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Crystalline symmetries have played a central role in the identification and
understanding of quantum materials. Here we investigate whether an
amorphous analogue of a well known three-dimensional strong topological
insulator has topological properties in the solid state. We show that
amorphous Bi,Se; thin films host a number of two-dimensional surface
conduction channels. Our angle-resolved photoemission spectroscopy
data are consistent with a dispersive two-dimensional surface state that
crosses the bulk gap. Spin-resolved photoemission spectroscopy shows
this state has an anti-symmetric spin texture, confirming the existence of
spin-momentum locked surface states. We discuss these experimental
results in light of theoretical photoemission spectra obtained with an
amorphous topological insulator tight-binding model, contrasting it

with alternative explanations. The discovery of spin-momentum locked
surface states inamorphous materials opens a new avenue to characterize
amorphous matter, and triggers the search for an overlooked subset of
quantum materials outside of current classification schemes.

Much of materials science and condensed matter physics has focused
on exploiting crystal symmetries to understand physical properties,
headlined by topological phases and spontaneously broken symmetries
inquantum materials. The unusual properties of topological materials,
such as the robustness to disorder and their quantized electromag-
neticresponses, have prompted extensive efforts to classify crystalline
topological matter. Non-magnetic crystalline topological insulators
and metals with topological bands close to the Fermi level are rela-
tively abundant, representing -50% of all materials', anumber that may
increase by including magnetic space groups? Toidentify topological
crystals, one asks if the band representations of a particular space group

admitatrivialinsulator limit compatible with the crystal symmetries; if
not, the materialis labelled topological. The absence of a crystal lattice
places amorphous matter outside this classification, even thoughitisa
subset of materials of comparable size to their crystalline counterpart.
This prompts the experimental study of whether or not anamorphous
topological insulator exists in the solid state.

Theoretically, amorphous solids can be topological since there
are non-spatial symmetries that protect topological phases, such as
time-reversal symmetry. In this case, topological states remain robust
anddonotlocalize,solongas disorder respects time-reversal symmetry
and there isanon-zero mobility gap®. Therefore, amorphous materials,
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Fig.1|Structural and spectral evidence for the amorphous atomic structure
of Bi,Se;. a, High-resolution TEM image. The inset shows the diffraction pattern
for the amorphous Bi,Se; films. We observe a diffuse ring due to the amorphous
nature of the film corresponding to ~2.4 A. b, Scanning nanodiffraction patterns
taken with abeam spot of 2 nm where each patternis taken 5 nmapart (each
pattern separated by a distance Ax from the first pattern). Each spot shows a
speckled ring and no signs of crystallinity. Detector defects are highlighted by the
grey boxes. ¢, A one-dimensional intensity cut, /(k), for eight different regions,
aswell as the average intensity. A peak is observed at -3.2 nm ™. Detector defects
are highlighted by the grey box. d, FEM variance, V(k), as a function of scattering
vector k foramorphous Bi,Se; (x10 to enable comparison since the magnitude of
V(k) is so much smaller) and nanocrystalline Bi,Se,. The nanocrystalline sample
exhibits substantial variation in intensity for a given k vector from crystalline
Bragg diffraction peaks leading to a large variance, while the amorphous sample

shows little variation. Detector defects are highlighted by the grey box. e, An
X-ray diffraction 26 scan for 100 nm amorphous Bi,Se; after the Se capping layer
has been removed showing the same broad, low-angle peak near 17° and no signs
of incipient crystallization. X-ray diffraction provides a macroscopic probe of
the film structure. The substrate peak is labelled. f, Raman spectra for 50 nm
amorphous Bi,Se; films using a488 nm laser. The peaks are each labelled with
the respective Raman mode. Different curves (blue and purple) correspond to
different laser powers, showing that the bulk Raman modes become more well
defined and do not shift. All samples presented in this work show similar spectra
to the lower power spectrashown in this figure. Crystalline data® (green curve) is
overlayed to show the lack of a van der Waals mode at ~72 cm™in the amorphous
films and the extra peak in the amorphous film at ~250 cm™, whichis not seen in
crystalline Bi,Se, and is associated with Se-Se bonding.

