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Unconventional resistivity scaling in topological semimetal
CoSi
Shang-Wei Lien1,10, Ion Garate2,10, Utkarsh Bajpai3, Cheng-Yi Huang4, Chuang-Han Hsu5, Yi-Hsin Tu1, Nicholas A. Lanzillo3,
Arun Bansil 4, Tay-Rong Chang 1,6,7, Gengchiau Liang8✉, Hsin Lin 5✉ and Ching-Tzu Chen 9✉

Nontrivial band topologies in semimetals lead to robust surface states that can contribute dominantly to the total conduction. This
may result in reduced resistivity with decreasing feature size contrary to conventional metals, which may highly impact the
semiconductor industry. Here we study the resistivity scaling of a representative topological semimetal CoSi using realistic band
structures and Green’s function methods. We show that there exists a critical thickness dc dividing different scaling trends. Above
dc, when the defect density is low such that surface conduction dominates, resistivity reduces with decreasing thickness; when the
defect density is high such that bulk conduction dominates, resistivity increases as in conventional metals. Below dc where bulk
states are depopulated, the persistent Fermi-arc remnant states give rise to decreasing resistivity down to the ultrathin limit, unlike
topological insulators. The observed CoSi scaling can apply to broad classes of topological semimetals, providing guidelines for
materials screening in back-end-of-line interconnect applications.
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INTRODUCTION
Topological semimetals comprise unconventional materials in
which the conduction and valence bands touch at discrete pairs of
nodal points or form close-loop nodal lines in the Brillouin zone
near the Fermi level1–4. The nontrivial bulk-band topology near
the band-crossings yields robust surface states that connect
between the nodes, forming open Fermi arcs. Both surface and
bulk states contribute to rich transport properties5–7. In the
simplest Weyl semimetal comprising two Weyl nodes, carrier
transport via the Fermi-arc states resembles that of the edge-
states in a stack of 2D quantum anomalous Hall insulators8,
yielding size-independent contributions to total conductivity at
macroscopic scales9. In a nonmagnetic Weyl semimetal, if the
relaxation lengths associated with the scattering processes
between time-reversed partners exceed the sample thickness,
similar quantum Hall physics would hold, as if there were two
independent Fermi-arc conduction channels9.
Furthermore, the increasing surface-to-bulk ratio with reduced

sample dimensions should lead to decreased resistivity due to
Fermi-arc transport10. Indeed, measurements of NbAs and CoSi
appear to support this conjecture: resistivity of ~100 nm thick
NbAs nanobelts drops ≥10-fold below its bulk value to ~1 μΩ cm11

(lower than bulk Cu resistivity), while that of CoSi nanowires
decreases with reduced diameters to ≤1/5 of its bulk value12. This
differs markedly from conventional metals (e.g., Cu) whose
resistivity increases with reduced dimensions due to carrier
scattering off surfaces, grain-boundaries, and so on13. The increase
in wiring resistance has become a major challenge for advanced
semiconductor technologies. In comparison, the resistivity reduc-
tion in nanoscale NbAs and CoSi may yield significant perfor-
mance gains14,15. For example, if the low resistivity observed in the

NbAs nanobelts11 can persist down to the nanometer scale and
can be observed in a wider class of materials compatible with
silicon technologies, then replacing copper with topological
semimetals for wiring up the transistors can improve the power-
performance of integrated circuits by at least 10% to ~40%,
equivalent to 1 to 4 technology-node generations of performance
gain14, promoting topological semimetals for beyond Cu inter-
connects among other applications15–18. It is thus imperative to
understand the underlying physics and generality of such a
resistivity scaling for a broad class of topological semimetals. To
this end, we report a rigorous study using a combined first-
principles and analytical modeling approach for a representative
topological semimetal, the chiral multifermion semimetal CoSi, a
material that can be readily integrated in the silicon technology.
Our work elucidates the various resistivity scaling regimes in thin
films with thickness ranging from 2 to ~50 unit cells and reveals
the conditions under which unconventional scaling reverts to
conventional metallic scaling.

RESULTS
Electronic structure of CoSi
CoSi is nonmagnetic with a chiral cubic structure (space group #
198) that breaks the inversion symmetry (Fig. 1a). In the absence
of spin–orbit coupling (SOC), density-functional theory (DFT)
derived bulk band structure reveals a three-fold degenerate
band-crossing at Γ and a four-fold degenerate band-crossing at R
(Fig. 1c), with Chern numbers +2 and −2 respectively19,20.
Consequently, two Fermi arcs (per spin) connect the Γ and R
points, spanning the entire projected Brillouin Zone (BZ) along the
(100) and equivalent surfaces (Fig. 1d), as confirmed by the angle-
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resolved photoemission spectroscopy21–23. In the presence of
SOC, each of the doubly degenerate Fermi arcs is split into two.
The total number of Fermi arcs extending from near Γ to near R
remains the same (4). Therefore, the surface-state contributions to
transport would not change qualitatively. Experimentally, since
the SOC induced energy splitting is smaller than other broad-
enings in the CoSi samples, ARPES cannot resolve the Fermi-arc
splitting21–23. Thus, within the experimental tolerance, the
electronic states near the Fermi level are well described by a
model without SOC.

