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Dislocations in van der Waals (vdW) layered nanomaterials induce strain
and structural changes that substantially impact thermal transport.
Understanding these effects could enable the manipulation of dislocations
forimproved thermoelectric and optoelectronic applications, but
experimental insights remain limited. In this study, we use synthetic Eshelby
twisted vdW GeS nanowires (NWs) with single screw dislocations as amodel
systemto explore the interplay between dislocation-induced structural
modifications and lattice thermal conductivity. Our measurements reveal a
monoclinic structure stabilized by the dislocation, leading to a substantial
dropinthermal conductivity for larger-diameter NWs (70% at room
temperature), supported by first-principles calculations. Interestingly,

we also find an anomalous enhancement of thermal conductivity with
decreasing diameter in twisted NWs, contrary to typical trendsin
non-twisted GeS NWs. This is attributed to increased conductivity near the
NW cores due to compressive strain around the central dislocations, and
aligns with a density-functional-theory-informed core-shell model. Our
results highlight the critical role of dislocations in thermal conduction,
providing fundamental insights for defect and strain engineeringin
advanced thermal applications.

Low-dimensional materials, including nanowires (NWs), nanotubes
and two-dimensional van der Waals (vdW) materials, have become
crucialforavariety of thermoelectricand optoelectronic applications,
making effective thermal management design essential' "%, Engineer-
ing the dimensions and introducing defects, such as dislocations, into
these materials are vital for manipulating interatomicinteractions and
thermal conductivity (k). For instance, nanostructuring silicon into
NWs substantially reduces x through increased phonon-boundary

scattering, resulting in asubstantial boost in thermoelectric efficiency”.
Dislocation arrays have substantiallyimproved thermoelectric perfor-
mance in vdW materials' and enhanced phonon transport anisotropy
in group Il nitride films’. In two-dimensional vdW materials, manipu-
lating layer stacking has emerged as a promising method for tailoring
thermal properties”®". For example, random interlayer rotationsin the
stacking of transition metal dichalcogenides (TMDCs) lead to a very
low out-of-plane k while maintaining the in-plane k (ref. 7). In contrast
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Fig.1|Sample characterization. a, Schematic illustration of an Eshelby-twisted
vdW-bonded GeS NW (left), anomalous heat conduction described by a core-
shell model (middle) and sheared monoclinic stacking in the shell region (right).
b, Schematicillustration of a normal NW with orthorhombic (pmna) stacking.

¢, Low-magpnification (left) and high-resolution (right) TEM images of a GeS NW
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with Eshelby twist. d, Low-magnification (left) and high-resolution (right) TEM
images of anormal GeS NW with no dislocation. e,f, SAD patterns of NWs with (e)
and without (f) Eshelby twist on the same [110] zone axis. Yellow circles denote
the extraspotsinenot presentinf.

to using the layer-by-layer constructionmethod, the layering patterns
in vdW materials can be manipulated through bottom-up synthesis
processes> ™, with dislocations acting as a key mechanism'>'"7, which
are more deployable for various applications. For example, dislocations
stabilize metastable 3R-type stacked TMDCs, which display unique opti-
calandelectronic properties when compared with thermodynamically
stable 2H-type TMDCs'*'®"’, and induce graphene spirals that exhibit
extremely large magnetoresistance?. However, the tuning of thermal
conduction through dislocation and stacking in these synthetic vdW
materials remains underexplored experimentally.

Eshelby twisted vdW NWs are valuable model systems for prob-
ing the roles of dislocation, stacking, strain and nanostructuring in
thermal transport'>*?, Central screw dislocations drive the spiral
growth of these NWs, while the associated strain fields induce crystal-
lographic twisting® and stacking modulations®. With only a single
screw dislocation, these NWs allow for the investigation of isolated
dislocation effects on thermal transport, unlike previous studies that
involved complex dislocation distributions with unknown screw or
edge characteristics’. While theoretical studies indicate substantial
reductions in x for Eshelby twisted NWs*, experimental measurements
of thermal transport have not yet been performed.

