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Ballistic transport in nanodevices based on
single-crystalline Cu thin films

Yongjin Cho 1, Su Jae Kim 2, Min-Hyoung Jung3, Yousil Lee4,
Hu Young Jeong 5, Young-Min Kim 3, Hu-Jong Lee 1, Seong-Gon Kim 6 ,
Se-Young Jeong7,8 & Gil-Ho Lee 1,9

In ballistic transport, the movement of charged carriers remains unimpeded
by scattering events. In this limit, microscopic parameters such as crystal
momentum, spin and quantum phase are well conserved, allowing electrons
to maintain their quantum coherence over longer distances. Nanoscale
materials, such as carbon nanotubes, graphene, and nanowires, can exhibit
ballistic transport. However, their scalability in devices is significantly limited.
While deposited metal films offer scalability for nanodevices, their short
electronic mean free paths hinder ballistic transport. In this study, we
investigated the electronic transport in cross-geometry devices fabricated
with 90-nm-thick Cu films without grain boundaries. We demonstrated bal-
listic transport in devices with channel widths of 150 nm at temperatures
below85K via negative bend resistancemeasurements. Ourfindings establish
a scalable platform for exploring the intrinsic quantummechanical properties
of Cu, advancing both the fundamental understanding of quantum transport
inmetals and its practical applications in next-generation electronic quantum
technologies.

When the electronicmean free path exceeds the device size, electrons
undergo ballistic transport within the device, experiencing minimal
scattering. Ballistic transport can reveal intrinsic quantum properties
of solid-state materials, as electrons’ quantum information—such as
crystal momentum, spin, and quantum phase—is well conserved1–4.
Research on quantum properties of normal metals, including electro-
nic band structure, Fermi surface topology, conductivity, and mag-
netoresistance, has accelerated in recent years5–12. Cu is used in
electronic circuits owing to its conductivity, reliability, and versatility.
It remains crucial in the electronics industry, used for high-speed data-
processing cables and interconnects in advanced semiconductor
devices. Electronic band structure, Fermi surface topology, and Fermi

velocity of bulk Cu are well understood through various
measurements13–19. However, growing atomically flat and uniform Cu
thin films without grain boundaries (GBs) has been technically chal-
lenging, and in-plane ballistic transport in Cu thin film nanostructures
has not been achieved, limiting the exploitation of their intrinsic
quantum properties. Although polycrystalline Cu thin films prepared
by sputtering and post-annealing have shown low room-temperature
resistivities20 (2.0–2.2 × 10-8Ω·m), ballistic transport was not explicitly
examined.

In this study, we demonstrated ballistic transport in nanoscale
devices composed of atomicallyflat single-crystalline Cu(111) thin films
(SCCFs) (Supplementary Fig. 1) grown using the atomic sputtering
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epitaxy (ASE) technique21. This method addresses challenges in con-
ventional metal-film deposition, such as surface oxidation and elec-
trical performance degradation due to defects such as GBs and
impurities22. We observed negative bend resistance in cross-geometry
devices, indicating ballistic transport23. The electronic mean free path
of the 80-nm-thick SCCF was 150 nm at a temperature below 85 K
(Supplementary Fig. 2). Our SCCF enables studies on the quantum
nature of Cu thinfilms, including topological properties24–26 andphase-
coherent quantum interference27,28. It also suggests potential applica-
tions in quantum circuits, spintronic devices, and Cu interconnect
technology29–31.

Results
Ballistic transport in SCCFs
Using standard electron beam lithography and argon-ion etching, Hall-
bar-shaped devices with nominal channel widths (W) of 10μm, 1μm,
250nm, and 150nm were fabricated with a thickness (t) of ~90nm
(Fig. 1a, b and Supplementary Fig. 3). Here, W denotes the nominal
channel width, which may differ from the actual one. In all devices
measured, the actual channelwidth deviated bynomore than ~10% from
the designed width. Cross-sectional transmission electron microscopy
(TEM) images revealed perfectly alignedCu atoms, with 2.07Å spacings,
in the [111] direction of the thin film (Fig. 1b), indicating that the thin film
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Fig. 1 | Ballistic transport in single-crystalline Cu(111) thin film (SCCF).
a Scanning electron microscope (SEM) image of a Hall bar device with a nominal
channel width (W) of 150nm. The inset illustrates the enlarged SEM image of the
marked area in (a). The red line indicates the position where the cross-sectional
transmission electron microscopy (TEM) sample was prepared using focused ion
beammilling. b TEM image showing the cross-sectional view of the Hall bar device,
prepared using focused ion beammilling along the red line indicated in the inset of

