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Enhanced spin current transmissivity in Pt/CoFe, 04 bilayers with thermally induced
interfacial magnetic modification
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We report on processes of generation of spin current and conversion into charge current in CoFe,O,4/Pt bilayers
by means of spin Hall magnetoresistance (SMR) and spin Seebeck effect (SSE) experiments. Specifically, we
explore (001) full-textured CoFe, 04 (CFO) thin films grown onto (001)-oriented SrTiO; substrates, covered
with Pt layers deposited under two different conditions: one at room temperature and another at high temperature
(400°C). The x-ray absorption spectroscopy measurements indicate that the Pt layer deposited at high temper-
ature induces an interfacial magneticlike phase (Fe,Co)-Pt alloy, which influences the magnetic behavior of the
structure and is responsible for the enhancement of the spin transmission at the interface. By analyzing the SMR
data, we conclude that collinear and noncollinear magnetic domains coexist at the CFO-(Fe,Co)-Pt interface. By
combining the data from the SMR and SSE measurements, we obtain the ratios between the values of the spin
Hall angle (6sy) and between the ones of the spin-mixing conductance (glé) in the two samples. We demonstrate
that while the value of Osy decreases by one-half with the heat treatment, the value of nglf increases by more than
one order of magnitude. We interpret the increase of glf& in terms of unexpected magnetic reconstructions, which
produce an enhancement of the magnetic moment arisen at the interface. Since the spin-mixing conductance
determines the efficiency of the spin current transmission through the interface, the spinel ferrite cobalt in
contact with a normal metal with a suitable heat treatment becomes a promising material for spintronics device
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applications.
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I. INTRODUCTION

One of the main goals of research in the field of spintronics
resides in the development of methods for the generation
and manipulation of spin currents [1]. Usually, one makes
use of a ferromagnetic insulating (FMI) layer having tunable
features to change the magnetic and electrical properties of
an adjacent nonmagnetic (NM) metallic layer with strong
spin-orbit coupling. It is well known that the properties of the
NM can be modified when the FMI is brought close enough
in the FMI/NM interfaces; such phenomenon is known as
the magnetic proximity effect [2—4]. This effect can manifest
through the induction of a magnetization in paramagnetic
materials due to short-range proximity, which is of the order
of a few nanometers for materials that are close to satisfy-
ing the Stoner criterion for ferromagnetism, such as Pt and
Pd. Understanding the features of the interface between FMI
and NM layers, and how the surface magnetism and spin
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transport interact with each other, is a key for clarifying the
dominant mechanisms in the spin-to-charge currents inter-
conversion process in several spintronic phenomena. Among
these phenomena, we may highlight the spin Hall effect (SHE)
[5,6], Rashba-Edelstein effect [7-12], inverse spin Hall ef-
fect (ISHE) [12—-17], and spin Hall magnetoresistance (SMR)
[18,19]. The SMR originates from a combination of spin Hall
and inverse spin Hall effects in the NM layer, due to reflected
spin currents at the FMI/NM interface and it is generally as-
sociated with the relative orientation between the spin current
polarization in the NM layer and the magnetization direction
of the ferromagnetic layer [18-21].

Generally, most studies with SMR have focused on
FMI/NM heterostructures with collinear magnetic configura-
tions. It is quite interesting that only a few SMR investigations
have explored the noncollinear and/or canted magnetic
configurations of the FMI magnetization layer [22-26], given
that they offer an excellent playground for the scrutiny of
interactions between surface magnetic ordering and spin
transport phenomena. In the last several years, spinel insu-
lating oxides, such as cobalt ferrite (CoFe,04; CFO) [27-32],

©2023 American Physical Society
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FIG. 1. (a) Cubic inverse spinel structure of CFO with the Co>*
cations located in the octahedral sites (purple) and Fe®' cations
equally distributed in the tetrahedral (green) and the octahedral sites.
The oxygen ions are identified by red circles. (b) Atomic force
microscopy image (1 x 1 um?) of the STO/CFO sample. (c) X-ray
reflectivity spectra of the CFO thin film. The solid red line across the
XRR data indicates best fitting for the thickness calibration. (d) The
(0—20) x-ray diffraction pattern obtained for the STO/CFO sample.

have shown up as promising candidates for spin current injec-
tors, since they own predicates that allow the analysis of the
influence of the surface magnetic configuration on the spin
transport in FMI/NM heterostructures. CFO particularly has a
cubic inverse spinel structure, as illustrated in Fig. 1(a), where
the Co®" cations are in octahedral sites and the Fe** ones are
equally distributed in the tetrahedral and octahedral sites. The
ferrimagnetic order of CFO is determined by the strong ex-
change interaction (antiferromagnetic) between the magnetic
moments of the tetrahedral (Fe>*) and octahedral (Co?*) sites,
which couple through an overlap of the 3d orbitals with the
2p orbitals of the intermediate oxygen anion. As the Fe’*
cations of the tetrahedral and octahedral sites cancel out due
to antiferromagnetic coupling, the saturation magnetization
of the CFO is close to that of the cobalt (magnetization of
376 emu/cm? and magnetic moment of 3.15). However, engi-
neered CFO thin films bring together interesting, yet puzzling
magnetic properties that differ from those found in bulk, such
as the enhanced magnetization and large magnetic anisotropy
(i.e., magnetocrystalline and magnetoelastic properties) in-
duced by the epitaxial strain that can be handled by a suitable
choice of the substrate [33-35]. In addition, CFO thin films
present relevant surface magnetic anisotropy. In particular,
CFO thin films are commonly characterized by presenting
antiphase boundaries (APBs) [36-39], which are structural
defects breaking the crystalline order. In this sense, the de-
gree of epitaxy associated to the substrate affects the APBs
density. Hence, surface magnetic anisotropy effects, as well
as complex magnetic interactions lead to strong changes of
the magnetic properties with respect to those found for the

bulk material. Therefore, CFO thin films present some pecu-
liar magnetic properties that may undergo electronic and/or
atomic changes at the CFO-Pt interface.

