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1. Introduction

Topological insulators (TIs) are a class of 
materials that is insulating in the bulk 
and conducting at the surface.[1] They are 
known for the protection of their topolog-
ical surface state against backscattering by 
time-reversal symmetry (TRS), full spin-
polarization, very high carrier mobility, 
and low energy dissipation.[2–9] So far, all 
experimentally confirmed binary or ter-
nary topological Dirac materials have the 
intrinsic problem of defect–induced bulk 
conductivity,[10] whereas elemental mate-
rials provide in general a more prom-
ising route for suppressing undesired 
defect contributions.

Interfaces are key to TIs, as the com-
bination of materials with different topo-
logical band character are the origin of 
the formation of topological surface or 
edge states in the first place. The breaking 
of TRS via interface engineering, i.e., via 
the interface with a magnetically ordered 

system,[11–13] is the key requirement for achieving the quantum 
anomalous Hall state.[14] Of more practical importance, however, 
is the observation that carriers in a TI can exert significant spin 
torque on an exchange-coupled ferromagnetic layer,[15] enabling 
all-electrical switching of the magnetic layer. Another important 
effect that has been demonstrated in TIs is spin pumping,[16,17] 
i.e., the injection of a pure spin (and not charge) current from 
a ferromagnetic layer undergoing ferromagnetic resonance into 
an adjacent layer.[18] Spin pumping in TIs,[19,20] which forms the 
basis of TI-based spin-valve structures, was  reported earlier.[21] 
One convenient way for studying spin pumping is to analyze 
the broadening of the magnetic resonance absorption of the 
pumping ferromagnetic layer at resonance. A larger pumped 
spin current will lead to additional damping, and thus broad-
ening of the resonance, which is captured by an extra term in 
the magnetodynamic equations.[22]

Elemental tin (Sn) has two crystallographic phases, α-Sn 
(gray tin) and β-Sn (white tin), with the α-phase being stable 
below 13.2  °C. The high-temperature β-phase has a tetragonal 
crystal structure and is metallic, while gray tin has a diamond 
crystal structure (6.467  Å) and is classified as a semimetal 
with a direct band gap of 0  eV, and a ‘‘negative'’ band gap of 
Γ7 − Γ8 = −0.413 eV.[23] Application of uniaxial stress makes α-Sn 
a semiconductor as it splits the degenerate Γ8 state.[24] Due to its 
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simple structure compared to binary or ternary materials, Sn has 
the potential to show lower defect densities—and thus suppress 
the unwanted bulk conductivity. Owing to its strain and dimen-
sionality dependent topological properties, α-Sn is a versatile 
platform for exploring exotic electronic effects.[25] For this very 
reason, α-Sn has recently received a lot of attention, reports can 
be found of gray tin stabilized on InSb(111)[26] or In-terminated 
InSb(111)A,[27] with the α-β transition temperature reaching as 
high as 170°C.[28] Recently, the efficient charge-to-spin conversion 
with spin–orbit torque efficiencies comparable to Pt have been 
demonstrated in a clean Sn-ferromagnet system, i.e., FeCo/Sn/
CdTe,[29] as well as before in the more complex Fe/Ag/Bi/Sn/
substrate heterostructure.[30] This breakthrough demonstration 
of the the promise of α-Sn for spintronic devices relied on epi-
taxially grown α-Sn films on CdTe(001), which were then covered 
with the ferromagnetic layer. Although some studies of α-Sn/fer-
romagnet interface properties have been conducted[31] it remains 
a challenge to grow α-Sn on top of a ferromagnetic material, i.e., 
the inverse interface, which is crucial for opening the door for 
more complex device structures such as spin-valves.[32] Recently, 
we have shown that strained α-Sn can be stabilized on hcp 
Co(0001) surfaces;[33] however, owing to the comparably low film 
quality, no unambiguous proof for spin pumping through a fer-
romagnet-Sn-ferromagnet spin valve structure was given.

