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Electrical properties of epitaxial yttrium iron garnet ultrathin films at high temperatures
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We report a study on the electrical properties of 19-nm-thick yttrium iron garnet (YIG) films grown by liquid
phase epitaxy on gadolinium gallium garnet single crystal. The electrical conductivity and Hall coefficient are
measured in the high-temperature range [300,400] K using a Van der Pauw four-point probe technique. We find
that the electrical resistivity decreases exponentially with increasing temperature following an activated behavior
corresponding to a band gap of E, &~ 2 eV. It drops to values about 5 x 10° Qcm at T = 400 K, thus indicating
that epitaxial YIG ultrathin films behave as large gap semiconductors. We also infer the Hall mobility, which

is found to be positive (p type) at 5 cm? V! sec™!

and almost independent of temperature. We discuss the

consequence for nonlocal spin transport experiments performed on YIG at room temperature and demonstrate
the existence of electrical offset voltages to be disentangled from pure spin effects.
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I. INTRODUCTION

The recent discovery that spin-orbit effects [1-4] could
allow to generate or to detect pure spin currents circulating
in an adjacent magnetic layer has triggered a renewed interest
for magnon transport in magnetic oxides, and in particular
yttrium iron garnet, YiFesOi, (YIG) [2,5-18], the material
with the lowest known magnetic damping in nature. It confers
to YIG the unique ability to propagate the spin information
on the largest possible distance. Moreover, in electrical in-
sulators, all effects associated with electrical transport are
absent, which simplifies greatly the interpretation of the
measurements.

The latest studies on the magnon transport properties of YIG
concentrate on the strong out-of-equilibrium regime where
large spin currents are induced in the YIG either by spin
transfer torque [17,18] or by temperature gradients [19,20].
When performed at room temperature, this involves heating
the YIG material well above 300 K. One concern is the issue of
whether YIG could become an electrical conductor at such high
temperatures. Indeed, it is known [21-26] that the electrical
resistivity of doped YIG could decrease by several orders of
magnitude with increasing temperature due to the presence
of impurities. In the case of ultrathin films, defects could
come from the growth method or from the two interfaces and
potentially lead to a spurious charge conduction channel when
heated well above 300 K. In order to clarify this point, we
propose to investigate the evolution of the electrical properties
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of single crystalline YIG ultrathin films in the temperature
range [300,400] K.

Before describing the experimental procedure, we would
like to recall that YIG is a ferrimagnet, which has an un-
compensated magnetic moment on the Fe** ions, found on
octahedral and tetrahedral coordinate sites, both coupled by
superexchange. Studies on Ca- and Si-doped YIG [21] have
established that Fe>* and Fe** ions are formed if tetravalent
or respectively divalent impurities are added to the YIG, which
could then lead to an electrical conduction via the charge
transfer mechanism, respectively, of p and n type. In that case,
the doped YIG behaves as a large gap semiconductor with a
charge conductivity following an activation mechanism. At the
present stage, different studies disagree about the microscopic
mechanism at play for the electronic conduction inside doped
YIG, whether it follows a localized hopping model, through a
small polaron conduction [25] or rather a band model, through
a large polaron conduction [21]. It is also known that the
value of the magnetic damping coefficient of YIG is very
sensitive to the doping level. This is because the charge transfer
between the mixed valence iron ions is associated to a potent
magnetic relaxation process, known as the valence exchange
relaxation [27]. So far, this mechanism activated by impurities,
appears in the form of a large enhancement of the magnetic
damping, usually around liquid nitrogen temperature, where
the fluctuation rate of the charge transfer matches the Larmor
frequency. This effect is usually minimized by growing YIG
crystals from ultrapure materials. Quite remarkably, YIG can
usually be synthesized in large volume in the form of a single
crystal with almost no atomic disorder. It has been reported
that the resistivity of bulk ultrapure YIG can be as large as
10'? Q cm at room temperature [22].
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But, as explained in Introduction, recent interest on spin
transfer effects in YIG have required an effort to develop high
quality YIG material in the form of ultrathin (below 20 nm)
films (thickness should be compared here relatively to the YIG
unit cell, which is 1.238 nm). This is because spin transfer
is an interfacial phenomenon and consequently its efficiency
increases with decreasing thickness of the magnetic layer.
Three growth techniques have, so far, allowed to produce good
quality ultrathin YIG films: sputtering [28—30], pulsed laser de-
position [8,31-33], and liquid phase epitaxy (LPE) [7,18,34].
These films are usually grown on gadolinium gallium garnet,
Gd3Gas0;; (GGG) substrates, which provides the necessary
lattice matching to achieve epitaxial growth. For all these, three
growth processes, the quality of the YIG films deteriorates as
the film thickness decreases [8,34]. This deterioration is an
inherent consequence of an increasing surface to volume ratio,
which substantially enhances the possibilities for defects and
impurities to be introduced into the YIG, through the two sur-
faces (contamination, intermixing of the species at the surface,
or unrelaxed strains in the film thickness), which leads to lower
saturation magnetization and an out-of-plane anisotropy often
accompanied by an increase of the coercive field.