which lack translational symmetry and cannot be understood in the
context of Bloch states, canstill present topological properties. Specifi-
cally, electronsinalattice of randomly distributed atoms with strongly
disordered electron hoppings—so strong that no memory of a lattice
canbe usedtolabel the sites—can present topologically protected edge
states and quantized Hall conductivity, hallmarks of topological insula-
tors*”. However a solid-state experimental realization is still lacking.

In this work, we have grown and characterized thin films of amor-
phous Bi,Se,. The temperature- and field-dependent resistance reveals
the existence of low-dimensional carriers with areduced bulk contri-
bution. Angle-resolved photoemission spectroscopy (ARPES) and
spin-resolved ARPES show atwo-dimensional surface state with strong
spin-momentum locking. The spin polarization changes with ARPES
detectionangle, whichis proportional to the plane-wave momentumk.
Inits crystalline form, Bi,Se, is atextbook three-dimensional topologi-
cal insulator®. We find that amorphous Bi,Se,, despite being strongly
disordered and lacking translational invariance, hosts two-dimensional
spin-momentum locked surface states, while nanocrystalline Bi,Se,
does not. By numerically simulating amodel for amorphous Bi,Se, with
trivialand topological phases, we show that dispersive spin-momentum
locked surface states existinamorphous matter with strong spin-orbit
coupling, allowing us to discuss their origin.

High-resolution transmission electron microscopy (TEM) onamor-
phous Bi,Se; thin films (Fig. 1a) shows no signs of crystalline order or

even precursor lattice fringes, which would have suggested incipient
nanocrystals were starting to form. The diffuse rings in the diffraction
pattern in the Fig. 1a inset is typical of amorphous materials with
well-defined nearest neighbour coordination and interatomic distance.
Energy dispersive X-ray spectroscopy maps (Supplementary Fig. 1)
confirmthereisno clustering of Biand Sein our films. To further ensure
we are not probing nanocrystalline regions, we performed scanning
nanodiffraction, shown in Fig. 1b. Four select beam spots each sepa-
rated by 5 nm show amorphous speckle’ and no signs of Bragg peaks
(SupplementaryFig.2). The speckle observed across the Bi,Se, diffrac-
tion images is highly uniform, which is indicative of many randomly
oriented nanoscale groups of atoms with short-range ordering in the
amorphousstructure. The diffracted intensity versus scattering vector
k for eight different regions is shown in Fig. 1c, with a single peak cor-
responding to the diffuse diffraction ring. The nearest neighbour
spacingsetby theringis2.39 A, comparedto 3.2 Aincrystalline Bi,Se;.
Figure 1d presents the normalized variance of the diffracted intensity
for amorphous Bi,Se; and nanocrystalline Bi,Se; collected using fluc-
tuation electron microscopy (FEM)'°. The nanocrystalline sample
showsaverylarge variance from Bragg scatteringin crystalline regions
with multiple strong peaks due to crystalline order, while the amor-
phoussample does not, providing clear evidence that the amorphous
samples areindeed amorphous. The samples require selenium capping
and subsequent decappingin order to preserve the surface for ARPES.
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Fig. 2| Electron transportin amorphous Bi,Se;. a, The p(7) for 76 nm, 96 nm
and 129 nm films. All films show a high resistivity with little temperature
dependence. The inset shows a schematic of the structure used to measure
resitivity. b, The sheet resistance for 76 nm, 96 nm and 129 nm films. All films
show high-temperature variable range hopping behaviour (inset shows sheet
resistance scaled by the resistance at 4 K) and low-temperature metallic
behaviour in R with a low-temperature saturation. Two-channel conductance
fits the data reasonably well, indicating a metallic surface and insulating variable
range hopping bulk behaviour. ¢, Conductance change as a function of the
magnetic field for a140 nm film, measured at 2K, 4 K,10 K, 20 K, 40 Kand 80K,

