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We compare thermal-gradient-driven transverse voltages in ferrimagnetic-insulator/heavy-metal bilayers
(Tm3FesO,,/W and Tms;FesO;,/Pt) to corresponding electrically driven transverse resistances at and above
room temperature. We find for TmsFesO,,/W that the thermal and electrical effects can be explained by
a common spin-current detection mechanism, the physics underlying spin Hall magnetoresistance (SMR).
However, for Tm;FesO, /Pt the ratio of the electrically driven transverse voltages (planar Hall signal/anomalous
Hall signal) is much larger than the ratio of corresponding thermal-gradient signals, a result which is very
different from expectations for a SMR-based mechanism alone. We ascribe this difference to a proximity-induced

magnetic layer at the Tm3;FesO1, /Pt interface.

DOI: 10.1103/PhysRevB.105..100408

L. Introduction. In solid-state materials that have a mag-
netic moment or are subject to an external magnetic field
(Hey ), an applied electric field (E) or thermal gradient (VT)
can generate transverse charge currents and voltages, result-
ing in Hall effects, anomalous Hall effects [1], or Nernst
effects [2]. In systems with strong spin-orbit coupling, an
E or VT can also drive analogous transverse-flowing spin
currents, yielding spin Hall effects (SHE) [3] or spin Nernst
effects [4]. When heterostructures are made containing both
layers with strong spin-orbit coupling and magnetic layers,
spin currents can themselves generate transverse voltages and
novel forms of magnetoresistance. The precise mechanisms
by which these spin-current-driven electrical signals arise
has been a matter of controversy, with arguments made for
combinations of spin Hall magnetoresistance (SMR) [5,6]
magnetic proximity effects (MPE) [7,8], and magnetic scat-
tering [9]. Here we investigate these issues using a simple
model system—combining a thin film of heavy metal with
an insulating ferrimagnet (Tm3FesO;, = TmlIG), so that the
transport characteristics are not affected by charge flow within
the magnetic layer. We compare thermally driven transverse
voltages to their electrically driven counterparts. We find
that different mechanisms are active between TmIG/W and
TmIG/Pt. In TmIG/W, both electrically driven and thermally
driven transverse voltages can be understood from a single
spin-current detection mechanism, the physics that gives rise
to SMR. In TmIG/Pt, this is not the case, and we conclude that
a MPE in the Pt as well as SMR affect the results.

II. Backround: Spin Hall and anisotropic magnetoresis-
tance. When E is applied to generate a charge current density
Jc within the plane of a ferrimagnetic insulator/ heavy metal
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(HM) bilayer, a spin current density Jg = Osy(Je X o) is cre-
ated due to the SHE in the HM [Fig. 1(a)] with Osy as the
spin Hall ratio of the HM and o as the orientation of the
current-generated spins being in-plane and perpendicular to
Je. A fraction of Jg can be reflected at the interface depending
upon the angle between o and the magnetization M. The
reflected spin current is then transduced back into an electric
voltage within the HM by the inverse SHE. For the definition
of coordinate axes shown in Fig. 1(b), the resulting spin Hall
magnetoresistance produces changes in the longitudinal (o)
and transverse (o, ) resistivity,

Pxx = Po + pf;SMR 2 (1
Pxy = A,oz SMRmZ + ApfySMRmxmy 2)

where m, = sin 6 cos ¢, m, =sin 6 cos ¢, and m, = cos 6
represent the orientation of the magnetization saturated paral-
lel to the applied magnetic field and A p%;5MR and A p%5MR are

xy

the SMR coefficients. The values of Ap¢ SMR and A pzSMR

Xy
are predicted to depend on the real and imaginary parts of

the effective spin mixing conductance of the interface (Geff)
(6,101,

A ,0"’ SMR
= GSH_Z)‘IOORC(Geff) )
Lo Hm
Apz SMR
_— = —GSH —2k ,oOIm(Geff) “)
Lo 'HMm

where for the heavy metal X is the spin-diffusion
length, and tgy is the thickness, and GZ# =
GNtanhM;—R"/[l+2)\,00GN coth 8] where G is the
bare interfacial spin mixing conductance.