So far, the highest thin film quality (smallest combination
of low magnetic damping parameter, low inhomogeneous
broadening, and film thickness below 20 nm) have been
reported for films grown by the LPE technique, an extension of
the flux method. Garnets have a noncongruent melting phase
and can only be prepared in the form of single crystals once
dissolved in a solvent. The solvent used is usually a mixture
of different oxide elements, mainly PbO and B,0O3, which
can eventually enter as impurities in the flux growth. The
molten mixture is confined in a platinum crucible (inert with
respect to the oxides) placed in an epitaxy furnace above the
saturation temperature, defined as the temperature at which
the growth rate is zero. Subsequently, the GGG substrate with
crystallographic orientation (111) is immersed in the bath.
Optimization of the growth process parameters is achieved
by studying the dependencies of the depositing conditions on
the structural, morphological, and magnetic properties. The
key to very good growth is to keep the solution perfectly
homogeneous and the growth rate very slow. The main problem
is the difficulty in developing a recipe leading to YIG films
homogeneous in both thickness and composition. Indeed, for
very thin layers, the role of the transition layer is essential
(chemical composition) and requires a control of the chemical
elements composing it. The influence of this transition layer
on the different contributions to the linewidth is important. The
YIG films that we have developed from LPE growth technique
have the following characteristics: perfect epitaxy (difference
of matching parameter with the substrate is null); saturation
magnetization almost equal to that of the bulk (47 M, of our
19 nm YIG films is about 1.7 kG); very low magnetic relaxation

TABLE I. Summary of the physical properties of the YIG thin
film (YDPBY) used in this study.

tyig (nm)  4x M (G) [£2%(¢] AH, (Oe) vy (rad 57! Gfl)

19 1.67 x 10° 3.2 x 107* 2.5 1.79 x 107

(damping coefficient less than or equal than 3.2 x 107*); no
planar anisotropy and very weak coercive field (H, < 3 Oe);
very low roughness (3 Arms).

II. ELECTRICAL PROPERTIES OF BARE
YIG THIN FILMS

In the following, we will concentrate on the electronic prop-
erties of LPE grown YIG thin films of thickness fyjg = 19 nm.
The dynamical characteristics of these films are summarized
in Table I. A 1 x 1 mm? square slab of YIG is extracted from
the batch and connected along the four corners using Al wire
bonding. The measurements are performed inside a home-
made cryostat regulated in temperature by a flow of helium gas.
To characterize the slab we use the van der Pauw four probes
method [35], which is typically used to measure the sheet
resistance of homogeneous semiconductor films. It allows to
eliminate measurement errors associated with the exact shape
of the sample. The four points are arranged in a clockwise
order around the positive field normal shown schematically
inside Fig. 1(a). Because of YIG high impedance, we use a
Keithley 2636B source-measurement unit in order to draw
very little current (subnanoamper range) inside the film. In our
analysis, the GGG substrate will be considered a good insulator
(resistivity > 10" Qcm) [22] and its electrical conductivity
will be ignored.

Our measurements are performed at high temperature in the
range [300,400] K and for different magnetic fields in the range
[0,5] T applied normally to the sample surface. The tempera-
ture range explored is still well below the Curie temperature of
YIG, whichis T = 562 K. We first extract the sheet resistance
Ry, which consists in measuring all possible combinations of
the cross-resistance between opposite edges. From the van der
Pauw expression, one can extract Ry, whose minimum lays
in the couple of G2 range at the highest temperature. From
the sheet resistance, we compute the resistivity p = Rtyig.
Figure 1 shows the resistivity as a function of temperature.
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FIG. 1. Temperature dependence of (a) the electrical resistivity
and (b) Hall mobility of 19-nm-thick YIG films grown by LPE
determined by a Van der Pauw four-point probe technique (see inset).
The solid line in (a) is a fit with an activated behavior exp[ E, /(2kp T)],
where E, ~ 2¢eV. Theinsetin (b) shows the Hall voltage drop V; ;1 ;13
when the current is injected between I;;;,, where i is the contact
number modulo 4.
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The first remarkable feature is that the resistivity of YIG at
400 K drops to about 5 x 10° Q cm. Plotting the data on a
semilogarithmic scale helps to show that the resistivity decay
follows an exponential behavior. Fitting a linear slope through
the data plotted as a function of 1/T (in Fig. 1, the data are
shown as a function of T'), we infer a band-gap energy of about
E, ~ 2 eV, which is about 1 eV lower than the expected band
gap of pure YIG in bulk form.