(a). Electron beam was aligned along the [11�2] zone axis (Z.A.) of Cu. c Schematic
representation of the bend-resistance (RB) measurement. Electron trajectories for
diffusive and ballistic transport are indicated by blue and red arrows, respectively.
dTemperature (T) dependenceofRB inHall barswithW = 10μm, 1μm, 250 nm, and
150nm. Circle symbols depict the fitting of RB with W = 1μm and 10μm using the
Bloch–Grüneisen function.
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retained its high crystalline quality after fabrication (Supplementary
Fig. 4). The bend resistance (RB =VB/I) was measured in the cross con-
figuration (Fig. 1c), with current (I) injected from terminal 1 to terminal 5,
and bend voltage (VB) was measured between terminals 3 and 4. In a
diffusive transport regime, where the electronic mean free path (lmfp) is
shorter than the device length, the van der Pauw formulaRB = (ρln2)/(tπ)
for symmetric cross geometry can be applied. In this regime, RB is
expected to be positive32 as the resistivity (ρ) is inherently positive. The
temperature (T) dependence of ρ in diffusive metals is predominantly
influenced by electron–acoustic phonon scattering, which follows the
Bloch–Grüneisen formula (Eq. (1)) derived fromtheBoltzmann transport
theory33,34.

ρ Tð Þ = ρ0 +αel�ph
T
ΘR

� �5Z ΘR=T

0

x5

ex � 1ð Þ 1� e�x� �dx ð1Þ

Here, ρ0 represents the residual resistivity due to temperature-
independent scattering by defects such as GBs and impurities, αel-ph
represents the electron–phonon coupling strength, andΘR is the Debye
temperature. As shown in Fig. 1d, the temperature dependence of RB for
devices withW= 10 and 1μmcan be well fitted35 with Eq. (1) using fitting
parameters αel-ph = 8.8 × 10−8Ωm and ΘR = 270K, indicative of the
occurrenceof diffusive transport over the entire temperature range. The
fittingparametersαel-ph andΘRweredetermined fromthefittinganalysis
(Supplementary Fig. 5).We also note that Hallmeasurements of a device
withW= 10μm(Supplementary Fig. 6) indicate the presence ofmultiple
carrier types at 1.7 K, but an electron-like band provides the dominant
contribution to the conductance (Supplementary Fig. 7 and Supple-
mentary Table 1). These results support the use of Eq. (1) as an effective
single-carrier Bloch–Grüneisen description of RB(T). The sample used in
this study is nearly single-crystalline and would typically be expected to
exhibit a Debye temperature close to or even higher than that of poly-
crystalline Cu. However, the observed Debye temperature of 270K is
slightly lower than the commonly reported bulk value (~330K). We
attribute this deviation to the thin film geometry and the fabrication
process. Inparticular, device fabrication steps such asAr-ion etching and
chemical treatments may introduce surface roughening, partial oxida-
tion, or other structural imperfections that alter the phonon spectrum
and reduce the effective Debye temperature. Similar reductions in
Debye temperature due to dimensional confinement and surface
degradation have also been reported in sputtered Cu thin films36.
Indeed, RB(T) of the device withW= 10μm remains positive and is well
described by the Bloch–Grüneisen formula, consistent with fully diffu-
sive transport in a device W » lmfp. However, RB(T) of devices with
W≤ 250nm, which is comparable to or shorter than lmfp, deviates from
the value expected from the Bloch–Grüneisen formula. For the device
with W= 150nm, RB even shows negative values below 85K. Although
decreasing W increases the contribution of edge scattering and thus
reduces lmfp (Supplementary Fig. 8), lmfp nonetheless exceeds
W= 150nm and ballistic transport persists. We also estimated the mean
free path lmfp,Drude≈42nm using Drude model Eq. (2):

