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Spin-flop transition (SFT) consists in a jump-like reversal of antiferromagnetic (AF) lattice into a noncollinear
state when the magnetic field increases above the critical value. Potentially the SFT can be utilized in many
applications of a rapidly developing AF spintronics. However, the difficulty of using them in conventional
antiferromagnets lies in (a) too large switching magnetic fields (b) the need for presence of a magnetic anisotropy,
and (c) requirement to apply magnetic field along the correspondent anisotropy axis. In this work we propose
to use artificial ferrimagnets (FEMs) in which the SFT occurs without anisotropy and the transition field can be
lowered by adjusting exchange coupling in the structure. This is proved by experiment on artificial Fe-Gd FEMs
where usage of Pd spacers allowed us to suppress the transition field by two orders of magnitude.

DOI: 10.1103/PhysRevB.104.054414

I. INTRODUCTION

Antiferromagnetic (AF) spintronic is nowadays a rapidly
developing area [1-5]. In addition to nonvolatility of con-
ventional ferromagnetic spintronics the AF devices can offer
immunity to external magnetic disturbances, absence of cross-
talks between small-area devices and much faster dynamics
(THz vs MHz). The AF systems are featured by spin-flop
transition (SFT) when there is the transition from AF ordering
to noncollinear (NC) state at magnetic field exceeding certain
value Hgsp. Creation of NC magnetic state and possibility to
switch between AF and NC states may have useful applica-
tions by utilizing anomalous Hall or Nernst effects [6—11].
In addition, proximity of NC magnetic texture to supercon-
ducting layer generates long-range triplet superconductivity
which may also find diverse applications in superconducting
spintronics [12—-16]. The utilization of the spin-flop effect in
AF systems is overly complicated due to at least two rea-
sons. The first thing is the existence of SFT in AF requires
uniaxial anisotropy and an external field applied along the
corresponding axis. Second, typical transition fields Hgp in
bulk antiferromagnets are tens of Tesla [17-20], which is too
high for real applications. The need to have anisotropy inside
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the system can be circumvented by replacing antiferromag-
nets with ferrimagnets (FEMs). In the FEMs one does not
require presence of anisotropy and the SFT takes place at
Hsp = A|m; — my| [21], where m , are the magnetic moment
of first and second sublattices and A is the exchange parameter.
In bulk systems the Hsp are still too high for applications and
can hardly be tuned.

In contrast, artificial FEMs based on magnetic heterostruc-
tures give a possibility to tune the SFT field by varying
parameters of ferromagnetic layers and by introducing non-
magnetic spacers. Heterostructures based on 3d transition
metals (TM) and heavy 4f rare-earth (RE) metals, like Fe/Gd,
are model FEM systems demonstrating a rich magnetic phase
diagram with complex types of magnetic ordering [22-27].
Coupling between 4f electrons of Gd and 3d electrons of
Fe leads to the AF alignment of TM and RE magnetic mo-
ments which due to the difference in magnetic moments of
Fe(~ 2 up) and Gd (~7 up) leads to the emergence of a
one-dimensional FEM lattice. The SFT was found in Gd/Fe
systems at typical value Hgp ~ 3 kOe [28], which is much
smaller than that for bulk FEMs but still quite high for appli-
cations. Further tuning of Hgp can be gained by suppression
of interlayer exchange coupling which can be performed by
spacing of Fe and Gd with a nonmagnetic material like Cr
[29,30], Pt [31], or Si [32]. The SFT can be detected by
integral magnetic techniques as a kink on a magnetic hystere-
sis loop at Hgp. In case of artificial FEMs magnetic signal from
thin films is heavily polluted by dia- or paramagnetic signal
of thick substrates. This makes it difficult, if not impossible
at all, to use integral magnetometric methods to study the
SFTs.