Next, we characterize the Hall conductance of our sample.
For this, we now circulate the electrical current along the
diagonals /; ;;, and measure the voltage drop along the op-
posite contacts V;;1 ;43. Here, i is the contact number modulo
4, where the subscript notation is ordered according to the
connections to the high/low binding posts of the current source
and voltmeter. The inset of Fig. 1(b) shows the voltage drop
measured at 400 K in the presence of a normal magnetic field
of 5 T. To eliminate the resistivity offset, we have worked
out the difference of the voltages for positive and negative
magnetic fields. In our measurement geometry, the polarity of
the Hall voltage is opposite to the magnetic field direction. It
implies that the trajectories of the charge carriers are deflected
in the opposite direction to the current in the electromagnet,
or in other words that the YIG behaves as a p-type conductor.
Quantitatively, the full variation of the Hall voltage is about
0.12 V at 10 nA when the field is changed by Hy = 5 T at
400 K, where the YIG resistivity is o = 5 x 10*> Qcm. This
corresponds to a carrier mobility for the holes of about ugy ~
543 cm?V~!sec™!. We have repeated the measurement for
other temperatures. The measurement at lower temperature
is difficult for two reasons. The first one is the limited
voltage range of the sourcemeter, which decreases the upper
current limit that could be injected in the YIG. Another
consequence of the large resistivity is the associated increase of
the time constant for charging effects. This increases substan-
tially the dwell time necessary before taking a measurement.
Because of these difficulties, we have limited the measurement
range to 40 K below the maximum temperature. Although the
error bars of our measurement are large, the result suggests that
the temperature dependence of the mobility as a function of
temperature is small [36] indicating that most of the change in
the resistivity comes from a variation of the electronic density
and not of the scattering time. Such behavior is compatible with
what has been found previously in Ca-doped YIG (p-type) and
this observation is used as a signature that charge carriers are
provided by large polarons [21]. Our study does not conclude if
the electrical conduction occurs in the bulk or if this is a surface
effect. This important question shall be determined in future
studies by monitoring the change in the electrical properties as
a function of the YIG thickness.

III. IN-PLANE OFFSET VOLTAGE IN NONLOCAL
YIG|Pt DEVICES: M; | y

Next, we investigate the implications of these electrical
properties for nonlocal spin transport experiments [37] per-
formed at room temperature and in air, where one monitors
the transport properties between two parallel Pt wires [colored
in red in Fig. 2(a)] deposited on top of YIG. More precisely,
one measures the voltage along one wire (the detector) as a
current flows through a second wire (the injector). Figure 2(a)
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FIG. 2. Current dependence of the electrical offset voltage V5 in
nonlocal transport devices performed at room temperature. The YIG
magnetization is set along the y direction by an external in-plane
magnetic field biased at Hy = 2 kOe. One monitors here the voltage
along one wire as a current flows through a second wire separated by a
variable gap (0.4 or 0.7 um). (a) A microscopy image showing two Pt
stripes aligned along the y direction (red) (the scale baris 10 #m). The
polarity of the current source and voltmeter are specified. (b) A direct
monitoring through microfocus Brillouin light scattering of the value
of YIG saturation magnetization (temperature sensitive) underneath
the Pt injector (i) and the Pt detector (d) here separated by a gap of
0.7 pum. The maximum of the curve indicate the position of the Kittel
frequency (see arrows). Shifts produced by Joule heating at / = 2 mA
(black) are shown relatively to the results at / = 0 (green). (c) and
(d) show the current variation of the offset voltage, here decomposed
in two contributions: (c) (V541 — V5,-r)/2, odd in current (green),
and (d) (V141 + V31-1)/2, even in current (orange). The black curve
in (d) shows the increase of relative resistance of the Pt used as a
temperature sensor. The results in (c) are shown for two different gap
separation between the Pt wires. The solid line in (b) is a fit with an
exponential increase exp[—E,/(2kpT)], where E, ~ 2 eV. The inset
is azoom of the data and shown on a semilogarithmic scale. The arrow
at I = 2 mA indicates the threshold current above which the Ohmic
losses start to reach the 100 nV range.

shows a microscopy image of the electrode pattern on top of
the YIG. For the sake of clarity, we define a Cartesian frame
where the 9 direction is set parallel to the wire and the Z
direction represents the out-of-plane orientation. For the lateral
device series used herein, the Pt wires are 7-nm thick, 300-nm
wide, and 30-um long. Since different Pt wires (thickness and
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length) have been deposited between different samples [18],
comparison of the results should be done by juxtaposing data
obtained with identical current densities (provided in the upper
scale). The total resistance of the Pt wire at room temperature
is Ry = 3.9 kQ, corresponding to a Pt resistivity of 27.3 u2
cm. The analysis below will concentrate on two devices, with
two Pt wires separated by a gap of either 0.7 or 0.4 um,
respectively. We emphasize though that these measurements
have been performed on several other devices patterned on two
different LPE YIG film batches [ 18] of about similar thickness.
In the following, we shall explicitly clarify the effects, that are
generic to the YIG films.

