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Temperature Dependence of the Spin Seebeck Effect in a Mixed Valent Manganite
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We report on temperature dependent measurements of the longitudinal spin Seebeck effect (LSSE) in the
mixed valent manganite Laj,Cajy;MnOj5. By disentangling the contribution arising due to the anisotropic

Nernst effect, we observe that in the low temperature regime, the LSSE exhibits a 705 dependence, which
matches well with that predicted by the magnon-driven spin current model. Across the double exchange
driven paramagnetic-ferromagnetic transition, the LSSE exponent is significantly higher than the
magnetization one, and also depends on the thickness of the spin-to-charge conversion layer.
These observations highlight the importance of individually ascertaining the temperature evolution of
different mechanisms—especially the spin mixing conductance—which contribute to the measured spin

Seebeck signal.
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The spin Seebeck effect (SSE) [1-4] pertains to the
generation of a thermally induced magnonic spin current in
a magnetic material subjected to a temperature gradient.
The favored means of measuring this spin current is in the
form of the longitudinal spin Seebeck effect (LSSE), where
a normal metal (NM) with a large spin orbit coupling
(typically Pt) is deposited on the magnetic material, and a
temperature gradient is applied perpendicular to the plane
of the interface [5]. The inverse spin Hall effect (ISHE)
enables the conversion of the spin current to a measurable

electrical potential difference Ejqyp o 75 x & (where J 5 1S
the spin current density and & is the spin polarization of the
itinerant electrons in the NM layer) [6]. Junctions compris-
ing of the ferrimagnetic insulator Y;FesO;, (YIG) and Pt
are now recognized as being model systems for inves-
tigations of the LSSE, and recent measurements have
focused on the dependence of the LSSE signals on control
parameters like temperature [4,7-9], magnetic field
[10,11], and sample thickness [12,13]. Temperature de-
pendent LSSE measurements have also revealed a remark-
able correlation of this quantity with intrinsic properties of
the magnetic material, and a few strongly correlated
systems have been explored in this fashion [14-16].

The investigations of material systems that are not as
insulating as YIG are, however, plagued by contaminated
SSE signals. These spurious signals arise as a consequence
of the anomalous Nernst effect (ANE) in the magnetic
subunit as well as the proximity induced ANE in the Pt
layer, both of which—by virtue of the geometry of the
LSSE—contribute additively to the measured voltage. The
disentanglement of these additional contributions from
the spin Seebeck signal is clearly imperative for an accurate
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description of this phenomena. This is especially so, since
the agreement between theory and experiments remains
tenuous, both in the vicinity of magnetic phase transitions,
as well as in the low T regime, where the magnonic spin
current is expected to be relatively unaffected by phonons
and other associated scattering mechanisms [17,18].

Mixed valent manganites of the form La;_,A ,MnO;
(with A being a divalent alkali metal), where double
exchange gives rise to ferromagnetism and concomitant
metallicity, are of special interest in spintronics owing to
their high spin polarization and colossal magnetoresistance
[19]. A prior LSSE measurement on the Lay 475t 33MnO3
system suggested that more than 95% of the thermally
driven voltage arises from the magnonic spin current
contribution alone, with the ANE contribution being barely
discernible [16]. However, the disentanglement of the
LSSE signal was ambiguous, as evidenced by the fact that
measurements with both Pt and W spin-to-charge con-
version layers generated signals with the same polarity. In
this Letter, we report temperature dependent LSSE mea-
surements of the closely related Lay;Cay3MnO5 system,
where our data provide critical insight into the functional
form of the LSSE—especially at low temperatures and in
the vicinity of the magnetic phase transition.

A popular means of disentangling the intrinsic LSSE from
both the possible spurious ANE contributions has been the
use of a nonmagnetic spacer layer between the ferromagnet
and the NM [20-22], albeit at the risk of attenuating the
LSSE voltages [12,23]. Recently, a quantitative disentan-
glement of the SSE from these spurious ANE contributions
was reported [24]. Using a set of Pt-NiFe,O,/Nij;Feg;
bilayers (with sample resistances varying across 7 decades)
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and utilizing in-plane and out-of-plane measurement geom-
etries, it was demonstrated that the proximity-induced ANE
was a contributory factor only in the most metallic of
specimens (with p~ 1077 Qm). Since manganites are
known to be dirty metals (with resistivities of the order of
107 Qm), a contamination of the LSSE signals by the
proximity-induced ANE is unlikely in our case.