lmfp,Drude =
m*vF
ne2ρ

ð2Þ

Here, we used the measured resistivity ρ = 1.03 × 10−8Ωm in the device
of W = 150nm and the carrier density n = 1.683 × 1029m−3 extracted
from theHall analysis at 1.7 K (Supplementary Fig. 9). A Fermi velocity37

vF = 1.57 × 106m/s and an effective mass38 m* = 1.1843 × 10−30 kg from
the bulk Cu were used. lmfp,Drude is slightly different from the experi-
mentally inferred lmfp (~150nm at 1.7 K) from the observation of
negative RB in the device of W = 150nm. The difference may be
attributed to the fact that the electric parameters of the 90-nm-thick,
150-nm-wide Cu device can differ from those of bulk Cu.

Counter-intuitive negative bend resistance has been observed in
high-mobility two-dimensional (2D) electronic systems such as GaAs/
AlGaAs heterostructures and graphene3,4,39 owing to ballistic
transport40, but not in deposited metallic films. In the ballistic regime,
electrons from terminal 5 can propagate to terminal 3 without scat-
tering, as shown by the red arrow in Fig. 1c. As electrons accumulate
near terminal 3, a negative electrical potential builds up, decreasingRB,
which becomes negative23. These findings confirm that ballistic trans-
port, previously hidden by electron scattering at GBs, emerges in an
SCCF when GBs are eliminated41. To verify that the observed negative
RB is not due to a specific choice of current–voltage configuration or
artifact, we performed additional measurements across all contact
configurations (Supplementary Fig. 10 and Supplementary Table 2). At
high temperatures, the RB of the device with W = 150nm appears
slightly lower than that of the other devices with larger W. This dif-
ference may arise from geometric imperfections introduced during
fabrication, as supported by simulations in Supplementary Fig. 11.

Structural defects in the SCCF and a polycrystalline Cu thin
film (PCCF)
We analyzed the crystallographic microstructure of the SCCF, as high
crystalline quality is essential for ballistic transport. During thin-film
growth, GBs and twinboundaries (TBs) formowing to latticemismatch
with the substrate. While TBs are unavoidable, the formation of GBs
can be suppressed using a growth technique that considers extended
atomic distance mismatch (EADM)22. The distribution of GBs and TBs
was analyzed for a polycrystalline Cu thin film (PCCF; Fig. 2a–c), an
SCCFwithminimalGBs (Fig. 2d–f), and an SCCFwithoutGBs (Fig. 2g–i)
using misorientation line mapping, electron backscatter diffraction
(EBSD), and SEM42,43. GBs and TBs are denoted by blue and red lines,
respectively, in Fig. 2. PCCF usually contains both GBs and TBs
(enlarged misorientation maps of the boxed areas in a, d, and g left
panels are shown in the right upper panels, and those of the boxed
areas in the upper panels are shown in the right lower panels). As
shown in Fig. 2a, the PCCF has many grains (a conventional PCCF is
expected to have trillions of grains on the two-inch wafer44 and each
grain has a different orientation, as illustrated by the numbered indi-
cators in the right lower panel of Fig. 2a). The Cu thin films grown by
ASE show perfect alignment along the (111) plane (Fig. 2e) despite the
presence of some GBs (Fig. 2d). The GBs observed in the misorienta-
tion linemap in Fig. 2d are close to the TBs; thus, they do not appear as
different grains in the EBSDmap, as they deviate slightly from the ideal
TB condition of 60° (deviation of 1°–2°)45. These GBs can influence
electronic transport, and thus, we used only the SCCF without GBs in
this study. A well-grown SCCF (Fig. 2g) is devoid of GBs, contains only
TBs, and exhibits two orientations, I and II (Fig. 2i, right lower panel).
The crystallographic orientation of the SCCF follows either ABC… or
ACB… stacking, satisfying symmetry operation by 60° rotation (Sup-
plementary Fig. 12). Although the TB density fluctuates across areas, it
remains within the same order of magnitude. Unlike GBs, TBs mini-
mally affect electrical resistivity because: (1) charged defects do not
formaroundTBs, resulting innegligible potential variation near TB46,47,
and (2) well-matched Fermi surfaces of adjacent grains on either side
of a TB reduce electron wave scattering, as the Fermi surface of Cu
remains unchanged with 60° rotation about the (111) axis33,45,47–49.

