
only notable exception of which we are aware is a system in
which the dilute magnetic semiconductor Ga;_,Mn,As was
exchange coupled to a hard ferromagnetic metal, and a large
tunneling magnetoresistance due to exchange-spring forma-
tion in the soft Ga;_,Mn,As was observed [20-22]. Dilute
magnetic semiconductors have limited potential compared to
systems using intrinsic ferromagnetic semiconductors like the
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FIG. 1. (a) Schematic of magnetic moments in trivalent Nd, Sm, and Gd ions, where m; = —ug(L,), mg = —2ug(S;), and mye = my +
ms = —ug({L, +28S;). The orbital moment is larger in NdN and SmN and determines the direction of the net magnetic moment, whereas Gd
has a purely spin moment with its f7 configuration and S = J = 7/2, L = 0 state. (b) A conventional exchange spring is formed by exploiting
the different switching fields of hard and soft ferromagnetic layers. (c) The NdN/GdN exchange spring results from an orbital-dominant layer
(NdN), in which the spins are forced antiparallel to an applied magnetic field B, and a conventional ferromagnetic layer (GdN), in which spins
align with the magnetic field. Depending on the balance of exchange, Zeeman, and magnetocrystalline anisotropy energies in each material,
an exchange spring forms in the soft GdN layer (soft phase) or the hard NdN layer (hard phase).

RENSs, which, in principle, allow for entirely semiconducting
heterostructures, with the ability to independently tune electri-
cal and magnetic properties. Exchange springs are essentially
engineered domain walls, depending on layer thickness and
external magnetic fields, and when combined with the inde-
pendently tunable electric and magnetic properties of RENs,
an unprecedented opportunity to probe the interplay between
inhomogeneous magnetic order and spin-polarized transport
in semiconductors is available.

Here we investigate a NdN/GdN superlattice to estab-
lish that this system hosts twisted magnetization phases. In
contrast to the near-zero moment SmN, NdN has a stronger
net magnetic moment of 1ug per ion in strained thin films,
increasing to 2.1 per ion in bulk samples [11]. Additionally,
the coercive field of NdN, while still large with 1.5 T at
temperatures of 5 K, is nonetheless much smaller than the
enormous >6 T in SmN. At 15 K, the coercive field of
NdN is only 0.75 T, and at 30 K it is only 0.25 T, signaling
a rapid decrease in the magnetocrystalline anisotropy when
approaching T¢- of 3543 K [11]. The orbital-dominant mag-
netism in NdN suggests that it might also develop exchange-
spring behavior similar to SmN, but the distinct differences in
their magnetic properties will affect the nature of the twisted
phases. It is the aim of this study to gain insight into these
inhomogeneous magnetic phases in the NdN/GdN system.
In contrast to SmN/GdN, we find more complex magnetic
phases in this NdN/GdN system. We expected to find a
twisted magnetization phase in the hard NdN layer, while the
much larger GAN magnetization is kept rigidly aligned with
the field. This behavior found for the SmN/GdN system is
indeed observed at higher temperatures and lower maximum
applied fields and corresponds to the hard phase in Fig. 1(c).

For lower temperatures and higher maximum applied fields,
we observe a new kind of twisted magnetization phase, where
with decreasing field the soft GdN first develops exchange
springs, later followed by the hard NdN at negative fields [here
referred to as the soft phase, Fig. 1(c)].

II. EXPERIMENTAL DETAILS

The sample for which we report results was a
10 x (10 nm NdN/10 nm GdN) superlattice grown on a
GaN(0001) buffer layer with a sapphire(0001) substrate. The
growth method was molecular beam epitaxy in a Thermionics
ultrahigh-vacuum chamber in a N, pressure of 2 x 10~* Torr.
NdN and GdN were evaporated with an electron gun facing
the substrate without tilt at a rate of 0.1 to 0.2 A/s. It was
capped with a GaN layer of approximately 50-nm thickness.
X-ray diffraction indicated polycrystalline GAN and NdN
layers.