©2022 American Physical Society


https://orcid.org/0000-0003-4696-3112
https://orcid.org/0000-0002-9815-2779
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.L100408&domain=pdf&date_stamp=2022-03-28
https://doi.org/10.1103/PhysRevB.105.L100408

BOSE, JAIN, BAUER, BUHRMAN, ROSS, AND RALPH

PHYSICAL REVIEW B 105, L100408 (2022)

g 204.4
?
&
2 2043
S
204.2+—
2 Tmiew
-90 0 90 180 270
6 (degree)
(e)
— 46.28
€
Q
C 46.26
€]
& 46.24
zy
P i T
790 0 90 180 270
0 (degree)

FIG. 1. (a) Origin of spin current generation by the spin Nernst
effect. (b) Orientation of magnetic-field rotation for z-y and z-x
scans. (c) Schematic of the experimental setup for measurement of
transverse voltages generated by a VT'. (d) and (e) p,, of the heavy
metal layer for (d) TmIG/W and (e) TmIG/Pt.

The existence of a spin Nernst effect in ferromagnet/HM
bilayers, a thermal analog to the SHE, has been reported in
Refs. [11-16]. In this case, an in-plane thermal gradient (VT;,,)
in a sample with no net charge current flow (i.e., open-circuit
condition) generates a spin current density,

Js = 0 "M (VT x ) ©)
PHM
where Osy is the spin Nernst angle and Sy is the Seebeck
coefficient of the HM. One can alternatively define a different
quantity (we will call this 6y) to characterize the spin current
generated by VT;, in a sample with no longitudinal electric
field so that in the presence of an electric field the total
transverse spin current has the form
Js = b ——(E x o) — Gé)NSH—M(VTip xo).  (6)
PHM PHM

In the open-circuit condition corresponding to our mea-
surements, there is a longitudinal electric field due to the
Seebeck effect, E = Sgym VT, so that

Osn = —Osu + Oy (7

A thermally generated Js reflected at the interface can
again be transduced into a voltage by the inverse SHE in
the HM, resulting in thermally induced voltages in both the
longitudinal and the transverse directions [11-13],

VT—SMR
XXL = _(SHM + ASSMR + ASfy’SMRm}Zv)vE‘p» ®)
X
VT—SMR
S = = (AST e + A mam ) VT, 9)
Y

where L, and L, are the length and width of the device
[Fig. 1(c)]. Within the framework of the SMR spin-current
detection mechanism, one would expect [10]
A S)?:SMR A
——— = fsubsn — 21 poRe(GLyy), (10)
SHM um

ASZSMR A
— 2 = —Bsubsn— 21 polm(G1) (11)
SHM am

If SMR is the only mechanism contributing to both the
electrically driven and thermally driven voltage signals, then
one should have

Apfy,SMR 3 AS)%SMR (1 2)
Ap;&SMR AS/%SMR

when all coefficients are measured at the same temperature. In
this case, it should also be possible to determine 6sx/6sy by
taking the ratio of either Egs. (10) and (3) or Egs. (11) and (4),

,SMR ,SMR
QS_N _ Asfy Lo — AS)ZW 00 (13)

Osu Sem AIO)?)}:SMR Sum A,Oi)’,SMR .

In the case of an electrically conducting magnetic film,
such as Pt magnetized by the MPE, magnetization-dependent
deflection of electrons can also produce both electrically and
thermally driven transverse voltage signals. In this case the
longitudinal and transverse resistivities take the form [1]

pxx = po + AplMRm?, (14)
Pxy = Ap;;;AHEmZ - Ap;g;AMRmxmyv (15)

where Ap#AMR is the coefficient of anisotropic magnetoresis-

tance (AMR) and A p5A"* is the coefficient of the anomalous
Hall effect. The thermal analogue for the transverse voltage
contains terms corresponding to the anomalous Nernst effect
(ANE) and planar Nernst effect,

yT—AMR

oy

yL—V = —(AS5 N m, — ASONCmmy ) VT, (16)

Within an electrically conducting magnet, in general, the
equality analogous to Eq. (12) does not hold. For example, we
show data for 1-nm-thick CoFeB samples in the Supplemental

Material [17] for which AS?AMR is very weak, below our

LAMR LAHE
fv /AP is, at least, a factor

of 20 greater than AS%™F/ASSANE. This difference can be
understood based on Mott’s relation [2] (see the Supplemental
Material [17]).

