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Spin Hall magnetoresistance in a low-dimensional Heisenberg ferromagnet

Saül Vélez ,1,2,* Vitaly N. Golovach,3,4,5,† Juan M. Gomez-Perez,1 Andrey Chuvilin,1,5 Cong Tinh Bui,6,7 F. Rivadulla,6

Luis E. Hueso,1,5 F. Sebastian Bergeret,3,4,‡ and Fèlix Casanova1,5,§

1CIC nanoGUNE, 20018 Donostia-San Sebastian, Basque Country, Spain
2Department of Materials, ETH Zürich, 8093 Zürich, Switzerland

3Centro de Física de Materiales (CFM-MPC), Centro Mixto CSIC-UPV/EHU, 20018 Donostia-San Sebastian, Basque Country, Spain
4Donostia International Physics Center (DIPC), 20018 Donostia-San Sebastian, Basque Country, Spain

5IKERBASQUE, Basque Foundation for Science, 48013 Bilbao, Basque Country, Spain
6Centro Singular de Investigación en Química Biolóxica e Materiales Moleculares (CiQUS), and Departamento de Química-Física,

Universidad de Santiago de Compostela, 15782 Santiago de Compostela, Spain
7Department of Electrical and Electronic Engineering, Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro, Tokyo 152-0033, Japan

(Received 29 May 2018; revised manuscript received 13 August 2019; published 4 November 2019)

We report the spin Hall magnetoresistance (SMR) in Pt deposited on a tensile-strained LaCoO3 (LCO) thin
film, which is a ferromagnetic insulator with a Curie temperature Tc = 85 K. The SMR displays a strong
magnetic-field dependence below Tc, with the SMR amplitude continuing to increase (linearly) with increasing
the field far beyond the saturation value of the ferromagnet. The SMR amplitude decreases gradually with
raising the temperature across Tc and remains measurable even above Tc. Moreover, no hysteresis is observed
in the field dependence of the SMR. These unusual behaviors indicate that a low-dimensional magnetic system
forms at the surface of LCO and that the LCO/Pt interface decouples magnetically from the rest of the LCO
thin film. Transmission electron microscopy analysis of the heterostructure reveals that an ultrathin Co-rich
layer forms at the LCO surface upon deposition of Pt, which is separated from the rest of the LCO film by a
∼1-nm La/O-rich layer, thus supporting the presence of a low-dimensional ferromagnetic system. To explain the
magnetoresistance measurements, we revisit the derivation of the SMR corrections and relate the spin-mixing
conductances to the spin-spin correlation functions and microscopic quantities describing the magnetism at the
interface. Comparisons between theory and experiment confirm the existence of a low-dimensional Heisenberg
ferromagnet at the interface. Our results pave the way for exploring complex magnetic textures of insulating
films by simple transport measurements.

DOI: 10.1103/PhysRevB.100.180401

Introduction. Magnetoresistance has been key for un-
derstanding spin-dependent transport in solids [1]. In the
last years, new magnetoresistance phenomena were discov-
ered in thin ferromagnetic/normal metal (FM/NM)-based het-
erostructures [2–18], which originate from the interplay of the
spin currents generated in the heterostructure (via the spin
Hall effect [19–22] or the Rashba-Edelstein effect [23,24])
with the magnetic moments of the FM layer. Among many
applications, these magnetoresistance effects have been used
for quantifying spin transport properties such as the spin
diffusion length λ and the spin Hall angle θSH of different
NM layers, or the spin-mixing conductance G↑↓ of FM/NM
interfaces. More interestingly, unlike other surface-sensitive
techniques that suffer from a bulk contribution due to a
finite penetration depth, the spin Hall magnetoresistance
(SMR) [4–11] uses the spin accumulation at interfaces for
sensing the magnetic properties of the very first atomic
layer of magnetic insulators (MIs) [25,26]. For instance,
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SMR has been employed for probing the surface of com-
plex magnetic systems such as ferrimagnetic spinel oxides
[11,48], spin-spiral multiferroics [49,50], canted ferrimag-
nets [51], Y3Fe5O12/antiferromagnetic (YIG/AFM) bilayers
[52,53], and synthetic AFMs [54].