Resistance-area scaling in CoSi slabs with line defects
We first study the DFT informed quantum transport of electrons
along the [001] direction in (100)-oriented CoSi slabs of varying
thickness, using a 2-terminal device configuration (Fig. 2a) with
and without line defects. The slab structure is finite along y and
infinite along z, and the transport direction points along x. The line
defect in the form of a surface notch extends from z=−∞ to
z=+∞ while preserving translational symmetry along z. The self-
consistent single-particle Kohn–Sham (KS) Hamiltonian HKS of the
scattering region in Fig. 2a is evaluated using the QuantumATK
package24. The total conductance per unit area is calculated using
the Nonequilibrium Green’s Function (NEGF) technique25 (see
“Methods” on ‘DFT-informed quantum transport calculation for
CoSi slabs with 1D line defects’).
Figure 2b depicts the Fermi surface of a 40 atomic-layer (AL)

CoSi slab (thickness d= 36.05 Å), showing that conduction at the
Fermi level EF predominantly comes from the Fermi arcs (denoted
by red and blue lines) permeating throughout the projected BZ,
while the bulk states (in gray) concentrate near [0, 0] and [π, π].
Correspondingly, the local density of states (LDOS) near the
surfaces is significantly higher than the LDOS in the bulk
(Supplementary Fig. 2a), and the thinner the slab, the larger the
surface- to total-current ratio (Supplementary Fig. 2b). Further-
more, the band structure along a linecut (e.g., L1 along
kz ¼ 0:52π=a) in the 2D BZ shows that the left- and right-
moving Fermi-arc states (S1 and S2) reside on opposite surfaces
(see top panel of Fig. 2c), resembling the chiral edge states in
quantum Hall insulators. Consequently, in CoSi slabs with line
defects that preserve the translational invariance along z, if the
slab is thick enough such that the top and bottom surface states
do not overlap, backscattering between them is negligible. This is
confirmed in the k-resolved transmission TðkzÞ (Fig. 2d), where the
transmission remains intact between kz � 0:4π=a and �0:7π=a
despite the surface defect.
Between kz � 0:2π=a and �0:4π=a, multiple Fermi-arc states

participate in transport while the bulk conduction is negligible. At
a fixed kz , only an odd number of surface states exist per surface

per spin. For example, along kz ¼ 0:3π=a (L2 in Fig. 2b), there are
three states on the top (S3, S5, and S7) and bottom (S4, S6, and S8)
surfaces, respectively. Just as S1 and S2, the states related by a C2
rotation along the z-axis (e.g., S4 and S7) are located on opposite
surfaces and cannot backscatter among each other. Nevertheless,
S4 can backscatter to S8. Therefore, scattering off a line defect
does reduce T (e.g., from 3 to ~2 at kz ¼ 0:3π=a), but TðkzÞ
remains larger than one because band topology guarantees an
extra forward-moving surface mode for transport. This protected
Fermi-arc transmission can be seen in CoSi slabs with various
types of line defects (Supplementary Fig. 3).
Figure 2e shows how the Fermi-arc states impact the scaling of

resistance-area (RA) product. The number of Fermi-arc channels
remains nearly constant with decreasing film thickness, and, at the
nanoscale, surface conduction dominates over bulk conduction.