In this study, we measured the « across vdW planes of
Eshelby-twisted and non-twisted GeS NWs with varying diameters.
We found abouta70%reductioninkforlarge-diameter twisted NWs
at room temperature when compared with non-twisted ones. This
reductionis attributed to the distinct monoclinic (twisted, Fig.1a) and
orthorhombic (non-twisted, Fig. 1b) stacking structures observedin
transmission electron microscopy (TEM), which agrees with our den-
sity functional theory (DFT) calculations. Surprisingly, we observed
anincrease in k with decreasing diameter for twisted NWs, despite
the expectation of decreased k due to enhanced phonon-bound-
ary scattering with decreasing diameter®*?. This enhancement is

attributed to the compressive strain around the central dislocation,
as supported by our four-dimensional (4D) scanning transmission
electron microscopy (STEM) strain analysis and simulated using a
core-shell model based on DFT calculations. Our findings provide
fundamental insights into how nanostructuring and dislocations
affect thermal conduction in vdW materials, crucial for thermal and
thermoelectric applications.

Synthesis and structure

GeS NWs were synthesized with gold catalyst using a physical vapour
transport method”. NWs with and without the Eshelby twist, both of
which have their growth directions aligned with the caxis perpendicular
tothe vdW layers (Fig. 1a,b), were grown with aratio of ~1:1. TEM char-
acterization was conducted to distinguish the twisted and non-twisted
NWs. TEMimaging of a twisted NW (Fig. 1c) reveals adarkline at the cen-
tre corresponding to the screw dislocation, along with strain-induced
darkbandsthat vary with the rotation of the crystal planes along the ¢
axis (the Eshelby twist). Atomic-resolution TEM imaging reveals lattice
distortion and strain around the centre of the twisted NW. In contrast,
TEM images of non-twisted NWs (Fig. 1d) have uniform contrast and
undistorted lattices. Both twisted and non-twisted NWs have a thin
amorphous native oxide layer at the surface, exhibiting similar surface
roughnesses and thicknesses (-4-5 nm). Diffusive phonon scattering
isexpected at these surfaces. Selected area diffraction (SAD) patterns
suggest that the non-twisted NWs have the thermodynamically stable
orthorhombic structure (pmna space group). The twisted NWs, how-
ever, have different SAD patterns with the presence of extra diffraction
spots, corresponding to a change from orthorhombic to monoclinic
structure (discussed in detail later). NWs’ compositions were analysed
using STEM with energy dispersive X-ray spectroscopy. Both twisted
and non-twisted NWs exhibit a Ge/S ratio close to 1:1, with minimal
diameter variation (Supplementary Fig. 1).
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Fig. 2| Diameter-dependent thermal conductivity of GeS NWs with and
without Eshelby twist. a, Optical image of amicrodevice consisting of two
suspended pads bridged by a GeS NW. Insets: SEM image (upper) showing the
suspended GeS NW focused ion beam (FIB)-bonded using Pt onto the pads and
TEMimage (lower) showing the cross-sectional area of the NW. Scale bars in
the upper inset and lower inset correspond to 1 pm and 40 nm, respectively.

b,c, Temperature-dependent thermal conductivity of GeS NWs with (b) and
without (c) Eshelby twist at different diameters. The uncertainties associated
with the cross-sectional areas of the NWs are analysed. The data points and error
barsrepresent the mean + s.d. of thermal conductivity based on three measured
cross-sectional areas.

Thermal conductivity measurements

The twisted and non-twisted NWs identified by TEM imaging were
transferred individually from the TEM grid to suspended pad micro-
devices for k measurements (Methods). The transferred NW bridges
two suspended pads (Fig. 2a) and electron-beam-induced deposition of
platinumwas performed tobond the NW to the pads, reducing contact
thermalresistance. The deposited Ptis confined to the suspended pad
(inset of Fig. 2a), and does not extend onto the suspended NW region
across the gap (Supplementary Fig. 2). The thermal conductance (G)
ofthe NW is measured in terms of the heat transported from the heat-
ing pad to the sensing pad>**°. The NW growth direction aligns with
the c axis, leading to transport measured across the vdW planes. The
in-plane k of bulk GeSis about twice as high as the cross-plane . Since
the cross-sectional areas of the NWs are nearly circular (inset of Fig. 2a),
k is determined on the basis of the measured thermal conductance:
k= GL/m(d/2)*with the length (L) and diameter (d) of the NWs measured
using scanning electron microscopy (SEM). For direct comparisons,
thermal measurements were performed on twisted and non-twisted
NWSs grown on the same substrate with the same synthesis conditions.
Both twisted and non-twisted NWs exhibit low electronic conductivities
(<102 S m™) (Supplementary Fig. 3), thus the electronic contributions
to k are considered negligible and k values are attributed solely to lat-
tice thermal conductivity.

