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c Institut de Ciència de Materials de Barcelona (ICMAB-CSIC), Campus UAB, Bellaterra, Catalonia 08193, Spain   

A R T I C L E  I N F O   

Keywords: 
Spin pumping 
Magnetic damping 
Spin currents 
Vanadium perovskites 

A B S T R A C T   

Spin pumping across interfaces between metallic SrVO3, where V is a 3d1 ion, epitaxial thin films and ferro-
magnetic Ni80Fe20 is reported. Data shows an efficient spin pumping with a spin mixing conductance value (g↑↓ =

11.8 × 1018 m− 2) similar to that reported in metallic Vanadium but significantly larger than that measured in 
isoelectronic (3d1) VO2, which displays a Mott transition. Data are rationalized in terms of the relevance of 
density of states at the Fermi level and the relative strength of electron–electron correlations and electron-lattice 
coupling as toggles to tune spin-mixing conductance across interfaces.   

1. Introduction 

The generation of pure spin currents and the associated charge-spin 
and spin-charge conversion are being intensively investigated aiming at 
greener spintronic devices [1]. Spin-charge conversion relies essentially 
on spin–orbit coupling and therefore it is predicted to be larger in heavy 
metals. Indeed, the spin Hall angle (θSH), which is a measure of the ef-
ficiency of spin-charge conversion, has been found to roughly scale with 
Z4 (Z is the atomic number) for a given d-electron count although 
electron filling within the 5d block largely modifies the magnitude an 
even the sign of it [2]. However, the experimental observation that in 3d 
transition metals, θSH varies systematically with 3d-orbital filling, 
clearly indicates a more involved scenario in which Z4 and orbital filling 
both cooperate into charge-spin conversion [3]. Within this context, 
research on spin-charge conversion in light transition metals (3d) and its 
derivatives, such as transition metal oxides is emerging. For instance, it 
has been reported that θSH of Cr and Ni are found to be comparable (in 
magnitude) to Pt [4]. However, still there is no consensus on the actual 
values of θSH and the mechanisms behind. Another example is the case of 
Cr; from the comparison of θSH in YIG/Cr and YIG/Cu/Cr structures it 
was proposed that the larger value of θSH (orders of magnitude) observed 
in YIG/Cr reflects a predominant role on interfacial Rashba-Edelstein 
effect, rather than a bulk spin–orbit coupling [4], as earlier found in 
other systems (i.e YIG/graphene [5]). In the same vein, the light metallic 
V has been shown to display different θSH values depending on its 
crystallographic phase, and surprisingly enough, being as large as Pt [6]. 

Recently, the spin mixing conductance across interfaces between 
magnetic materials, such as insulating YIG [7] or Ni80Fe20 (permalloy, 

Py) [8] and vanadium dioxide (VO2) has been first explored. VO2 dis-
plays a metal–insulator transition (MIT) upon heating. In both 
mentioned manuscripts [7,8] the main interest was to investigate the 
impact of the change of resistivity of VO2 at the MIT, on the spin 
pumping and the accompanying spin mixing conductance across the 
corresponding interfaces [9]. For instance, Safi et al. [7] reported that 
the magnetic Gilbert damping (α) in YIG increased by about a factor 2,5 
(up to 2,6 ×10-4 in YIG/VO2) or by a factor 1,5 (up to 6 ×10-3 in 
Ni80Fe20/VO2) when the adjacent VO2 layer crosses the insulator-to- 
metal MIT transition. Indeed, it is known that in VO2 (rutile structure) 
electron–electron correlations and a Peierls transition cooperate to an 
electronic reconstruction that ends up in such a metal-insulator transi-
tion, where electrical resistivity changes several orders of magnitude 
[10–12]. When approaching the MIT from high temperature, that is 
from its metallic side, it is commonly assumed that the strong electro-
n–electron correlations within the narrow 3d band, exacerbated by a 
structural distortion occurring at MIT, lead to the opening of a Mott gap. 
Although the relevance of the proximity to a MIT on spin-charge con-
version is not yet known, data show that magnetic damping in the 
metallic state of VO2 is larger than its insulating state, raising questions 
on the impact of electron–electron correlations and band reordering on 
spin-current injection. 