Fig. 1 Crystal structure and band structure of bulk and semi-
infinite CoSi. a Unit cell of CoSi with lattice constants
a= b= c= 4.438 Å. b Corresponding bulk Brillouin Zone (BZ) and
its projection along the (100) surface (shown in red). c Bulk
electronic band structure of CoSi. d Surface-state spectral weight
(in red) of a (100)-oriented semi-infinite CoSi slab with the color
scale in arbitrary unit. The blue area indicates the bulk bands
projected on the (100) surface.
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Fig. 2 First-principles informed quantum transport in CoSi slabs.
a Schematic view of a two-terminal device with a scattering region
composed of a CoSi slab of thickness d along the [100] direction,
sandwiched between two semi-infinite CoSi leads. An external bias-
voltage Vbias � EF=e (with e the electron’s charge) injects a charge
current in the [001] direction. The arrows illustrate the surface
current distribution on the top surface in the presence of defects
(shown as a notch). b Fermi surface of a 40AL CoSi slab with
d= 36.05 Å. Fermi-arc surface states on the top and bottom surfaces
are denoted in red and blue solid lines, respectively. The dashed
lines indicate the topologically trivial surface states, while the gray
lines indicate the bulk states. c Top panel: band structure of the
same slab along the linecut L1 in b at kz ¼ 0:52 π=að Þ � kz1 , revealing
the Fermi-arc surface states (in blue and red) connecting between
the bulk valence and conduction bands (in gray). The markers S1 and
S2 in b and c indicate the conducting channels available for
transport at a fixed kz1. Bottom panel: band structure of the slab
along the linecut L2 in b at kz ¼ 0:3 π=að Þ � kz2. The markers Si (i= 3
to 8) indicate the conducting channels available for transport at kz2.
d, kz-resolved transmission T kzð Þ for a pristine 40 AL CoSi slab,
compared to that for a slab with a notch on the top surface.
e Thickness dependence of the resistance-area (RA) product of Cu
and CoSi slabs, normalized by the RA product in the infinite
thickness limit, denoted as (RA)bulk. The orange curves represent
pristine slabs, while the black curves represent slabs with surface
disorder in the form of a notch on the top surface. We note that
(RA)slab/(RA)bulk is equivalent to the normalized resistivity (ρ=ρ0) as
the channel length is fixed in the simulations of the same material.
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Thus, when thickness is reduced, the conductance per unit cross-
sectional area increases, i.e., the slab RA decreases to well below
the bulk RA (see the orange curve with filled circles). This sharply
contrasts the scaling in conventional metals, e.g., Cu, where the
bulk states carry the conduction and therefore (RA)slab/(RA)bulk ~ 1
in pristine films even at nanoscale (orange curve with open
circles). The contrast is even more drastic when there is disorder:
scattering of bulk carriers off surface defects in Cu yields an
increasing RA with reduced thickness (black curve with open
circles), while the protected transmission of Fermi-arc carriers in
CoSi maintains the decreasing RA with reduced thickness (black
curve with filled circles) despite some loss in transmission. We
note that, in the presence of SOC, the split Fermi arcs still extend
from near Γ to near R, spanning a large phase space in the BZ.
Thus, surface-state transport still dominates. Furthermore, at a
fixed kz , electrons of the split surface bands travel along the same
direction, and the chiral edge-state like characteristic remains.
Thus, the trend of decreasing RA with scaling holds regardless
of SOC.
Translational invariance of the line defects ensures that

electrons only scatter between the Fermi-arc surface states with
the same kz (see Fig. 2b), resulting in a protected chiral Fermi-arc
transport. However, in the presence of point defects, this is no
longer true, and an enlarged phase space for scattering leads to a
more complex scaling behavior.

Resistivity scaling in CoSi slabs with point defects
When there are point defects, the DFT-informed NEGF calculations
become prohibitively expensive. Thus, we perform calculations
within the tight-binding formalism by constructing Wannier
functions that can reproduce the band structures generated by

QuantumATK (see “Methods” on ‘Model Hamiltonians of CoSi bulk,
slabs, and vacancies’). This method enables us to extend the
relaxation length and conductivity calculations for CoSi films from
a few unit-cell to over 100-unit-cell thick. Furthermore, instead of
using wave functions explicitly in the Fermi golden rule and
Kubo’s formula26,27, we adopt Green’s functions in the computa-
tion in the matrix form (see “Methods” on ‘Relaxation length
calculations by the Fermi golden rule’ and ‘Conductivity calcula-
tions by Kubo’s formula’), which accounts for all matrix-element
effects, including suppression of transitions between opposite
(pseudo-)spins. This approach speeds up the convergence. It also
allows us to introduce an energy broadening factor η (~1 meV) as
the simplest model for other scattering sources that reduce the
lifetime of the entire system uniformly. Next, we introduce Co
vacancies on the film surface (Fig. 3a) and construct the
corresponding impurity potential and T-matrix (see “Methods”
on ‘T-matrix calculation’). Cobalt vacancies are used to model the
surface defects because their formation energy is lower than Si
vacancies. We focus on the impact of surface defects instead of
bulk defects because Fermi-arc states dominate the transport of
pristine CoSi thin films (Supplementary Fig. 2).
Figure 3b, c summarize the key results of this work: resistivity

scaling of CoSi with film thickness (ρ=ρ0 vs. d) and surface defect
density N (defined as the number of defects per unit cell of the
slab), where ρ0 denotes the resistivity of an infinite bulk (see
“Methods” on ‘Simulation of resistivity vs. thickness scaling’). We
observe that, when N is small, ρ=ρ0 decreases with decreasing
thickness d, consistent with the RA scaling in slabs with a shallow
notch (Fig. 2e). When N is large, resistivity scales differently above
(region I) and below (region II) a “critical” thickness dc of 6 unit
cells (denoted by the dashed line). Next, we explain this scaling
behavior with an analytical model.
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Fig. 3 Resistivity scaling in CoSi slabs with point defects. a Crystal structure of a CoSi slab. A yellow cross indicates the position of a surface
vacancy point defect. b Longitudinal resistivity ρ as a function of the slab thickness, calculated from first-principles electronic structure and
Kubo’s formula, for different surface defect density N (N ¼ 0:01 is equivalent to areal density �5 ´ 1012 cm�2). In region I, well-differentiated
surface and bulk states coexist at the Fermi level. In region II, only remnants of the surface states are present at the Fermi level. The resistivity
in the infinite thickness limit is denoted as ρ0. c Longitudinal resistivity ρ as a function of the slab thickness in region I, calculated from a
combined analytical and first-principles approach (see Supplementary Discussion), for different surface defect density N.
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Resistivity scaling above the critical thickness
When d > dc , well-differentiated surface and bulk channels
conduct in parallel and hence ρ=ρ0 ¼ σ0= σb þ σsð Þ; where σ0 ¼
1=ρ0 is the conductivity of an infinite bulk and σs (σb) is the
average contribution from surface (bulk) states to the 3D total
conductivity of the film9. In this regime, the d-dependence of ρ
follows from the competition between two opposite trends.
On the one hand, σs grows as d decreases because the number