Sn segregation is a common problem in heterostructure 
growth involving Sn, and it has been intensely investigated in the 
context of Sn/Ge.[34] The growth at cryogenic substrate tempera-
tures, also involving low growth rates, opens up the possibility to 
obtain α-Sn in conditions far beyond the thermodynamic equi-
librium. In fact, in the seminal work by Farrow et al.,[35] in which 
epitaxial α-Sn growth on InSb and CdTe was reported for the first 
time, a substrate temperature of −20°C was chosen; however, due 
to the heat from the Sn effusion cell, the temperature increased 
to 25°C during growth. Apart from thermodynamic reasons, 
slightly elevated temperatures have been reported to lead to diffu-
sion from the InSb substrate, accompanied by increased surface 
roughness.[36] In our first demonstration of α-Sn growth on a fer-
romagnet,[33] we noted an improvement of the film quality with 
decreasing temperature. Unfortunately, the temperature range 
below 25°C (during growth, with the effusion cell shutters open) 
is not accessible in a standard MBE system.

Here, we explore the cryogenic-temperature growth of Sn on 
hcp Co(0001) by molecular beam epitaxy, and study the magneti-
zation dynamics across the Sn/Co interface with ferromagnetic 
resonance (FMR). We use cross-sectional transmission electron 
microscopy (XTEM) to understand the microstructure of the Sn 
layer for different growth conditions and at different stages of the 
growth. We find that Sn initially forms strained, uniform layers 
in the ultrathin limit, while droplets (or pillars) form beyond 
a few atomic layers. We used FMR to study the magnetization 
dynamics of the Sn/Co system, in comparison with MgO/Co and 
Au/Co, and determined the anisotropy constants of the Co layer. 
We find a relatively low damping in the ultrathin limit, while with 
increasing Sn thickness the damping increases significantly. This 
increase in damping is caused by the polycrystalline character of 
the thicker Sn layers, due to the relaxation of strain imposed by 
the underlying Co layer. Our combined FMR and XTEM study 
shows that for cryogenic growth, high-quality strained Sn layers 
can be obtained up to a thickness of ≈3 atomic layers.

2. Sample Preparation and Characterization

The growth of Sn thin films has been achieved on a number 
of substrates, including Si[37–41] and Ge.[42–45] The stabilization 
of the α-phase up to high temperatures has been reported 
for the near-lattice-matched substrates InSb(001)[46,47] and  
Sb-terminated InSb(111)B.[26,48] Recently, we reported the suc-
cessful growth of α-Sn on magnetic, hexagonal closed-packed 
(hcp) Co(0001) up to a thickness of a few atomic layers.[33] In 
this study, we found promising hints for a possible route for 
achieving thicker, phase-pure α-Sn films, i.e., the growth at 
cryogenic temperatures.

Here, we have adopted a similar approach as presented in 
Ref. [33]. A Mo/Au/Al2O3 heterostructure template[49] was used 
as a virtual substrate for hcp Co(0001) growth. Subsequently, a 
0.8–5  nm thick Co layer was deposited, while monitoring its 
quality during growth using reflection high-energy electron dif-
fraction (RHEED). Finally, a Sn layer of up to 5  nm in thick-
ness was deposited on top of the Co layer, again, monitoring its 
quality with RHEED. Representative RHEED images, taken for 
Co(0001) hexagonal basal plane and at the various stages of the 
Sn growth, are shown in Figure 1. The RHEED images of the 
Co(0001) layer present two distinct symmetry axes rotated azi-
muthally by 30°. During the Sn growth process, the substrate 
temperature was kept at ≈−50 °C. This temperature prevents 
the formation of CoSn alloys. The Sn effusion cell was kept at 
≈1050 °C achieving a deposition rate of 0.02 nm s-1. Deposition 
of 0.12  nm of Sn onto the Co(0001) surface blurs the streaks, 
while their position remains the same. A new crystallographic 
surface structure emerges when the Sn layer reaches a thick-
ness of 0.9  nm. The atomic distance is 0.443  nm (at 5° azi-
muth), i.e., twice of the distance observed for Co in the RHEED 
image along the 30° azimuth. In order to understand the spin 
pumping in this Sn/Co interfacial system, three more hetero-
structures were grown for comparison with the identical Co 
thickness, i.e., a thin Sn layer system (Au/MgO/Sn/Co), and a 
conductive Au/Co and an insulating MgO/Co system.