In the measurements, the current is injected in the device
only during 10-ms pulses using a 10% duty cycle (cf. Appendix
for more details). This pulse method is very important in order
to limit heating of the YIG and substrate. The increase of
resistance R; of the Pt wire is monitored during the pulse
sequence. The result is shown in Fig. 2(c) (right axis), where
we have plotted kp(R; — Ro)/ Ry as a function of the current
I, with the coefficient xp, = 254 K specific to Pt [38]. The
result is shown in Fig. 2(d) using black dots. For information
purposes, we have also marked on the plot the position of the
Curie temperature T¢. We have performed on the device with
a gap of d = 0.7 um, microfocus Brillouin light scattering
(u-BLS) in the GHz energy range. The spectral distribution
of light intensity measured either by focusing the light beam
under the injector (i) or detector (d) Pt wire is shown in
Fig. 2(b). The wu-BLS spectrum is first measured at I =
40 mA for calibration purpose. The spectral distribution is
then measured at / = +2 mA (i.e., 9.5 x 10'! A/m?) while
the field is set to Hy = 42 kOe along the y direction. The
spectrum shifts to lower frequencies, due to a reduction of
the saturation magnetization M; caused by the excitation of
magnons. Since the frequency of the maximum in the spectrum
[arrows in Fig. 2(b)] coincides with the FMR frequency, we can
calculate M, from the experimental data by using the Kittel
formula. The quantity AM; = M(0) — M(I), where M;(0)
is the effective magnetization at / = 0, characterizes the total
number of magnons created due to the current flowing in Pt.
Comparing these values at the (i) and (d) position allows to
estimate the decrease of saturation magnetization under the
injector (—290 G) and the detector (—110 G). If one uses
the fact that YIG magnetization decreases by 4G/°C in this
temperature range, we find that at / = 2 mA the temperature
of the YIG underneath the injector has increased by 473 °C,
while the temperature of the YIG underneath the detector has
increased by 427 °C. This result thus suggests that the local
YIG temperature is identical to that of the Pt (i.e., negligible
Kapitza resistance).

One can then use these findings to estimate the temperature
effects on the electrical properties. At I =2 mA, which
corresponds to a current density of about 10'> A/m? in the
Pt injector wire, the temperature of the Pt increases to about
370 K during the pulse. At this temperature, the YIG resistivity
drops into the sub-10°  cm range according to Fig. 1(a), which
corresponds to a sheet resistance of about 50 GS2. Considering
now the lateral aspect ratio of the device, this amounts to an
electrical resistance of YIG of the order of the G2 between
the two wires. The leakage current inside the Pt detector wire,
whose impedance is about six orders of magnitude smaller than

that of YIG, starts thus to reach the nanoamper range. This is
comparable to contributions from other effects stemming from
spin currents flowing from injector to detector, either due to
temperature gradients or magnon emission and propagation
and transduced to an electrical current in the Pt by inverse spin
Hall effects (ISHE).

To resolve this effect in our lateral device, we propose to
measure the nonlocal voltage with the magnetization set pre-
cisely parallel to the Pt wire (9 direction). This configuration
switches off completely any sensitivity to spin conduction.
To align the magnetization with the wire, we use an external
in-plane magnetic field of 2 kOe as shown in Fig. 2. The
induced offset voltage is decomposed in two contributions:
(b) one (V141 — V3—1)/2, which is odd in current (green)
and the other (¢) (Vy141 + Vj—1)/2, which is even in current
(orange).

We first concentrate on the odd contribution of the offset
shown in green in Fig. 2(c). The result is shown for two
different nonlocal devices, where the two Pt wires are separated
by two different gaps respectively 0.4 and 0.7 um. On a
linear voltage scale set to the microvolt range, we observe
that the odd offset increases abruptly above Iz =2 mA on
the 0.7 um device (corresponding to a YIG temperature of
370 K). This abruptrise is shifted to lower current, when the gap
isreduced and it actually follows approximately an exponential
growth as shown in the inset using a semilogarithmic scale.
The solid line in Fig. 2(c) is a fit with an exponential increase
exp[—E,/(2kpT)], where the temperature 7 is extracted from
the Pt resistance [cf. black dots in Fig. 2(d)]. From the fit,
we extract the local band gap, E, ~ 2 eV, which is the same
as that inferred from the resistivity. The shift of the curve
as a function of the gap is consistent with a decrease of the
temperature of the detector as the wire is moved away from
the injector. One can actually roughly evaluate from this shift
the temperature difference in the x direction between the two
devices, found to be about 20°C at Iz when the wires are
shifted by 0.3 um (difference between the two gaps) along
the x axis. We can evaluate quantitatively the expected signal
from current leakage through the YIG. At I = 2.2 mA, when
the temperature of the YIG reaches T =~ 390 K, the YIG
resistivity drops to about 10*  cm. Considering the equivalent
circuit, this will produce a potential difference of 50 £V on
the detector circuit, which is consistent with the observed
signal amplitude. This sustains the interpretation that the odd
offset voltage in our nonlocal device is purely produced by
the decrease of the YIG electrical resistivity. Note that this
offset voltage drops very quickly with decreasing current pulse
amplitude. As shown in the inset of Fig. 2(c), it decreases by
an order of magnitude, when I = 2.0 mA (corresponding to
a YIG temperature of T = 370 K). At this level, the offset
starts to become of the same order of magnitude as the spin
signal in these devices. We have thus indicated by an arrow in
Fig. 2(c), Ig = 2 mA (i.e., current densities of approximately
10'2 A m?), the threshold current at which the electrical leakage
starts to become important in the spin transport experiments,
here reaching the 100 nV range.