LaCoO3 (LCO) presents an intriguing magnetic behavior,
which has been studied for decades and is still under debate
[55–70]. Bulk LCO is a diamagnetic insulator at low temper-
ature, owing to the low-spin (LS) configuration of Co3+. The
relatively small crystal-field splitting of the Co3+ 3d shell re-
sults in an increasing population of high-spin (HS) Co3+ with
temperature, reaching 1:1 (LS:HS) above ∼150 K. The close
proximity between crystal-field splitting and exchange energy
makes the magnetic properties of LCO particularly suscepti-
ble to small changes in interionic distances and coordination.
For this reason, tensile-strained LCO thin films grown on par-
ticular substrates [such as SrTiO3 (STO)] exhibit FM order at
low temperatures [63–70]. However, little is known regarding
the surface magnetic properties of these films. Recent Hall
measurements performed in strained LCO/Pt showed inter-
esting and puzzling temperature and magnetic field behavior
[71], but no connection with the magnetic properties of the
LCO surface was made.

In this Rapid Communication, we study the magnetic
properties of the surface of strained LCO films in contact
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FIG. 1. Longitudinal ADMR measurements performed in LCO(19 nm)/Pt(7 nm) at (a)–(c) 200 K and (d)–(f) 70 K for H = 9 T in the
α-, β-, and γ -rotation planes. The sketches indicate the definition of the angles, the axes, and the measurement configuration. R0 is taken as
RL(α, β = 90◦). (g) Temperature dependence of the normalized ADMR amplitude, �ρ/ρ0

∼= [RL(0◦) − RL(90◦)]/RL(90◦), measured at 9 T
in the α, β, and γ planes (the data are fitted to a cos2 dependence). ρ0 is the Drude resistivity. (h) Temperature dependence of �ρ/ρ0 measured
in the β plane for different H values. Vertical dashed lines in (g) and (h) indicate Tc of LCO at 10 mT [26].

with Pt by performing magnetotransport measurements. We
find that the SMR depends strongly on the magnetic field at
all temperatures, both above and below the Curie temperature
(Tc) of the film, and, more strikingly, no hysteresis in the mag-
netoresistance is observed. These observations clearly show
that the surface magnetism of the LCO film is radically differ-
ent from its bulk counterpart. We support our measurements
with a theoretical model that extends the known expressions
for SMR [7,72] and HMR [73,74] in MI/NM bilayers for
an arbitrary magnetic ordering (para-, ferri-, ferro-, antiferro-
magnetic) of the localized magnetic moments at the MI/NM
interface. We provide expressions for G↑↓ = Gr + iGi [25,75]
and the effective spin conductance Gs [76,77] in terms of
surface spin correlators. The experimental data evidence that
the surface of LCO behaves as a low-dimensional Heisenberg
FM. Our interpretation is confirmed by scanning transmission
electron microscopy (STEM) and electron energy loss spec-
troscopy (EELS), which reveals the formation of an ultrathin
Co-rich layer at the LCO surface. These results demonstrate
the predictive power of our model for analyzing the magnetic
properties of surfaces when combined with magnetotransport
measurements.

Experimental details. Growth of epitaxial LCO thin films
via polymer-assisted deposition on (001) STO substrates, as
well as their structural, electrical, and magnetic character-
ization are described in Ref. [67]. The LCO films exhibit
a tetragonal distortion, which induces FM ordering below
Tc ∼ 85 K and with a coercive field below 1 T at 10 K [26,67],
in agreement to other reports [64–66,68,71]. The films exhibit
a low surface roughness (<1 nm) and are insulating [67]. Pt
Hall bar structures (width W = 100 μm, length L = 800 μm,
and thickness dN = 7 nm) were patterned on top of the LCO

films via e-beam lithography, sputtering deposition of Pt, and
lift-off. Two samples with different LCO thicknesses, 12 and
19 nm, were prepared and studied, showing similar results.
Below, we present data for the 19-nm-thick LCO film. Mag-
netotransport measurements were performed between 10 and
300 K in a liquid-He cryostat that allows applying magnetic
fields H of up to 9 T and rotating the sample by 360°. The
cross section of the heterostructure was analyzed by high-
resolution high-angle annular dark field (HAADF) STEM and
EELS on a Titan 60-300 electron microscope.