In this paper, we report an investigation of CFO/Pt bi-
layers with (001) full-textured CFO thin films grown onto
(001)-oriented SrTiO; substrates using spin-to-charge in-
terconversion processes measured by means of spin Hall
magnetoresistance and spin Seebeck effect (SSE). The mo-
tivation is based on the results reported in Ref. [30] showing
that the deposition of the Pt layer under different temperatures
produces quite different structural, electronic, and magnetic
properties. To clarify the structures and mechanisms involved
we prepare CFO/Pt bilayers with the Pt layers grown under
two different conditions: one at room temperature (sample
CFO/Pt@RT) and the other at a high temperature of 400 °C
(sample CFO/Pt@HT). X-ray absorption spectroscopy (XAS)
measurements indicate that the Pt layer deposited at a high
temperature induces a new interfacial magnetic phase like (Fe,
Co)-Pt alloy, which influences the magnetic behavior of the
structure and is responsible for the enhancement of the spin
transmission at the interface. The angular-dependent magne-
toresistance (ADMR) results are interpreted using a model
that takes into account collinear and noncollinear magnetic
domains at the CFO-(Fe,Co)-Pt interface. By combining SMR
and SSE measurements, we obtain a value for the spin Hall
angle (Osy) for the CFO/Pt@RT that is larger than the one es-
timated for the CFO/Pt@HT sample; the spin-mixing conduc-
tance (gZé) in turn displays the opposite trend, increasing by
more than one order of magnitude when Pt is deposited at high
temperature. We explain the increase of gZ#f in terms of unex-
pected magnetic reconstructions, which lead to an enhance-
ment of the magnetic moment arisen at the interface. Thus,
we show that the SMR is a highly sensitive probe to surface
magnetism that can be used to identify even complex magnetic
configurations, including collinear and noncollinear magnetic
domains at FMI/NM interfaces. We also observe a strong
dependence of the SSE current with the Pt layer deposition
temperature, which is fully consistent with the SMR results.

The paper is organized as follows: In Sec. II, we describe
the sample preparation and structure characterization by x-ray
reflectivity, x-ray diffraction, and atomic force microscopy
(AFM). In Sec. III, we show x-ray absorption spectroscopy
results using two detection modes used concurrently: total
electron yield and fluorescence yield. In Sec. IV, we show
and discuss the magnetization measurements. In Sec. V, we
discuss the field-dependent magnetoresistance measurements.
In Sec. VI, we present the experimental results and theoretical
considerations of the ADMR measurements. In Sec. VII, we
address the spin Seebeck measurements. Finally, in Sec. VIII,
we compare the results of the two techniques and obtain the
ratios between the values for the spin Hall angle (6sy) and the
spin-mixing conductance (gléf) for the two samples.

II. SAMPLE PREPARATION AND STRUCTURAL
CHARACTERIZATION

CFO thin films with thickness of 42 nm are grown
onto (001)-oriented SrTiO3 (STO) substrates with lateral di-
mensions 5 x 5mm?. The films are prepared from a CFO
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stoichiometric target by pulsed laser deposition using a KrF
laser (A = 248 nm) with fluence of 1.5J/cm? and a repetition
rate of 5 Hz at 450 °C in an oxygen pressure of 0.1 mbar.
The typical surface roughness of the films grown under these
conditions is ~0.13nm (1 um x 1 um area scans). The CFO
films, grown in the same run, are further capped with a dc-
sputtered Pt layer either grown in sifu at room temperature
(sample CFO/Pt@RT) or at a high temperature of (400°C)
(sample CFO/Pt@HT). The thicknesses of the CFO films
(tcro &~ 42nm) and Pt layers (tpy = 4 nm) are inferred from
the growth rate calibration obtained by x-ray reflectometry
(XRR). The 6-20 x-ray diffraction (XRD) scans confirm that
the CFO films are fully (00/) textured without any trace of
spurious phases.

Figure 1(b) shows a representative AFM (1 x 1 pum?)
image of the CFO thin film grown onto the STO substrate.
The film exhibits a very flat surface with surface roughness
estimated to be of 0.13 nm, i.e., less than 1% of its thickness.
Figure 1(c) shows the x-ray reflectivity data for the CFO film.
The red solid lines are the best fits obtained using Philips
WINGIXA software. The well-defined Kiessig fringes confirm
that the surface and interface of the thin film are extremely flat.
From the XRR fit, the values of the density, surface roughness,
and thickness of CFO thin films are found to be &~ 5.12 g/cm?,
0.17 nm (rms), and 42.5 nm, respectively. The obtained den-
sity and the roughness values are in excellent agreement with
the theoretical value (5.3 g/cm?®) and the AFM value (0.13
nm), respectively. The CFO films grown on STO substrates
consistently have c-axis texture with the [100] CFO parallel
to the [100] STO. The x-ray diffraction patterns in Fig. 1(d)
show that the CFO film is fully (00/) oriented without traces
of any spurious phase. The XRD reflections show no shift for
smaller or higher angles when comparing to the CFO bulk
reflections (cpux = 8.392 A), indicating that the film has a
relaxed out-of-plane lattice parameter (c axis), estimated to be
of ciim = 8.385 A for the (004) plane, as shown in the inset of
Fig. 1(d). This structural relaxation can be interpreted in terms
of the large mismatch (& 7.4%) between the cell parameters
of the STO and those of the CFO. This mismatch value is
obtained considering two STO unit cells and bulk cell parame-
ters of STO and CFO as asto = 3.905 A and acro = 8.392 A,
respectively.