Published by the American Physical Society
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Neutron scattering, being a depth-selective magnetometric
technique is a widely used method for studying AFs and
FEMs [33-35]. Similar to x-ray and light, neutrons diffract
at periodic lattice with period D according to the well-known
Bragg law nd =2Dsin6. Here A and 6 are the neutron
wavelength and incident angle, and » is integer number cor-
responding to order of Bragg peak. Presence of spin one-half
makes neutron scattering sensitive to the magnetic lattice.
In case of AF magnetic lattice is doubled comparing to the
structural one, so that the magnetic Bragg peak appears on
the positions of n/2 of the structural Bragg peaks. Apply-
ing spin analysis, that is detecting neutron spin-states before
and after scattering, allows one to get additional information
about magnetic configuration. The nonspin-flip (NSF) chan-
nels (++) and (——) are sensitive to the sum and difference of
nuclear potential and collinear to the neutron polarization part
of magnetization. Here first and second sign codes neutron
polarization along the external magnetic field H before and
after the scattering process. Presence of noncollinear mag-
netization causes spin-flip (SF) scattering (+—) and (—+).
In Born approximation the amplitude of the SF scattering is
proportional to the spatial profile of the NC magnetization in
reciprocal space. Thus, the measurement of the SF scattering
is a direct method for detecting of SFT.

In our prior work [36] we studied superlattice
[Fe(3.5nm)/Pd(1.2nm)/Gd(5nm)/Pd(1.2nm)];;. In the
neutron experiment we measured intensity of the SF
scattering at the position of the first Bragg peak R?F as a
function of external magnetic field at a temperature of 10 K.
Above magnetic field of Hgp=1.5 kOe we detected a 20-fold
increase of SF scattering which is the direct evidence for the
presence of SFT in our system. We note that the Hgp field is
much smaller than in spacer free Fe/Gd systems. Subsequent
structural studies by transmission electron microscopy, and
x-ray reflectometry (XRR) [37] indicated presence of mutual
diffusion at Gd/Pd interface. For thin (~1 nm) Pd spacers this
interdiffusion leads to almost complete dissolution of Pd in
Gd. As aresult the Curie temperature 7, (and hence exchange
energy) of the (nominal) Gd layer decreases from 7;,=294 K
for bulk Gd to 7,, < 100 K. Thus ability of Pd and Gd to form
an alloy with controllable suppression of exchange energy
paves the way for tuning of SFT by varying thickness of Pd
spacer, which we aim to study in this work.

II. SAMPLE FABRICATION AND EXPERIMENTAL
TECHNIQUES

Using an UHV magnetron machine ULVAC MPS-4000-
C6 we prepared series of samples of nominal composition
[Fe(35A)/Pd(t)/Gd(50 A)/Pd(r)];, with t =8A, 10 A,
12 A, 14 A, 16 A, and 28 A. Further we will code samples
as PAYY, where YY is thickness of Pd layer in Angstroms.
The growth of the films was performed at room temperature
at typical rates of 25 A /min, 55 A /min, 80 A /min for Fe, Gd,
and Pd layers, correspondingly. The first deposited in series
sample Pd12 had the thickness of the iron and gadolinium lay-
ers ~5% less than the nominal values. For subsequent samples
the deposition time of Fe and Gd layers was corrected.

The structural quality of the superlattices was attested us-
ing the x-ray low-angle diffraction (reflectometry, XRR) with

Cu K-« radiation (A = 1.54 A). Additionally we performed
scanning transmission electron microscopy (STEM) with the
energy dispersive x-ray (EDX) microanalysis [37].

The SQUID magnetometer Quantum Design MPMS 3 was
used to measure temperature and field dependencies of the
magnetic moment. For the comparative analysis of the dif-
ferent samples we normalized magnetic moments on area of
substrate. Polarized neutron reflectometry (PNR) experiment
was conducted on the monochromatic (A = 4.3 ;\) reflec-
tometer NREX of the research reactor FRM-2 (Garching,
Germany). The polarized neutron beam (with polarization
99.99%) was incident on a sample at grazing angles 6 =
(0.15-6°). The polarization of the reflected beam was ana-
lyzed by an analyzer with efficiency 99.3%. In order to draw
the H-T phase diagram of the SFT, we measured the tem-
perature dependencies of R}F using following protocol. The
sample was cooled to 7 = 5 K in a magnetic field of H = 1
kOe. After that, the H-dependence of (+—) channel was mea-
sured by increasing the magnetic field from Hy,;, = 10 Oe to
Hiox = 4.5 kOe with a step of AH = 150 Oe. After that, the
temperature increased by 5-10 K and the field dependence
was measured by decreasing the magnetic field from Hy,,x to
Hiin. With a subsequent increase in temperature, the field de-
pendence was measured again by increasing the field, and so
on. Such procedure allowed us to measure the phase diagram
for one sample with 200-300 points within 3—5 h. Magnetic
field in all SQUID and PNR experiments was applied parallel
to sample surface.