Longitudinal magnetoresistance in LCO/Pt. Figures 1(a)–
1(f) show the longitudinal angular-dependent magnetoresis-
tance (ADMR) in LCO/Pt at 200 and 70 K and for H = 9 T
in the three relevant H-rotation planes α,β,γ (see sketches).
We can see a clear ADMR with a cos2 modulation in α and
β, and almost no variation in γ . These angular dependences
are in agreement with the ones expected for spin-related mag-
netoresistances, such as SMR and HMR [5,74]. Surprisingly,
this angular symmetry is not only observed below Tc of LCO
[Figs. 1(d)–1(f)] but also above, i.e., when the LCO film is in
the paramagnetic (PM) state [Figs. 1(a)–1(c)].

Figure 1(g) shows the temperature dependence of the
ADMR amplitude measured at 9 T in the α, β, and γ planes.
The amplitude is roughly the same in α and β and decays
monotonously with temperature, whereas it is negligibly small
in γ , except for very low temperatures. The sign of the
ADMR in γ and the increase in α below ∼20 K suggest
the emergence of the magnetic proximity effect (MPE) at the
LCO/Pt interface at low temperatures. The MPE could be
at the origin of the unusual temperature dependence of the
Hall resistance reported in this system [71], an unconventional
behavior that is also observed in our sample [26].
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FIG. 2. (a), (b) Normalized FDMR measurements, �ρ(Hi )/ρ0
∼= [RL(Hi ) − RL(0)]/RL(0) (Hi indicates the magnetic field applied along

the i direction), performed in LCO(19 nm)/Pt(7 nm) at (a) 200 K and (b) 70 K along the three main sample axes. The sketch in (a) indicates the
definition of the axes, the color code of the magnetic field direction, and measurement configuration. The red and blue lines are representative
fits of the experimental data using Eqs. (2) and (3). The LCO surface is modeled as a plane of 1D-FM Co chains with S = 3/2, ns = 2.187 ×
1018 spins/m2, and J = 13.1 meV, and used νJsd = −0.15 (constant with T ), θSH = 0.115(0.098), λ = 4.00 nm (4.72 nm), and D = 70.9 ×
10−6 m2 s−1 (83.7 × 10−6 m2 s−1) at 200 K (70 K). We assume g = 2. (c) Temperature dependence of

�ρ‖
ρ0

at 9 T [see (b) for its definition].
The shaded region indicates the noise floor. The square dots represent the experimental data and the solid lines are fits obtained modeling the
LCO/Pt interface as a 2D and a 1D Heisenberg FM (2D-FM, red line, and 1D-FM 1, green line, respectively), as 1D-FM ladders (1D-FM 2,
blue line), and as a SPM (black line). See Tables S1–S3 [26] for details of the fitting parameters.

Figure 1(h) shows that the ADMR amplitude depends
strongly on H at all temperatures. However, since the magne-
tization of the LCO saturates above H ∼ 1 T in the FM phase
[26,67], no variation of the ADMR amplitude is expected
for H > 1 T [7]. Besides, our measurements show a smooth
change of the ADMR amplitude across the FM-PM transition,
with a significant magnetoresistance measured even far above
Tc [see Figs. 1(g) and 1(h)]. In contrast, a sudden drop in
the magnetoresistance is expected to take place when the
film becomes PM. All these observations indicate that the
magnetic response of the surface of the LCO film is decoupled
from its bulk.

For a better understanding of the origin of the magnetore-
sistance we measure the longitudinal field-dependent magne-
toresistance (FDMR) along the three main axes of the sample
and for different temperatures. Figures 2(a) and 2(b) show
representative FDMR curves obtained far above (200 K) and
below (70 K) Tc. The data indicate that the magnetoresistance
in each regime should have different origins. For T � Tc,
the FDMR along the y direction (i.e., the direction of the
polarization of the spin accumulation in Pt) is rather constant,
whereas equal paraboliclike FDMR curves are obtained in the
x and z directions. This behavior is characteristic of the HMR
effect in thin films with strong spin-orbit coupling [74].