The grown samples were then characterized using XTEM 
with energy-dispersive spectroscopy (EDS) analysis to deter-
mine the crystal structure, elemental distribution, and mor-
phological properties. Using XTEM with EDS analysis, we 
confirmed the quality of the Co layer and studied the interfacial 
region between the Co and the Sn layers (see Figures 2–4). The 
Sn growth on Co proceeds via the Stranski–Krastanov growth 
mechanism. Thin Sn layers on Co are initially flat, up to a thick-
ness of three monolayers, before the growth mode changes. 
The interplanar distance of this layers does not match that of 
either α-Sn nor β-Sn. It is possible that the Sn layer is highly 
strained due to the underlying Co film. When the Sn growth 
is continued beyond the critical thickness, Sn droplets begin 
to form. These droplets have a tetragonal crystal structure, in 
agreement with β–Sn.

The magnetic properties of the samples were studied by 
carrying out FMR measurements at room temperature with 
a conventional X-band Bruker EMX spectrometer. The sam-
ples were mounted on a quartz sample holder and placed in 
a cavity. The FMR spectra were recorded as a function of the 
orientation of an applied DC external magnetic field from 0 
to 1.6 T.

Adv. Mater. Interfaces 2022, 9, 2201452
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3. Modeling and Data Analysis

The cavity FMR measurements were performed at a fixed fre-
quency of 9.38 GHz as a function of the applied magnetic field 

(H0) and field orientation (θH) in a plane perpendicular to the 
sample surface. The radio frequency (RF) field exciting the res-
onance is applied perpendicular to the DC magnetic field. The 
experimental results were fitted with the theoretical predictions 

Figure 2.  a) STEM/HAADF image of a nominally 4-nm-thick Sn film deposited onto a (111)-oriented Co layer. The orange rectangle indicates the 
area in which the elemental EDS maps, shown at the right hand side for d) Co and c) Sn, as well as b) the Pt layer (added for protecting the layer 
stack before ion milling), were taken. An abrupt interface between Co and the continuous Sn can be seen. The thick Sn layer is rough and shows 
clear pillar structures.

Adv. Mater. Interfaces 2022, 9, 2201452

Figure 1.  RHEED images taken on a) the Co surface prior to Sn growth, and b) after 0.12 nm and c) 0.90 nm of Sn growth, along the 0°, 5°, and 30° 
azimuths as indicated. d) Illustration of the azimuthal orientations in the hexagonal Co(0001) basal plane. A possible configuration of the Sn layer 
(white circles) on the Co surface (black circles) is illustrated. For details see Ref. [33].
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obtained using the Landau–Lifshitz–Gilbert (LLG) equation, 
allowing for the extraction of the anisotropy constants and the 
Gilbert damping coefficient.

For the purpose of this study, the anisotropy of the Co layer 
was assumed to be uniaxial, with the anisotropy axis oriented 

perpendicular to the sample plane. The anisotropy energy was 
approximated using two coefficients (K1, K2)[50]

( ) sin sin1
2

2
4E K Ka θ θ θ= + 	 (1)

When the sample is placed in the external magnetic field, 
both the magnetic field and the sample anisotropy affect the 
magnetization of the sample (M). The resulting orientation of 
the sample magnetization (θ) is found by solving Brown's equa-
tions, which in the present case takes the form, Ref. [51]

sin cos sin cos sin 00 ext 1 2
3H D DHµ θ θ θ θ θ θ( )− + + = 	 (2)

where 2( 2 )/1 1
eff

2D K K Ms= +  and D2  =  −4K2/Ms, where Ms is 
the saturation magnetization. Here, the shape anisotropy has 
been incorporated into the effective anisotropy coefficient 

/21
eff

1 0 s
2K K Mµ= − . In the calculations, we assumed the satura-

tion magnetization of the Co layer to be 1.44 × 106 A/m.[52]

The dynamic spin precession can be described by solving the 
LLG equation

mm
mm HH mm mm

mm
( )eff

t t
γ α∂

∂
= − × + × ∂

∂
	 (3)

where m  = M/Ms is the unit vector in the direction of mag-
netization, α is the Gilbert damping coefficient, and Heff is 
the effective magnetic field, composed of H0, the magnetic RF 
field, and the anisotropy field. By knowing the dynamics of the 
magnetization vector, the energy dissipation, as measured by 
the FMR experiment, is found by evaluating

MM HH·0 effI
d

dt
µ= 	 (4)

where 〈 〉 denotes the time average. The detailed derivation of 
the above equations, as well their solutions, can be found in 
Ref. [51].