In-plane magnetization measurements were carried out via
a Quantum Design superconducting quantum interference de-
vice (SQUID) and vibrating sample magnetometer. For zero-
field cooled (ZFC) measurements, the sample was first cooled
to 5 K in zero field and subsequently measured in a field of
250 Oe as the temperature was increased, while for the field
cooled (FC) measurements the magnetization was measured
with decreasing temperature in a field of 250 Oe.

L-edge x-ray absorption and x-ray magnetic circular
dichroism (XMCD) were measured at BL39XU at the SPring-
8 synchrotron radiation facility. The x rays and colinear
magnetic field were directed at 18° from grazing incidence.
XMCD was measured at a fixed magnetic field while switch-
ing the x-ray polarization. The resulting XMCD spectra were
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FIG. 2. Temperature-dependent magnetization of the NdN/GdN
superlattice in a 250-Oe field, showing both field-cooled (FC) and
zero-field cooled (ZFC) measurements. The inset shows the Curie-
Weiss behavior in the inverse susceptibility taken from the FC
measurement.

normalized to the edge jump measured by x-ray absorption
spectroscopy (XAS). The detection scheme was partial flu-
orescence yield using a silicon drift detector, where the L,
and Lg; fluorescence is measured when probing the L3 and
L, edges, respectively. The long mean free path of x rays at
these energies ensures that the XMCD spectra represent the
average signal from the full thickness of the film. Saturation,
self-absorption, and orbital contraction effects are known to
prevent the application of sum rules at the rare-earth L edges
[23,24], but they do not affect the shape of the hysteresis loops
presented here. The shapes of the XMCD spectra taken at dif-
ferent fields are identical within the experimental resolution,
with only the amplitude changing.

III. RESULTS AND DISCUSSION
A. Magnetization

We begin by examining the overall magnetization of the
superlattice measured via SQUID magnetometry, displayed
in Fig. 2. Both FC and ZFC curves show a rapidly increas-
ing magnetization as the temperature falls below ~70 K,
corresponding to the onset of ferromagnetism in the GdN
layers. A Curie-Weiss fit x = A/(T — 6,) + xo with a con-
stant background y, to account for the diamagnetic substrate
contribution yields a paramagnetic Curie temperature of 6, =
65 % 1 K, also visible in the inverse susceptibility (x — o)~
shown in the inset of Fig. 2. This Curie temperature is typical
of polycrystalline GAN samples and indicates that the NdN
contribution to the paramagnetic signal is weak. Indeed, the
smaller paramagnetic moment of NdN ensures that its signal
at 85 K is & 15 times weaker, consistent with the data showing
a paramagnetic response dominated by GdN.

The field-cooled magnetization below 50 K shows a more
complex behavior influenced by interface exchange. Bulk
GdN shows a saturating magnetization at low temperatures,
yet here the FC magnetization has a significant negative slope
below ~35 K. This suggests interface exchange of the GAN
with NdN, which has a T¢ of between 35 and 43 K [11].
The nearly linear slope of the FC curve below 25 K is not
characteristic of either NdN or GdN thin films approaching
saturation, implying GdN-NdN interface coupling competes
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FIG. 3. M-H plot for the NdN/GdN superlattice at 5 K, with
field in plane, after zero-field cooling. Sketches of the various mo-
ment arrangements (1)—(5) in the GAN and NdN layers are given as
the field decreases from saturation at 6 T; the sketches should thus be
read from right to left. The small dip at —0.5 T in the decreasing-field
loop is a measurement artifact.

with the tendency of the individual GAN and NdN layers to
saturate as 7 — 0.