For T < Tc, the three FDMR curves lie on the same resis-
tance value at H = 0 [Fig. 2(b)]. When the magnetic field is
increased, a magnetoresistance symmetric with H develops,
having equal positive amplitudes in the x and z directions,
and a smaller and negative amplitude in the y direction. More-
over, no hysteresis is observed between the trace and retrace
curves. These observations are in sharp contrast with those
found in other magnetic systems, such as YIG [5,8–10,74]
and CoFe2O4 [48], where the FM order results in hysteretic
FDMR curves and different resistance states around H = 0 for
different field directions. Therefore, the FDMR measurements
shown in Fig. 2(b) do not reflect the bulk FM properties of the
LCO film and support the idea that the surface is magnetically
decoupled.

From Fig. 2(b), we can see that the total magnetoresis-
tance �ρ

ρ0
= ρ(Hz )−ρ(Hy )

ρ0

∼= ρ(Hx )−ρ(Hy )
ρ0

(i.e., the ADMR am-

plitude, Fig. 1) has two contributions: �ρ⊥
ρ0

= ρ(Hz )−ρ(0)
ρ0

∼=
ρ(Hx )−ρ(0)

ρ0
and �ρ‖

ρ0
= ρ(0)−ρ(Hy )

ρ0
. In the high-temperature

regime [Fig. 2(a)], �ρ

ρ0

∼= �ρ⊥
ρ0

and �ρ‖
ρ0

≈ 0, which is con-
sistent with HMR [74]. At low temperatures, however, we
observe a finite contribution from �ρ‖

ρ0
[Fig. 2(b)]. As we

will demonstrate below, this contribution emerges from the
magnetic response of the LCO/Pt interface. Figure 2(c) shows
the temperature dependence of �ρ‖

ρ0
at Hy = 9 T. This contri-

bution is larger at low temperatures, decreases monotonically
with increasing temperature, and drops below our resolution
limit at T ∼ 125–150 K, far above Tc. Therefore, one cannot
attribute the suppression of �ρ‖

ρ0
merely to the FM-PM tran-

sition of the bulk LCO film. This temperature dependence is
yet another strong evidence that the magnetic response of the
LCO/Pt interface must be decoupled from the bulk of the LCO
film.

High-resolution STEM imaging of the cross section of the
heterostructure reveals that the surface of LCO is amorphized
upon deposition of Pt, forming an ultrathin � 0.5-nm Co-rich
layer at the interface with Pt, which is disconnected from
the epitaxial LCO film by a ∼1-nm-thick La/O-rich layer
(see Fig. 3 and Ref. [26]). These observations support the
existence of a magnetically decoupled layer at the surface
of LCO, whose dimensionality and nature is also compatible
with no long-range magnetic order as inferred from the SMR
measurements. Amorphization of the surface of crystals upon
sputter deposition of metals or semiconductors has already
been observed [54,78–80], but its presence in magnetotrans-
port experiments has been overlooked most likely because it
did not result in any unexpected behavior. From the elemental
profiles across the heterostructure [Fig. 3(c)], we infer that the
interfusion of Co-Pt at the LCO/Pt interface, if any, must be
below 1 nm (spatial resolution of the spectroscopic analysis).
In this regard, note that the magnetotransport measurements
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FIG. 3. (a) High-resolution HAADF STEM image of the cross
section of the STO/LCO(19 nm)/Pt(5 nm) heterostructure. (b) Color-
coded representation of the Pt, O, Co, and La content across the
heterostructure. (c) Line scan along the black arrow in (b) indicating
the spatial distribution of all the elements that constitute the het-
erostructure. Data in (b) and (c) are extracted by a combined spatially
resolved EELS and HAADF STEM data analysis.

do not show any signature of anisotropic magnetoresistance
for T � 30 K [red dots in Fig. 1(g)]. This is a compelling
indication that there is no diffusion of Co into Pt, and that
the Co-rich LCO layer behaves as a magnetic insulator.