GB dependence of electrical transport
Figure 3 shows the electronic transport behavior for different GB
lengths. LGB, defined as the total length of line segments separating the
grains in the misorientation line maps, was measured over an area of
7.7μm×22.7μm using the EBSD technique (Supplementary
Fig. 12)42,43. More GBs generally increase resistivity by acting as scat-
tering sites for electrons. Thus, as the grain size (d) decreases, i.e., as
LGB increases, the resistivity contribution of the GBs increases.
According to the Mayadas–Shatzkes (MS) model (Eq. 3), which
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Fig. 2 | Grain boundaries (GBs) and twin boundaries (TBs) in the polycrystalline
Cu thin film (PCCF) and single-crystalline Cu(111) thin film (SCCF).
a Misorientation line map of the PCCF and enlarged images of the marked area in
each map. GBs and TBs are depicted by blue and red lines, respectively. For PCCF,
misorientation-line distributions indicate the presence of both TBs and GBs. The
Romannumerals in the bottom right panel represent the orientationsof eachgrain.
In the 2-inch wafer-sized PCCF, there are approximately trillions(10¹²) of different
orientations44. b Electron backscatter diffraction (EBSD) map of the PCCF showing
random alignment. c Scanning electron microscope (SEM) image of the PCCF
showing rough surface and GBs. d Misorientation line map of the SCCF with
reduced number of GBs and enlarged images of the marked areas in each map.

e EBSD map of (d) sample showing perfect alignment along the (111) plane. f SEM
image of (d) showing a high-quality surface and absence of GBs. g Misorientation
line map of an SCCF without GBs and enlarged images of the marked area in each
map. The Roman numerals in the bottom right panel represent the orientations of
each grain. In the two-inch wafer-sized SCCF, there are only two different orien-
tations, which are stacked along ABC… and ACB… respectively. h EBSD map of (g)
sample showing perfect alignment along the (111) plane. i SEM image of (g) showing
high-quality surface andno traceofGBs. Right upper panels of (a,d,g) are enlarged
images of boxed area of left panels, and right lower panels are enlarged images of
boxed area of upper panels, respectively. Tables on the right of (b, e, h) give the
fraction of GB and TB, and their density in the length (nm/μm2) of each sample.
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quantitatively describes electron scattering at GBs50–52, the resistivity
decreases as the grain size (d) increases, whereas it increases with the
probability of electron scattering at the GBs (S):

ρg

ρi
= 3

1
3
� 1

2
α +α2 � α3ln 1 +

1
α

� �� �� 	�1

ð3aÞ

α =
lmfp

d
S

1� S
ð3bÞ

Here, ρg represents the resistivity arising from electron scattering at
the GBs, while ρi denotes the intrinsic resistivity from all other sources
excluding GBs. As shown in Fig. 3a, LGB dependence of the resistivity of
thedevicewithW = 1μmat4.3 K,which is in the diffusive regime, iswell
fitted by the MS relationship d / LGB

� ��1 for a 2D system. Figure 3b
shows LGB dependence of RB at 4.3 K normalized with that at 285 K for
devices with W = 150nm. As shown in Supplementary Fig. 13, for devi-
ces withW = 1μm, the normalized RB shows similar LGB dependence of
resistivity as the film is in a diffusive regime for all LGB values. By con-
trast, for devices withW = 250 nm (Supplementary Fig. 13) and 150 nm,
theMSmodel cannot explain the normalized RB for small values of LGB,
where lmfp exceeds W, and RB becomes negative.