In principle, the sample properties K1, K2, and α are 
obtained by fitting the theoretical curve to the measured FMR 
data. In practice, however, such fits are not perfect due to 
undesired contributions of, e.g., the sample holder. There-
fore, we adopted the following methodology: First, a Lorent-
zian function of the form (together with its Kramers–Kronig 
relationship counterpart)

( )
/2

/2 /2
1

0
2 2

2 0

0
2 2

3 4 5
2

f H
A H

H H H

A H H

H H H

A A H A H

π π( ) ( )( ) ( )
= ∆

− + ∆
+ −

− + ∆
+ + +

	 (5)

is fitted to the raw FMR data, and the resonance magnetic field 
(H0) and half-width at full maximum (FWHM) (ΔH) of the res-
onance peak are determined, and compared to the theoretical 
values. The coefficients A3, A4, and A5 are introduced to cor-
rect for the background signal. We define H0 as the field maxi-
mizing the absorption in Equation (4).
Figure 5 shows a comparison between the theoretical FMR 

curve derived from Equation (4) and fits based on a Lorentzian 
function using Equation (5). The Lorentzian function describes 
the shape of the experimental FMR signal better, and allows for 

Adv. Mater. Interfaces 2022, 9, 2201452

Figure 3.  High-resolution TEM image of the top part of a Sn(3-4 mon-
olayer)/Co/Au/Mo/Al2O3 heterostructure. The interplanar spacings for 
the Au, Co, and Sn layers (from bottom to top) are indicated in the inset, 
ranging from 235 pm for the Au(111) layer, to 203 pm for Co(111) layer, and 
finally 208 pm for the Sn layer.

Figure 4.  High-resolution TEM image of a thick Sn layer, showing the for-
mation of the β-phase in the extruding pillars. The inset shows a contrast-
enhanced enlargement of the area indicated by the white square.
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the extraction of ΔH and H0, even if the signal is affected by 
effects not included in the theoretical model.
Figure 6a shows plots of the magnetic resonance field as a 

function of field angle for uncapped and capped Sn/Co hetero-
structures, as well as reference samples in which Sn has been 
replaced by Au. From fitting the experimental values (solid 
circles), the anisotropy constants K1 and K2 were extracted. 
Figure 6b shows plots of the measured (and fitted) ΔH values 
(FWHM) for the four different interfaces, from which the 
damping constant α was obtained. The angular depend-
ence of the resonance field is very similar for Sn/Co and the 
three reference systems (with the same Co layer thickness), 
see Figure  6a. On the other hand, the ΔH values, shown in 
Figure  6b, are markedly different. The Au/MgO/Co sample 
shows the lowest damping (αMgO = 0.016), and the theoretical 
model describes the experimentally observed angular depend-
ence of ΔH very well. On the other hand, Au/Co shows the 
highest damping (αAu  = 0.03), and the theoretical model cap-
tures the experimental ΔH(θH) data over a wide angular range, 
except for small θH values. In general, we observe a discrep-
ancy between theory and experiment for field directions close 
to the hard axis direction, as in the case of Au/Co for small θH. 
This behavior is likely due to the interaction between multiple 

magnetic domains, which may be present in the sample due 
to crystallographic imperfections. Our single domain model, 
used here, is thus not able to capture these effects. For a more 
detailed discussion, we refer to Ref. [51].