To gain deeper insight into the complex magnetic behavior
in NdN/GdN, we performed field-dependent magnetization
measurements at different temperatures. The hysteresis loop
displayed in Fig. 3, with both NdN and GdN deep in their
ferromagnetic phase, shows especially striking effects of the
interlayer exchange. The solid blue curve, taken in a field
decreasing from 6 T, is qualitatively similar to a conventional
ferromagnet until the field is close to zero, where it finally has
a negative remanent magnetization, Mzx = —0.3 x 103 A/m.
The coercive field is then also necessarily negative, with value
noHe = —0.02 T. The negative signs of Hc and My signal
that the net magnetization of the superlattice switches sign
while the magnetic field is still positive. Furthermore, the
field-reducing curve shows an apparent approach to saturation
at ~—1 T before a steepening slope at —2 T, with similar
features in the red (field-increasing) curve above 2 T. None
of these features can be interpreted within a simple model of
noninteracting ferromagnetic layers.
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We can make some estimates in order to understand why
the magnetization is negative at zero field, as in Fig. 3. At 5 K
and an applied field of 6 T we may assume that the moments
are close to their saturation values, approximately 7up per ion
for GdAN and 0.9up—2.1up per ion for NdN [11]. In this case
the NdN moment is only ~15%-30% of the GAN moment.
The ratio of remanent to saturation magnetization My of the
total superlattice magnetization is given by Mg = —0.1Ms, a
value small enough to rule out full magnetization reversal of
either GAN or NdN as an explanation for the small, negative
Mp. Rather, the negative My signals that the GAN layers—
with their much larger magnetic moments—have their magne-
tization partially reversed when H = 0. The NdN layers, with
a large coercive field at 5 K (1.5 T in bulk NdN [11]), are
unable to reverse due to their large anisotropy energy, whereas
GdN has negligible anisotropy. The ferromagnetic interface
exchange, which acts purely between spins, causes interfacial
GdN to undergo a partial magnetization reversal while the
NdN remains fixed, acting as a hard anchoring layer. The
unusual orbital-dominant moment of NdN, with spin moment
antiparallel to the net moment, results in an antiferromagnetic
alignment of the GAN and NdN net magnetizations, which is
really due to ferromagnetic interface exchange between spin
moments.

The situation is sketched in the top panel of Fig. 3, where a
single bilayer of the NdN/GdN superlattice is depicted, with
the magnetization of each layer sketched in configurations
corresponding to points on the blue (decreasing-field) M-H
curve. Starting in configuration 1 in Fig. 3, at 6 T, the GAN
and NdN layers have their magnetization aligned fully along
the field. Note that this incurs an energetic cost associated with
antiparallel alignment of Gd and Nd spins across the interface.
Upon decreasing the field to configuration 2, the interface-
adjacent GdN layers react to ferromagnetic exchange with
the NdN and thus reverse their direction. Upon reaching zero
field (configuration 3), the NdN maintains its alignment, while
the GdN alignment is dominated by interface exchange. The
GdN magnetization reversal nucleates from the interfaces, and
a twisted magnetization is formed such that the net magne-
tization of the GdN is negative and large enough to make
the global superlattice magnetization negative. As the field
becomes negative in configuration 4, the GAN magnetization
becomes nearly fully aligned with the field, and the innermost
NdN layers reverse their magnetization due to the large Zee-
man interaction, now forming a twisted magnetization in that
layer. Finally, when the field reaches —6 T in configuration
5, the NdN magnetization and GdN are both fully aligned by
the field, largely overriding the interface exchange interaction.
The process is symmetric upon increasing the field from this
point (red curve).

An alternative explanation of the negative remanent mag-
netization resulting from interdiffusion at the NdN/GdN inter-
face is unlikely for the following reasons. Complete interdif-
fusion can be ruled out because of the well-defined transitions
corresponding to both GdN and NdN 7¢’s, for example,
visible at the GAN T¢ in Fig. 2. In Fig. 4 the coercive fields
for magnetic hysteresis loops show a clear crossover from
negative to positive remanent magnetization between 20 and
35 K, coinciding with the NdN T¢. If the negative remanent
magnetization was due to diffusion, we would expect this
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FIG. 4. The coercive fields for magnetic hysteresis loops taken
at temperatures from 5 to 50 K show a crossover from negative to
positive remanent magnetization between 20 and 35 K, coinciding
with the NdN T, which is ~35 K.