of Fermi-arcs is independent of d. Hence, for thinner samples,
Fermi arcs make a higher average contribution to the 3D
conductivity. Specifically, an analytical theory developed in
Supplementary Discussion shows that

σs ¼ 2e2

π h
k0

ls
d

(1)

where k0 ¼
ffiffiffi
2

p
π/a is the effective length of the Fermi arcs and ls is

an effective relaxation length for surface electrons. Above dc, ls
hardly varies with d (Supplementary Fig. 4), which can be
understood by a dimensional analysis argument (see Supplemen-
tary Discussion on “Scaling of relaxation lengths with impurity
concentration and system size”). Therefore, σs scales roughly with
d�1.
On the other hand, σb decreases as d decreases (Fig. 4a). Since

the 3D bulk mean free path l0 and the bulk density of states in
region I are approximately independent of d (see Supplementary
Discussion on “Scaling of relaxation lengths with impurity
concentration and system size” and Supplementary Fig. 5), the
observed behavior can be attributed to the Fuchs–Sondheimer
(FS) mechanism28, namely, the diffusive scattering of bulk
electrons from the surfaces. Indeed, the calculated σb vs d curves
fit well to the FS theory (see Fig. 4b and “Methods” on ‘Fitting to
Fuchs–Sondheimer model’).
Which of these two competing trends dominates in the overall

resistivity scaling depends on the σs=σb ratio. Combining Eq. (1)
with the FS theory for σb, we have

σs
σb

� e2=hð Þk0
σ0

lsl0
d2 ln l0=dð Þ �

k0ls
kFdð Þ2

1
ln l0=dð Þ (2)

for l0 � d, where kF � 1=a is the maximal Fermi wave vector of
the bulk crystal for the dominant Fermi pocket. Thus, the main
factors enhancing the relative contribution of the surface states to
the average 3D conductivity include: (i) long Fermi arcs (k0 � kF ),

(ii) long surface relaxation lengths (ls � d), and (iii) small film
thickness (dt k�1

F ). When N ¼ 0, we find σs=σb\1 for the range
of d studied (Supplementary Fig. 6), mainly due to k0 � kF and
ls � d. In this case, the surface contribution is dominant.
Therefore ρ=ρ0 decreases as d decreases. As N increases, the
reduction of ls and l0 results in a decrease of σs/σb (see Eq. (2) and
Supplementary Fig. 6). For sufficiently large N, σs/σb drops
appreciably below unity, and the bulk contribution becomes
dominant, resulting in the sign change of the slope of ρ=ρ0 vs d
(Fig. 3b, c).

Resistivity scaling in the ultrathin limit
When d < dc, according to Fig. 5, all bulk sub-bands are
depopulated. The only states present at the Fermi level are the
remnant of Fermi arcs whose wave functions now spread
throughout the entire film volume. We note that, contrary to
topological insulators, e.g., Bi2Se3, in which the Dirac-cone surface
states become gapped in the ultrathin limit due to top-bottom
surface hybridization, most of the Fermi-arc states in CoSi remain
conducting. This is because, owing to the top-bottom surface
asymmetry associated with the CoSi chiral crystalline structure, the
majority of the Fermi-arc states from the opposite surfaces do not
overlap in the k-space, which protects them from the
hybridization-induced gap opening.
For these Fermi-arc remnant states, the 3D conductivity roughly

scales as σ / τ=d, where τ is a scattering time and the 1/d factor
originates from the fact that the number of remnant Fermi-arc
states does not vary appreciably with the film thickness. From
Matthiessen’s rule, the scattering rate is a sum of the rates due to
surface vacancies and other sources, i.e., τ�1 � a nimp þ b η, where
nimp ¼ N=d is the volume impurity density and a, b are
approximately constant. Accordingly, ρ=ρ0 ¼ σ0=σ / aN þ b d η
is roughly a linear function of d, with an intercept proportional to
N and a slope independent of N. This simple functional form fits
qualitatively well to the numerical results in region II of Fig. 3b (see
Supplementary Fig. 7). In summary, the Fermi-arc contribution to
the 3D conductivity remains remarkably robust down to the
thinnest films and thereby enables a favorable resistivity scaling.
Similar physics is also observed in the RA scaling of CoSi films with
line defects (see Fig. 2e).