where AG,, = G(B) - G(0). The deep cusp in the low-field regime is characteristic
of the weak anti-localization effect. d, Magnetoconductance Hikami-Larkin-
Nagaoka fits (data points, with colours matching those in ¢) showing a values that
indicate decoupled surface surface states at 2 K and a single conduction channel
at 20 K. The dephasing length [, (blue dashed line) decreases with increasing
temperature. Error bars for the fitting parameters are calculated by taking the
square root of the covariance matrix. e, Nanocrystalline Bi,Se; conductivity (o) as
afunction of temperature. The conductivity drops with decreasing temperature.
Resistivity is shownin theinset.

To verify that the decapping process does not generate nanocrystalline
regions, Fig. 1e displays an X-ray diffraction spectrum for amorphous
Bi,Se;, showing a strong substrate peak and a low-angle bump typical
of amorphous materials that lack long range order but still maintaina
well-defined interatomic spacing. Electron diffraction confirms that
the decapped film is still amorphous (Supplementary Fig. 2). The
Raman spectrum (Fig. 1f) shows two peaks between 135 cm™ and
174 cm™ that correspond to the bulk Eé and Af vibrational modes,
respectively. The A% vander Waals mode at-72 cm™, whichis created
by thelayered structure of the crystal, is absent in our samples. Instead,
we observe a peak at 238 cm™ that is not present in crystalline Bi,Se;,
which we attribute to amorphous Se-Se bonding as seen in Se films".
The Raman peaks broaden compared to the crystalline system; the
full-width at half-maximum of the Eé mode is 23.7 cm™ compared to
8.0 cm™ (ref.12). These results show that our samples are amorphous
and, while lacking alayered structure with avan der Waals gap, have a
local bonding environment similar to the crystalline phase.

Figure 2a,b shows the temperature-dependent transport data
for different thicknesses in amorphous Bi,Se;, as well as those for the
nanocrystalline Bi,Se; (Fig. 2e). The resistivity (p) and sheet resistance
(R) are shown in Fig. 2a,b. The values (-70-140 mQ cm and ~8-30 kQ)
are larger than in the crystalline system (-1-2 mQ cm and ~-5-250 mQ
(ref.13)). The amorphous system also demonstrates a much weaker
temperature (T) dependence than the crystalline counterpart™. As is
typicalinamorphous metals, the carrier mean free pathis determined
moreby disorder-driven localization than phononinteractions, leading

toalargely temperature-independent resistivity”. Moreover, the high
resistivity and the weak temperature dependenceisinconsistent with
eithera purely metallic or purely insulating material, and suggestive of
ametallicsurface onalocalized bulk state. The low temperature values
aresimilar to those of bulk insulating topological insulators when gated
to bring the Fermi level into the bulk gap'®"”. The low-temperature
R(T) values vary with thickness, possibly a result of small variations
in composition between sample thicknesses (<1 at.% deviation) or
thickness-dependent defect formation'. Transport and ARPES results
werereproducible ondifferent samples. The conductivity in nanocrys-
talline Bi,Se; (shownin Fig. 2e) drops over the entire temperature range
and does not display any metallic behaviour with temperature.

The magnetoconductance provides another means to probe
the transport. Figure 2c shows magnetoconductance data for a
140 nm film, revealing a sharp decrease in the low-field magneto-
conductance AG (<2 T) at low temperatures, which is typical of weak
anti-localization’. The magnetoconductance can be fit with the stand-
ard Hikami-Larkin-Nagaoka formula for weak anti-localization®,

AG(B) = a% [W(4ef;% + é) - ln(é)} where ¥ is the digamma
function; Bis the out-of-planefield; eis the electron charge; his Planck’s
constant; fis the reduced Planck’s constant; and [, (the phase coher-
ence length) and a are used as fitting parameters. According to this
model, each conductance channel with a mBerry phase should contrib-

uteana = -1/2factorto AG (ref. 20). Fitting our low-field data (Fig. 2d)
at 2K gives a value of « =-0.81, suggesting we have two decoupled
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Fig.3 | ARPES spectra of electronic states in amorphous Bi,Se;.

