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Thermally driven spin and charge currents in thin NiFe,O,4/Pt films
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We present results on the longitudinal spin Seebeck effect (LSSE) shown by semiconducting ferrimagnetic
NiFe,0, /Pt films from room temperature down to 50 K base temperature. The temperature dependence of
the conductivity has been studied in parallel to obtain information about the origin of the electric potentials
detected at the Pt coverage of the ferrimagnet in order to distinguish the LSSE from the anomalous Nernst
effect. Furthermore, the dependence of the LSSE on temperature gradients as well as the influence of an external

magnetic field direction is investigated.
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I. INTRODUCTION

The spin Seebeck effect (SSE) generates a spin current
induced by a temperature gradient and belongs to the emerging
field of spin caloritronics.! The effect was first observed in
2008 by Uchida et al. in Nig Fe 9 (Py) films with Pt stripes’
using an in-plane temperature gradient V7T which generates a
spin current perpendicular to the film plane. The spin current
was detected in the Pt stripes as an electromotive force Erspyg
by means of the inverse spin Hall effect (ISHE)® given by the
formula

Esue = DsuplJs X &. (1)

The material-dependent constant Dspyg d_gscribes the
magnitude of the spin Hall effect (SHE),*> Jg is the spin
current, and & is the spin polarization vector.

The same effect was also observed in the ferromagnetic
semiconductor GaMnAs (Ref. 6) and in the Heusler compound
Co,MnSi.” In 2010 Uchida et al. also demonstrated this
effect in the ferrimagnetic insulator LaY,FesO, (La:YIG) on
Gd;GasOp, (Ref. 8) with the same geometric configuration
as for the Py/Pt system, which is now referred to as the
transversal SSE (TSSE), because the detected spin current
is transverse to the applied temperature gradient (Jg L VT).
Later Uchida et al. presented an alternative configuration for
SSE measurements in Y;FesO1, (YIG)’ and Mn-Zn ferrite
(Mn,Zn)Fe,0,,'° the so-called longitudinal SSE (LSSE).

For the LSSE, a temperature gradient VT is applied
perpendicular to the film plane in the z direction [Fig. 1(a)]
and a spin current J. s flows from the magnetic material into
a Pt film. The external magnetic field H is aligned in the x
direction, hence the spin polarization vector ¢ also lies in this
direction for a sufficiently high magnetic field. A voltage is
measured across the ends of the Pt film along the y direction
[Fig. 1(a)]. Here the detected spin current J s is aligned parallel
to the applied temperature gradient (jS | VT).

The anomalous Nernst effect (ANE)!! can be observed in
the same configuration for ferro- (or ferri-) magnetic metals,
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which is analogous to the anomalous Hall effect (AHE),"? but
induced by a temperature gradient. The ANE is given by the
formula

EANE =aVT x n_i (2)

Here, E ANE 1S the electromotive force, o is a coefficient
describing the magnitude of the ANE, VT is the temperature
gradient, and m is the unit vector of magnetization.'3 In the
LSSE configuration, Eqs. (1) and (2) are very similar and in
general there has been no effort to separate the longitudinal
SSE and the ANE of the measured voltage signal so far.'*

For this reason magnetic insulators like YIG are required to
distinguish the voltage signal between longitudinal SSE and
ANE, because no ANE is present in insulators. Studies relating
proximity effects in YIG/Pt structures indicate concern about
contributions of the ANE due to spin polarization of Pt at the
interface of the Pt/ferromagnet film.!>!® Recently, a study of
the ANE in YIG/Pt compares the magnitudes of the ANE and
LSSE voltage signals by exchanging the temperature gradient
VT and the external magnetic field H,'7 but in different
configurations. This study shows that the contribution of the
ANE due to proximity effect is less than 5% of the voltage
signal in the LSSE configuration.