(Ω
cm

)

a b

2 4 6 8  10 202 4 6 8  10 20

Fig. 4 Scaling of bulk-state conductivity in CoSi slabs. a Pure bulk conductivity σb (not including the surface state contribution) as a function
of slab thickness, for different surface defect density N N ¼ 0:01 is equivalent to areal density �5 ´ 1012 cm�2ð Þ. The range of thickness
considered corresponds to region I of Fig. 3. b Inverse ratio of the bulk conductivity σb to the infinite thickness conductivity σ0. The numerical
data are fit to the Fuchs–Sondheimer model. The probability of specular surface scattering, p, decreases as N increases.
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Resistivity at the critical thickness
There are two noticeable features in Fig. 3b associated with d= dc.
First, in films with a large N, the slope of ρ=ρ0 vs. d reverses when
crossing over from above to below dc, prompted by the
conversion from the bulk sub-band dominated transport to
Fermi-arc remnant dominated transport as explained in the
preceding discussion. Second, there is a resistivity kink at dc
because at d= dc, the bulk conduction band around R starts to
emerge at the Fermi level, giving rise to a van Hove singularity
(Fig. 5a–c).
On one hand, the van Hove singularity contributes to more

conduction channels, which would increase the total conductivity.
On the other hand, the appearance of bulk states at the Fermi
level reduces the lifetime for the remnants of the Fermi-arc states,
which would decrease the total conductivity. Since the contribu-
tion from the emerging bulk states to conductivity is still small at
d ’ dc (the group velocity of the bulk states at the Fermi level
being particularly small at d ¼ dc), the increased phase space for
scattering is the dominant factor and gives rise to an upward kink
in resistivity at dc.
According to this interpretation, dc is generally determined by

the thickness below which the bulk sub-bands are completely
depopulated and only the Fermi-arc remnant states persist. This

phenomenon is not unique to CoSi, and it would be interesting to
validate it in other topological semimetals. We expect the exact
values of dc to depend on the specific materials and the chemical
potential of a specific sample. There may also be multiple dc
values if a material has two or more bulk-band valleys near the
Fermi level that contribute strongly to transport.
Last, we note that the surface-state penetration depth and the

relaxation length associated with the top-bottom surface scatter-
ing (ltb) are not directly relevant to dc. While dc is fixed for a specific
material system, the surface penetration depth varies with the
wavevector k. Also, as shown in Fig. 5, the spreading of the
surface-state wavefunction at each k-point toward the opposite
surface evolves smoothly across dc, but the resistivity scaling trend
changes abruptly across dc (Fig. 3b). Furthermore, dc is a material-
specific quantity determined by the electronic bandstructure and
Fermi level, independent of the surface defect density N and film
thickness d. In contrast, ltb depends on N and d among other
factors, and it is several orders of magnitude larger than dc for the
range of N investigated here. These observations corroborate our
interpretation that the van Hove singularity associated the
emergent bulk sub-band plays a dominant role in determining
dc, as opposed to the spreading of the Fermi-arc surface-state
wavefunctions and ltb:

4 u.c., Atop6 u.c., Atop8 u.c., Atop

4 u.c.6 u.c.8 u.c.

BulkBulk
Bulk
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Fig. 5 Band structures and surface-resolved spectral weight of CoSi thin slabs. a–c Band structures near R, for slab thicknesses of 4 unit cells
(u. c.), 6 u. c. and 8 u. c. (respectively). The arrows show the evolution of the bottom of the bulk sub-bands near the Fermi level with decreasing
thickness. At the critical thickness of 6 u. c., the bottom of a bulk sub-band crosses the Fermi level, giving rise to a van Hove singularity in the
density of states at the Fermi level. Below 6 u. c., the only bands left at the Fermi level are the remnant of the Fermi-arc states. d–i Electronic
spectral functions of the top 2 layers (Atopk ) and bottom 2 layers (Abotk ) in 4 u. c., 6 u. c., and 8 u. c CoSi slabs with the color scale in arbitrary unit.
The two spectral functions are related by a C2 rotation. In the thinnest samples, the Fermi-arc remnant states are spread rather uniformly over
the entire film volume, thereby yielding Atopk ’ Abotk . The red circles in d–f indicate the splitting of Fermi arcs due to top and bottom surface
hybridization. The thinner the slab, the larger the splitting.
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DISCUSSION
We conclude with a discussion on the resistivity scaling of general
topological semimetals, focusing on materials with well-separated
bulk and Fermi-arc surfaces states. First, we note the similarities
and the differences between the ρ vs. d scaling of the chiral CoSi
in Fig. 3b and that of the Weyl semimetal toy model in Fig. 4 of
ref. 9. In symmetry-protected multifermion semimetals29, such as
CoSi, each Weyl node is its own time-reversed partner. Thus, the
pair of time-reversed subsystems are strongly coupled. Conse-
quently, instead of a two-step drop in resistivity with a plateau in
between that manifests the two channels of anomalous Hall
current of the two decoupled time-reversed subsystems in
nonmagnetic Weyl semimetals9, we see a one-step resistivity
drop caused by the dominance of surface conduction over bulk
conduction with scaling.
In short, in clean samples with low defect densities N and