a,b, A calculated spin-resolved surface spectral function as a function of ¢ for
the trivial (a) and topological (b) phases. In the topological phase the Dirac
pointislowinbinding energies and Rashba spin-split states develop near the
Fermilevel. The energy is normalized by the hopping amplitude ¢,. ¢, ARPES
spectrum £ versus ¢ taken at normal emission at hv =117.5 eV. The spectrum
reveals vertical states that cross the bulk gap and meet at —0.6 eV near the bulk
valence states. d, The ring-like in-plane Fermi surface. The ¢ are the angles

100 1

¢ ()

o)
simultaneously collected by the detector, referenced to normaliincidence ata
givensampletilt ¢’. e, The hv versus ¢ plot with binding energy integrated

from —0.6 eV to the Fermi level and normalized by photon energy. The hv versus
¢ plot displays no photon energy dependence of the photoemission angle.

Red dotted lines are fit to intensity peaks in the hv versus ¢ spectrum.

f, ARPES spectrum E versus ¢ for nanocrystalline Bi,Se; showing an obvious lack
of dispersion. The angle integrated intensity is shown as a function of binding
energy on the righthand side.

Intensity (a.u.)

surface states”. At 20 K, a =—0.51, suggesting the surface states are
coupledtoabulkstate, causing the entire filmto act effectively asone
channel, as seenin crystalline Bi,Se; from2 nmto100 nm (refs. 22,23).
The observed behaviour inthe amorphous Bi,Se; sheet resistance and
magnetoresistanceis aresult of metallic surface states that dominate
over awide range of temperatures.

Based on Hall measurements (Supplementary Fig. 3), the
two-dimensional carrier density is n,, =2.8 x 10 cm™ and the
three-dimensional carrier density is n,, =1.9 x10” cm, leading to a
mobility (1) of 21.8 cm?> Vs, According to the loffe-Regel criterion,
amorphous Bi,Se; has k:/ =1 where k; is the Fermi wavevector and [
the mean free path (ref. 24) with similar y and n,; values to the bulk,
insulating BiSbTeSe solid solution®. Additionally, the calculated mean
free path at2 Kis -1 nm. This n,, likely places the Fermi energy (£;) into
the conduction band (seen in the ARPES presented in the following),
although the depth depends on the effective mass?. Since our system s
amorphous, thebulk carriers are expected to belocalized and provide
little contribution to transport, leading to the observed high resistivity.

Amorphous materials are not expected to have any electronic
states with well-defined momenta, but are nonetheless known to
support metallic conduction and superconductivity. Since the near-
est neighbour distance is well defined (inset in Fig. 1a), there exists a
good reciprocal length scale. If sharp spectral features are observed,
there exist states with good momentum quantum numbers since this

corresponds tothe overlap of the electronic wavefunctions with plane
waves of well-defined k, modulated by matrix elements. The coordi-
nates 8and ¢ are experimentally measured and refer to the respective
angles of photoemission from the sample surface. The plane-wave
components k,and k,are proportional to 8and ¢ at small angles, where
Ois the azimuthal angle and ¢ is the polar angle. In our work, we refer
to spin-momentum locking as the spin asymmetry around zero angle
since atsmallangles, the momentum of the plane wave is proportional
tothe detection angle.