1I1. Experimental methods. Experiments were performed
on bilayers of TmIG with both W and Pt. The TmIG films
(6 nm) were grown on single-crystal (111) gadolinium gal-
lium garnet (GGG) substrates via pulsed laser deposition
[18]. The TmIG has perpendicular magnetic anisotropy with
an anisotropy field of 1.3 kOe (see the Supplemental Mate-
rial [17]). After TmIG growth, the samples were transferred
through air to a separate vacuum system where W (4 nm) or
Pt (4 nm) was deposited by sputtering without further surface
treatment. The average resistivities of the W and Pt films are
204 and 46 <2 cm. The high resistivity in the W films indi-
cates that they are primarily 8 phase [19]. Device structures
were patterned by optical lithography and then Ar-ion milling
fully through the TmIG to the GGG substrate so that the
only TmIG remaining is within the TmIG/HM wire (see the
Supplemental Material [17] for more details).

detection limit, so Ap
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FIG. 2. Results for TmIG/W. Hall resistance of TmIG/W for (a) out-of-plane magnetic-field sweep and (b) in-plane field rotation for a field
magnitude of 2.7 kOe. Thermally induced transverse voltages, (c) V; and (d) Vx‘f,, for a heater power of 630 mW and for two different heater
spacings, d = 15 um (closed squares) and 50 um (open circles). (e) Temperature dependence of ARfv (red) and Awa (blue). (f) Temperature
profile as function of d for heater power, Pieyer = 630 mW (black) and 490 mW (red). (g) Heater power dependence of AV;@ (red) and AVE
(blue) for d = 15 um. Inset of (g): Dependence on d for AVX‘I; (red) and AV, (blue) for Pieaer = 630 mW. (h) Spin-Seebeck component AVssg

y

as function of d for Pyeyer = 630 mW. (i) Variation of 7 as a function of d for Pheyer = 630 mW (black) and 560 mW (red).

We measure p,, for both TmIG/W [Fig. 1(d)] and TmIG/Pt
[Fig. 1(e)] whereas rotating the H.x; (with magnitude 20 kOe,
much higher than the anisotropy field) on the z-x and z-y
planes [Fig. 1(b)]. Already we observe an important difference
between the W and Pt samples. The TmIG/W devices show a
large oscillation in p,, for magnetic-field rotation on the y-z
plane with an angular dependence that fits well m?, with
negligible variation of p,, for field rotation on the x-z plane.
This is consistent with a signal entirely due to SMR [Eq. (1)]
with negligible AMR [Eq. (14)]. In contrast, the TmIG/Pt
sample has significant variation in p,, for field rotations on
both x-z and y-z planes, suggesting contributions from both
SMR and AMR. Since TmlG is insulating, the presence of sig-
nificant AMR in TmIG/Pt suggests the influence of a magnetic
proximity effect in the Pt layer as has been reported previously
[20,21].

To measure the transverse voltages produced by VT, we
made TmIG/HM wires 650-um long (L,) and 20-um wide
(Ly) placed between two heater lines made of 15-nm thick
and 200-um wide Pt as shown in Fig. 1(c). The separation d
between the TmIG/HM wires and each heater line was varied
in different devices between 15 and 200 wm. We calibrated
the temperature in the sample wires as a function of d by mea-
suring the resistances of both the heater wire and the sample
wires when current is flowing in the heater and comparing
to independent measurements of resistance as a function of
temperature using external heating of the sample chip. Based
on these measurements we map V7;, as a function of heater
spacing [Fig. 2(f)] (Supplementary Information). We explored

heater temperatures up to 400 K, which is significantly less
than the 550-K Curie temperature of the TmIG.

IV. Measurements of tranverse magnetoresistance and
Nernst effect for TmIG/W. Our measurements of the E-driven
Hall resistance for TmIG/W [Fig. 2(a) and 2(b)] as a function
of magnetic-field angle fit well to the dependence,

Ry = ARLm. + ARSm.m, 17

We determine ARZ, by sweeping Hey, perpendicular to the
sample plane [e.g., Fig. 2(a)], and ARj’C’y by rotating Hexs on
the x-y plane [Fig. 2(b)]. We have measured ARZ, and ARY,
from room temperature to 390 K as shown with the blue and
red curves in Fig. 2(e).

To measure the thermally driven transverse voltage
[Figs. 2(c) and 2(d)], we apply current through one of the Pt
heaters adjacent to the TmIG/W wire, which generates VT
both in the sample plane VTj,, and out of the plane, VT, at
the position of the TmIG/W wire [Fig. 1(a)]. We then measure
the transverse voltage in the TmIG/W wires generated as a
function of changing the direction of Hey [Figs. 2(c) and 2(d)].
For a fixed heater power, we find that the transverse voltage as
a function of magnetic-field angle is well described by

Vo = AVim. + AVEm.m, + AVssem,. (18)