III. X-RAY SPECTROSCOPY

X-ray absorption spectra of samples of the CFO/Pt@RT
and CFO/Pt@HT are acquired at the IPE beamline of the
Brazilian Synchrotron Light Laboratory (Sirius, LNLS) [40].
The measurements are carried out at room temperature around
the L3 and L, absorption edges of both the Fe (700-740
eV) and the Co (770-810 eV) absorbing atoms. The linearly
polarized (horizontally) photons reach the sample surface at
normal incidence. Here, we use two detection modes concur-
rently: total electron yield (TEY) and fluorescence yield (FY).
Although the fluorescence cross section is much lower in the
soft x-ray range (requiring more acquisition statistics), the FY
mode provides a reliable method to obtain an x-ray absorption
spectrum that is averaged along the full depth of the CFO
film, since the photon-in/photon-out signal is bulk sensitive.
On the other hand, the TEY signal is surface sensitive, prob-
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FIG. 2. X-ray absorption spectra around the L; and L, absorption
edges of Fe (left) and Co (right) for samples CFO/Pt@RT (blue) and
CFO/Pt@HT (red), in addition to the Fe® and Co® reference spectra
(black) acquired from standard metallic samples. The spectra are
measured concurrently by both FY (solid lines) and TEY (dashed
lines) modes. The sketch (center) represents the XAS experiment: al-
though the x rays go through the entire film and the FY signal is also
averaged from photons generated along the full depth of the CFO, the
TEY signal probes only a few nanometers from the CFO/Pt interface
(with maximum weight to the interface and decaying exponentially
with depth). All spectra are normalized by their maximum intensity
for easy comparison of their line shapes.

ing just a few nanometers from the CFO/Pt interface (with
maximum weight to the interface and decaying exponentially
with depth).

The x-ray absorption process involves the transition from
a core electron to the empty states above the Fermi level, thus
probing the electronic structure of the valence levels. Specifi-
cally, the L-edge absorption spectrum [excitation of the 2p'/?
(L, peak) and 2p*/? (L3 peak) core levels] of transition metals
and their oxides is representative of the empty 3d valence
states. A metal spectrum, such as for Fe® and Co° (Fig. 2,
black), exhibits two broad peaks that reveal the width of the
empty valence bands. On the other hand, an oxide spectrum
presents a more prominent fine structure, disclosing more
localized empty states. The energies of the so-called multiplet
structure are mainly determined by crystal field effects.

Figure 2 shows the spectra measured for samples
CFO/Pt@RT (blue) and CFO/Pt@HT (red), together with the
metal spectra obtained from a standard reference. In the case
of sample CFO/Pt@RT, both Fe (left) and Co (right) spectra
present fine structures that are very similar to those of the
cobalt ferrite spectra reported in the literature [41,42]. While
the Fe spectra is very characteristic of a film containing mostly
Fe* cations, the Co spectra is typical of Co>" in octahedral
sites [42]. It is important to notice that the similarity between
the spectra acquired by TEY (dashed lines) and FY (solid
lines) confirms that both Fe and Co ions can be found in
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these oxidized states throughout the entire CFO layer. On
the other hand, the spectra obtained by the TEY of sample
CFO/Pt@HT greatly differ from the one measured by FY.
While the FY spectra of both Fe and Co L edges resemble the
fine structure observed for sample CFO/Pt@RT as described
above, the TEY spectra show a clear trend to more metallic
states, i.e., Fe? and Co. Given that the CFO/Pt interface con-
tributes much more to the TEY signal, these results suggest
that a (Fe,Co)-Pt alloy is likely being formed at the sample
CFO/Pt@HT’s interface, according to the results reported in
Ref. [30]. Moreover, the alloying interface arising from the
Pt deposition at high temperature strongly affects the mag-
netic and spin transport properties of the system, as will be
discussed in the following sections.

IV. MAGNETIZATION MEASUREMENTS

Before discussing the magnetization results, it is funda-
mental to recall that CFO thin films, as previously mentioned
in Sec. I, exhibit APBs caused by the stacking faults
during the growth of the films. This prevents CFO films from
reaching their saturation magnetization due to the introduction
of antiferromagnetic domains with hard saturation magneti-
zation [36-38] and considerable surface magnetic anisotropy
[33], such as the creation of magnetic domains with complex
competing interactions that contribute to the reduction of the
saturation magnetization. However, distinct features can be
observed in CFO films deposited onto different substrates,
such as a spinel MgAl,O4, which presents large magnetic
anisotropy and large magnetization at high magnetic fields,
due to, for instance, the induced epitaxial strain [34,39]. In
addition, in CFO thin films, some partial inversion occurs so
that Co®* ions can also be at the tetrahedral sites that also
lead to an increase in the saturation magnetization, rather than
a decrease.

The magnetization measurements of the CFO thin films
are carried out using a superconducting quantum interfer-
ence device magnetometer (magnetic properties measurement
system of Quantum Design). The magnetization curves are
obtained after subtracting the STO substrate diamagnetic
linear contribution extrapolated from the high-field regime.
Figure 3 shows the room-temperature magnetization curves
of the STO/CFO/Pt heterostructures, for Pt layer deposited
at room temperature (CFO/Pt@RT) and high temperature
(CFO/Pt@HT) obtained with the magnetic field applied in the
t axis, i.e., H || [100] (in plane) and » axis, i.e., H || [001] (out
of plane).