To interpret our experimental data and determine if they are
consistent with a topological bulk, we developed a numerical model
that realizes a Dirac-like state in the absence of crystalline symmetry
(Methods and Supplementary Note 4). Inthe trivial phase, we observe
spin-split states symmetric around ¢ = 0 above the gap, while in the
topological state, aDirac cone pinnedto ¢ = Ois visible, guaranteed by
time-reversal symmetry, spanning the bulk gap (Fig. 3a,b). Figure 3¢
displays the raw ARPES spectrum as a function of energy and emission
angle ¢ at a specific 6§, a momentum space slice that intersects the
gamma point, ' (¢ = 0°). The dispersion revealed here in amorphous
Bi,Se, marks the first observation of an amorphous band structure
with sharp, momentum-dependent features. Notably, the dispersion
exhibits two vertical features at the Fermi level crossing the bulk gap.
The raw spectrum reveals an intensity peak near £; starting at -0.2 eV
and a sharprise in intensity below —0.5 eV. The increased intensity of
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Fig. 4 |Spin-resolved ARPES spectra of electronic states in amorphous Bi,Se;.
a, Spin-resolved energy distribution curves takenat ¢ = -6°,Mand ¢ = 6°. The
spin contributions at each binding energy vary with respect to ¢ = 0°. The top
panel displays the spinintensity as a function of binding energy and the bottom
panel displays the spin polarization (P,) as a function of binding energy. Red
corresponds to spin-down and blue corresponds to spin-up in all panels. b,

Spin-resolved energy distribution curve map of £ versus ¢ with spin-dependent
photoemission matrix element background subtraction taken from ¢ = -9°to

@ =9°.The spin polarization switches from red to blue (or vice versa on the other
sideof N at—0.2 eV and fromblue to red at —0.55 eV. Scale bar represents 10% spin
polarization.

the surface states near £ may be due to photoemission enhancement
from the less-visible bulk conduction band (Supplementary Fig. 5).
Theincreased intensity below—0.5 eV coincides with aless-dispersive
band thatis most likely the bulk valence band. The exact bottom of the
conductionband and top of the valence band is obscured in the ARPES
spectraduetointrinsic broadening; we roughly estimate the bandgap
tobe ~350 meV via ARPES (Supplementary Note 6).

Figure 3d presents the experimental in-plane Fermi surface in
amorphous Bi,Se;. The annular Fermi surface is consistent with crys-
talline Bi,Se;, where the dispersion associated surface state in Fig. 3¢
produces aring at the Fermi surface. The dot product of the p-orbital
axis and the experimental coordinates is well defined and should lead
toasimilar scenario as seeninthe crystalline case, inwhich p-polarized
light couples asymmetrically across k = 0, leading to the observed
orbital effect in the Fermi surface. To confirm that these states are
localized to the surface, in Fig. 3e we show the photon energy plotted
versus emission angle ¢. Due to conservation of energy, the photon
energy (hv, wherevis the photon’s frequency) and k? of the photoemit-
ted electron are nearly proportional for large hv. Inthe plane (K%, ¢) the
states are nearly independent of photon energy (red dotted lines in
Fig.3e).For athree-dimensional amorphous system, bulk states must
be spherically symmetric and independent of ¢ due to the absence of
an average preferred direction. Therefore the strong ¢ dependence
and Avindependence suggest the electrons are not from the bulk and
instead originate from surface states. These observations motivate us
tointerpret these states as two-dimensional surface states.

The presence of strong spin-orbit coupling added to broken
inversion symmetry at the surface in our system should lead to a spin
texture. Figure 4 shows spin-resolved ARPES taken with 11 eV pho-
tons. We observe an anti-symmetric spin polarization, the first obser-
vation in an amorphous system, to the best of our knowledge. The
spin-polarized energy distribution curves with p-polarized light are
shown in Fig. 4a at ¢ =—-6°, 0° and 6°. The most evident feature from
thethree spin-polarized energy distribution curvesis the large positive
polarization between -0.6 and 0.0 eV that reaches amaximum of ~50%.
This large polarization offset is due to spin-dependent photoemis-
sion matrix elements in which spin-orbit coupling leads to selective
emission of electrons with a particular spin state. This is observed in
crystalline Bi,Se, near the upper Dirac cone with similar intensity®.