We measure AV by sweeping Hexe perpendicular to the
sample plane [Fig. 2(c)]. AVX‘)? and AVsgg are determined us-
ing measurements as a function of rotating Hey, on the sample
plane with a fit to the function A\/x‘ﬁsin ¢ cos ¢ + AVssgcos ¢
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FIG. 3. Results for TmIG/Pt. Hall resistance of TmIG/Pt for (a) out-of-plane magnetic-field sweep and (b) in-plane field rotation for a field
magnitude of 2.7 kOe. Thermally induced transverse voltages, (c) V, and (d) V.2, for a heater power of 590 mW and for two different heater
spacings, d = 15 um (closed squares) and 50 um (open circles). (e) Temperaturé dependence of AR‘ﬁV (red) and ARfy (blue). (f) Temperature
profile as function of d for heater power, Pieyer = 590 mW (black) and 410 mW (red). (g) Heater power dependence of AV;{’ (red) and AV,
(blue) for d = 15 pum. Inset of (g): Dependence on d for AVX‘ﬁ (red) and AV, (blue) for Preger = 590 mW. (h) Spin-Seebeck component AVssg
as function of d for Pyeyer = 590 mW. (i) Variation of 7 as a function of d for Pyeyer = 590 mW (black) and 515 mW (red).

[Fig. 2(d)]. We ascribe the term proportional to cos ¢ to scale of the experimental uncertainty in the measured values.
the longitudinal spin Seebeck effect (SSE) [22] produced by We conclude that SMR is the dominant spin-current detection

VT,,, that generates a transverse voltage by the inverse ISHE. mechanism in determining both the electrically driven and
All three contributions, AVny, AVX";, and AVssg, decrease with thermally driven signals in TmIG/W.

increasing spacing between the heater and the TmIG/W wire V. Measurements of tranverse magnetoresistance and
[inset of Figs. 2(g) and 2(h)] as expected on account of the Nernst effect for TmlG/Pt. Figure 3 shows results for the
decreasing thermal gradients with the AVsgg term (corre- electrically driven and thermally driven transverse voltages
sponding to VT,,) decreasing fastest [Fig. 2(h)] such that the for the TmIG/Pt samples analogous to those shown in Fig. 2
contribution from V7,, becomes negligibly small for spac-  for TmIG/W. The signs of the electrically driven coefficients
ings greater than 100 wm in the range of heater power we  ARY, and AR are the same for both heavy metals [compare
explored. Figs. 2(a) and 2(b) with Figs. 3(a) and 3(b)], but the signs

To test whether the mechanism behind SMR is sufficient ~ of the thermally driven signals AV and AV differ between

to explain both the electrically driven and thermally driven =~ TmIG/W and TmIG/Pt [compare Figs. 2(c) and 2(d) with
transverse voltages, we consider the ratio, Figs. 3(c) and 3d)]. There is also a striking difference on the

scale of AR? and AR:, for TmIG/Pt [compare Figs. 2(e)
and 3(e)]. The ratio ARfy / ARiy varies from about 40 to 15
over the temperature range from room temperature to 400 K,
whereas for TmIG/W this ratio varies only from about 4.6 to

As noted above [Eq. (12)] if SMR is the dominant spin-  2.5. Similar to TmIG/W, AV, AV, and AVssg all decrease
current detection mechanism contributing to both electrically as a function of heater spacing d with AVssg decaying much
driven and thermally driven signals, then 7 is predicted to be ~ faster [inset of Fig. 3(g) and 3(h)].

AR?,/ AR,
AVS/AVE

Apd/ A3,

(19)
ASY/ASE,

)7:

equal to 1. In making this comparison, it is important to take Using the same technique we employed for TmIG/W, we
into account that during the thermally driven measurements  can test for TmIG/Pt whether the spin-current detection mech-
the TmIG/W wires are heated substantially above room tem-  anism associated with SMR is sufficient to explain both the

perature [Fig. 2(g)], so we make the comparisons using values electrically driven and thermally driven transverse voltages by
of AR?, and AR, at the same elevated temperatures present  calculating the ratio 1 [Eq. (19)]. For TmIG/Pt we find n =
for the thermally driven measurements. The results are shown  30-50 depending on the heater spacing d [Fig. 3(i)], which
in Fig. 2(i). Over a range of heater spacing from 15 to 200 zm is substantially different from our result n ~ 1 for TmIG/W
we find that ratio 7 is equal to one within 20%, which is on the [Fig. 2(i)]. We, therefore, conclude for TmIG/Pt that the SMR