A contribution due to conductivity at the surface of the
ferromagnetic film is another possibility to generate an ANE,
which can be much greater. This has to be excluded in the first
place. In order to separate the contribution of the ANE and the
LSSE a material was chosen in which the ANE can be switched
on and off by changing the temperature. A convincing material
is the ferrimagnetic semiconductor NiFe,O4. This material
grows in the inverse spinel structure consisting of two magnetic
sublattices.'® Recent optical spectroscopy measurements show
an indirect band gap of about 1.6 eV in the minority channel
and a direct band gap of about 2.4-2.8 eV for NiFe,0y films
of thickness between 150 and 270 nm.'® Other experimental
data for the optical band gap range from 0.33 to 3.7 eV for
thin films as well as for the bulk.?’* In this material the
conductivity is controllable by varying the temperature due to
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FIG. 1. (Color online) (a) LSSE setup. The sample is sandwiched
between two copper plates and a temperature gradient VT is applied.
(b) The geometry for four-point measurement. Two sputtered Au
stripes establish electric contact to the ends of the sample to hold two
lines on the same electrical potential.
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the semiconducting properties. Therefore, the ANE induced by
a conductive surface can be suppressed at low temperatures.

In this work a temperature dependence of the contribution
due to the LSSE and ANE in NiFe,O,4/Pt films is investigated
in detail.

II. EXPERIMENT

We prepared nickel ferrite (NiFe,0,) films on 8 x 5 mm?
MgAl,O4 (100) substrates by direct liquid injection chem-
ical vapor deposition (DLI-CVD) with a thickness of 1.1-
1.2 um."”® In the DLI technique a liquid solution of two
precursors [Ni(acac), and Fe(acac)s] in the molar ratio of
1:2 and the solvent N,N-dimethyl formamide (DMF) are
vaporized at a temperature of 175 °C to obtain a film growth
rate in a range of 10-18 nm/min at a deposition temperature
of 600 °C. In another step a 10 nm Pt film was deposited by dc
magnetron sputtering in a vacuum system with base pressure
of 5 x 107 mbar. In an Ar atmosphere with a pressure of
5 x 1072 mbar a deposition rate of 4.2 nm/min was obtained.

For the temperature gradient dependent measurements
the NiFe,O4/Pt sample was clamped between two copper
plates.>> The lower copper plate was connected to a Peltier
thermoelectric module to heat or cool the sample from below,
which is electrically insulated from the copper by the substrate.
The upper copper plate is connected to a heat bath leading
to a heat flow through the sample to generate a temperature
gradient VT in the z direction [Fig. 1(a)]. The sample is
electrically insulated from the upper copper plate by a thin
sapphire sheet. The temperature difference was measured
between the upper and lower copper plates with two connected
T -type thermocouples and were stabilized at a certain AT =
[(0,0,AT)| o VT. Two tungsten needles were contacted at
the ends of the Pt film with a microprobing system along the
y direction. The voltage signal between the two needles was
measured with a Keithley 2182A nanovoltmeter. An external
magnetic field H was applied in the x direction (here defined
as o = 90°) and varied in the range of £1000 Oe. Afterwards
the angle o between H an the y direction was varied from
a = 0° to @ = 360° for angle-dependent measurements.

In a similar setup the sample was clamped between two
copper blocks in a cryostat for low-temperature measurements.
It was possible to heat both sides separately to generate a
temperature gradient perpendicular to the sample plane. Two
copper wires were bonded with indium pads on top of the Pt
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film and connected with a nanovoltmeter. In the same way a
pure NiFe,O,4 film without Pt was connected for reference
measurements. The lower temperature was measured by a
27  rhodium iron resistance thermometer for temperatures
down to 1.5 K. The temperature on the upper side was
measured by a thermocouple. The voltage signal of the
thermocouple was calibrated with the rhodium iron sensor.
In this setup the copper blocks are also electrically isolated by
the substrate and by a sapphire sheet.