A very different behavior is observed for the Sn/Co sample. 
For low and high values of θH, ΔH is similar to the behavior 
of the MgO/Co sample. However, at ≈15°, a large deviation of 
the experimental data from the theoretically expected behavior 
is observed, whereby the experimentally observed damping 
greatly exceeds the expected values (compare blue circles and 
line in Figure 6b). To understand this discrepancy, we meas-
ured a MgO/Sn/Co structure in which the Co thickness was 
kept the same; however, the Sn thickness was 0.8  nm and 
thus less than the critical value. Finally, an MgO layer was 
added to keep the overall thickness of the layer stack the same 
for both samples. For MgO/Sn/Co (orange circles and line 
in Figure  6b), theory and experiment closely match, giving 
αSn  = 0.014. This damping value is close to one obtained 
for the Au/MgO/Co sample, and much smaller than for  
Au/Co. The observed large damping in the 4-nm-thick Sn 
layer is therefore most likely due to the presence of β-Sn pil-
lars in the layer. Such structural imperfections create varia-
tions in sample properties, which can promote the creation 

Adv. Mater. Interfaces 2022, 9, 2201452

Figure 6.  Experimental results and theoretical fits of: a) resonance magnetic field and b) resonance half-width for samples of Au(cap)/MgO(4)/Co(4), 
Sn(4)/Co(4), Au(4)/Co(4), and Au(cap)/MgO(3)/Sn(0.8)/Co(4) (thicknesses in nm).

Figure 5.  FMR absorption signal for a Sn(5  nm)/Co(4  nm) sample as a function of the external magnetic field strength for a field orientation of  
θH = 0°, θH = 17°, θH = 47°, θH = 90°. The data shown in the figure was normalized by their respective maxima. The orange curve represents the fit 
obtained using the Lorentz function [Equation  (5)], and the red curve represents the theoretical FMR signal (Equation (4)), derived from the LLG 
Equation (3). Parameters for the FMR theory were obtained from model fittings shown in Figures 6a and 6b.
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of domain walls, and thus increase damping. Table 1 summa-
rizes the magnetic parameters of all samples.

Next, we investigated the thickness dependence of the Co 
anisotropy in the Sn/Co structure (Figure  7). For dCo in the 
range between 1.7 and 4.8 nm, we determined both K1 and K2. 
Figure 7 shows the thickness dependence of the dominant 1

effK  
parameter for the Sn/Co structure (solid circles), and, in com-
parison, for Au/Co structures (open circles). The effect of the 
interface on the Co anisotropy can be modeled as

( ) ( ) /1
eff

Co 1
eff

s CoK d K K d= ∞ + 	 (6)

where Ks is the surface anisotropy, and ( )1
effK ∞  is the ani-

sotropy of the bulk crystal. 1
effK  is negative for thick samples  

(dCo > 1.90 nm), i.e., the sample magnetization favors to be in-
plane. For thin samples (dCo < 1.90 nm), 1

effK  is positive, i.e., the 
sample magnetization favors to be perpendicular to the sur-
face. The comparison with a series of Au/Co samples[53] shows 
that their behavior is very similar, i.e., the effect of the Sn layer 
on the anisotropy of the Co layer is small. We can therefore 
conclude that the cryogenic-temperature growth of Sn is not 
affecting the magnetic properties of the Co layer, most likely 

due to the suppression of interfacial reactions, which could lead 
to the formation of CoSn alloys.

4. Conclusion

In summary, we have studied the cryogenic-temperature growth 
of Sn layers on hcp Co(0001) up to a Sn layer thickness of 5 nm. 
Up to a thickness of ≈3 atomic layers, strained, flat Sn layers 
are found. Above that critical thickness, the layer roughens and 
contributions from β-Sn are observed, forming pillars. Thin Sn 
layers are strained via the constraints imposed by the under-
lying Co layer. However, due to its low thickness, we are not 
able to unambiguously determine its crystallographic structure. 
As a next step, it is important to study the effects of the strain 
on the electronic bandstructure of the films by carrying out 
angle-resolved photoemission spectroscopy measurements.

The magnetic properties of the underlying Co layer were not 
detrimentally affected by the Sn layer, and its effect on the Co 
anisotropy is similar to commonly used MgO or Au capping 
layers. By comparing the anisotropy constant 1

effK  for Co in 
thick Sn/Co and Au/Co interface systems, we found a similar 
strong coupling between the magnetic and nonmagnetic layers. 
For thin Sn layers, on the other hand, the damping was the 
lowest out of all studied samples, and close to the case of Co 
covered with MgO.