Two important observations can be made from the measured
temperature-dependent k of twisted and non-twisted NWs with varying
diameters (Fig. 2b,c): (1) room-temperature k of the largest-diameter
twisted NW (190 nm) drops by 70% when compared with that of the
largest-diameter non-twisted NW (200 nm) and (2) with decreasing
diameter, k increases for the twisted NWs, while k decreases for the
non-twisted NWs. Decreasing k with decreasing NW diameter is typical
and understood in terms of enhanced phonon-boundary scattering;
while heat is carried along the NW axis, most phonons also have an
in-plane velocity component and thus finite probability of scattering
with the amorphous surface (see Supplementary Fig. 4 for detailed
calculations). This is consistent with many diameter-dependent k
measurements in a variety of semiconductors** . In stark contrast,
k of twisted NWs increases with decreasing diameter. Though the
of the twisted NWs are smaller than those of the non-twisted NWs for
d>110 nm, thistrend isreversed for small diameters. This suggests the
existence of amechanismthat enhances kin the twisted NWs, near the
core, which more than compensates the reduction of k due toincreased
surface resistance.

kreductioninlarge-diameter twisted NWs

We first examine the large reduction of k in the twisted NW in the
large-diameter, bulk-like limit when compared with that of the
non-twisted wire (Fig. 3a). In this limit, the effect of surface scatter-
ing is weak because the intrinsic in-plane mean free paths perpen-
dicular to the transport direction of the heat-carrying phonons are
generally smaller than the NW diameters around room temperature
(SupplementaryFig. 4).Inaddition, any effect of the central dislocation
coreonthermal transportinthe twisted NWis presumably weak as its
cross-sectional arearelative to the total is small. Therefore, the meas-
ured results are attributed to the overall structure/stacking change
in the twisted wires. An overall structural change of the twisted NWs
is revealed by a change of SAD patterns (compare Fig. 1e with Fig. 1f).
Previous studies have shown that screw dislocation threading layers
in TMDCs lead to an overall stacking change from 2H to 3R'*'®, The
samplesinthosestudies had alarge lateral size with no twist, where the
strain effects from dislocations were minimal. In contrast, substantial
strainis expected in our twisted NWs.

Further understanding of the structural changes in the twisted
NWs can be obtained through real-space atomic-resolution STEM
imaging. However, the small NW sizes make such analysis very chal-
lenging. Thus, we performed analysis on larger twisted GeS crystals
with aradial size of several micrometres resulting from radial growth
fromatwisted NW (Supplementary Fig.5). The microscale GeS crystal
preserves the twist rate of the NW and thus has a similar strain field".
Atomic-resolution STEM imaging (Fig. 3b,c) along both [100] and
[110] directions was performed to provide projected positions of Ge
and S atoms, allowing us to unambiguously reveal amonoclinic struc-
ture due to interlayer sliding in the twisted crystal. In contrast to the
standard orthorhombic structure, in which the unit cell consists of two
atomic layers with AB stacking (Fig. 1b), the unit cell of the monoclinic
structure (labelled in Figs. 1a and 3b,c) consists of eight atomic layers
(four sets of AB stacked layers), with each AB stacked double layer
sliding by ~1/4 lattice vector along the armchair direction (b axis) in
the vdW plane. The fast Fourier transform (FFT) pattern of the STEM
images (inset in Fig. 3c) shows that the cross-plane (c-axis) lattice
vector is not normal to the vdW plane in the monoclinic structure,
matching well with the simulated FFT patterns for the structure. Our
DFT calculationsindicate an energy discrepancy of 0.034 eV per atom
between the monoclinic and orthorhombic phases, along with an
energy barrier of 0.3 eV per atom for interlayer sliding (Supplementary
Fig. 6). Consistent with Eshelby’s theory, the shear stress of the screw
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Fig. 3| Large-diameter NW thermal conductivities (bulk limit) and STEM
measurements. a, Measured temperature-dependent thermal conductivities
of anon-twisted GeSNW with d =200 nm and a twisted NW withd =190 nm.
Calculated temperature-dependent thermal conductivities of bulk and NW
orthorhombic and monoclinic structures are also shown. b,c, Atomic-resolution
STEM images showing the sheared ‘monoclinic’ stacking in twisted GeS crystals