Figure 4b presents the spin polarization as a function of binding
energy and ¢ after performing the spin-dependent photoemission
matrix element background subtraction®. From this spin-polarized
map, three ranges of binding energy demonstrate distinct
anti-symmetric spin polarizations with respect to ¢: £ to —0.20 eV
(regionl), -0.20 eV to -0.55 eV (region II) and -0.55 eV to -0.75 eV
(region IlI). The spin polarization has amagnitude of +15% and changes
sign between these ranges as a function of binding energy. By compar-
ing Fig. 4b with the spin-integrated spectrum in Fig. 3¢, we see that
regionlcorrespondsto the conduction band, region Il corresponds to
the in-gap states and region Ill corresponds to the valence band. The
in-gap states of region Il have opposite spin polarization to both the
conduction band and valence band, suggesting that these states are
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indeed separate features from regions land llland not a consequence
of inelastic scattering from region I states or from local variations in
composition. The measured spin polarization matches the expected
spin polarization from our tight-binding model shown in Fig. 3b for
thetopological case, withregion I representing the spin texture of the
trivial Rashbasplitbulk states near the Fermilevel, region Il represent-
ing the spin texture of the upper Dirac cone of the topological surface
state in the bulk bandgap and region Il representing the spin texture
ofthe lower Dirac cone within the bulk valence band. We conclude that
the two-dimensional surface states form anode around —0.55 eV, and
the anti-symmetric spin-resolved spectrum around I"at £ is associated
with trivial states withalarge component at the surface stemming from
Rashba-type spin splitting in our system, as seen also in crystalline
Bi,Se, (ref.27).

Our data are consistent with a spin-momentum locked
two-dimensional surface state for which we discuss two main origins:
non-topological and topological. Inthe latter, atopological bulk state
inamorphous Bi,Se; would produce the dispersive, spin-momentum
locked surface states we observe. In this interpretation, the topologi-
cal surfacestates cross the bulk gap, asin Fig. 3b, forming a Dirac state
similar to the surface states observed in related topological insulator
crystals®®. In the amorphous case, however, the Dirac point can be
hidden underneath the bulk valence band due to a strong surface
potential® (recall that, although a Dirac node crossing is a protected
feature of topologicalinsulators, the binding energy of the nodeis not).
Additionally, fromour tight-binding model, we expect trivial spin-split
states of a Rashba type to develop at the Fermi level, with opposite
polarization from the topological surface state, due to broken inver-
sion symmetry at the surface, as observed in the literature?. For the
topological explanation to be viable, we need to discard the idea that
the amorphous spectrumisaresult of averaging over nanocrystalline
domains. Figure 3f shows the resulting spectrum from nanocrystal-
line Bi,Se; in which averaging over randomly rotated domains leads
to angle-independent photoemission. Our spectrum is also distinct
from the crystalline spectrum?®, where the amorphous Bi,Se; spectral
features extend further in ¢ than the crystalline case.

Although the topological origin of the surface state is consistent
with our data, it is important to discuss non-topological origins like
two-dimensional Rashba states, and features that are not captured
by our model. Spin-resolved ARPES shows an anti-symmetric spin
polarization on either side of the nodal region observed at—0.55 eV.In
thetopological scenario these would be attributed to aspin-polarized
two-dimensional topological surface state. Another possible explana-
tion is that the lack of inversion symmetry at the surface gives rise to
trivial Rashba states, as in Fig. 3a, and a spin polarization in the bulk
conduction and valence bands. If the spin texture were a result of
Rashba splitting, then each near-vertical branch would need to be a
single parabolic-like band that returns to the Fermilevel. Thisis because
each near-vertical feature has only one spin character and could be
plausible if the parabolic dispersion was obscured by the momen-
tum broadening. It would also imply a gigantic Rashba momentum
offset of k, = 0.4 A™. For reference, the giant Rashba splitting in bulk
BiTel is demonstrated by k, = 0.051 A (ref. 30), nearly a factor of ten
smaller (Supplementary Fig. 7). While we cannot definitively settle on
either explanation, the topological scenario seems simpler as it could
explainthe spin switching of all regions in Fig. 4, and because it seems
thatagigantic Rashbasplittingis needed to explain our results other-
wise. Regardless of the explanation, our observation of well-defined,
spin-momentum locked dispersing surface states opens a new direc-
tionto characterize amorphous matter and to search for new materials
with advantageous properties, such as spin-momentum locking.