Modeling. All the results presented above indicate that
the Co-rich LCO surface does not exhibit long-range FM
order, but a remarkable PM-like behavior. Spin-dependent
phenomena, including spin pumping and the spin Seebeck
effect, have been recently reported using PM materials and as-
cribed to the presence of short-range FM correlations [81,82].
However, current existing theories on SMR only consider
long-range ferromagnetic ordering of the MI [7,72]. Here,
we present a generalized theoretical model that describes the
magnetoresistance in MI/NM bilayers including both SMR
[7,72] and HMR [73,74] effects, as well as allows different
magnetic orderings in the MI by describing microscopically
the spin transport across the interface.

We model the MI/NM interface (x-y plane) as an ensemble
of localized moments with spin S. These moments interact
with the conduction electrons via an exchange term H =
−Jsd

∑
j S j · s(r j ), where Jsd is the s-d exchange coupling

and s(r j ) is the spin density of the itinerant electrons at the
position of the local moment S j . The spin current at the
MI/NM interface is given by [26]

−eJs,z = Gsμs + Grn × [n × μs] + Gin × μs, (1)

where e > 0 is the elementary charge, Js,z is the spin current
flowing in the z direction, μs the vector spin accumulation,
and n a unit vector in the direction of the applied magnetic
field B = μH, with μ ≈ μ0 the magnetic permeability of the

NM layer. The parameters Gr,i,s are obtained in the Born
approximation and are defined in terms of spin averages
[26,83],

Gr = π (νJsd )2e2ns

h̄

(
〈S2

‖〉 − 〈S2
⊥〉
2

)
,

Gi = −νJsd e2ns

h̄
〈S‖〉,

Gs = −π (νJsd )2e2ns

h̄
〈S2

⊥〉, (2)

where ν is the density of electronic states per spin species
in the NM, ns is the surface density of localized magnetic
moments at the MI/NM interface, and h̄ the reduced Planck
constant. S‖,⊥ are the components of the spin operator parallel
and perpendicular to H. The dependence of the averages
〈S2

‖,⊥〉 and 〈S‖〉 with H and T are determined by the type
of magnetic order at the interface and, for instance, can be
computed analytically for a PM.

In order to compute the magnetoresistance, we solve the
spin diffusion equation in the NM layer subjected to the
boundary condition imposed by Eq. (1) at the MI/NM inter-
face and vanishing spin current at the interface with vacuum
[7,72,74], and obtain the general expression for the longitu-
dinal resistivity in leading order of θSH: ρL = 1

σ0
+ �ρ0 +

�ρ1(1 − n2
y ). Here, ny is the y component of n, σ0 = 1/ρ0

is the conductivity of the NM layer, and the corrections �ρ0,1

are given by

�ρ0 = 2θ2
SH

σ0

(
1 − λ

dN

tanh
( dN

2λ

) − Gsλ
σ0

1 − 2 Gsλ
σ0

coth dN
λ

)
,

�ρ1 = 2θ2
SH

σ0

{
λ

dN

tanh
( dN

2λ

) − Gsλ
σ0

1 − 2 Gsλ
σ0

coth dN
λ

− �
[

�

dN

tanh
( dN

2�

) + G�
σ0

1 + 2 G�
σ0

coth dN
�

]}
, (3)

where 1
�

=
√

1
λ2 + i 1

λ2
m

with λm =
√

Dh̄
gμB|B| , D the diffusion

coefficient, g the gyromagnetic factor, μB the Bohr magneton,
and G = (Gr − Gs + iGi ).

Equations (3) generalize the magnetoresistance in MI/NM
bilayers in two ways: (i) They include the effective spin
conductance Gs, so far omitted in SMR, which accounts for
the fact that not all magnetic moments at the MI/NM interface
may align in the field direction and hence the correlation 〈S2