III. STRUCTURAL PROPERTIES

The XRR curves measured on the samples under the study
are shown in Fig. 1(a). For all samples we measured n > 10
Bragg peaks proving thus high quality of the superlattices
in terms of high repeatability of a Fe/Pd/Gd/Pd unit cell
[38]. Figure 1(b) shows the EDX microanalysis of STEM of
Pd12 sample. The EDX analysis shows well-defined Fe layers
depicted by the blue color. However, instead of separate Gd
(red) layers and Pd (green) spacers one can see mixed layers
of GdPd (yellow) alloy through the whole structure, except the
first and the last layers. Here one can still observe well-defined
layers of pure Gd. For the sake of simplicity, we will keep
naming Gd layer, remembering, however, that in reality the
layer is a Gd,Pd;_, alloy with x & 50/(50 + 2¢).

IV. MAGNETIC PROPERTIES

Figure 2(a) shows the hysteresis loops measured on sam-
ples Pd28 and Pd10 at a temperature of 5 K. The loop for
Pd10 sample has a typical for FEMs form with plateau in
the AF state followed by a kink at the SFT with Hgp = 1.6
kOe. This kink was absent for all samples with 7 >14 A [inset
in Fig. 2(a)]. Figure 2(b) shows the temperature dependence
of magnetic moment measured in a magnetic field of H =
4.5 kOe. At T > T, the curves change rather weakly com-
pared with the room temperature moment. The slight change
is most likely due to layers of undiluted gadolinium at the
edges of the sample. At T < T, an increase in the magnetic
moment associated with the transition of the GdPd layer to the
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FIG. 1. (a) X-ray low-angle diffraction (reflectivity) of samples under study. Vertical arrows show the position of several Bragg peaks for
sample PdO8. (b) The energy dispersive x-ray (EDX) microanalysis of Pd12 sample.

ferromagnetic state is observed. The transition point 7;, shifts
to lower temperatures with increasing ¢ [inset in Fig. 2(b)].
Figure 3 shows the PNR data measured on sample Pd10
at T = 10K in magnetic field H = 1 kOe and additional SF
curve at T = 10 K in magnetic field H = 3 kOe (solid line). In
the neutron experiment, 4 Bragg peaks were confidently mea-
sured. A large splitting of (++) and (——) NSF Bragg peaks
indicates the presence of a collinear magnetic moment in the
system. At the same time we observed a much weaker (1-2
orders below NSF signal) SF scattering at Bragg peaks. The
origin of this small, though not negligible, SF signal can be
associated with NC inhomogeneities at the Fe/Gd interfaces.
The data at H = 1 kOe can be quantitatively described by a
predominantly collinear AF state with magnetic moments of
Gd Mgq =~ 5 g and Fe Mg, =~ 2 up aligned parallel and an-
tiparallel to H. By increasing the magnetic field above Hsp =
2.3 kOe (inset in Fig. 3), we observed a 20-fold increase of
SF scattering at the first Bragg peak R?F . We note that the
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field Hsp at 10 K measured by PNR is somewhat larger than
the field at 5 K from SQUID and PNR, which is apparently
associated with the hysteresis behavior [see Fig. 2(a) and
inset].