thicknesses above dc, the monotonically decreasing resistivity in
CoSi is a general feature for nonmagnetic topological semimetals
with strongly coupled time-reversed partners, such as chiral
multifermion semimetals19–23 and Dirac semimetals with Fermi
arcs30,31. It is also a general feature for magnetic Weyl semimetals
with broken time-reversal symmetry32–34. In contrast, the two-step
resistivity decrease shown in ref. 9 is a general feature for
nonmagnetic topological semimetals with well separated time-
reversed subsystems, such as TaAs35,36.
On the other hand, in samples with high N and thicknesses

above dc, the increased resistivity with scaling due to the FS
mechanism is a universal feature for most topological semimetals.
This is broadly applicable to materials in which the bulk
conduction dominates over surface conduction (σb=σs > 1), as in
conventional metals.
Below dc, where the surface-bulk separation is no longer valid,

the decreased resistivity with scaling in CoSi regardless of N is a
general feature for topological semimetals with conducting
surface states down to the ultrathin limit (see Supplementary
Fig. 8), in sharp contrast to prototypical topological insulators,
such as Bi2Se3, where the topological surface states are gapped
out. This property is highly desirable for nanometer-scale
interconnects and can be found in topological materials with a
sufficiently small overlap between the top- and bottom-surface
Fermi arcs in the BZ. Examples include topological semimetals
with chiral crystalline structures (e.g., CoSi, RhSi, etc.)19,20,37 and
Weyl semimetals with asymmetric top and bottom surface
terminations, comprising different types of atoms (e.g., TaAs,
NbAs)35,36,38–40.
Besides the small coupling between the asymmetric top- and

bottom-surface Fermi arcs, other desirable properties that can
promote surface conduction include long Fermi arcs (e.g., CoSi,
RhSi, AlPt, etc.)21–23,37, many well-separated Weyl nodes, well-
separated time-reversed surface-state partners to enhance the
surface relaxation lengths (e.g., TaAs), and conduction via chiral-
edge-state like Fermi arcs where carriers traveling in opposite
directions locate on opposite surfaces to suppress backscattering
(e.g., magnetic Weyl semimetals). These serve as the guiding
principles for screening topological interconnect materials.
Whether or not the abovementioned factors can be satisfied
simultaneously is a direction for further research. Detailed
analyses of the electron-phonon scattering41–43 on resistivity
scaling in nanoscale topological semimetals would also be highly
valuable.

METHODS
DFT-informed quantum transport calculation for CoSi slabs
with 1D line defects
The self-consistent single-particle KS Hamiltonian HKS of the
scattering region in Fig. 2a is evaluated using Synopsys’

QuantumATK package, where we employ double-zeta polarized
localized orbitals as the basis set and the Perdew-Burke-Enzerhof
(PBE) generalized gradient approximation for the exchange
correlation function as introduced in Phys. Rev. Lett. 77, 3865
(1996). The slab structures have a finite thickness along the y-
direction and periodic boundary conditions in the x–z-plane with a
9 × 9 k-point grid that has been checked for convergence. In
addition, all structures have been relaxed such that the force on
every atom is less that 5 meV/Å.
The zero-temperature total conductance per unit width (G) of

the scattering region in Fig. 2a in the zero-bias limit (eVbias � EF )
can be calculated using the NEGF technique:

GðEFÞ ¼ G0

2π

Z
dkzT kz; EFð Þ (3)

where G0 ¼ 2e2=h is the conductance quantum and T kz; Eð Þ ¼
Tr GrΓLGaΓRð Þ is the kz-resolved transmission. Here, Gr kz; Eð Þ ¼
E þ iη� HKS kzð Þ � Σ kz; Eð Þ½ ��1¼ Ga kz; Eð Þ½ �y is the retarded Green’s
function, Σ kz; Eð Þ is the self-energy matrix of the left (L) and right
(R) leads shown in Fig. 2a, and Ga kz; Eð Þ is the advanced Green’s
function. Lastly, Γα ¼ i Σα � Σyα

� �
is the level-broadening matrix of

lead-α (α ¼ L; R).