Here, we report on spin pumping experiments in a single crystalline 
metallic oxide, SrVO3 (SVO), seemingly simpler than VO2. Indeed, and 
in contrast to VO2, SVO is an excellent metal; in bulk it has a cubic 
perovskite structure and the 3d1 (V4+) electronic configuration accounts 
for its metallic and Pauli paramagnetic character with a resistivity below 
≈ 100 μΩcm at room temperature that remains metallic down to the 
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lowest temperatures [13,14]. Interestingly, whereas the common wis-
dom was that SVO is a simple example of a correlated electronic system 
[15,16], recent results appear to suggest a novel scenario in which the 
electron-lattice coupling would dress the itinerant carriers [17]. 
Therefore, SVO radically differs from VO2 and may lead to novel sce-
narios that may be reminiscent of polaronic spin transport [18]. Using 
ferromagnetic resonance spectroscopy experiments on SVO/Ni80Fe20 
structures and suitable control samples we demonstrate that spin 
pumping into an epitaxial metallic oxide (SVO) containing light V ions is 
achieved. It is found that the spin mixing conductance value is one order 
of magnitude larger than in VO2 and similar to metallic V. We discuss 
these relationships in terms of the relevance of the density of states at the 
Fermi level on the efficiency of spin pumping across interfaces. 

2. Experimental 

Epitaxial thin films of SVO were deposited on SrTiO3 (STO) single 
crystalline substrates by pulsed laser deposition (PLD). Extensive details 
on growth conditions and structural, optical and electrical character-
ization can be found elsewhere [14,19]. Here, we shall use SVO films of 
thicknesses tSVO = 5 and 15 nm, with thickness determined by the 
number of PLD pulses and suitable calibration. After growth, films were 
transferred to an e-beam evaporation chamber for room-temperature 
growth of a ferromagnetic layer of Py with thickness tPy = 10 nm. Py 
films were also simultaneously grown on oxidized silicon wafers (SiOx) 
and bare STO substrates to be used in control experiments. The final 
heterostructure is sketched in Fig. 2b. 

The set up for ferromagnetic resonance spectroscopy (FMR) is shown 
in Fig. 1a. We used a vector network analyzer (VNA) in combination 
with a coplanar waveguide (CPW) that transforms the rf-electrical signal 
into an oscillatory magnetic field on the thin film’s structure. Samples 
were mounted in flip-chip geometry on the CPW and the external static 
magnetic field, H0, was applied in the sample plane and perpendicular to 
the oscillatory magnetic fields from the CPW. We record the rf-electrical 
signal transmission through the CPW as a function of external field and 
frequency to obtain a map of ferromagnetic resonances as shown in 
Fig. 1b. We varied the external magnetic field from − 0.5 T to 0.5 T and 
the microwave frequencies from 10 MHz to 16 GHz. 

3. Results 

X-ray diffraction data of an illustrative SVO film indicate a single 
phase of fully textured material grown on STO substrates. Fig. 2a shows 
data for SVO (10 nm) films. The observation of the Laue fringe around 
the (002) SVO reflection (indicated with an arrow) assesses excellent 
crystalline quality of films, allows to confirm its thickness, and illus-
trates its planarity. In Fig. 2b we show the corresponding temperature 

dependent electric resistivity. As mentioned the metallic character is 
preserved down to the lowest temperature. 

The measurement of microwave absorption—through electrical 
transmission in the CPW—as a function of both microwave frequency, f, 
and applied external magnetic field, H0, determines the resonance fre-
quencies and, thus, the FMR dispersion, shown in Fig. 1b. Such a 
dispersion relation, i.e., field versus frequency, for the case when 
external field is applied in the film plane is described by the Kittel 
equation [20] 

fFMR =
γ

2π

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

H0
(
H0 + 4πMeff

)√

, (1)  

where fFMR is the FMR frequency, γ is the gyromagnetic ratio 
( γ
2π ≈ 2.8MHz/G), H0 the applied external magnetic field, and 

4πMeff = 4πMS − Hk the effective field given by the saturation magneti-
zation MS and the out-of-plane anisotropy field, Hk . 