By measuring the family of R}F(H) scans at different
temperatures we were able to construct the NC magnetic
phase diagram for the sample Pd10 in H-T coordinates
[Fig. 4(a)]. For this sample we observe a collinear AF state
in the temperature range up to 30 K in magnetic fields not
exceeding 2 kOe. Above this field, the collinear AF state
is replaced by a NC spin-flop state. Increasing the temper-
ature to 60 K leads to a gradual shift of the SFT field
toward lower values. Finally, above 60 K, the spin-flip signal
disappears due to the absence of magnetic ordering in Gd
layer. Figures 4(b) and 4(c) shows similar phase diagrams
for Pd12 and Pd14 samples. One can see that the transition
field Hsp decreases with increase of #. For the samples with
t = 1.6 nm (not shown) we did not observe any detectable
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FIG. 2. The field dependence (a) at 7 = 5 K and temperature dependence (b) at H = 4.5 kOe of the magnetic moment of samples Pd10
and Pd28. The vertical arrow in (a) shows the position of Hsp for the sample Pd10. Inset in (a) shows the ¢ dependence of Hsp from SQUID
(open dots) and PNR (solid circles). The line in the inset is to guide the eye. Vertical black and red arrows in (b) show the transition temperature
T,, for samples Pd28 and Pd10, respectively. Inset in (b) shows the ¢ dependence of T,,,.
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FIG. 3. Polarized neutron reflectivities of sample Pd10 measured
at T = 10 K at magnetic field H = 1 kOe (symbols) and SF curve at
T = 10K, H = 3 kOe (solid line). Inset shows the field dependence
of intensity of SF scattering at the first Bragg peak RSF(H ). Vertical
arrow denotes the magnetic field at which SFT takes place.

SF signal evidencing absence of coupling between Fe and Gd
layers.

To describe the magnetic state of our systems we applied
the extended Stoner-Wohlfarth model widely used for de-
scription of magnetic multilayers [8,39]. Density of magnetic
energy of one Fe/Gd unit cell can be written as

E(agq, are) = — H[mgq cos(agq) + mpe cos(ope )]

+ J; cos(agq — pe) 4 Jo cos* (aga — otre)-

ey

In Eq. (1) my = Mxdx is a product of magnetization and
thickness (magnetic moment), oy is the angle between mag-
netization, and H of a layer X (X = Fe, Gd). The first term
in Eq. (1) is Zeeman energy, which tends to align magnetic
moments of the layers along the external field. The sec-
ond term is bilinear AF exchange coupling of Fe and Gd
layers with strength parameter J;. The third term describes
biquadratic coupling tending to align the magnetic moments
noncollinearly. As seen from Eq . (1) in case J, =0, the
transition field can be estimated as

Hgp ~ Ji|mgq — mgc|/mgq - Me. (2)

For every magnetic field H the magnetic configuration of
the system as a function of J; , can be obtained by minimizing
energy (1) varying angles «gq and a.. The magnetic moments
my were taken from SQUID data as follows. Due to the high
Curie temperature of iron (~1000 K), it can be assumed that
the magnetic moment of iron mg. does not change in the stud-
ied temperature range. Hence the moment can be taken from
the room temperature data where the Gd layers are not mag-
netic. The AF plateau at T = 5K gives us differential moment
mMga — Mre, allowing us to estimate mgq &~ 10(1) memu/cm?.
We note that for t10 sample the Fe and Gd magnetic moments
obtained from SQUID and PNR data agree well within the
experimental accuracy.

The angles o, and of, corresponding to the minimum of
energy for a given set of H and J;, are used to construct
a theoretical SF reflectivity at the first Bragg peak in Born
approximation:

dFe

- 5, + R b
dre + dgq ] ke

S 2
Ry = C|:mGd,L+mFe,L+2mGd,LmFe,L cos

3)

where mgqre), 1 = MGd(Fe) SN aé}d(Fe) is the noncollinear com-
ponent of the magnetic moment of Gd(Fe) layer, c is scaling
constant, and Rj, is background intensity. The latter two
values were adjusted manually before the fit. We then fitted
theoretical RY", to the experimental H-dependencies R}" by
varying J; and J,. The procedure was repeated for every T so
that for every sample we obtained temperature dependencies
of J; . Figure 4(d) shows results of such a fit for sample
Pd10. It is rather noticeable that despite the simplicity of the
Stoner-Wohlfarth approach it allows to reproduce experimen-
tal features quite well. Figure 5(a) shows the fit-resulted T
dependence of the exchange energies J; and J, for the Pd10
sample. It can be seen that the bilinear term has a predominant
contribution, which gradually decreases approaching the T,,.
Thus our analysis showed that for a qualitative description of
the SFT, a bilinear term is sufficient, but quantitatively the data
are described better by including an additional biquadratic
term.