Model Hamiltonians of CoSi bulk, slabs, and vacancies
The Wannier-type Hamiltonian within the tight-binding (TB)
formalism of the CoSi pristine bulk system is derived from the
first-principles calculations using the Synopsys QuantumATK
package with the d-orbitals of Co and p-orbitals of Si atoms,
respectively. In Fig. 1d, we calculate the spectral weight of the
surface and bulk states of a semi-infinite bulk using the iterative
Green’s function, based on the method of cyclic reduction of
block-tridiagonal matrices introduced in Phys. Rev. B 31, 5166
(1985).
The CoSi slab models with finite thickness d are built with the

TB Hamiltonians truncated in the real space along the thickness
direction (y). The Co vacancies on the top and bottom surface (Fig.
3a) are modeled by adding an impurity potential V that removes
all hopping terms of the Hamiltonian to and from the vacancy
sites and setting the on-site energy of the fictitious vacancy atoms
to U0. The value of U0 determines the energy of the impurity level,
which is unphysical for vacancies. We set U0 ¼ 10 eV above the
Fermi level and find that such a high-energy spurious impurity
level has negligible effect on the resistivity scaling, as resistivity
reflects only the low-energy physics near the Fermi level.
Note that since we consider non-magnetic defects and ignore

the SOC, intermixing between spin-up and spin-down electrons is
forbidden. When SOC is included, scattering between opposite
pseudo-spins would similarly be suppressed. Thus, we expect the
resistivity scaling to follow qualitatively the same trend as shown
in Fig. 3b.

T-matrix calculation
The impurity potential in momentum space Vq can be obtained by
the Fourier transform of the impurity potential in real space. By
summing up all diagrams involving multiple scatterings off the
impurity, the total scattering matrix T k; k0ð Þ can be formulated as,

T k; k0ð Þ ¼ Vk�k0 þ
1
Nk00

X
k00

Vk�k00G
0
k00 Eð ÞT k00; k0ð Þ ¼ Vk�k0 1� 1

Nk00

X
k00

G0
k00 Eð ÞVk00�k0

" #�1

(4)

where Nk0 k00ð Þ is the total number of k0 k00ð Þ points; G0
k0 k00ð Þ Eð Þ is the

unfolded bare Green’s function at k0 k00ð Þ point for a given energy
E. In this work, when T-matrix is involved, the sum over the
momentum space goes up to the second Brillouin zone. Inclusion
of the third zone has been tested in a few cases, and less than 10%
difference is found.
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Relaxation length calculations by the Fermi golden rule
In the Supplementary Discussion, we derive the Fermi golden rule
expressions for the relaxation lengths (see Eqs. (28) and (29) in
Supplementary Discussion). For first-principles calculations, it is
advantageous to use the Green’s function instead of wave functions.
As a result, Eq. (29) in Supplementary Discussion can be rewritten as

1
lss

¼ 2π
a

1
Nk

X
k2s

Im Tr G0
k �

�1
π

N � Im Rs kð Þð Þ
� �� �

(5)

1
lsb

¼ 2π
a

1
Nk

X
k2s

Im Tr G0
k �

�1
π

N � Im Rb kð Þð Þ
� �� �

(6)

where “Im” stands for the imaginary part,

Rs kð Þ ¼ 1
Nk0

X
k02s

Ty k; k0ð ÞG0
k0T k0; kð Þ (7)

Rb kð Þ ¼ 1
Nk0

X
k02b

T y k; k0ð ÞG0
k0T k0; kð Þ (8)

a is the lattice constant, Nk k0ð Þ is the total number of k k0ð Þ points in
the summation, N is the number of defects per unit cell of the slab,
and the indices of s; s in Eq. (5) (or s, b in Eq. (6)) denote the mean
relaxation length between time-reversed surface states (or
between surface and bulk states). The separation of the surface
and bulk regions in the Brillouin zone is described in the next
section. Last, in Eqs. (5) and (6), the trace Tr is taken over the
electronic orbitals in the Hamiltonian matrix.

Separation of surface and bulk states
Because the bulk states can have nonzero spectral weights at the
surface and the surface states can mix with the bulk states, in
general, a rigorous separation between two cannot be done for
finite slabs. Instead, we adopt a practical method to separate the
surface and bulk states in the momentum space. The main concept
is that any states that appear in the bulk energy gap region (which
is forbidden under the 3D periodic condition) must involve surface
terminations and have an exponentially decaying wave function
amplitude in the bulk, and therefore, those states are defined as the
surface states. At each in-plane kz; kxð Þ point, we first identify the
conduction-band minimum energy Ec kz; kxð Þ and the valence-band
maximum Ev kz ; kxð Þ of the three-dimensional (3D) CoSi bulk over all
ky , where y is the out-of-plane direction. We then compute the
eigen-energies for each kz; kxð Þ of a two-dimensional (2D) CoSi slab,
En2D kz; kxð Þ, where n denotes the band index. If En2D kz; kxð Þ exists in
the bulk band gap, i.e., Ev kz; kxð Þ< En2D kz ; kxð Þ< Ec kz; kxð Þ, it is
labeled as a surface state; otherwise, it is labeled as a bulk state.
Since we only focus on the states near the Fermi level, our method
divides the Brillouin zone into two regions: the surface states (inside
the bulk band gap) and the bulk states, without any overlap. In
some materials, there may exist surface resonances that intermix
with the bulk bands. Nevertheless, in CoSi above the critical
thickness, the effects of such surface resonances (if any) are
negligible, as manifested by the constant density of the bulk states
shown in Supplementary Fig. 5.