It is also important to note at this stage that, within our
convention of biasing the high/low binding posts of the current
source and voltmeter in the same direction [cf. @& and ©
polarities in Fig. 2(a)], the sign of (V;4; — Vj—1)/2 is positive
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for positive current and negative for negative current. This is
opposite to the sign of the spin conductance, X, reported on
these systems (see Ref. [18] or Appendix). The sign of the
“odd in I” component of the nonlocal voltage is actually a
signature that, in one case, the voltage drop is produced by
electronic transport (the Ohmic losses) and in the other case,
it is produced by spin transport. While in both scenarii the
induced electrical current flows in the same direction in the two
parallel Pt wires, for Ohmic loss, the YIG acts as an electronic
load and the potential drops along the current direction, i.e.,
(V141 — V31=1) - I > 0 as shown in Fig. 2(c), in contrast, for
ISHE, the YIG acts as a spin source for the detector and the
potential increases along the current direction, i.e., ¥ - I <0
as shown in Fig. 4(b) (note that this effect is independent of
the sign of the spin Hall angle).

‘We then move to the even contribution of the offset shown in
orange in Fig. 2(d). One observes that this contribution always
follows the Joule heating of the Pt wire, so it is linked to the
induced thermal gradient. We believe that it should be ascribed
to thermoelectric effects produced by temperature gradients
along the y direction. This gradient is produced by inherent
small resistance asymmetries along the Pt wire length, which
results in one end of the Pt wire heating slightly more than the
opposite end. This produces a small temperature difference at
the two Pt|Al contacts of the detector circuit [indicated by the
@ and O polarities binding posts in Fig. 2(a)]. Considering
the electrical Seebeck coefficient of Pt|Al, of 3.5 uV/°C [38],
the offset measured at I = 2 mA, corresponds to a temperature
difference of less than 3 °C between the top and bottom contact
electrodes, while the wire is being heated by almost 70 °C.
These asymmetries in the temperature difference are expected
to vary from one device to the other and this is precisely what
is observed: the ratio between the even contribution of the
offset and the temperature increase of the Pt wire fluctuates
and even changes sign randomly between different lateral
devices.

IV. OUT-OF-PLANE OFFSET VOLTAGE IN NONLOCAL
YIG|Pt DEVICES: M; || z

Although the electrical offset voltage produced by Ohmic
losses and thermoelectric effects is independent of the external
magnetic field direction when the latter is rotated in-plane, it
is in principle sensitive to the out-of-plane component through
the Hall effect. Transverse transport properties in YIG are
currently attracting a lot of interest and several recent papers
address the issue of transverse magnon transport effects in
magnetic materials, such as the magnon Hall effect [39] or
the magnon planar Hall effect [40]. The sensitivity to magnon
effects can be eliminated from the measurements by keeping
the magnetization vector in the yz plane containing the inter-
face normal and the length of the Pt stripe as this configuration
selects only the transverse transport properties carried by the
electrical charge. To extract the Hall voltage, we shall only
consider A, defined as the difference between the measured
voltage for two opposite polarities of the external magnetic
field £Hy, A; = (V4: — V_3)/2. This signal would be also
sensitive to the spin Seebeck effects if the YIG magnetization
had a nonvanishing projection along the x axis [18]. The
inset of Fig. 3(b) shows the angular dependence as a function
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FIG. 3. (a) Schematic of the Righi-Leduc effect produced on
a p-type conductor magnetized out of plane. The large in-plane
temperature gradient 0,7 produced by Joule heating creates a tem-
perature gradient 9,7 along the wire when the sample is subject to
an out-of-plane magnetic field. (b) Current and (c) magnetic field
dependence of the Hall offset voltage V: produced in the nonlocal
transport device. (a) shows the variation of the A; signal as a function
of I when Hy = £3 kG. The inset of (b) shows the polar angle
variation, 6, for different current between [1.9,2.5] mA (step 0.2 mA).
The magnetic field is rotated in the yz plane. (b) shows the magnetic
field dependence of A; measured when the polar angle reaches the
normal direction (6 = +90°,4-80°).