To disentangle the ANE and LSSE contributions,
measurements were done in the standard LSSE geometry
[Figs. 1(a) and 1(b)] on both a bare LCMO film and LCMO-
Pt (or LCMO-W) bilayer. 200 nm thick epitaxial thin films of
the nominal composition La, ;Cag3;MnO3 were grown on a
LaAlO; (100) substrate using pulsed laser deposition, and a
Pt (5/10 nm) or a W (13 nm) film was coated on top of the
magnetic layer using dc sputtering. The voltage measured
across the bare LCMO film comprises of the ANE alone
(V ang)> Whereas that measured across the bilayer (Vo) is @
sum of the intrinsic magnonic contribution (Vi ggg) and the
spurious contribution due to the ANE in the LCMO film
(Vang)- Since these voltages are measured across different
effective resistances, we report all the voltages in their
normalized form, ie., V; = V/(RyATL,), where Vy is
the measured transverse voltage, Ry is the corresponding
resistance between contact probes, L, 1s the distance between
contact probes, and the index i refers to the ANE, Total, or
LSSE voltages (see Supplemental Material [25] for more
details). Figure 1(c) depicts the hysteresis in these signals as a
function of varying magnetic fields at a mean sample
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FIG. 1. (a) and (b) Schematic illustrations of the device for
measuring the ANE and the total signal (LSSE + ANE), respec-
tively. (¢) and (d) The H and VT dependence of these signals with
a 10 nm Pt and a 13 nm W overlayer. The linearity as a function of
VT and the reversal of the sign of the LSSE between the Pt and W
layers confirms the intrinsic nature of the measured spin Seebeck
signal.

temperature of 105 K. The linearity of the measured voltages
as a function of VT with the cold end of the specimen being
fixed at 100 K and the magnetic field at 1 kOe is shown in
Fig. 1(d). The magnitude and the sign of the measured V; g5
with the Pt and W spin-to-charge conversion layers are
commensurate with the experimentally determined spin Hall
angles of these heavy metals [30]—confirming the intrinsic
nature of the inferred LSSE signals.

The temperature dependence of the magnetization (M),
the resistivity (p), and the individual ANE and LSSE
contributions for two LCMO/Pt devices are depicted in
Fig. 2. Our LCMO specimen exhibits a double-exchange
driven paramagnetic-ferromagnetic phase transition at
258 K, which is consistent with reports in bulk and thin
film specimens of this composition [31,32]. We observe a
slight reduction in the magnitude of LSSE signals as a
function of decreasing Pt thickness, which is also consistent
with prior reports on YIG/Pt bilayers [33,34]. In similarity
to that reported in other systems, a peak in Vi gge(7) is also
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FIG. 2. (a) The temperature dependence of the magnetization
and the resistivity of the bare LCMO film. (b) and (c) The
temperature dependence of the total, ANE and LSSE signals as
measured on devices with Pt thickness of 5 and 10 nm,
respectively.

017203-2



PHYSICAL REVIEW LETTERS 124, 017203 (2020)

observed at lower temperatures. This peak deep within the
magnetically ordered regime is a defining feature of all T
dependent measurements of the LSSE and is suggested to
arise as a consequence of the 7 dependence of the magnon
relaxation rates and population [8,13].

Theoretical descriptions of the magnon-driven spin
Seebeck effect have relied on the mechanism of spin
pumping caused by a finite difference between the effective
magnon temperature in the ferromagnetic material and the
electron (and phonon) temperature in the NM Pt layer. First
proposed in the context of the transverse measurement
geometry [35], this model was later modified for the
LSSE geometry by Rezende and co-workers [36]. On an
application of a thermal gradient ﬁr, the spin current density
(jy) flowing through the interface is given by jy = D,VT.
The spin Seebeck coefficient (D,) has the form
D, = yhkgg' /(2zM V), where y, h, g'V, kg, M, and
V, refer to the gyromagnetic ratio, the Planck constant, the
spin mixing conductance, the Boltzmann constant, the
saturation magnetization, and the magnetic coherence vol-
ume, respectively [35]. The temperature dependence of this
spin current is thus primarily expected to arise as a conse-
quence of the T dependence of the magnetic coherence
volume [V, = [2/(3¢3)](4x/K ) (D/T)3, with { being the
Riemann Zeta function and D the spin stiffness constant],
implying that J5 « (¢'V/M,)(T/D):. This spin current
flows into the Pt layer, with a spin diffusion length Ap,
and generates a charge current J, = (2e/h)0p J. x 3,where
e, Op, and o refer to the electronic charge, spin Hall angle of
Pt, and spin polarization of the conduction electrons in Pt,
respectively [6]. The corresponding SSE voltage is given by
Visse = Ralpe(2¢/1)0p, tanh (tp/22p)J , Where Ry, lpy,
and fp, are the resistance between the contacts across Pt,
length of the Pt bar, and thickness of the Pt layer, respectively
[36,37]. Since tanh (zp,/24p;) ~ 1 in our case, and with Ap;
T-' [38] and M, being invariant at low temperatures,
Visse & [(Opg™¥T2)/(D?)|—implying that Vygs should
vary as 793, at least at low temperatures. However, prior
measurements on the model YIG-Pt system have revealed a
linear 7 dependence, which has been attributed to the
quadratic magnon dispersion in YIG [8], and on the influence
of the thermal conductivity in determining the functional
form of VLSSE [7]