⊥〉
becomes finite. In the limit Gs → 0, these equations recover
both the previously reported SMR and HMR corrections
[7,74], merged in a single analytical expression. (ii) They
contain implicitly information about the magnetic response
of the MI through the temperature and field dependence of
the spin conductances defined in Eqs. (2). Note that Gs is
related to the ability of the spin accumulation to emit magnons
in the MI and enters in Eq. (3) correcting Gr as Gr − Gs,
which stands for the effective spin relaxation at the inter-
face. The implications of Eqs. (2) and (3) are multiple. For
instance, they can be used for understanding the temperature
dependence of the SMR [84–86] or accurately describing the
field dependence of the magnetoresistance for noncollinear or
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nonsaturated magnets. Particularly interesting is that Eqs. (2)
and (3) are also valid across magnetic phases transitions
[49,53,87,88]. Furthermore, note that Eq. (2) is not restricted
to SMR only, but can also be applied to describe other spin
transport phenomena involving interfaces such as electrical
magnon excitation [52,89–92], spin pumping [4,81,89,93,94],
or the spin Seebeck effect [4,82,95,96]. See Ref. [26] for an
additional discussion.

Experimental fits and discussion. We now use the above
equations to describe the magnetotransport in LCO/Pt and
determine the magnetic properties of the ultrathin Co-rich
surface layer. Our transport measurements indicate that the
Co-rich surface behaves like a PM with a large effective spin,
which is compatible with the behavior of a low-dimensional
isotropic Heisenberg FM, a system that exhibits short-range
FM correlations with Tc = 0 [97]. For the fitting of the exper-
imental data, we computed the spin correlations 〈S2

‖,⊥〉 and
〈S‖〉 that enter Eqs. (2) using the well-established random
phase approximation [98], considered that the Co atoms of
the surface layer can exhibit either two-dimensional (2D) or
one-dimensional (1D) FM exchange coupling J , that S can
be any of the possible ones in the d shell (except 0 and ½,
which result in no magnetoresistance correction), considered
different spin surface coverages ns, and assumed collinear
s-d exchange coupling given that ρ(Hx ) ≈ ρ(Hz ) [Fig. 2(b)]
[26]. D was calculated using Einstein’s relation D = 1/2e2νρ,
and θSH and λ of Pt were estimated from the measured
ρ(T ) [26,99]. Excellent fits to the FDMR measurements were
found for a large range of parameters, some of which are
summarized in Tables S1 and S2 in the Supplemental Material
[26]. Figures 2(a) and 2(b) show representative fits of the
data, evidencing the extraordinary good agreement with the
experiment (see also Fig. S6 [26]).

The temperature dependence of �ρ‖
ρ0

(T ) provides additional
information about the magnetic ordering of the LCO surface
through Gs(〈S2

⊥〉). Figure 2(c) shows the best fits obtained
for the experimental data �ρ‖

ρ0
(T ) modeling the Co-rich LCO

surface as a 2D Heisenberg magnet, a plane of spin chains,
and a plane of interacting spin chains (spin ladders), all with
FM coupling between spins. We also consider the case of
a superparamagnet (SPM), which is described by exhibiting
zero Heisenberg exchange coupling and large effective S. Our
analysis evidences that a SPM cannot describe the temper-

ature dependence of the magnetoresistance in LCO/Pt and
confirms our assumption that the Co-rich surface of LCO
behave as a low-dimensional Heisenberg FM [see Fig. 2(c)].
Although we cannot unambiguously distinguish between the
1D and 2D FM cases from the magnetoresistance measure-
ments, our analysis suggests that the ultrathin Co-rich LCO
layer exhibits both contributions because the temperature de-
pendence is fitted best by the model of spin ladders [blue line,
Fig. 2(c)].

Conclusions. The SMR measurements and TEM character-
ization of the STO/LCO/Pt structures provide clear evidence
that the LCO film presents a Co-rich surface upon deposition
of Pt that is magnetically decoupled from its bulk and shows
no-long range FM order. Our microscopic model of the mag-
netoresistance in MI/NM bilayers, which revises the current
SMR theory by introducing Gs, and integrates both SMR and
HMR contributions in the same set of analytical equations,
can explain the experimental results assuming that the surface
behaves as a low-dimensional Heisenberg FM. Our theory
provides a simple way to correlate the magnetic properties of
the MI through the spin conductances Gr,i,s while covering a
wide range of the magnetic order, sets the base for a better
understanding of diverse spin transport phenomena involv-
ing MI/NM interfaces—and their manifestation on transport
properties—as well as can help to address questions related to
quantum magnetism or skyrmions.
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