Our FMR measurements agree well with the Kittel dispersion given 
by Eq. (1) as shown in Fig. 1b where the 2d plot corresponds to data of a 
10 nm Py thin film on SiOx (denoted SiOx/Py) and the red dashed line is 
the best fit using Eq. (1). Typical absorption lineshapes are shown as 
traces in the inset of Fig. 1b corresponding to frequencies of 7.5, 11 and 
14 GHz. Obtained values for 4πMeff are 10.55 kG for SiOx/Py, 10.50 kOe 
for STO/Py and 9.5 kG for SVO/Py, indicating a slight induced out-of- 
plane anisotropy in the heterostructures caused by the interface SVO/ 
Py. It is known that Py grown on SiOx displays negligible out-of-plane 
anisotropy; as the measured 4πMeff values for SiOx/Py and STO/Py are 
very similar, we conclude that STO/Py also has a negligible anisotropy. 
Therefore, we take 4πMs ≈ 10.5 kG (836 emu/cm3) as the saturation 
magnetization value for our Py films, which is close to the value typi-
cally used for Py. 

The FMR absorption lineshape (absorption as a function of external 
field at a fixed frequency) is usually assumed to have a symmetric Lor-
entzian lineshape (or asymmetric if detection is done by modulating the 
external field and using lock-in techniques). However, conductive 
samples may induce microwave eddy currents in the film and affect the 
lineshape symmetry [21]. We fitted the FMR absorption to a combina-
tion of symmetric and antisymmetric contributions (see traces in Fig. 1b) 
[22]. The full width at half maximum (FWHM) of the FMR absorption 
lineshapes is a measurement of the magnetization relaxation 
mechanisms. 

Our main goal here is measuring the magneto dynamic damping and 
the variations caused by the SVO layers as indication of additional 
magnetic dissipation. We, thus, measured FMR linewidth, ΔH, as a 
function of microwave frequency, f, and extracted the damping 
parameter, α , following the relation [23] 

Fig. 1. a) Schematic plot of the used setup 
for the FMR measurement showing the crit-
ical components: a vector network analyzer 
(VNA) to generate and detect rf-electrical 
signals, a coplanar waveguide (CPW) to 
convert the rf-electrical signal into an oscil-
latory magnetic field with frequency, f, and 
an electromagnet to generate dc fields, H0. b) 
in-plane measurement of the field versus 
frequency FMR dispersion relation in a 10 
nm Py film grown on oxidized silicon sub-
strate. The red dashed line corresponds to the 
model calculation for the FMR main peak 
following Eq. (1). The traces correspond to 
single frequency (7.5, 11 and 14 GHz) field 
sweeps showing FMR peaks. (For interpre-
tation of the references to colour in this 
figure legend, the reader is referred to the 
web version of this article.)   
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ΔH =
4π
γ

αf + ΔHi, (2)  

where ΔHi is the inhomogeneous linewidth broadening, which accounts 
for magnetic inhomogeneities. 

In presence of the SVO capping, different mechanism may contribute 
modifying the damping coefficient in eq. (2). Among others, magnetic 
reconstructions at the Py/SVO interface can modify magnetic preces-
sion. However, this interfacial effect is expected to be mostly indepen-
dent of the thickness of the capping SVO layer. Experimental data (see 
below) clearly indicates that this is not the case. Therefore, in the 
following we assume that the damping induced by the SVO on the 
precessing Py magnetization is a measure of the spin pumping efficiency 
across the SVO/Py interfaces. - The spin mixing conductance (real part), 
g↑↓ , across the interface is given by 

g↑↓ =
4πMStPy

gμB

(
αSVO/Py − αPy

)
, (3)  

where tPy is the Py thickness, g the Landé factor (g = 2), μB , the Bohr 
magnetron, and αSVO/Py and αPy are the damping in SVO/Py and STO/Py 
layers, respectively 

Fig. 3a displays the frequency dependence of the FMR linewidth, ΔH 
, of the 10 nm Py films grown on STO/SVO(tSVO) with tSVO = 0, 5, and 15 
nm. We can see that the inhomogeneous damping is virtually identical 
for the three samples indicating that the growth of Py on SVO and STO 

does not affect Py magneto-dynamic properties—we also grew Py films 
on oxidized silicon wafers and obtained same values. In contrast, the 
slope, which is a measure of the intrinsic damping, α , is definitely larger 
in STO/SVO/Py than in STO/Py. We obtained damping values α of 
0.0066, 0.0081 0.0087 for SVO thicknesses of 0, 5, and 15 nm (see, 
Fig. 3b). Data in Fig. 3a and 3b clearly demonstrate that spin pumping in 
Py is largely affected by the SVO capping, which thus absorbs a spin 
current emanating from Py. 