of the polar angle, 6, being defined in Fig. 3(a). In all the
devices, we observe that the 8 dependence of the A; signal is
maximum when the field is applied along the z direction, odd
in magnetic field, and negative when 8 = +90°. Moreover, A;
increases with both increasing current density and increasing
external magnetic field. It is worth to note at this point that the
offset voltage produced by the perpendicular magnetic field
is about two orders of magnitude smaller than that of the
in-plane direction. The observed quadratic dependence with
I in Fig. 3(b) suggests that this signal should be associated
to Joule heating and thus to particle flux induced by thermal
gradients. The observed linear dependence with Hy in Fig. 3(c)
suggests that this signal should be associated to a normal
Hall effect and not to an anomalous Hall effect linked to M.
Indeed, a fit of the high field data leads to a straight line that
intercepts the origin, while the anomalous Hall effect would
have led to a finite intercept. One also observes in Fig. 3(c) a
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departure from this linear behavior below the saturation field
(~ 4 M;). This is because, below saturation, a component
of the magnetization could point in the x direction, hereby
switching on the sensitivity to the spin Seebeck effect, which
is a stronger positive signal in these devices. To check this, we
have repeated the measurement by tilting the applied magnetic
field by 10° away from the normal and in the y direction
(6 = 80°). This ensures that there is no net component along
x, while retaining almost the same strength along z. The result
is shown using light blue dots in Fig. 3(b). The fact that
the observed linear behavior extends almost up to the origin
confirms that the origin of the rise in A; is indeed associated
to the normal Hall effect.

Next, we discuss more in details the potential origin of the
A signal. First, as noted in the previous paragraph, the source
is the incoming flux of charge carriers produced by a thermal
gradient. This gradient is mainly in the x direction, through
the potent Joule heating of the injector. There is in principle
an electrical voltage produced in the y direction associated
with this incoming flux through the electrical Nernst effect.
Our device geometry effectively shunts both contacts with a
relatively low impedance Pt wire, acting as a voltage divider,
which reduces drastically any sensitivity to the Nernst effect.
One should mention at this point the recently reported spin
Nernst effect [41]. But this signal should be maximum when
the magnetization is parallel to the y direction, while the signal
that we discuss here is maximum when the magnetization is
parallel to the z direction. We propose here a different scenario
to explain our data. Since our measurement of the even offset
in Fig. 2(d) seems to indicate that the two thermocouples
provided by the Pt|Al contacts at both ends of the detector
Pt wire are sensitive to temperature difference along the y
direction, the Hall offset signal measured in Fig. 3 can thus
be due to a thermal gradient in the y direction (Righi-Leduc
effects: a transverse thermal gradient whose amplitude is
proportional to the out-of-plane component of the applied
magnetic field [42]). Although a definite quantitative proof
would require some additional measurements, in the following
we shall check that this explanation is consistent with the
data.

Firstly, this explanation is consistent with the / and Hj
behavior. Secondly, it also has the correct sign. Since the A;
signal is negative for & = +90°, this implies that 9,7 and
d,T have the same sign when the field is positive. This is
the signature of a p-type doping in agreement with Fig. 1(b).
Concerning the amplitude of these thermal gradients, at Iz =
2 mA, we shall rely on our evaluation of the temperature of
the YIG underneath the injector and the detector by measuring
the value of the Kittel frequency at these two positions using
u-BLS spectroscopy [cf. inset of Fig. 2(c)]. We found that
at I = 2 mA the temperature of the YIG increases by +73 °C
underneath the injector and by +27 °C underneath the detector.
Using the gap of 0.7 um between the two Pt wires as the area
where the thermal gradient along x occurs, we find that 0,7 =
—65°C/um. Using a value of uy = 45 cm?> V™! sec™! for
the Hall mobility, this would produce a transverse gradient
of 3,T = uy Hod, T = —1 x 1072 °C/pm in a perpendicular
magnetic field of 3 kG. Recalling that the length of the Pt wires
is 30 um long, this would produce a voltage of 1 uV, using the
thermoelectric coefficient of Pt|Al. So in the end, the expected

signal amplitude is of the same order of magnitude as the Hall
offset measured at Iz = 2 mA.