changeover to happen at a higher temperature between the
NdN and GdN T¢’s. Partial interdiffusion cannot be ruled
out, but its effect has to be small compared to the effect of
the twisted magnetization. In Fig. 3, the size of the hump in
between steps 3 and 4 with decreasing field is determined by
the difference of the NdN magnetization being antiparallel to
the GAN magnetization and the magnetizations being parallel
(configuration 5). An estimate which takes the sum and dif-
ference of Mgqn and Mg to be equal to the top and bottom
of the hump yields a ratio Mngn/Mgan in the range of 0.1 to
0.2, taking into account uncertainty. This is close to the ratio
of the NdN to GAN moment of 0.15 to 0.30, with the lower
value corresponding to thin films grown in a fashion similar to
that in this study [11]. This fits in well with our model where
the gradual unwinding of the magnetization results in a slope
change and a hump in the magnetization.

B. XMCD investigation

In this section we make use of the element-specific nature
of XMCD to shed light on the individual behaviors of the
GdN and NdN layers in the superlattice in a regime at higher
temperature and lower magnetic fields than in the previous
section. In this regime the GdN and NdAN have different
behaviors and can be said to lie in a different phase. The origin
of these two phases is related to the magnetic anisotropy of the
NdN layers. At 5 K the coercive field of NdN is about 1.5 T,
while in GdN it is of the order of 0.01 T. Because of the rather
low NdN T¢, the anisotropy energy decreases significantly
with rising temperature, so that XMCD measurements at 16
and 30 K feature a NdN anisotropy that is relatively small, and
the NdN is then dominated by the interface exchange coupling
with GdN.

Figure 5 shows the Gd and Nd L,-edge spectra taken
in a field of 1.2 T after field cooling in the same field
at temperatures of 16 and 30 K. The sign of the Gd-edge
XMCD spectra is as reported for GAN films [25,26] and for a
SmN/GdN superlattice [13], signaling that the spin magnetic
moment on the Gd 4f shell is aligned parallel to the field
under these conditions. In contrast the sign of the Nd spectra
signals an antiparallel configuration of spin and magnetic
moments, exactly as seen also with XMCD on homogeneous
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FIG. 5. XAS and XMCD spectra from the NdN/GdN superlat-
tice at (a) the Gd L, edge with T = 16 K and 30 K. (b) Nd L, edge
XAS and XMCD spectra for the NdN/GdN superlattice at 16 and
30 K and (c) the homogeneous NdN sample at 16 K. The spectra
were measured in 1.2 T after field cooling in the same field.

NdN [Fig. 5(c)] [11]. A reduction in the Nd L, XMCD signal
by a factor of 2 in the superlattice suggests that the inner
NdN planes within the NdN layers are Zeeman dominated,
while the interface-adjacent layers have their magnetization
reversed by exchange with GdN.

We next turn to field-dependent XMCD measurements
to investigate hysteretic effects independently within the
GdN and NdN layers. The field dependence of the XMCD
amplitude at the Gd L, and Nd L, edges is shown for a
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FIG. 6. XMCD hysteresis measured at both Gd and Nd L, edges
where the sign has been chosen to correspond to the net magnetiza-
tion within respective GAN and NdN layers. The Gd L, curve was
measured only for increasing field; thus the blue curve is a mirrored
version of the red one. Sketches of moments correspond to the blue
curves for decreasing H.

temperature of 30 K in Fig. 6. Note that the ordinate scale
is chosen to correspond to the net magnetization, so the sign
is opposite that of the spin magnetic moment in NdN. Thus
at the largest fields both layers are shown to have a net
magnetization aligned with the applied field.