Geometrical effect on the transport measurement for SCCF
To further investigate the ballistic transport behavior under a mag-
netic field, we investigated themagnetic field dependence of the bend
resistance RB (Fig. 4). We symmetrized RB to suppress intermixed

signals from slight asymmetries and misalignments between contacts.
A magnetic field Bwas applied normal to the SCCF, which was parallel
to the (111) direction. As the magnitude of |B| increased, the symme-
trized bend resistance Rs

B gradually increased, because electron
deflectiondue to the Lorentz force caused fewer electrons to reach the
opposite terminal 3 (Fig. 4a)40. This ballistic transport behavior can be
qualitatively explained using the Landauer–Büttiker approach23. Rs

B for
a single channel can be expressed in terms of the forward mode-
averaged transmission probability PFW, and the mode-averaged
transmission probabilities for turning left PL and turning right PR, as
shown in Eq. (4):

Rs
B =

h
e2

PLPR � P2
FW

D
ð4aÞ

D = PL + PR

� �½2PFW PFW +PL + PR

� �
+P2

L + P
2
R� ð4bÞ

For B =0, PFW exceeds both PL and PR, and thus, (PLPR- PFW2)
becomes negative, leading to Rs

B <0. When a magnetic field is intro-
duced, the ballistic electrons are deflected by the Lorentz force,
causing a reduction in PFW and an increase in either PL or PR, which in
turn increases Rs

B. As shown in Fig. 4b, the increase in Rs
B with B ismore

pronounced in the ballistic regime (W = 150 nm) than in the diffusive
regime (W = 1μm) because in the ballistic regime, the electron trajec-
tories are more well-defined. The characteristic magnetic field B0 at
which the cyclotron radius rc = ℏkF/eB matches the channel width is

1 m 1 m 1 m

Fig. 3 | GBdependenceofelectrical transport. a Longitudinal resistivitymeasured
at 4.3 K as a function of GB length LGB for the device of width W = 1μm. Blue solid
line represents the Mayadas–Shatzkes (MS) theory fit. b Normalized bend resis-
tance RB as a function of LGB for W = 150 nm. Blue solid line represents the MS
theory fit from (a) circles and triangles represent the device without and with

annealing processes, respectively. Color of the symbols represents the thickness,
tCu. Bottom panels represent misorientation line maps of the single-crystalline
Cu(111) thin film (SCCF) without GBs (left), SCCF with some GBs (middle), and
polycrystalline Cu thin film (PCCF) (right).
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estimated to be ~36 T forW = 250 nm. Here, kF is the Fermi wavevector
of bulk Cu53, kF ≈ 1.36 × 1010m−1. Consistent with the expectation for
ballistic transport54, we observe a monotonic increase of Rs

B up to our
maximum accessible magnetic field of ~10 T that is smaller than B0.

To characterize the charge carrier types for devices, we per-
formed Hall measurements and plotted antisymmetrized Hall resis-
tivity ρas

xy for different W at 1.7 K, as shown in Fig. 4c (see
Supplementary Fig. 14 for ρas

xy measured at 120K). The observed non-
linear Hall effect at deviceswithW = 10 and 1 µmagreeswith the results
of a recent study45, which revealed the co-existence of holes and
electrons in <205-nm-thick SCCFs without GBs. However, when the
width is reduced to ≤250 nm, the Hall effect becomes linear, which
suggests that electrons become the major charge carriers. To explain
this phenomenon in 1D, we calculated and compared effective band
structures of a 2DCu(111) thin film (Fig. 4d) along specific k-points with
those of a 1D Cu(111) rod (Fig. 4e). In the 2D thin-film band structure,
both electron and hole orbits are distinctly visible. In contrast, the 1D
structure’s band structure appears more complex due to confined
geometry in both out-of-plane and in-plane directions.

The Fermi surface of the 2D thin film shows splitting of degen-
erate bandsdue to confinedgeometry along the [111] direction (Fig. 4d,
left panel). In the periodic zone scheme representation (Fig. 4d, right
panel), the spectral weight of hole bands is prominent45. The 1D
structure’s Fermi surface is featureless, offering negligible insights.
Thus, we calculated the effective Fermi surface via band unfolding to
2D (Fig. 4e, left panel). In the unfolded periodic zone scheme (Fig. 4e,
right panel), the spectral density of hole bands is reduced,

disconnecting the hole orbits and allowing electron orbits to dom-
inate. Although the calculation system size is smaller than the actual
device, it shows the trend of reduced hole orbits as geometry
approaches 1D. This explains the experimental observation that the
two-carrier model-induced nonlinear Hall effect becomes linear with
decreasing W. For reference, Supplementary Fig. 15 compares the 3D,
2D, and 1D Fermi surfaces at a given kz .