Therefore, using Eq. (3) one can estimate the spin mixing conduc-
tance. It turns out that g↑↓ = 9 × 1018 – 11.6 × 1018 m− 2 for SVO(5 nm)/ 
Py(10 nm) and SVO(15 nm)/Py(10 nm) respectively. The increase of g↑↓ 

when increasing the SVO thickness but keeping the Py thickness con-
stant (10 nm) is attributed to the fact that Eq. (3) neglects the role of the 
spin-diffusion length λsd within the absorbing (SVO) layer. This effect is 
explicitly included in Eq. (4) below [24] 

Δα =
gμBg↑↓

4πMStPy

(
1 − e− 2tSVO/λsd

)
, (4)  

where tSVO is the thickness of the SVO layer. 
Equation (4) is derived by considering that there is a backflow of the 

spin current from the SVO to the Py when the SVO is thin compared to 
the spin-diffusion length. The backflow spin current, IBP can be 
described by 

IBP = IP
(
e− 2tSVO/λsd

)
, (5) 

Fig. 2. a) X-ray θ-2θ diffraction pattern around the (002) reflection of the SVO (10 nm) film on STO (001). Continuous line is the fit of the Laue fringes around SVO 
(002) and it is used to determine the c-axis of the film and the film thickness. b) Temperature dependent resistivity of SVO (10 nm) film. Inset in b) sketches the 
structure of samples for spin pumping (FMR) experiments. 

Fig. 3. a) Experimental resonance linewidth ΔH (FWHM) versus frequency of the oscillatory magnetic field for the three samples STO/SVO(t)/Py(10) with t = 0, 5, 
and 15 nm. b) Damping as a function of the SVO film thickness for the three samples shown in a). The red solid line is obtained by fitting data using Eq. (4) and. λsd =

7.5nm is found. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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where IP is the pumped spin current from the Py to the SVO due to the 
FMR. The factor 2 appears because the effective thickness of the SVO 
film for the spin current making it back to Py is twice the film thickness. 
We, thus, have that the net spin current across the interface is then given 
by 

IS = IP
(
1 − e− 2tSVO/λsd

)
, (6) 

which leads to the enhanced damping in Eq. (4). 
Data in Fig. 3b can be fitted with Eq. (4) having only two indepen-

dent parameters: the spin mixing conductance, g↑↓ , and the spin- 
diffusion length λsd . From the fit we obtain g↑↓ = 5.9 × 1018 m− 2, 
consistent with estimates made above, and λsd = 7.5nm . At this point it 
is worth noticing that although there are no reports on spin-diffusion 
length in vanadates (including VO2) the value here obtained is about a 
50% shorter than that reported in metallic V [25]. 

In summary, we have shown that the spin mixing conductance in 
SVO/Py is particularly large (g↑↓ = 11.8 × 1018 m− 2). In fact, it is about 
one order of magnitude larger than that reported across the YIG/VO2 
interface (8.5× 1017m− 2) when VO2 is in its metallic phase [5]. The 
larger spin mixing conductance in SVO indicates that the interface is 
more spin-transparent; this could be related to the wider character of the 
conducting band in the cubic SVO than in rutile VO2, as illustrate by the 
proximity to a metal–insulator transition in the latter, in which elec-
tron–electron correlations and electron-lattice coupling narrow elec-
tronic bandwidth. On the other hand, the observed spin mixing 
conductance compares surprisingly well with that reported in YIG/V 
(3.1× 1018m− 2) [2] where the electronic filling of 3d states is 3d3 rather 
than 3d1 as in the present case, suggesting that the density of states at the 
Fermi level and the strong electron–electron correlations there, rather 
than electron density, play a major role on spin mixing conductance. 
These conclusions can be further tested by suitable engineering of the 
conduction bandwidth in SVO, where epitaxial strain has been shown to 
be able to modulate carrier distribution within the 3d-t2g manifold [26]. 
Finally, the proposal that carrier transport in metallic SVO displays 
polaronic-like features [17] may connect spin currents in vanadates to 
the spin polaronic transport [18]. It thus follows that intrinsic 3d 
metallic oxides offer opportunities for novel avenues. 
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