5. Experimental Section
Thin Film Growth: All samples were grown by molecular beam epitaxy 

(MBE) at the Institute of Physics, Polish Academy of Sciences (Warsaw, 
Poland). For the growth of the hcp Co(0001) layer, Au/Mo/Al2O3 
heterostructure templates were used as a virtual substrate. The Co layer 
was grown at room temperature and at a deposition rate of 0.016 nm s–1. 
The sample temperature was then lowered to ≈−50°C and kept for the 
remainder of the deposition process. For cooling the sample, the sample 
holder was brought into contact with an Al plate that was extending 
from the cryoshroud. Due to the relatively large thermal mass of the 
cryoshroud, this plate had a relatively constant temperature of ≈−140°C, 
resulting in a sample temperature of ≈−50°C (as determined by a type 
K thermocouple calibration). Next, a 0–5 nm thick Sn film was grown. 
To assure that the sample temperature did not increase due to the 
direct heat from the Sn cell, the growth was interrupted after 1 min for 
10 min, before continuing with this sequence until the desired thickness 
was reached. The samples were then capped with either Au or 4 nm of 
MgO, followed by Au. The films were structurally characterized in-situ 
using reflection high-energy electron diffraction (RHEED). The interface 
and crystalline quality of the heterostructures was investigated using 
cross-sectional transmission electron microscopy (XTEM), equipped 
with an energy-dispersive spectroscopy (EDS) detector. The magnetic 
properties were studied using ferromagnetic resonance (FMR) and 
superconducting quantum interference device (SQUID) magnetometry.

Adv. Mater. Interfaces 2022, 9, 2201452

Table 1.  Summary of the magnetic sample parameters obtained by fitting the experimental FMR data.

sample γ [m/(s· A)] −D1 [mT] −D2 [mT] K1 [103 A/m]
1
effK  [103 A/m] K2 [103 A/m] α [10−3]

Au/Co 224 100 ± 300 684 ± 3 86.2 ± 4 748 ± 3 −555 ± 2 31 ± 1 28.0 ± 1.0

Sn/Co 229 500 ± 800 711 ± 1 27 ± 11 772 ± 10 −531 ± 6 10 ± 4 29.4 ± 1.6

Au/MgO/Co 230 800 ± 600 696 ± 7 53.2 ± 8 763 ± 8 −539 ± 4 19 ± 3 16.6 ± 0.3

Au/MgO/Sn/Co 239 700 ± 500 664 ± 6 33 ± 6 801 ± 6 −502 ± 3 12 ± 2 14.2 ± 0.3

Figure 7.  Effective anisotropy coefficient 1
effK  of the Co layer as a func-

tion of the inverse of the Co layer thickness (dCo) for a Sn layer thickness 
of 1.2 nm. For large Co layer thicknesses (>1.90 nm), 1

effK  is negative, i.e., 
the Co layer shows in-plane anisotropy. For thin Co layers (<1.90 nm), 1

effK  
is positive, i.e., the Co layer shows perpendicular magnetic anisotropy. In 
total, five different Co thicknesses were measured for the Sn/Co system. 
The data for the Sn/Co system (solid circles and red line) are compared 
with the experimental results obtained for Au/Co samples (open squares 
and black line), published in Ref. [53].
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Statistical Analysis: 1) The data presented in Figure  5 was was 
normalized to their respective maxima. 2) The mean values and 
standard deviations are given for the relevant fits (Figure 6b) in Table 1. 
3) The number of data points in each of the FMR spectra is ≈4000, 
and the number of field-dependent spectra measured for each sample 
varies (Au/Co: 66; Sn/Co: 31 ; Au/MgO/Co: 40; and Co/Sn/MgO/Au: 30 
measurement points). In total five different thickness were measured 
for Sn/Co sample (Figure 7). 4) No statistical methods were employed 
to test the hypotheses in this work. 5) The magnetic parameters 
extracted from fitting the model (Equation  (5)) to the data, as well as 
the uncertainties, were found as maximum likelihood estimators, using 
the “NonlinearModelFit” method as implemented in the software 
package Mathematica (v12.1). A custom Monte Carlo algorithm was 
used to estimate the uncertainty of the Gilbert damping parameter α, 
as in this case the use of the built-in methods in Mathematica were 
computationally not efficient. The Monte Carlo method is similar to one 
described in Section VI of Ref. [54].
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