In this study, we observed ballistic electronic transport in nano-
devices based onCu(111) thin films and investigated its dependence on
film quality. Hall-bar-shaped devices were fabricated with atomically
flat 90-nm-thick SCCFs. We obtained negative bend resistance as
direct evidence of ballistic transport. In a perpendicularmagneticfield,
ballistic electrons are disturbed, increasing bend resistance. We
determined the distributions of GBs and TBs through EBSD measure-
ment and showed that the Cu thin-film device’s resistivity primarily
depended on GBs, remaining insensitive to TBs. Our experimental
observations and theoretical calculations reveal that as the Cu(111) thin
film transitions from 2D to the 1D limit, hole orbits observed in 2D
disappear because of quantum confinement in both out-of-plane and
in-plane directions, suggesting transition from nonlinear Hall effect,
driven by two carriers, to a linear Hall effect.

This paper presents a platform for investigating the intrinsic quan-
tum mechanical properties of Cu, with the potential to advance high-
performance electronic55 and spintronic devices throughpreservation of
quantum information, including momentum, quantum phase, and spin.
This approach may help address critical reliability challenges in semi-
conductor technology, such as Joule heating30 and electromigration31 in

B

c

ed

ba

Fig. 4 | Magnetic field dependence of bend resistance and geometrical effect.
a Measurement schematics for symmetrized bend resistance (Rs

B) in magnetic field
(B). b B dependence of Rs

B in a single-crystalline Cu(111) thin film (SCCF) Hall bar with
widths ofW= 1μm, 250nm, and 150nm at temperature T=4.3K. c B dependence of
antisymmetrized Hall resistivity ρas

xy in the SCCF Hall bar with various W at T= 1.7 K.
Current was applied from terminal 1 to 4, and Hall voltage was measured between
terminals 3 and 5. d Calculated effective Fermi surfaces of Cu(111) thin film in the 2D

limit at kz = 0. The inner surfaces of 2D limit Fermi surface are split bands due to
confined geometry along the out-of-plane direction (left panel). Calculated effective
Fermi surfaces of 2D Cu in periodic zone scheme (right panel). 2D effective Fermi
surface is obtainedbybandunfolding to3D.Colorof theband represents the spectral
weight of the effective band. e Calculated effective Fermi surfaces of 1D Cu(111) at
kz = 0 (left panel) and calculated effective Fermi surfaces of 1D Cu in periodic zone
scheme (right panel). 1D effective Fermi surface is obtained by band unfolding to 2D.
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Cu interconnects29. Recent discoveries reveal that the Fermi surface of
Cu exhibits a topologically nontrivial genus24, opening the door to var-
ious topology-related experiments in ballistic metals24–26.

Methods
Preparation of thin SCCFs using the ASE technique
The ASE method involves stacking atoms individually without forming
clusters, which can cause arbitrary deposition. To achieve this, we
modified the conventional sputtering system. The network of conduct-
ing wires, including cables, in the conventional sputtering system was
upgraded with single-crystalline Cu wires, fabricated by cutting single-
crystal Cu wafers in a spiral fashion using wire electrical discharge
machining (EDM). The wafers were sliced from a single-crystal ingot
grown by the Czochralski method. To minimize vibration from ambient
noise,we implemented amechanical noise reduction system.While such
vibrations may not significantly affect conventional thin film growth,
especially for PCCFs, they can cause irreversible stacking faults that
disrupt the initial nucleation and lateral growth processes, particularly
the coherent coplanar merging of nuclei. The thin film growth system
creates a stable environment for single-atom deposition, aiming to
achieve atomicallyflat surfaces throughprecise stackingof single atoms.

The optimized sputtering conditions were as follows:
• Substrate: a double-sided polished (001) Al2O3 wafer with a
thickness of 430μm.

• Deposition temperature: approximately 170 °C.
• RF power: 13.56MHz at 30W.
• Target-to-substrate distance: 95mm.
• Base pressure: Maintained at less than 2 × 10−7 Torr.
• Working pressure: 5.4 × 10−3 Torr with an Ar gas (99.9999% (6N))
flow of 50 sccm.

The relationshipbetween thedeposition time and thicknessof the
thinfilm (or the average growth rate)was determined from the average
deposition time of a 200-nm-thick film grown under optimal
conditions.