Furthermore, the conductivity of the NiFe,Oy4 film without
Pt was characterized in a four-point-geometry measurement
for different temperatures. Figure 1(b) shows a sample with
two Au stripes at the ends of the film to hold two point contacts
at the same electrical potential. The resistance was measured
with a Keithley 2000 in the four-wire resistance measurement
mode. For higher resistance values a voltage of 20 V was
applied and the current was detected with a Keithley 6487
picoammeter in a two-point geometry.

III. RESULTS

Figures 2(a) and 2(b) show the voltage signal V at the
ends of the Pt film as a function of the external magnetic
field H. An asymmetric behavior is observed which can be
compared to measurements from other groups on YIG/Pt
films>'4 which had the same angle & = 90° between H and
the y direction. The magnitude V;, of these curves (saturation
value) defined by (Viax — Vmin)/2 is proportional to the
temperature difference AT [Fig. 2(c)].

The voltage signal Vg, also depends on the angle «.
Figure 2(f) shows a sinusoidal shape where V, vanishes at
a = 0° and 180° and has its maximum value at « = 90° and
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FIG. 2. (Color online) (a),(b) Voltage V as a function of the
external magnetic field H for various temperature differences AT and
a = 90° at room temperature. (c) The magnitude V;, is proportional
to the temperature difference AT . (d),(e) Voltage V as a function of H
for various angles o between H and the y direction for AT = 10K
at room temperature. (f) The magnitude V,, depending on « for
AT =10K.
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FIG. 3. (Color online) (a) Voltage V as a function of the external
magnetic field H for a temperature difference AT = 10 K (left axis)
and the magnetic moment  measured via VSM normalized to the
saturation value jig, (right axis) at room temperature. (b) Squareness
and coercive field as a function of the angle « between the external
magnetic field H and the y direction at room temperature. The solid
and the dashed curves are lines to guide the eye.

270°. Here, we emphasize that the line drawn in Fig. 2(f)
is a pure sine function. Thus, the angle dependence of V
perfectly corresponds to the cross product of Eqgs. (1) and (2).
In Figs. 2(d) and 2(e) measurements of V as a function of H
with a fixed angle « are presented. The magnitude of Vg, gets
smaller with decreasing angle o and the asymmetric behavior
nearly vanishes for @ = 0°. An explanation for the symmetric
contribution for &« = 0° could be the magnetic anisotropy of
the NiFe, 0, films as was also demonstrated for YIG films.'*
Therefore, measurements using vibrating sample magne-
tometry (VSM) are performed and presented in Fig. 3. The
observed magnetic moment u normalized to the saturation
value g, is compared in Fig. 3(a) to the obtained voltage
signal V for AT = 10 K at room temperature. One can see
that the coercive field of about (165 £ 25) Oe is identical
with the coercive field of the voltage signal. In Fig. 3(b) the
squareness ([4rem/ tsat) and the coercive field of a pure NiFe, O4
film is shown as a function of the angle «. Two magnetic
easy axes are obtained induced by the fourfold magnetic
anisotropy of the cubic inverse spinel structure of the NiFe,O4
films. The magnetic easy axes are aligned in o = 45°/225°
and o = 135°/315° directions due to maximum squareness
and coercive field. These directions correspond to the (110)
directions of the crystallographic NiFe,O, structure. Hence,
for @ = (0° the voltage signal for small external magnetic fields
H gets a symmetric contribution as already discussed for
Figs. 2(d) and 2(e) when the magnetic moment of the NiFe,;O4
changes its in-plane orientation and flips into the direction of
the next magnetic easy axis. For a complete interpretation of
the symmetric contribution further investigations are required.
Figures 4(a) and 4(b) show the voltage V as a function of
the external magnetic field H for the mean temperatures Ty =
50 K and Ty = 100 K and for various temperature differences
AT. The voltage signal in saturation Vi, increases for higher
temperature differences AT. This is comparable to Figs. 2(a)
and 2(b) at room temperature, but the proportionality between
Vsar and AT is less obvious because of the large experimental
error in the determination of AT at low mean temperatures in
this setup. In Fig. 4(c) Vy, is shown as a function of AT for
various mean temperatures 7. For each Ty the slope of the fit
curve describes the ratio Vg, /AT. For the fit curve a linear
function (y = ax) was assumed considering that for AT =
0 K the voltage signal should vanish. The obtained slopes
decrease for lower mean temperatures. In Fig. 4(d) the Voltage
V is shown as a function of the external magnetic field H for
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FIG. 4. (Color online) (a),(b) Voltage V as a function of the
external magnetic field H for the mean temperature 7, = 50 K and
To = 100 K for various temperature differences AT'. (c) Voltage V in
saturation (V) as a function of AT for different mean temperatures
Tp. The slope of the linear fits estimate the ratio Vi, /AT for a certain
mean temperature 7y. (d) Voltage V as a function of H for different
mean temperatures 7y and AT = (12 £5) K.