The in-plane magnetization curve for the CFO/Pt@RT
sample exhibits a slightly larger coercive field (He = 3.15
kOe) in comparison to the out-of-plane (Hc = 0.4 kOe)
one, as shown in Fig. 3(a). In addition, the remanence for
the in-plane curve (M,/M; = 0.25) is larger than that for
the out-of-plane experiment (M, /M; = 0.08). Notice that the
magnetization value at high field (M) is about 241 emu /cm3
for both directions. These magnetic features observed for the
CFO/Pt@RT sample are very similar to the values of CFO
thin film (without Pt layer), shown in the inset of Fig. 3(a),
and previously reported in literature [28,29,33]. On the other
hand, the magnetization curves for the CFO/Pt@HT sample,
for both directions (in and out of plane), exhibit quite different
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FIG. 3. Magnetization curves for (a) STO/CFO/Pt@RT and (b)
STO/CFO/Pt@HT measured at room temperature with H along the
t and n directions. The inset shows the magnetization curves for
the STO/CFO (42 nm) sample, without the Pt layer, measured at
room temperature with H applied along the ¢ and n directions. The
dashed green line indicates the magnetization value for CFO bulk
(~376 emu/cm?).

magnetic behaviors. First, the magnetization value at high
magnetic field increases to around 350 emu/cm?, which is
very close to the CFO bulk value, as shown in Fig. 3(b). In
addition, in both directions, the coercive field and remanent
magnetization display a large decrease to values of Ho = 0.4
kOe and M, /M = 0.07, respectively.

From these results, one can clearly see an evolution of the
magnetization curve of the CFO/Pt@HT sample relative to
the CFO/Pt@RT one. This is characterized by the decrease of
the magnetic anisotropy evidenced through the reduction of
the coercive field, the increase of the magnetization at high
fields, and the emergence of a curve with peculiar shape,
having a shrink of the curve at low fields, keeping the opening
at high magnetization values. It can be understood in terms
of the interplay of two processes taking place during the
deposition of the Pt layer at the high temperature of 400 °C.
The first process corresponds to slight modifications of the
CFO layer. It has been observed previously in literature that
post-production heat treatments influence the magnetic and
magnetoelastic properties of highly magnetostrictive CFO,
promoting a decrease of the anisotropy constant, coercive
field, magnetostriction, and strain sensitivity, as well as in-
ducing an increase of the saturation magnetization [43]. It is
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worth mentioning that such changes are found even employ-
ing temperatures below the one used in the CFO deposition
[35]. These changes are not accompanied by any observable
changes in crystal structure or composition, but are indicative
of the migration of Co?* from the octahedral sites (B sites) to
the tetrahedral sites (A sites) and Fe** from the A sites to the B
sites of the spinel structure [35,43]. Next, the second process
occurring during the Pt deposition at high temperature con-
sists in structural, electronic, and magnetic reconstructions,
which gives rise to the formation of the (Fe,Co)-Pt alloy at
the CFO/Pt interface [30]. We understand that such alloy con-
tributes to the increase of the magnetization of the structure, as
well as being majorly responsible for the peculiar magnetiza-
tion curve, having both a shrink of the magnetization curve at
low fields and the opening at high magnetization levels [33].

V. FIELD-DEPENDENT MAGNETORESISTANCE

The field-dependent magnetoresistance measurements of
the CFO/Pt@RT and CFO/Pt@HT samples are carried out
at room temperature with an applied magnetic field of up to
90 kOe by using a physical property measurement system
(PPMS). Here, the sample plane is defined by the 7 and j axes,
with the charge current (j.) flowing along the j direction,
the ¢ axis as the in-plane transverse direction, and along the
out-of-plane direction (n axis, perpendicular to both j and ¢
axes). The magnetoresistance measurements are performed
using four inline silver paint strips. The room-temperature
longitudinal baseline resistance (Rj) and resistivity (pg) of the
Pt layers (tp; = 4 nm) grown at high temperature (HT) 400 °C
and room temperature (RT) are ~201 2 (pp = 38.6 uQ2cm)
and ~248 Q (po = 52.8 uf2cm), respectively.

Figure 4 shows longitudinal magnetoresistance (MR), de-
fined as MR = R (H) — R;(0)/R.(0), measured at room
temperature in the CFO/Pt@RT and CFO/Pt@HT sam-
ples, recorded with (H | j), (H ||t), and (H || n). The
field-dependent MRs of the CFO/Pt@RT sample decrease
with increasing applied field along the ¢ direction (H ||
t) and increase for H || j and H | n. These MR behav-
iors for all three directions agree with SMR, which is
characterized by R (H || n) ~ R (H || j) > R.(H || ). On
the other hand, for the CFO/Pt@HT sample, the MR decreases
with increasing applied magnetic field in all directions, which
differs significantly from that in the CFO/Pt@RT sample,
as shown in Fig. 4(b). This similar MR behavior has also
been observed in Fe;O4 thin films and is attributed to the
carrier transport across APBs [44-46]. In particular, the non-
saturated MR behavior observed for both samples can be
related to the Lorentz magnetoresistance of the Pt layers
[28,29], as well as to the presence of the APBs. These re-
markable features for MR measurements in all directions
suggest a strong contribution associated to anisotropic mag-
netoresistance (AMR) that is characterized by R (H || j) >
R, (H || t) =~ R, (H || n). Thus, from these measurements, it is
quite clear that the MR of the Pt layer is dramatically modified
due to the Pt magnetic nature acquired during their growth.
Therefore, we attribute these results to two possible scenarios:
one is related to a new orientation of the magnetic domains
induced by the CFO surface magnetization components when
probed for (H || ¢) and (H | j); the second is related to
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FIG. 4. Longitudinal field-dependent magnetoresistance mea-
sured at room temperature with H applied along the ¢, n, and j
directions for the (a) CFO/Pt@RT and (b) CFO/Pt@HT samples. The
inset in Fig. 3(b) displays the MR at low magnetic fields.

the formation of the (Fe,Co)-Pt metallic ferromagnetic al-
loy at the Pt/CFO interface due to thermally induced atomic
modification when the Pt layer is deposited at high tempera-
ture on the CFO film [30].