Examining the Gd L, XMCD hysteresis, it is seen that both
the remanent magnetization and coercive field are positive, in
contrast to the magnetization data taken at 5 K (Fig. 3). In
the 5 K magnetization data, it is the NdN layers that pin the
GdN magnetization, which is clearly not the case here. In-
stead, at this higher temperature the Nd L, XMCD hysteresis
demonstrates that it is the NdN layers which are pinned by the
GdN magnetization. The reason for this reversal is that at 30 K
the NdN anisotropy is significantly diminished [11], so that
the GdN layers’ Zeeman interaction is dominant. The XMCD
data in Fig. 6 thus signal a scenario much different from the
one implied by the hysteresis shown in Fig. 3; here the twisted
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phase develops in the NdN layers, while the low-temperature
magnetization data signal a GdN layer twisted magnetization
phase.

It is also clear that the GdN hysteresis loop self-intersects
at approximately 0.1 and £0.5 T. This is a signature of
exchange coupling with NdN. As the field is decreased from
1.2 T, the Zeeman coupling of the GAN weakens, and the
NdN exchange exerts some influence, although not enough
to invert the GAN completely. One notices, however, that in
contrast to the low-temperature magnetization data of Fig. 3,
the magnetization with decreasing field is lower in the XMCD
hysteresis. The shape of the Gd L, hysteresis makes it clear
that it behaves largely as a homogeneous GdN sample would,
with perturbations from this behavior due to the NdN ex-
change coupling.

The possible magnetization configurations determined
from the XMCD hysteresis are shown as sketches 1-6, in the
direction of decreasing magnetic field. At position 1, where
uoH = 1.2T, the NdN and GdN layers are in the Zeeman-
dominated regime; that is, the Zeeman energy in both NdN
and GdN is greater than interface exchange or anisotropy
energies. As the field decreases to position 2, the GdN layers
are still Zeeman dominated, while the NdN film is dominated
by interface exchange. As the Zeeman energy of the NdN
decreases, the exchange spring nucleates at the interface,
forming a symmetric exchange spring or twist, which results
in a zero average magnetization in the NdN layers at about
0.5 T. At position 3 the NdN layers have been fully “twisted”
by interface exchange, such that the magnetization is now
negative, and the GdN spins are still largely aligned, parallel
to the field. After the field becomes negative (positions 4
and 5), the NdN layer magnetization rotates with the GAN
layer. As the field increases in magnitude to position 6, the
NdN Zeeman coupling begins to compete with the interface
exchange, which still strongly couples the NdN, resulting
in the twisted phase nucleating from the center of the NdN
layers. By position 7, the field becomes large enough that both
NdN and GdN layers are in the Zeeman-dominated regime.

Figure 7 shows an additional 16 K hysteresis loop extracted
from XMCD at the Nd L, edge, with the 30 K data added

—e— 16K H T
4 1 30KHT

% XMCD Nd L,
o

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
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FIG. 7. Comparison of the Nd L, hysteresis from the NdN/GdN
superlattice measured at 16 and 30 K. Red and blue curves denote
measurements with H increasing and decreasing, respectively.

for comparison. The 16 K data show the same characteristics
as the 30 K measurement, although with a larger amplitude
expected at lower temperature. Thus the exchange spring
developing at 16 K is expected to follow the same mechanism
as described for the 30 K data.

C. Magnetic phase diagram

The preceding sections have clearly demonstrated that
in the NdN/GdN superlattice the unique interface exchange
coupling produces complex magnetic structures. The twisted
phase due to exchange-Zeeman competition manifests in two
ways: in the low-temperature SQUID magnetization data we
saw that the GAN magnetization switched first, while the NdN
magnetization reversed fully in very large negative fields. In
contrast, the XMCD hysteresis at higher temperatures showed
that the NdN magnetization reverses first, followed by the
GdN only after the field reverses. The twisted phase can be
characterized as follows: a “soft phase” where the soft GAN
layers pass through a twisted phase and reverse before the field
does, and a “hard phase” where the hard NdN layers enter a
twisted phase and reverse before the field reaches zero. The
boundary between these phases depends on both temperature
and the maximum applied field during field cooling. A similar
situation is found in the DyFe,/YFe, system, where DyFe,
is a hard ferrimagnet and YFe, is a weak ferrimagnet. In
that case there is an antiferromagnetic interface exchange
which leads to similar soft and hard phases depending on the
temperature [19,27].