Figure 3 depicts an expanded view of the 7" dependence
of Vissg as measured in the LCMO-Pt bilayers at low
temperatures. We observe that at the lowest temperatures,
Vssg varies approximately as 7%3—an observation which
is in good agreement with the spin magnon theory. We also
note that the LSSE exponent is nearly invariant as a
function of Pt thickness. With the proximity induced
ANE being reported to exhibit a pronounced dependence
on the thickness of the NM Pt layer [39,40], this obser-
vation confirms that a contamination of the LSSE signals
by the proximity-induced ANE can be ruled out in our case.
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FIG. 3. The temperature dependence of Vi ggg at temperatures
below 60 K. In the region where A7 remains invariant, the
LSSE signal varies as 0.47 +0.01 and 0.53 +0.02 in LAO/
LCMO/Pt devices with Pt thickness of 10 and 5 nm, respectively.

Since the magnon driven spin current is proportional to the
effective temperature gradient (A7) across the LCMO
layer, it is important to estimate how this quantity varies in
this temperature range. Using literature values of the
thermal conductivity of LCMO [26] and LAO [27], we
estimate the variation in A7 in the case of the LCMO/
LAO (and a LCMO/STO) bilayer (see Supplemental
Material [25]), and observe that this 7 form is observed
only in the regime in which AT is nearly invariant. It has
been suggested earlier that the low energy (or subthermal)
magnons contribute disproportionately to the measured
Vissg signal, and that phonon mediated magnon scattering
needs to be explicitly considered in describing the magni-
tude as well as the 7 and H dependence of the LSSE
[10,17]. Prior work on YIG-Pt devices has also suggested
an intimate coupling between the thermal conductivity (k)
and the measured Vjggg, reinforcing the importance of
phonon-mediated processes in the LSSE [7]. The fact that
at higher temperatures, our V s signals deviate from 79
indicates that an inordinate change in AT across the
magnetic LCMO film provides the upper bound for
observing the theoretically expected functional form
of Vyssg.

Theory and experiments have also failed to reconcile
with regard to the functional form of the SSE near the
magnetic phase transition. The only prior measurements on
YIG-Pt devices have reported that the SSE signal varied as
(T.—T)> [4] or as (T¢—T)'3 [9] in the vicinity of the
magnetic phase transition, whereas the magnetization
scaled as (T.—T)%, as is expected from mean field
theory. However, subsequent theoretical investigations
have predicted that the SSE should vary in consonance
with the magnetization. For instance, an atomic numerical
simulation considering the full spin wave spectrum of the
ferrimagnetic YIG suggested that the SSE should have
the same exponent as the magnetization [41]. A time
dependent Ginzburg-Landau analytical treatment of a
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(simple single-sublattice) ferromagnet also suggested that
the SSE signal should vary along with the magnetization as
(T. —T)" [42]. Figures 4(a) and 4(b) depict the temper-
ature dependence of both the M(T) as well as the V; gsg(7)
in the vicinity of the para-ferromagnetic phase transition in
LCMO. We obtain a critical exponent of 0.357 + 0.003 for
the magnetization which is in good agreement with
previous reports [43,44]. Interestingly, in the same region
we obtain an exponent of 0.64 - 0.01 and 1.25 + 0.03 for
the Vsse(7) with Pt thicknesses of 10 and 5 nm, respec-
tively. It was speculated that the difference between the
magnetization and LSSE exponents in the case of YIG/Pt
could arise as a consequence of the ferrimagnetic nature of
YIG, or other considerations, like the magnetic surface
anisotropy [42]. Though spin wave spectra are expected to
be material specific, the fact that we observe a similar
discrepancy between the magnetization and LSSE expo-
nents in the case of LCMO/Pt indicates this could be a
generic feature of the LSSE signals in the vicinity of a
magnetic phase transition.