Moreover, from a closer look at the MR data in Fig. 4(b),
at the low magnetic fields regime (~+4 kOe to —4 kOe), we
observe in-plane hysteresis loops related to the negative MR
for R (H | t) and the positive for R, (H || j). Note that the
resistance switching behavior of the R (H | j) displays two
downwards symmetrical peaks: one related to the negative
coercive field (H, =~ —1.1 kQOe) for the field scan decrease
and a second one associated to the positive coercive field
(H. ~ 4+1.1 kOe) for the field scan increase [see the black
arrows in the inset of Fig. 4(b)]. The R (H | t) shows two
upwards symmetrical peaks: one related to the field scan
decrease and another one to the field scan increase [see the
red arrows in the inset of Fig. 4(b)] with coercive fields quite
similar to that in R, (H || j). Furthermore, we can notice that
the hysteresis observed on R (H || j) and R, (H | t) exhibits
H, that is different from that found from the magnetization
curve of the CFO thin film, as shown in Fig. 4. While for
Ri(H || j)and R (H || t) H. = +1.1 kOe, for CFO in-plane
magnetization, Hc = 3.05 kOe. Therefore, we can infer that
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FIG. 5. Longitudinal angle-dependent magnetoresistance measured for a fixed external magnetic field H of 90 kOe. (a) R.(y), (b) R.(B),
and (c) R, («) scans for CFO/Pt@RT bilayer. (d) R.(y), (e) R.(B), and (f) R, () scans for CFO/Pt@HT bilayer. The fixed external magnetic
field is applied rotating on the and y, §, and « angles (schematic illustration shown in the top panels) that define the n-j, rn-t, and ¢-j planes,
respectively. The charge current jc is always applied in the j direction. The solid red lines in (b) and (e) are the best fittings obtained using
Eq. (5); the model that considers collinear and noncollinear magnetic domains at the interface.

the CFO/Pt interfacial magnetic configuration is dominated
mainly by the magnetic nature acquired by the Pt layer so
that only its own reversal can be observed, while any rever-
sal associated, for instance, to CFO surface magnetization,
remains fixed. This situation should only change when the
applied magnetic field is large enough to overcome the CFO
surface magnetization that seems to occur at around 20 kOe.

VI. ANGULAR-DEPENDENT MAGNETORESISTANCE

One of the most relevant MR effects used to obtain infor-
mation about the spin configuration at FMI/NM interfaces is
the spin Hall magnetoresistance. Since its origin relies on the
interplay between spin Hall and inverse spin Hall effects, the
SMR is a second-order effect in fsy. A relevant ingredient
in the SMR is the spin transport across the FMI/NM interface,
which is quantified by the spin-mixing interfacial conductance
(G,). Thus, both 6sy and G, determine the magnitude of the
SMR. To further investigate the magnetoresistance effect that
arises in the CFO/Pt interfaces, we perform ADMR measure-
ments by rotating the sample holder in the n-j (y scan), n-t (8
scan), and ¢-j (« scan) planes, as sketched in the top panels in
Fig. 5. The longitudinal resistances R;(y), R.(8) and Ry («)
are recorded at a fixed external magnetic field of 90 kOe.
From ADMR measurements, the AMR longitudinal resistance
predicted is given by [18,47]

paMR = po + Apm; = py + Apsin’y, ¢))

where pg is the baseline resistivity, A p is the amplitude of the
AMR, and m; is the director cosine of the magnetization in
the charge current direction (j direction). Unlike AMR, the
SMR obtained from ADMR in FMIs with collinear magnetic

configurations is given by [18,47]

psur = po[1 — Api/po(1 —m2)] ™, @)

where m;, is the director cosine of the magnetization in the ¢
direction, and

2 4
2Anm Gtanh ﬁ

Apy 5 (ANM>
£0 ST\ dnat ) o + 22am G, coth j\i’:—“& '

3

Here onm, Anm, dnm, and Osp are the conductivity, spin
diffusion length, thickness, and spin Hall angle of the NM
(Pt), respectively, and G, is the real part of the spin-mixing
conductance at the CFO/Pt interface. Notice that the SMR
does not contribute to the y scan magnetoresistance signal.
For Ap/py < 1, Eq. (2) can be expanded so that pgyr =~
00+ Api1(1—m?) =~ Apjcos’B [47]. Thus, as discussed be-
low, this expression can lead to underestimated values of G,.
The ADMR results for the CFO/Pt@RT and CFO/Pt@HT
samples on the §, y, and « scans are defined by

ARL _ RL(ﬂ’ V,(x)—RL(,Ba Va o 200)
Ro - RO

where Ry is the baseline resistance. The Ry (y), R (8), and
R, (a) measurements for the CFO/Pt@RT sample shown in
Figs. 5(a), 5(b), and 5(c), exhibit the usual behavior of
FMI/NM bilayers and are consistent with the SMR theory
given by Eq. (2). On the other hand, the R;(B) for the
CFO/Pt@HT provides an unlike behavior as fourfold symme-
try, as shown Fig. 5(e). This behavior opens a new scenario
on surface magnetization that can be ascribed to noncollinear
magnetic domains or a spin-flop transition at the ferrimagnet
surface [23,48-50].

; “
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To elucidate and unveil the contribution of the new surface
magnetization configuration on the Ry () measurements, we
propose a model which approaches distinct configurations
of magnetic domains at the interface. In particular, we con-
sider two noninteracting domains at the CFO-Pt interface
that are distinguished for having magnetic moments parallel
(collinear) or nonparallel (noncollinear) to the applied field,
so that those contribute independently to the SMR. Thereby,
in this model the SMR is written as

coll noncoll

PSMR = fcoll;OSMR + (1 — fcoll)PSMR , 5)

where f.on represents the fraction of collinear magnetic do-
mains, and

piote = po[1 — Api/pocos? (B — BEM)] ™ ©)
and
Pl = po[1 = Api/posin® (B — )] (D)

are the contributions to the SMR resistivity from the collinear
and noncollinear domains at the respective magnetic domains
with respect to the coordinate axes. The relative abundance
of these two kinds of magnetic domains defines the SMR
response.