various mean temperatures Tp. The temperature difference is in
the range of AT = 8§ Kand AT = 17 K and an experimental
error of == AT /2 has to be assumed.

The conductivity o of a pure NiFe, Oy film [Fig. 5(a)] shows
a linear slope with 1/ T, (Refs. 26-28) which corresponds in a
semiconductor model with a band gap of (0.18 = 0.01) eV and
is smaller than the expected value of 1.6-2.4 eV.'° Perhaps the
smaller band gap originates from impurities in the sample. The
estimation of the band gap from conductivity measurements
is sensitive to free charge carriers, which can cause the
ANE. Therefore, this technique is suitable to estimate the
strength of the ANE. The conductivity decreases from o =
454 Q "m ! for Ty =300Kto o =192 x 107 Q@ 'm™!
for Tp = 50 K. This suggests that for high temperatures an
electrical conduction in the NiFe,O4 films and therefore a
possible occurrence of ANE is present.

Figure 5(b) compares the conductivity o as a function of the
temperature 7; with the ratio of the saturation voltage signal
Viae and the temperature difference AT also as a function of
Tp. The curves strongly differ for low temperature 7y with the
conductivity decreasing much faster than Vg, /AT . Therefore,
the ANE due to the conductivity of the NiFe,O4 film can
be neglected at low temperatures. Even by assuming an error
in the temperature difference of AT /2 and £10 K for Ty,
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FIG. 5. (Color online) (a) Conductivity o of a NiFe,O, film
as a function of the inverted temperature 1/7; which shows a
semiconductive behavior and the linear fit in the intrinsic region with
a slope of about (—1031 & 8) K 2~ m~". (b) The conductivity o and
the ratio between the saturated voltage signal Vi, and the temperature
difference AT as a function of the mean temperature 7j.
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FIG. 6. (Color online) (a) Voltage V as a function of the external
magnetic field H for 7y = 300 Kand AT = 10 K for a pure NiFe,O4
film (NFO) and a NiFe, 0, /Pt system (NFO/Pt). (b) The curve for the
NFO film in a larger scale.

the measured values of Vi, /AT cannot be explained by the
decrease of the conductivity o with Tp.

In Figs. 6(a) and 6(b) the voltage signal for a pure NiFe,O4
film at room temperature is presented. A small hysteresis is
obtained which corresponds to the ANE in the absence of a
Pt film on top [Fig. 6(b)], but the magnitude of the voltage
signal in saturation is about ten times smaller than the signal
for the NiFe,0,/Pt system. The small signal-to-noise ratio is
due to the strong temperature dependence of the conductivity
of the NiFe,O, film. Small variations in the temperature
difference cause large variations in the offset voltage compared
to the voltage signal due to the investigated effects. Detailed
measurements at low temperature are required. However,
for low temperatures the conductivity of the pure NiFe,O4
decreases very rapidly.