This difference in the M and V| qgg critical exponents
could be a consequence of the fact that the LSSE signal is not
only a function of the static magnetic properties of the
ferromagnet, but would also be determined by the 7" depen-
dence of other factors like the spin mixing conductance, the
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FIG. 4. The T — T dependence of the magnetization and the
LSSE signals are depicted in (a) and (b), respectively. The critical
exponent of Vigsg is seen to be much larger than that of the
magnetization, and also varies with the thickness of the Pt spin-
to-charge conversion layer.

spin-diffusion length, and the spin-Hall angle of the NM
layer [4]. We note that the intrinsic spin Hall angle of Pt is
reported to be invariant in the temperature range of the
LCMO transition [45], and hence is unlikely to be a
contributory factor. It has also been demonstrated earlier
that the spin diffusion length of Pt is nearly invariant in the
temperature range of the LCMO phase transition [38,45].
The magnon-driven spin current density is expected to vary
inversely with the magnetic coherence volume (V,), which in
turn has a D/? dependence (with D being the spin stiffness
coefficient). Interestingly, it has been reported that in LCMO
this spin stiffness coefficient has an anomalous 7 dependence
in the vicinity of the phase transition and does not fall to zero
asT — T, [46]. Thisis presumably due to the finite magnetic
correlations in the paramagnetic phase—a hallmark of the
colossal magnetoresistive manganites. However, the anoma-
lous T dependence of the magnetic coherence volume (V ),
as well as the effective temperature gradient (AT ) should
be similar for both the films depicted in Fig. 4(b). The fact
that we observe a pronounced increase in the LSSE exponent
as a function of decreasing Pt thickness suggests that the
temperature dependence of the spin momentum transfer at
the interface could be responsible for this anomalous temper-
ature dependence of the LSSE signal.

Prior ferromagnetic resonance (FMR) investigations on a
LCMO film of similar composition have reported a pro-
nounced change in the FMR linewidth (A H) across the para-
ferromagnetic phase transition [47]—implying a change in
the Gilbert damping(«) since @ = (yAH/2w), with y and @
being the gyromagnetic ratio and the microwave frequency,

respectively. The spin mixing conductance being related

to the Gilbert damping through the relation gii =

(4xMdy/ gus) Aa (with M, dy, and g being the sponta-
neous magnetization, film thickness, and Lande ¢ factor,
respectively) [48,49], would thus be expected to have a
significant influence on the observed Viggg exponent.
Interestingly, previous reports have also revealed that the

effective gf¢ (or Aar) depends on parameters like the quality
of the interface [50] and the thickness of the Ptlayer [S1-53].
Since we observe a twofold increase in the V| gsg exponent
as a function of decreasing Pt thickness, it is reasonable to

infer that gii(T) plays a critical role in determining the
functional form of Vgsg in the vicinity of the magnetic
phase transition. This temperature dependence of the spin
mixing conductance could also probably explain why our
measured V| ggg(7) matches well with the magnon-driven
spin current model in the low-7 regime, whereas model
systems like YIG-Pt do not exhibit this behavior. Recent
ferromagnetic resonance (FMR) measurements on YIG
have indicated a pronounced 7 dependence of the FMR
linewidth (AH), implying a change in the Gilbert damping
(@) and, consequently, the spin mixing conductance at low
temperatures [54]. On the other hand, early FMR measure-
ments on Lajy;Cay3;MnO; have indicated that AH is
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relatively 7 independent below 100 K [47], suggesting that it
is this relative T invariance of the spin mixing conductance
and other parameters (like D and 6p,) that allows us to
observe the theoretically predicted 73 dependence of
Visse(T) in the low temperature regime.

In summary, we report on temperature dependent mea-
surements of the LSSE on an optimally doped
Lay ;Cay3;MnO; system. After disentangling the ANE con-
tribution we observe that in the low T regime, V;sse(T)
varies as T, as is expected by the magnon-driven spin
current model. In the para-ferromagnetic transition region,
the V| ggg exhibits an exponent which is much larger than
that of the magnetization—a feature which could be generic
to most phase transitions of this nature. This exponent is also
seen to vary with the thickness of the Pt layer, indicating that
a temperature dependent spin mixing conductance plays an
important role in the measured V7 ggg(7'). Our observations
reinforce the need to individually ascertain the 7" depend-
encies of contributory mechanisms—especially the spin
mixing conductance—which play arole in dictating both the
magnitude of spin current as well as the extent of spin to
charge conversion to understand the temperature dependent
LSSE in strongly correlated materials.
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