This is a simple model for the spin configuration at the
CFO/Pt interface, which is undoubtedly more complex than
that mimicked here. According to Eq. (6), the SMR response
of a collinear domain looks exactly like in ferrimagnetic in-
sulator/normal metal systems. In contrast, for ferrimagnets
with noncollinear magnetic domains, the SMR response de-
pends on the orientation of the magnetic domains with applied
magnetic field [25,26]. Note that sin’8 angular dependence
in Eq. (7) has been reported in heterostructures of NMs in
contact with antiferromagnetic materials [51-54].

Figure 5(b) shows the fit of the experimental data us-
ing the model described by Eq. (5) considering collinear
and noncollinear magnetic domains (f.o; # 1; solid red line).
From the best fitting we obtain Ap;/po = 0.012, f.on = 0.52,

coll = 0.77°, and B! = 0.7°. Taking into account dxy =
4 nm, oy = 107 @ m~! and Axy = 2 nm for the Pt layer,
and knowing A p, /pg, from Eq. (3) we obtain [GSzH Gilporr =
1.1 x 10" Q' m~2; and using glfif = G,¢*/h, we found
[GSZHgZé]Pt@RT =2.7 x 10'® m~2, which is in agreement with
values reported in literature [21,27]. Now, considering only
collinear magnetic domains f.o; = 1, from the best fitting
(not shown) we obtain Ap;/py = 0.00045, B! = 1.5°, that
from Eq. (3) yields [624 Grlpopr = 3-8 X 102 Q7! m~2 or
[0218) ¥ Ipiorr = 9-8 X 10! m~2. The SMR data presented in
Fig. 5 and Ap;/po in Eq. (3), from which we extract the values
of OgﬂgZé, are both normalized by Ry in order to eliminate its
contributions since the baseline resistance of the samples is
different.

Note that when the effect of noncollinear domains is
not taken into account in the model, the fitting can lead to
an underestimation by almost two orders of magnitude in
[02,; G,]. The difference between the two approaches becomes
clearer by fitting the SMR response of the CFO/Pt@HT sam-
ple shown in Fig. 5(e). The best fitting taking into account
collinear and noncollinear magnetic domains is shown by the
solid red line using the parameters Ap;/py9 = 0.035, feon =

0.50, B = —0.6°, and Bl = —0.6° so that we ob-
tain [63 Glpur = 31 x 10° Q7' m™? (638l penr =
7.9 x 10" m~2). As we can note, the Pt layer deposited
at (400°C) has a substantial effect on the interfacial spin
transport and spin-to-charge (vice versa) current conversion
process.

As a final remark, we discuss the y and « rotation ADMR
measurements. For a nearly saturated magnetization, during
the y rotation m; = 0, and the SMR effect does not contribute
to the measured R; . Figure 5(a) shows that the angular depen-
dence of AR.(y)/Ry of the CFO/Pt@RT sample oscillates
with a very small amplitude of ~ 2.4 x 107>. Moreover, in
the absence of AMR, Eq. (1) becomes zero, so that the Ry,
variation is given uniquely by Eq. (2), and it is expected that
the Ry (o) and Ry (B) amplitudes coincide, as shown in the
Figs. 5(b) and 5(c). In contrast, Figs. 5(d) and 5(f) reveal an
amplitude of two orders of magnitude larger (= 3 x 1073).
From the R; («) oscillation, we can observe that the dominant
effects are related to the spin-orbit coupling in the Pt and in the
(Fe,Co)-Pt alloy, so as to exhibit a combination of AMR and
SMR but with mostly AMR contribution. This corroborates
with the R; () oscillation that follows a sin’y dependence, as
expected from the AMR effect in Eq. (1).

To gain a deeper understanding of the underlying physical
mechanism behind the SMR in CFO/Pt samples, we provide a
schematic illustration of spin structures considering collinear
and noncollinear magnetic domains. Figure 6(a) illustrates
the SMR process in FMI/NM structures. The amount of spin
current at the interface can be modeled in terms of the mag-
netization direction M relative to o. The situation (M _Lo;
right sketch) corresponds to maximal spin transfer and thus
large resistance, while for the (M || a; (left sketch) leads to
a small resistance. These configurations are well described
considering collinear magnetic domains, since the net mag-
netic moment (M) follows the applied magnetic field (H),
as sketched in Fig. 6(b). On the other hand, the use of the
same approach for magnetic materials with higher complexity
becomes doubtful. Among these, we can mention the CFO,
which is largely dependent on the preparation conditions, and
has its surface energy changed due to some cationic distri-
bution. The ideal insulating ferrimagnetic CFO is constituted
of two sublattices: one tetrahedral [T] composed of Fe’t
and the other octahedral [O] with Fe*™ and Co*" being the
Fe3* ions equality distributed in the [T] and [O] sublattices.
The magnetic spins configuration with noncollinear magnetic
domain, considering the ideal CFO, is sketched in Fig. 6(c).
For this configuration, none of the magnetic moments, M4
(magnetic moment of the [T] sublattice) and Mp (magnetic
moment of the [O] sublattice), are parallel to the net magnetic
moment (M), since the antiferromagnetic coupling between
magnetic moments at the [T] and [O] sublattices is strong.
If we consider, e.g., that the Mp orientation is dominant in
spin transfer by interface, a partially large resistance shall
appear in a condition corresponding, e.g.,toM || o (8 = 90°),
giving rise to the fourfold symmetry in the 8 scan. In addition,
the orientation of the net magnetization is determined by the
applied magnetic field H that is smaller than the field ex-
change coupling between the sublattices. Therefore, the SMR
results obtained for the CFO/Pt@HT can be explained and
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FIG. 6. (a) Schematic illustration of the spin Hall magnetoresistance process in FMI/NM structures. The transverse spin current (Jy) created
by the spin Hall effect, can be absorbed (M Lo; right sketch) or reflected (M || o; left sketch) at the FMI/NM interface. The back-reflected

spin current (JBR

) is converted into an additional charge current (Jc) due to inverse spin Hall effect. The difference in resistance between

both magnetization orientations leads to SMR. Schematic spin configuration considering the (b) collinear and (c) noncollinear domains for the

insulating ferrimagnetic CFO.

understood by means of a spin configuration model that takes
into account the noncollinear magnetic domains at the inter-
face.