The data for other samples were fitted in a similar way.
Figure 5(b) shows the dependency of coupling energies on
thickness of Pd spacer. As follows from the figure that the
bilinear energy decreases almost linearly from 1.5erg/cm?
at =1 nm to 0 at t+ = 1.6 nm. Biquadratic energy in turn
increases with ¢. The obtained values are of the same orders as
Ji ~ 0.8erg/cm? and J, ~ 0.2 erg/cm? obtained in Ref. [40]
for Gd/Pt/Co multilayers at T = 10 K.

V. DISCUSSION AND CONCLUSION

In the present work, it is shown that the insertion of a
thin (r=10-14 A) Pd spacer between Fe(35 A) and Gd(50 A)
layers allows a significant (1-2 orders of magnitude) decrease
in the field of SFT. At the same time, the study of the structure
indicates that in the specified range of thicknesses, Gd and
Pd are intermixed into a homogeneous alloy with palladium
concentrations varying from 29% for r=10 A to 36% for
t=14 A. This alloying led to ~30% decrease of the magnetic
moment of the GdPd layer. The Curie temperature of the
GdPd alloy was found to decrease with an increase in the pal-
ladium concentration. The theoretical calculation performed
in the mean-field approximation indicates that the amplitude
of the linear exchange interaction J; of the GdPd layer also
decreases with increasing of Pd concentration, which makes
it possible to adjust the transition field [see Eq. (2)]. At the
same time, the growth of the biquadratic component J, may
indicate an increase in structural inhomogeneities, which is
consistent with the conclusions of the work [37].

Our study opens perspectives for a purposeful design of
artificial FEMs with an adjustable field of SFT. Thus, the
FEM systems with low Curie temperature components stud-
ied in this work can be used in superconducting spintronics
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FIG. 4. (a)—(c) Experimental (H, T') maps of R?F for samples with different Pd spacers. (d)—(f) Simulated maps for these samples.

for generation of triplet superconductivitiy. In Ref. [15] it
was demonstrated that a Co/Ru/Co artificial FEM structure
placed between two superconducting Nb layers allows one to
change the critical supercurrent in the structure by an order of
magnitude. Advantages of our FEMs would be good compat-
ibility of gadolinium with superconducting niobium [41,42]
and reduced ferromagnetic energy, which leads to a smaller
pair-breaking effect. For the room temperature applications
one can use well-studied synthetic AFs such as Fe/Cr [33-35],
Fe/V [43,44], or Co/Cu [45,46] where subsequent adjustment
can be carried out by tuning of the coupling energy and the
imbalance of the magnetic moments of the sublattices.

d) Pd10 simulation
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(f) Pd14 simulation
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In conclusion, using PNR and complementary techniques
we performed a systematic study of magnetic configuration
of [Fe(3.5 nm)/Pd(z)/Gd(5.0 nm)/Pd(¢)];» heterostructures
with = 8-28 A. By measuring neutron spin-flip scattering
we have detected the presence of a magnetically noncollinear
state at temperatures 7 < 50 K in magnetic fields of above
H > 500 Oe for the samples with 10 A < r <14 A. By using
an extended Stoner-Wohlfarth model we were able to describe
the observed transition as a competition of Zeeman energy,
bilinear interaction of order of 1erg/cm?, and biquadratic
addition of the order of 0.5erg/cm?. The coupling energies
can be tuned by varying the thickness of the spacer between
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FIG. 5. (a) Fit-resulted J; and J, terms vs temperature for Pd10 sample. (b) Thickness dependence of bilinear and biquadratic energies J;

and J, obtained for T = 10 K.

1 and 1.4 nm leading to the shift of the transition field below
kilo-Oersted range.
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