V. CONCLUSION

In summary, we have shown that high-quality YIG thin
films grown by LPE behave as a large gap semiconductor at
high temperature due to the presence of a small amount of
impurities inside the YIG. In our case, we observe that the
resistivity drops to about 5 x 10* Q cm at T = 400 K. These
results have to be taken into account for nonlocal transport
exploring the spin conductivity, especially in cases where the
YIG has a large amount of defects like in amorphous materials,
or when improper cooling of the sintered product leads to the
additional formation of Ohmic grain boundaries. In nonlocal
transport devices, these electrical properties are responsible for
an offset voltage (independent of the in-plane field direction)
whose amplitude, odd in current, grows exponentially with
current due to Joule heating. These electrical properties also
induce a sensitivity to the perpendicular component of the
magnetic field through the Hall effect. In our lateral device,
a thermoelectric offset voltage is produced by a temperature
gradient along the wire direction proportional to the perpen-
dicular component of the magnetic field (Righi-Leduc effect).
These results also emphasize the importance of reducing
drastically the Joule heating by using a pulse method, when
investigating spin transport in YIG in the strongly out-of-
equilibrium regime. For our devices, these electrical effects
start to become significant for spin transport studies, when the
YIG temperature is heated above 370 K, which corresponds
in our case to injecting a current density > 1.0 x 10'> A m?
in the Pt (or 7 > 2 mA for these samples). These voltages
produced by Ohmic losses in the YIG can be separated from
the nonlocal voltage produced by spin transport. Firstly, the
two signals have opposite polarities. Secondly, only the latter
varies with the orientation of the magnetization in-plane, as
first demonstrated by the Groningen group [13].
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APPENDIX A: SPIN CONDUCTANCE IN NONLOCAL
YIG|Pt DEVICES: M; || £

For the sake of completeness, we display in Fig. 4 the
nonlocal spin transport properties produced in the same device
by setting the magnetization along the X direction. In this
configuration, the nonlocal transport of YIG|Pt is dominated
by propagating magnons. Since the studied devices are put
on a completely different YIG film than the ones reported
in Ref. [18], this section illustrates the reproducibility of
our findings concerning the spin transport. As explained in
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FIG. 4. Nonlocal transport properties observed while applying the
external magnetic field in the & direction. The transport contribution
supported by propagating magnons is extracted by measuring the
variation of the nonlocal voltage produced in the % direction relative
to the nonlocal voltage produced in y direction. The measured signal
is decomposed in two components: X; (green), the signal sum, and
A; (orange), the signal difference, respectively, even and odd with
respect to the field polarity. (b) and (c) show the current dependence
of the amplitude ¥ and A. The dashed line in (b), £, is a linear
fit of the low current regime. The inset shows the variation of the
normalized inverse spin conductance £/ ¥ as a function of current.
The arrow indicates the crossover current required to observe a 25%
change in normalized conductance.

Ref. [18], the magnons transport is isolated by measuring the
variation of the nonlocal voltage produced in the % direction
(ISHE on) relatively to the nonlocal voltage produced in y
direction (ISHE off). Using the same notation as in Ref. [18],
we define the X voltage as the contribution even with respect
to the field polarity and the A voltage as the contribution
odd with respect to the field polarity. This is obtained by
constructing the signal sum and the signal difference of the
nonlocal voltage variation with respect to the field polarity. The
result is shown in green in Fig. 4(b) and in orange in Fig. 4(c).
As noticed by Cornelissen et al. [13], these symmetries of X
and A should be associated respectively to spin-orbit torque
[10] and to spin Seebeck effects [43,44]. On these devices
too, a deviation from a linear spin conduction transport is
observed in Fig. 4(b) at high current. To analyze the value of
the crossover to a nonlinear spin transport regime, we repeat
the same analysis as the one proposed in Ref. [18]. In the inset

of Fig. 4(b), we show the variation of the normalized inverse
spin conductance %)/ X as a function of current, where X"
is a linear fit of the low current behavior (dashed line). The
arrow indicates the current required to observe a 25% change
in normalized conductance. The value of the crossover current
is I, = 1.4 mA, corresponding to a current density of about
6 x 10" A/m?, which is about the same density as the one
reported in Ref. [18].

We emphasize again that the polarity of nonlocal voltage
produced by spin transport, X, is opposite to the polarity
of the nonlocal voltage produced by electrical transport [see
Fig. 2(c) and discussion in Sec. III]. The negative value of
¥ - I < 0 reported in Fig. 4(b) is actually an unambiguous
signature that the observed nonlocal voltage is produced by
ISHE and not by leakage electrical currents inside the YIG
[18]. We should though add at this stage that selecting the
component of the nonlocal voltage that varies with the in-
plane azimuthal angle of the applied magnetic field is another
effective mean to eliminate the Ohmic contribution, since the
later are independent of the in-plane orientation of Hjp.

We next discuss the current behavior of A; shown in orange
in Fig. 4(c). As expected for a signal attributed to thermal
effects (spin Seebeck effects), it has the parabolic shape
characteristics of Joule heating [cf. black curve in Fig. 2(d)]. It
is interesting to note though that the sign of A; is opposite to
the one reported in Ref. [18]. There have been already several
reports on the change of sign of the spin Seebeck coefficient
in YIG|Pt devices [13,45-47]. In our case, we report that
for all the devices prepared on this thin film (YDPB9) (see
Table I), we observe the same opposite sign of A; as Ref. [18]
independently of the gap value between the two wires (ranging
from 0.2 to 6 um). We have checked that in these samples the
sign of the ISHE signal produced under spin pumping never
changes and always remains identical to the polarity reported
in Ref. [7]. This rules out potential processes related to the
polarization of the top surface, which might have, in the case of
a ferrimagnet, opposite magnetization polarization depending
on the exact crystallographic surface termination.