VII. SPIN SEEBECK EFFECT EXPERIMENTS

The large enhancement in the 9321_[ ngif produced by the ther-
mally induced interfacial magnetic modification in CFO/Pt
bilayers revealed by the SMR measurements must also be
noticed in other phenomena relying on the spin-to-charge con-
version process, such as the SSE. It consists in the generation
of a spin current by a temperature gradient across a layer of
a magnetic insulator that is detected by the voltage created
along an attached metallic layer due to its conversion into
a charge current [55-62]. The SSE has been widely studied
in FMI/NM bilayers [55-62] and also in bilayers made of
an antiferromagnetic material in contact with a nonmagnetic
metallic film [63-69]. To confirm the SMR results discussed
in the last section, we perform SSE experiments with the same
two CFO/Pt samples.

The SSE measurements are performed by applying a tem-
perature difference between the side with the Pt strip and the
substrate following the steps employed in Ref. [68], but using
a modified sample holder as described in the following and
illustrated in Fig. 7(a). The heater is replaced by a strain gauge
sensor of 350 2 mounted on a small silver plate. The heater is
then attached to the side of the Pt layer through a copper plate.
The substrate side is maintained in thermal contact using a
second silver plate attached to the copper block. The tempera-
ture difference AT across the sample is measured using two
calibrated Cernox thermometers (model CX-1050-SD-HT).
One of the thermometers is attached to the silver plate close
to the heater, while the other is attached to the silver plate
on the copper block. The strain gauge, the thermometers, and
the silver plates are attached by using GE varnish, which is
well known for having good thermal properties and for being
widely used in applications at low temperatures. The sample
holder is mounted on a dc resistivity puck of a PPMS and

Au leads are used to attach the thermometers, the heater,
and the Pt film to the puck. The electrical contacts are made
with silver paint. An external dc power supply is used for
setting the temperature difference AT across the sample. The
PPMS operates in the user bridge mode with the temperature
stabilized to within AT = 0.01 K and varies from 5 to 300 K.
The measurements are performed under high vacuum using
a cryogenic pump coupled to the PPMS. The magnetic field
H applied in the plane of the sample and transversely to the
long dimension of the Pt strip is swept from —85 kOe to 485
kOe with varying steps: 5 kOe for 85kOe > |Hy| > 5 kOe
and 1 kOe for |Hy| <5 kOe. The voltage produced in the
Pt film by the SSE-ISHE effects is then measured directly
by the PPMS with several temperature differences, AT =
T — Tpase- Before recording the AT data, the temperature is
monitored as a function of time until the thermal stabilization
is achieved.

Figure 7(b) shows the room-temperature magnetic field
dependence of the SSE current (Issg) in the Pt layer of
the CFO/Pt@HT sample, obtained by dividing the measured
voltage by the Pt layer resistance Issg = Vssg/Rp;, for sev-
eral values of the temperature difference AT . Notice that we
use the SSE current, and not the voltage, to eliminate the
influence of the Pt layer resistance. The copper block tem-
perature (Tp,se) is maintained at 300 K, so that the Pt
layer is at a temperature T = Tj,5. + AT . Figure 7(c) shows
the SSE current versus applied magnetic field measured at
300 K for the CFO/Pt@RT and CFO/Pt@HT samples for
a temperature difference AT = 9.7 K. Figure 7(d) shows
the SSE current measured at H = 50 kOe as a func-
tion of the temperature difference. The difference in slope
values in the Issg x AT curves for the CFO/Pt@RT and
CFO/Pt@HT samples reveals a pivotal change in the spin
transport through the CFO-Pt interface produced by the
heat treatment.

The data in Fig. 7 are completely consistent with the pic-
ture of the spin Seebeck effect. As shown in Refs. [58,70],
the measured voltage is due to the charge current in the Pt
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FIG. 7. (a) Schematic illustration of the experimental setup
used to measure the voltages generated by spin Seebeck effect
in the STO/CFO/Pt heterostructures and a sketch of the sample
holder mount displaying the heater and thermometer. (b) Variation
with magnetic field H of the SSE current in the Pt layer of the
CFO/Pt@HT sample for six values of the temperature difference
AT, with the copper block at Tp,e = 300 K. The data for AT =
0 is shown in the inset. (c) SSE current versus field H measured
in the CFO/Pt@HT and CFO/Pt@HT samples with a temperature
difference AT = 9.7 K and Ty, = 300 K. (d) Variation with tem-
perature difference AT of the SSE current measured with H =
50kOe and Tg,se = 300 K. (e) Temperature dependence of the SSE
current measured in the CFO/Pt@HT and CFO/Pt@RT samples
with H =50kOe and AT = 4.4 K. The solid blue line for the
CFO/Pt@HT data is a guide for the eyes.

layer produced by the ISHE conversion of the spin current
generated by the temperature difference applied to the CFO/Pt
bilayer. The application of a temperature gradient VT across
the CFO layer generates a spin current carried by magnons
with density given by Jg = —CSg LVT, where Cs is a
coefficient that depends on the FMI parameters, such as
saturation magnetization (Cs  1/Mcro), magnon diffusion
coefficient, temperature, and applied magnetic field intensity
[69]. The spin current flows across the CFO/Pt interface into
the Pt layer and is converted into a charge current by the
ISHE with density given by fc = QSva X 6, where 6gy is the
spin Hall angle and & is the spin polarization. As the field
is scanned and reversed at H = 0, the sign of ¢ in the spin
current changes, and so does the voltage signal. Figure 7(d)
shows that the SSE current in the two samples varies linearly
with the temperature difference, as expected from Eq. (8) for

the SSE. A comparison of the slopes of the two linear fits
shows that the SSE in the CFO/Pt@HT sample is larger than
that in the CFO/Pt@RT sample by a factor of 5.1. The varia-
tion of the SSE current with the base temperature measured
at H = 50kOe with AT =4.4K for the CFO/Pt@HT and
CFO/Pt@RT samples is shown in Fig. 7(e). The Issg Vs Tgase
for the CFO/Pt@RT sample is very small at room tempera-
ture and undetectable at low temperatures. Nevertheless, for
both samples, the temperature variation of the SSE has a
shape that is similar to the one measured in YIG, which
is explained quantitatively by the magnonic spin current
model [58,70].