Intheraw spectra, ARPES features are perceived as near-vertical,
yetthe underlying bands need not have infinite electron velocity. They
arebroadened to the point that the electron velocity is hard to quantify,
yet we know they do have anincreased Fermi velocity compared to the

crystal (Supplementary Fig. 8). Itis known that the surface environment
can affect the location of the Dirac node and the curvature of the bands
substantially in the crystalline case®. We expect that thisis exacerbated
inthe amorphous case due to the presence of dangling bonds. In fact,
amorphous materials have been predicted to experience large band
renormalizations that lead to backbending of the dispersions as well
as vertical features®*, Combining these factors, it is reasonable to
expect large deviations in the amorphous surface state dispersion
from the crystalline case, both in the observed band velocity from
renormalizations and in the burying of the Dirac node in the valence
band. However, the spin polarization allows us to argue that states
crossing the gap-like region (1) are unrelated to broadening caused by
inelastic scattering of conduction band electrons. Specifically, the spin
polarization reverses sign going down in energy from the conduction
band (I) at £z into the gap-like region (Il), reversing again in the valence
band (Ill) states.

TEM and Raman data suggest that the local structures of amor-
phous and crystalline Bi,Se, are similar, which may explain why the
topological natureis preserved in the amorphous state®. Insome cases
the amorphous phase of a topological insulator has been shown to be
trivial®. There is no continuous pathway from the crystalline phase to
the amorphous phase but instead a discontinuous phase transforma-
tion associated with the nucleation of crystalline domains®®. The atomic
disorder at the grain boundary explains why nanocrystalline Bi,Se; has
beenshown tobe topologically trivial (Fig. 2e, Supplementary Note 7
and Supplementary Fig.10) (ref. 37).

In conclusion, we have found that amorphous Bi,Se; hosts a dis-
persing two-dimensional metallic surface state with spin-momentum
locking. This experimental observation of spin-momentum locked
surface states in an amorphous solid-state system highlights the
idea that searching for exotic states in new quantum materials, such
spin-momentum locked states, or for topological properties should
not be restricted to crystalline solids. Our work provides a study of
an amorphous solid-state system with chemical specificity and local
bonding environments, asystem that can be implemented into devices.
To the best of our knowledge there have been no previous reports of
ARPES or spin-resolved ARPES on an amorphous solid. Our results
represent the first step towards realizing, in real materials, recently
proposed non-crystalline topological phases®*® that lie outside the
known classification schemes for topological crystalline matter*and
that may be more robust than their crystalline counterparts’. We expect
our work to motivate an effort to understand topological amorphous
matter, enabling materials discovery that can provide a path towards
affordable and betterimplementationinto modern thin-film processes.
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Methods
Amorphous Bi,Se; thin films were thermally evaporated in an ultrahigh
vacuum chamber withabase pressure of 10~ torr. The films were grown
at room temperature from high purity (99.999%) elemental Bi and Se
single sources (further growth and composition details arein Supple-
mentary Note 1). The stoichiometry of the films was confirmed using
X-ray photoelectron spectroscopy, energy dispersive X-ray spectros-
copy and Rutherford backscattering spectroscopy. High-resolution
TEM and FEM were performed on 10-nm-thick Bi,Se; films deposited
onalO0-nm-thick SiN window. FEM experiments were performed using
anFEITitanX operated atan acceleration voltage of 200 kV. Diffraction
images were collected on an Orius charge-coupled device system with
anexposure time of 0.3 seconds and a camera length of 300 mm. The
probe convergence angle was set to 0.51 mrad by adjusting the third
condenser lens current, resulting in a probe diameter of 2.2 nmanda
probe current of 15.5 pA. Nanodiffraction data were collected as 15-by-
15 image stacks (225 total images). Multiple 225-image datasets were
collected for boththe amorphous and polycrystalline Bi,Se, for statisti-
calaveraging. Each dataset covered anarea onthe film of approximately
77 nm x 77 nm. The firstimage from each dataset was excluded to avoid
including any potential sample damage or contamination in the data
resulting from the parked beam. The central beam was covered using
abeam stop and the beam position remained constant across all FEM
images for each sample. Variationsin peak position and intensity were
negligible across data from different locations on asingle film. Imaging
conditions were held constant for all data collection to prevent varia-
tions in microscope alignment. The amorphous structure of the film
was confirmed with X-ray diffraction, Raman spectroscopy and TEM.