Sample nanofabrication and transport measurement
To fabricate Hall bar devices using the prepared SCCFs, we partially
removed sections of single-crystalline Cu via electron beam litho-
graphy and Ar-ion milling, forming Hall bars with varying linewidths
(Supplementary Fig. 3). After the Ar-ion milling, Cu redeposition was
observed along the lithography resist sidewalls (Supplementary
Fig. 16), but such regions may have only limited contribution to con-
duction because they likely exhibit reduced crystallinity. The Cu
atomic spacingwas2.07 Åalong the (111) direction, confirming that the
pristine crystalline quality of the SCCF was maintained even after
patterning (Fig. 1b). Temperature dependence of the bend resistance
and magnetic field dependence of the Hall resistivity of the SCCF Hall
bar devices were measured in Oxford Instruments Teslatron PT with a
base temperature of 1.7 K connected with low-pass RC filters. GB
dependence of bend resistance, magnetic field dependence of bend
resistance, and longitudinal resistance of SCCF Hall bar devices were
measured in Oxford Instruments Heliox with a base temperature of
4.3 K, connected with low-pass RC filters. Bend and longitudinal
resistance were measured by the DC IV-sweep method by measuring
the voltage drop with a Keithley 2000 voltmeter, and the current was
applied at 200 nA through Yokogawa GS610 sourcemeasure unit with
a load resistance of 100 kΩ. Hall resistance was measured using the
Delta measurement method by measuring the voltage drop with low-
noise Keithley 2182 nanovoltmeter, and current with 1mAwas applied
through low-noise Keithley 6221 current source.

Structural information of Hall bar pattern
To investigate the cross-sectional structure of ballistic transport in the
SCCF, the annular dark-field (ADF) imaging mode of aberration-

corrected scanning transmission electron microscopy (STEM; JEM-
ARM200CF, JEOL) at 300 kV was employed. The angle range of the
ADF detector was set to 45–175mrad, and the semiconvergence angle
of the condenser lens was ≈24mrad. In combination with STEM ima-
ging, elemental mapping of the Cu films was performed in the same
STEM image mode using electron energy loss spectroscopy (EELS;
Quantum ER965, Gatan). Cross-sectional TEM sampling was con-
ducted using the Ga-ion milling and slicing method in a focused-ion-
beam scanning electron microscope (SEM; Helios NanoLab 450,
Thermo Fisher Scientific). Low-energy Ar-ion beammilling at 700V for
10min was sequentially performed as a post-surface treatment to
remove the damaged surface layer that usually forms during heavy Ga-
ion beam milling.

Theoretical calculations
The total energy and electronic band structure calculations were
performed using the first-principles density functional theory56 as
implemented by Kresse and Joubert57 using the projector augmented-
wave method58. The exchange‒correlation functional was modeled
using the generalized gradient approximation in the
Perdew–Burke–Ernzerhof form59. All the calculations were spin-polar-
ized, and the positions of the atoms, aswell as the size and shapeof the
unit cell,were fully relaxed toobtain theoptimized lattice structure. All
the atoms of bulk Cuwere fully relaxed until the force on the atomwas
less than 0.001 eV/Å, and the change in total energy was less than
10−6 eV. The electronwavefunctionswereexpandedusing aplane-wave
basis set with a cut-off energy of 400 eV for the bulk, slab, and rod
calculations. A 12-ML (ML: monolayer) Cu(111) slab structure was used
to simulate the 2D-limit thin film, and a 6-ML×6-ML rod structure was
used for the 1D-limit nanorod. The choice of a 12-ML Cu(111) slab is
supported by thickness-convergence tests on 6-, 9-, and 12-ML slabs
(Supplementary Fig. 17). We maintained a 20-Å-thick vacuum layer to
prevent interactions between the periodic images.

Data availability
Source data related to the figures in this paper are available in the
Figshare repository under https://doi.org/10.6084/m9.figshare.
31153522. Additional data are available from the corresponding
author upon a reasonable request.

Code availability
The MATLAB scripts used to load the deposited data and reproduce
the plots are available in the Figshare repository under https://doi.org/
10.6084/m9.figshare.31153522.
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