L100408-4
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spin-current detection mechanism cannot be dominant in de-
termining both the electrically driven and thermally driven
transverse voltages in this system. Based on previous mea-
surements of a magnetic proximity effect in TmIG/Pt bilayers
at room temperature [20], and our observation of an AMR sig-
nal in the TmIG/Pt samples [Fig. 1(d)] consistent with a MPE
in the Pt, we suggest that the difference between the TmIG/Pt
and TmIG/W samples is the existence of an electrically con-
ducting magnetic layer in the Pt due to the proximity effect
at the measurement temperature. The influence of a MPE in
TmIG/Pt but not TmIG/W in our measurements is consistent
with previous measurements that the onset temperature of the
MPE upon cooling in TmIG(6 nm)/Pt is well above room
temperature whereas in TmIG(6 nm)/W it is well below room
temperature [20].

Previously, Avci et al. studied similar TmIG/Pt samples
and also found values for n & 8-10 [23], qualitatively similar
to our result in that the value was much greater than 1. Instead
of a MPE, they suggested that the mechanism for this result
was a thermal spin-drag effect in which the SSE of TmIG due
to VT,, induces spin accumulation in the heavy metal, and
VT, then induces an in-plane spin current that generates a
transverse voltage due to the inverse SHE. We can rule out this
possibility for our samples because the dependence of our sig-
nals (AV(]) on heater power [Figs. 2(g) and 3(g)] is to a good
approximation linear, whereas V7,,VT;, o (heaterpower ).

VI. Discussion. Since we have determined that SMR is
the dominant readout mechanism for both electrically driven
and thermally driven signals in TmIG/W (but not TmIG/Pt),
our data allow us to consider the mechanism by which the
thermally induced spin currents are generated in TmIG/W by
analyzing the value of 6sn [Egs. (5) and (7)].

If the transverse spin current generation in W was due
entirely to the intrinsic SHE [3,24], theory predicts that one
should be able to compute the transverse spin current as an
appropriate integral over occupied electronic states of a trans-
verse anomalous velocity,

Bk, 5) = ek x QUk,

Qi

) (20)

where £ is the electron wave-vector, ¢ is a spin index, Q(lz, a)
is the spin Berry curvature (see Ref. [25] for an elementary
discussion). Equation (20) implies that even in the absence of
any net Jc, a VT that gives rise to an electric field due to the
Seebeck effect should generate the same spin current as if the
electric field were applied externally. In other words, under the
assumptions associated with Eq. (20), Gé)N in Eq. (6) should be
zero and, hence, one should have sy = —60sy by Eq. (7).
Making a precise measurement of Syy for use in Eq. (5)
of materials at room temperature is nontrivial because it is
not possible to use a superconductor as a reference electrode.
We have performed measurements on our TmIG (6 nm)/W

(4 nm) films using Au wires as reference electrodes and
have corrected for the literature value of the absolute See-
beck coefficient of Au, ~ +1.5 nV/K [26] (see Supplemental
Material [17]). The resulting estimate for the Seebeck coeffi-
cient for our 4-nm W films is Syy(W) = —4.5 £ 0.5 uV/K.

With this value, Eq. (13) yields Osn/6su = —1.9 £0.6
$.SMR
based on A?;M ﬁ and Osn/Osy = —2.4 + 0.6 based
AS:.SMR

= 2 . . .
Suv Api S These values are consistent with previous

reports for bilayers consisting of W with a conducting mag-
net [12,13]. The fact that Osn/Osy is of order —1 suggests
that the intrinsic SHE largely sets the scale of the thermally
generated Jg in W. This is interesting in that even in the
absence of any net charge current flow spin current is still
driven by an electric field. However, we suggest that this is
not the whole story, since Osn/0sy differs from —1 by more
than our estimated experimental uncertainty. Deviations might
result from extrinsic contributions to the SHE or strong energy
dependence of the spin Hall ratio.

VII. Summary. In conclusion, we find that the mechanisms
that lead to the generation of transverse voltages are different
between TmIG/W and TmIG/Pt samples. In TmIG/W, both
electrically generated and thermally generated transverse volt-
ages are consistent with the spin-current detection mechanism
associated with SMR. For TmIG/Pt, in contrast, the ratio of
the thermally generated anomalous Nernst signal AS%, to the
corresponding anomalous Hall signal Apf, is much larger
than would be expected for a purely SMR-based spin-current
detection mechanism. We suggest the reason for this dif-
ference is that proximity-induced magnetism exists near the
TmIG/Pt interface in an electrically conducting interface layer
at room temperature, allowing for an anomalous Hall signal in
addition to signals due to SMR.
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