Conductivity calculations by Kubo’s formula
The electric conductivity of a 2D slab system can be computed by
Kubo’s formula27:

σ2D � σ2Dxx ¼ 2
e2

h

Z
k

d2k

2πð Þ2Re Tr
∂H
∂kx

Ga k; EFð Þ � Gr k; EFð Þð Þ ∂H
∂kx

Gr k; EFð Þ
� �

(9)

where “Re” stands for the real part, the factor of two is the spin
degeneracy, Hk is the TB Hamiltonian of the CoSi slab, ∂H

∂kx
is the x-

direction velocity operator matrix, the trace is taken over the
electronic orbitals of the Hamiltonian, and Gr(Ga) is the retarded
(advanced) Green’s function,

Gr k; Eð Þ ¼ 1
E þ iη� Hk � ΣðkÞ (10)

Ga k; Eð Þ ¼ Gr k; Eð Þy (11)

Here, η ~ 1meV is a constant that simulates the effect of
scattering sources other than surface vacancies (e.g., bulk
impurities, phonons, thermal broadening, etc.), and Σ kð Þ is the
self-energy matrix:

Σ kð Þ ¼ i � N � Im R kð Þð Þ (12)

R kð Þ ¼ 1
Nk0

X
k02BZ

T y k; k0ð ÞG0
k0T k0; kð Þ (13)

where the real part of the self-energy matrix in Eq. (12) has been
omitted, as it can be absorbed into the Fermi energy. The
conductivity contributed by the bulk (surface) states, σb (σs), is
derived from Eq. (9) by integrating over the bulk-state (surface-
state) k-points. Note that the impurity vertex corrections are
neglected in Eq. (9).

Simulation of resistivity vs. thickness scaling
We normalize the slab resistivity (ρ) against the 3D resistivity of an
infinite bulk without vacancy (ρ0) to obtain the relative resistivity,
ρ

ρ0
¼ σ0

σ2D

d

� � (14)

Here σ2D is the 2D conductivity of the slab model from Eq. (9); d is
the thickness of the slab; σ0 is the 3D conductivity of the infinite
bulk system and can be rewritten as:

σ0 ¼ 2
e2

h

Z
k

d3k

2πð Þ3 Re Tr
∂H
∂kx

Ga k; EFð Þ � Gr k; EFð Þð Þ ∂H
∂kx

Gr k; EFð Þ
� �

(15)

where Hk is the TB Hamiltonian of bulk CoSi.

3D bulk mean free path calculation
We calculate the near-equilibrium carrier transport to estimate the
3D bulk mean free path (l0). First, we obtain the ballistic
conductance GB of the bulk CoSi system defined as

GB ¼ G0

Z
dE T Eð Þδ E � EFð Þ (16)

where G0 is the conductance quantum and

T Eð Þ ¼
Z

dkydkzT ky ; kz; E
� �

(17)

is the total transmission of the pristine bulk CoSi. In Eq. (16), the δ
function is broadened to a Lorentzian of width 1meV, to be
consistent with the 3D infinite bulk conductivity (σ0) obtained by
Eq. (15). Here, the k-resolved transmission T ky ; kz; E

� �
is calculated

using the NEFG method (as discussed above for Eq. (3)) with a
300×300 k-grid-mesh over the Brillouin zone. Next, following the
phenomenological expression

σ0 ¼ σB l0
a

(18)

introduced in S. Datta’s “Lessons from Nanoelectronics: A New
Perspective on Transport,” where σB ¼ GBa=A and A is the cross-
sectional area of the unit cell used to calculate GB, we can obtain
the 3D bulk mean free path as follows for fitting to the FS model in
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Fig. 4b:

l0 ¼ σ0A
GB

: (19)

Fitting to Fuchs–Sondheimer model
According to Fuchs–Sondheimer’s theory28, the ratio of the bulk
resistivity 1=σbð Þ of the film to that of the infinite bulk 1=σ0ð Þ can
be written as

σ0
σb κð Þ ¼ 1� 3

2κ 1� pð Þ R1
1

1
t3 � 1

t5
� �

1�e�κt

1�pe�κt dt

� ��1

(20)

where κ ¼ d=l0, l0 is the 3D bulk mean free path calculated from
Eq. (19), d is thickness of the film, p is the degree of specular
reflection of the bulk electrons at the surface (0<p 	 1). Given d
and l0, we can obtain p by fitting to σ0

σb κð Þ.
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