APPENDIX B: PULSE METHOD

An essential earmark of our large power studies on YIG|Pt
devices has been the use of a pulse method to measure
the nonlocal voltage, as it allows a significant reduction of
Joule heating, hereby reducing also the thermal activation of
electrical carriers in YIG, when large electrical currents are
injected in the Pt wires. In this section, we shall characterize
the transient regime associated with the use of current pulses,
and we shall describe the practical details on how we have
implemented the pulse method in our transport setup.

First, we shall concentrate on the time evolution of the
saturation magnetization underneath the injector, when a pulse
of electrical current is injected in the Pt wire. These measure-
ments are inferred from time-resolved p-BLS spectroscopy. To
achieve this, we use a current pulse generator that produces a
250-ns-wide current burst, synchronized with the -BLS setup.
We use this to register the spectrum at different delays. As
explained in the main text, one can extract the variation of sat-
uration magnetization produced by Joule heating, A M, from
the shift in the position of the main peak in the ;-BLS spectrum
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FIG. 5. (a) Temporal evolution of the relative reduction of the
saturation magnetization, AM;(I)/M;(0), during a current pulse.
(b) Current dependence of the maximum obtained in the pulsed- and
continuous-current regimes. The data were recorded by placing the
probing spot onto the injector Pt stripe. The solid curves are guides
for the eye. (c) Variation of the effective temperature of the Pt wire as
a function of the duty cycle using the pulse method.

using the Kittel’s formula and by assuming that this maximum
corresponds to the FMR frequency. The result is shown in
Figs. 5(a) and 5(b) for both positive and negative current pulses,
while the applied magnetic field is set at Hy = 1 kOe in the +X
direction. The temporal evolution shows a characteristic rise
time of about 200 ns at / = 42 mA. It is interesting to note
that the variation of the saturation magnetization caused by the
current in the Pt stripe shows the same sign for both polarities
of the current. This confirms the findings that the total magnon
population seems less affected by SOT than the population of
small-wave-vector magnons. The possible explanation is that
the efficiency of SOT reduces with increasing frequency of
magnons because of the increase of their relaxation frequency,
while the effects of the Joule heating on the magnon population
are expected to be frequency independent. Because of the
large phase volume of high-frequency magnons, the total
magnon population is then strongly affected by the Joule
heating, which counteracts the magnon cooling effect of SOT.
This conclusion is further supported by the slow temporal
variation of M; at I < 0 [Fig. 5(a)], which can be associated
with the slow temperature rise due to the Joule heating. By

comparing the data for / > 0 and / < 0 in Fig. 5(a), one
can conclude that, in spite of the large contribution of the
heating effects, at least 60% of the detected signal at [ =
+2 maA is due to the magnons excited by SOT. This significant
contribution, enabling reliable characterization of the effects
of SOT, originates from the small width of the current pulses
preventing a significant increase of the temperature of YIG.
As seen from the comparison of the current dependencies of
M, obtained in the pulsed- and continuous-current regimes
[Fig. 5(b)], utilization of short pulses results in a strong increase
of the asymmetry of the measured dependencies reflecting the
antisymmetric contribution of SOT.

Next, we shall give the practical details on how we have
implemented the pulse method in our transport experiment. For
our setup, the current pulses are generated by a 6221 Keithley
Current Sources and the induced voltage pulses are measured
synchronously by a2182A Keithley Nanovoltmeter. We use the
so-called delta mode (cf. manual), where the induced voltage is
calculated through a three-point-average reading, taking into
account also the induced voltage before and after the pulse
(when I = 0). In the Keithleys, the clock is set by the power
line cycle (PLC), which has a period of 20 ms in Europe.
We chose the width of the pulse duration to be 10 ms and
the interval between pulses to be 100 ms (5 PLC), which
corresponds to a 10% duty cycle. We have checked that no
significant additional heating is generated by the cumulative
reading of the voltage with these cycles. Reduction of the duty
cycle to 1% shows no significant temperature deviations with
the 10% setting when one monitors the variation of the Pt
relative resistance as a function of current [see Fig. 5(c)]. In
order to avoid the transient regime described above, which
might alter the determination of the nonlocal voltage, a 100-uts
delay is applied on the detector voltmeter in order to wait for the
stabilization of the voltage before triggering the reading of the
nanovoltmeter. For each bias, the nonlocal voltage is calculated
from the average of 100 pulses, in order to obtain a tenfold
enhancement of the signal to noise ratio. As a precaution, the
20 first pulses are disregarded from the statistics to ensure that
a steady-state regime has been reached. In this condition, the
deviation of the individual pulse appear to follow a normal
distribution around the average, for all pulse amplitude. With
these settings, the noise floor obtained is around the 5-nV range
for a measurement period of about 10 s.
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