Theamorphous Bi,Se; sampleresistivity p(T) was measured using
afour-point probe. The samples were grown as a bar using a metal
mask on predeposited Au(5 nm)/Cr(2 nm) contacts to ensure ohmic
contact (shown in Fig. 2a inset). Magnetrotransport was measured in
the van der Pauw configuration with samples grown onto predeposited
Au(5 nm)/Cr(2 nm) contacts.

The Hamiltonian used to describe amorphous Bi,Se, features
direction-dependent spin-orbit hoppings set by the normalized hop-
ping vector dand is the sum of the on-site and hopping terms

Honsite = MOo T, 1

Hiop(d) = ity(d - 0)T, + £,00T, )

where g;and t; are the spin and orbital Pauli matrices, respectively;
m sets the splitting between the local s- and p-like orbitals; ¢, is the
spin-orbit hopping (the same as in Fig. 3); ¢, is the normal hopping
amplitude; and i indicates an imaginary number. In the crystalline
case this Hamiltonian correctly reproduces key features of the topo-
logically non-trivial bands closest to the Fermi level®. We implement
this tight-binding model on large systems of short-range correlated
amorphous structures (Supplementary Fig. 3) and investigate the
topological surface states by calculating spectral functions using the
Kernel Polynomial Method***.

We performed ARPES at the Advanced Light Source MAESTRO
(7.0.2) and MERLIN (4.0.3) beamlines with photon energies in the range
of 65-125 eV. ARPES results taken on different samples and at different
beamlines are the same. The decap procedure does not create any
crystalline order in our samples. The spin-resolved spectra were
acquired from a high-efficiency and high-resolution spin-resolved
time-of-flight spectrometer that uses the spin-dependent reflection
from a magnetic thin film due to the exchange interaction*’. The spin
polarization is measured by the relative difference between spin-up
and spin-down photoelectrons weighted by the Sherman function (S)
of the detector, in the form P, = Sx (I, —1,)/(I; +1,). The light source
for the spin measurements was a Lumeras 11 eV xenon gas-cell laser
with 1 MHz repetition rate®. Synchrotron ARPES measurements and

spin-resolved measurements were takenat20 Kand 75 K, respectively.
ARPES was analysed using the PyARPES software package**.

Density functional theory calculations were performed using the
projector augmented-wave formalismin the Vienna Ab initio Simula-
tion Package™¢. The exchange-correlation potentials were treated
in the framework of the generalized gradient approximation of Per-
dew-Burke-Ernzerbof*. Bi (6s, 6p) and Se (4s, 4p) electrons were
treated as valence, and their wavefunctions expanded in-plane waves
to an energy cut-off of 500 eV. A k-point grid of 3 x 3 x 1 with gamma
sampling was used. Spin-orbit coupling was added self-consistently
for all density-of-states calculations. Amorphous structures were
generated with abinitio molecular dynamics using the Vienna Abinitio
Simulation Package.

Data availability

All data needed to evaluate the conclusions in the paper are present
in the paper and/or the Supplementary Information. Additional data
related to this paper may be requested from the authors.
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