For a quantitative comparison of the ratio of the satura-
tion voltage signal Vg, and the temperature difference AT,
Kikkawa er al. introduce the ratio Vi /AT including geometric
factors of the sample.!” This coefficient is given by the formula
Vit = VearL- /Ly, where L, is the sample thickness in the
direction of the temperature gradient and L, is the length
of the sample in the y direction. The sample thickness is
dominated by the substrate and is about L, = 500 um. The
distance between the voltage contacts is about L, = 8 mm.
For Ty =300 K a value of Vi /AT = (304 20) nV/K is
found which is an order of magnitude smaller than the values
Kikkawa et al. found for YIG/Pt with Vi /AT = 220 nV/K."7
This coefficient decreases to Vsat/AT = (2.8 £0.7) nV/K for
To = 50 Kin the NiFe,O4 /Pt system. Uchida et al. have shown
that for single-crystalline YIG/Pt an enhanced magnitude of
Viat/ AT around Ty = 50 K appears but not for polycrystalline
YIG/Pt.> An enhanced magnitude of Vi /AT could not be ob-
served for NiFe, O, /Pt using temperature steps of 50 K for 7.

Figure 6(a) shows that the contribution of the ANE in
the NiFe,O, film is very small even when the NiFe,O, film
exhibits a finite electrical conduction. Therefore, the ANE
in the NiFe,0y4 is not the origin of the strong temperature
dependence which is shown in Fig. 5(b). One possible
explanation is the proximity effect at the NiFe, O, /Pt interface
as described by Kikkawa et al. for YIG/Pt.!” Another possible
origin is a contribution from the spin-dependent Seebeck
effect.! Spin-polarized conduction electrons can also generate
a spin current which is detected due to the ISHE in the Pt film.
This effect disappears in the insulating region of the NiFe,;O4
film at low temperatures. A more fundamental explanation
could be a temperature dependence of the LSSE and therefore
a temperature-dependent coefficient Vi, /AT. More detailed
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investigation is required to determine which one of these
explanations is dominant.

IV. CONCLUSION

In conclusion, we investigated NiFe,O4/Pt films in the
LSSE/ANE configuration and found similar results as pre-
viously observed for YIG/Pt films.” A systematic study of the
origin of the effect was carried out by varying the temperature
gradient and the angle « between the external magnetic field
and the voltage contacts. We observed that the measured
voltage signal varies proportional to the applied temperature
gradient and is sinusoidal with the angle « in agreement
with the cross product of Eqgs. (1) and (2). Conductivity
measurement of a pure NiFe,O4 film shows semiconducting
behavior and confirms the advantage of this material to control
the appearance of the ANE due to charge carriers in the
NiFe,O4. The observed voltage in the LSSE configuration
can be explained as a superposition of two effects. On the
one hand, one can observe the LSSE caused by a generated
spin current and detected by the ISHE in the Pt. On the other
hand, the ANE can be detected by the conductive behavior
of the magnetic NiFe,O,4 film, which should increase with
temperature similarly to the conductivity. A voltage signal and
a hysteretical behavior was observed at low temperatures as
well as at room temperature, but with a smaller magnitude.
A comparison between the ratio of the saturation voltage
signal and the temperature difference, on the one hand, and the
temperature dependence of the conductivity of the NiFe;Oy,
on the other hand, shows a divergence between the two curves.
Therefore, contribution of the ANE due to the conductivity of
the NiFe, O, at low temperature can be neglected.

Furthermore, measurements of the ANE on NiFe, O, films
without Pt showed a voltage signal ten times smaller than the
signal obtained with Pt. Thus, we conclude that the voltage
induced in the Pt is mainly due to a spin current from the
NiFe, Q4 into the Pt film. A decrease of the LSSE coefficient
Via/AT could be explained by parasitic spin currents in the
conductive region of the NiFe,O4 due to the spin-dependent
Seebeck effect or mainly by a temperature-dependent LSSE
coefficient itself. These fundamental temperature-dependent
LSSE/ANE investigations on semiconducting magnetic mate-
rial should be extended to conducting and insulating magnetic
material in the low- and also in the high-temperature region.
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