VIII. DISCUSSION AND CONCLUSIONS

We use angle-dependent magnetoresistance and spin See-
beck effect to investigate the spin-to-charge current intercon-
version process in CFO/Pt bilayers, with the Pt deposited
at room temperature (CFO/Pt@RT) and at high temperature
(CFO/Pt@HT). Here, we discuss the results of the spin-to-
charge interconversion process obtained from both techniques
that are entirely in agreement. To obtain further informa-
tion on the spin transport through the CFO-Pt interface, we
compare both parameters QSZH and glflf for such samples by
means of SMR data [Figs. 5(b)-5(e)] and the slopes ob-
tained from the Issg vs AT curves measured by SSE in
Fig. 7(d).

From SMR, we obtain [62;g/15uf) =2.7 x 10'® m

and [02,&]1SME) — 7.9 x 10'® m~2. Now, to confirm these
results, we determine both parameters from the SSE measure-
ments. From the magnonic spin current model for SSE, the
relation between the Issg current and the temperature gradient

VT is given by

2e INM
I VT =6 A tanh
Sse/ SHE W ANM — A (ZXNM

>Cspm cos @,
®

where pry is a factor representing the finite-size effect of
the FM layer thickness, Ry and w are the resistance and
width of the Pt layer, respectively, and ¢ is the angle of
the spin polarization determined by the direction of the ap-
plied magnetic field. Although we are not able to reach
reliable values for the coefficient Cy for our magnetic struc-
tures, we know that Cs o< 1/Mcpo [58,70]. Then, we take
the ratio between the SSE slope values in Fig. 7(d), so that
Mcroerr [QSHgZé];T%E;T/MCFO@HT[QSHgZéf]S?@EgT = 5.1. Then,
considering the magnetization at high fields taken from
the magnetization curves acquired for our structures,
Mcroentr = 350 emuécm and MCFO@RT =241 emu/cm?,

we achieve [ QSngff Pt%E;T/[GSHg S@ER)T =7.4. Using the
same approach for the SMR measurements,

we find
(SMR (SMR .
[QSngff]Pt@H)T/ (0248141 Pt@R% = 2.9. From the two ratios, fi-

nally we obtain 0(2 HD — 0.39 x Gélg@RT) TH(P@HT) _

Pt@RT and gEff
t
19 x glk¢ ),

The s1gn1ﬁcant increase in the spin-mixing conductance
(g;ff) for the CFO/Pt@HT sample is primarily related to the
enhancement of the magnetic moment arisen at the interface
due to the formation of the ferromagnetic (Fe,Co)-Pt alloy,
which is a consequence of the structural, electronic, and
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magnetic reconstructions at the interface between Pt and the
insulating ferrimagnetic CFO due to heat treatment. As has
been predicted, the enhancement of the spin torque efficiency
depends on the density of magnetic ions at the FMI surface,
such that the insertion of magnetic atomic layers increases
the spin-mixing conductance [71]. In accordance with that,
an improvement of the spin transmission has been observed
by inserting an ultrathin ferromagnetic layer between the in-
sulating ferrimagnetic oxide and the Pt layer, which is due
to the increase of the spin-mixing conductance by increasing
the magnetic density at the interface [72—75]. On the other
hand, the decrease in Qéﬁn for the CFO/Pt@HT sample is
also associated with the (Co, Fe)-Pt alloy layer. Knowing the
spin Hall angle, defined by 6sy = osy/o, where osy is the
transverse spin conductivity, we expect that an increase in the
conductivity o due to the (Co, Fe)-Pt alloy implies a decrease
in GSH-

In summary, we report on the spin-to-charge intercon-
version process in CFO/Pt bilayers grown onto STO(001)
substrates, so that the CFO thin films are (001) fully tex-
tured. As spin transmission and spin backflow are driven
by interface phenomena, here we show quite a difference
between the ADMR and the SSE results when the Pt layer
is deposited under two different temperatures. While for the
sample wherein the Pt layer is grown at room temperature the
results are in accordance with those reported for interfaces
with more magnetic and electronic stability, for a sample
where the Pt layer is grown at high temperature, the results are
strikingly different. The high-temperature deposition of the
Pt layer may have potentiated and induced a new interfacial
magnetic phase like (Fe,Co)-Pt alloy, generating an increase
in the SSE signal besides an additional contribution to ADMR
so that noncollinear and collinear magnetic domains should
coexist at the interface. Therefore, our results show that SMR
is a highly sensitive probe to surface magnetism that can
be used to identify even complex magnetic configurations,

including collinear and noncollinear magnetic domains in
highly resistive ferrimagnetic oxides in contact with normal
metals. Furthermore, we also observe a strong dependence
of the SSE current with the Pt layer deposition temperature
which is consistent with SMR. From them, we obtain for
the CFO/Pt@HT sample an interfacial spin-mixing conduc-
tance more than one order of magnitude larger than for the
CFO/Pt@RT sample. We interpret the increase of ggf in terms
of unexpected magnetic reconstructions, which lead to an
enhancement in the magnetic moment arisen at the interface.
Thus, since the spin-mixing conductance defines the effi-
ciency of spin current transmission through the interface, the
spinel ferrite cobalt in contact with normal metal with suitable
heat treatment is a promising material for spintronics device
applications.
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