NdN Tc

614 * * K [ J

Soft phase

Hs

T
S5 Hard phase

21 he
L 0
0 T T T T T 1

0 10 20 30 40 50 60 70
Temperature (K)

* SQUID: soft phase ® SQUID: soft phase?

No twists

¢ XMCD: hard phase SQUID: No twists

FIG. 8. A phase diagram summarizing the findings of all avail-
able XMCD and SQUID measurements of the twisted magnetic
phases in the NdN/GdN superlattice. Blue stars represent measure-
ments demonstrating twisted magnetization in the soft phase; red
diamonds show twisted magnetization in the hard phase. In the
measurements represented by green squares no evidence of twisted
magnetization is found. The gray hexagon represents a measurement
likely in the soft phase, but without the characteristic negative
My (see text for explanation). H, represents the approximate field
required to saturate the magnetization in bulk NdN and is the likely
boundary between the soft and hard phases. Hc is the coercive field
of NdN.
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Figure 8 shows a phase diagram taken from all available
magnetization and XMCD measurements, with the maximum
applied field woHna.x plotted along the vertical axis. The soft
phase, in which the GdN enters a twisted phase, is located
in the top left quadrant, with the maximum applied field at
6 T. The gray hexagon at 35 K represents a hysteresis in
SQUID magnetization data at that temperature, which shows
a positive Mg, although it is only 25% of the saturation
magnetization at high field. At this point GdN likely enters
a twisted phase, but the interface exchange is not strong
enough to produce a negative magnetization in the GdN layer.
The line H; represents the saturation field of bulk NdN and
corresponds approximately to the boundary between the soft
and hard phases. It seems that a field of at least H; must be
applied to align the NdN magnetization to a sufficient degree
for producing a rigid pinning layer for the GdN layers to
develop a twisted phase. The green squares represent SQUID
measurements which show no apparent evidence of a twisted
phase. Below the NdN T, this is most likely because the
maximum applied field is not large enough to sufficiently
align the NdN layers. Above the NdN 7¢, interface exchange
may take place with the GdN, but there is no intralayer
NdN exchange to support any twisted phase, even in large
fields.

IV. SUMMARY

The combination of magnetization measurements and the
element-specific tool of XMCD paint a complex picture of the
NdN/GdN superlattice system. The exchange-spring behavior
in a NdN/GdN superlattice results from competition between
the orbital-dominant NdN ferromagnetism, which aligns the
spin magnetic moment antiparallel to an applied field, and
the GdN spin magnetic moment’s field-parallel alignment.

The competition between the exchange interaction of the op-
posing spins across the interface and the Zeeman interaction
then drives an exchange-spring configuration. Varying the
temperature and maximum applied field reveals two contrast-
ing regimes corresponding to exchange-spring formation in
either NdN or GdN layers. For higher maximum applied fields
and lower temperatures we observe a twisted magnetization
phase involving both layers. Following a hysteresis loop with
decreasing fields, the soft GdN layer enters a twisted magne-
tization phase before the GdN spins fully reverse at a negative
field. At that stage, the hard NdN layer starts its magnetization
reversal, developing a twisted magnetization until saturation is
reached. In the other regime, at lower maximum applied fields
and higher temperatures, the twisted magnetization follows
the mechanism described for SmN/GdN before, where the
hard magnetic layer, NdN, enters a twisted phase. The con-
trolling parameter for selecting the two phases is primarily the
magnetocrystalline anisotropy in NdN, which vastly exceeds
that in GdN at low temperatures but falls to nearly zero
as the temperature rises towards the NdN 7¢. This tunable
exchange-spring behavior in a ferromagnetic semiconduc-
tor system could lead to interesting effects in the magne-
toresistance, with potential application in future spintronics
devices.
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