along [100] (b) and [110] (c) zone axes. The overlays show the atomic structures
projected along the zone axes. The monoclinic unit cell is highlighted by white
parallelograms. The upperinsetin ¢ shows the FFT pattern of c and the lower
insetin c shows the simulated FFT pattern of the monoclinic structure. The two
blue dashed lines in the FFT pattern have an angle of 86°, consistent with the
monoclinic structure.

dislocationinducesinterlayer sliding and the formation of amonoclinic
structure. Indeed, the structure is only present within a distance of a
few hundred nanometres from the dislocation, where the shear strain
issubstantial, and the structure changes to the standard orthorhombic
structure at larger distances from the dislocation, where the shear
strainbecomes minimal. Therefore, the monoclinic stacking identified
in the twisted vdW materials manifests a strong shear-strain effect,
revealing aunique mechanism for modulating the interlayer stacking,
different fromthe dislocation-induced stacking changes in non-twisted
multilayer TMDCs.

The metastable monoclinic structure observed in the microscale
twisted crystal suggests that shear-strain-induced interlayer sliding
and stacking changes are also present in the twisted NWs. Both the
magnitude of interlayer sliding and the distribution of the sheared
phase are expected to vary with radial distance from the dislocation,
following the changing shear strain (Supplementary Fig. 7). To gain
further insight, we simulate the SAD patterns of the observed mono-
clinic structure (Supplementary Fig. 8), which show good agreement
with measured SAD patterns of the twisted NWs (Fig. 1e). The findings
indicate that the overall structure of twisted NWs can be adequately
represented by the monoclinic structure. The abundant presence
of the monoclinic structure in the NWs cannot be solely explained
by the calculated shear-strain distribution (Supplementary Fig. 7),
which anticipates a fast decline in shear strain as the radial distance
increases. To understand this comprehensive structural transforma-
tion, kinetic effects must be taken into account. During growth, the
monoclinic phase forms in twisted NWs when the diameter is small and
shear stress is substantial. The shear stress diminishes with increas-
ing diameter. Nonetheless, the substantial energy barrier (0.3 eV per
atom) stabilizes the monoclinic phase and prevents its transition to
the orthorhombic phase.

We note that Eshelby twisted NWs have an interlayer rotation
thatis inversely proportional to the NW diameter®. A previous study
showed that vdW MoS, multilayers with random interlayer rotations
around tens of degrees greatly reduced the cross-plane thermal con-
ductivity’. However, the layer-to-layer rotations in our Eshelby twisted
GeS NWs are much smaller (<1072 degrees)'?, which is expected to
have minimal effect on the cross-plane k. Therefore, we attribute the
low k of twisted NWs at large diameters to the shear-strain-induced
monoclinic structure.

To further understand the variations of k of the large-diameter
NWs, we calculate the cross-plane lattice k of bulk and NW GeS in

both monoclinicand orthorhombic structures from first-principles
calculations (Fig. 3a and Supplementary Fig. 9a) (details given in
Methods). The calculations give lower cross-plane k of the mono-
clinic phase (bulk and NW) than of the orthorhombic structure
over the entire temperature range. We find that phonon group
velocities (Supplementary Fig. 9b) are comparable between the two
structures; however, the intrinsic phonon lifetimes (Supplementary
Fig. 9¢) are substantially lower in the monoclinic phase, particu-
larly for the low-frequency heat-carrying modes, thus governing
its lower k.

The calculated k of the separate monoclinic and orthorhombic
large-diameter NWs match well with the respectively measured k of
twisted and non-twisted NWs for 7>200 K (Fig. 3a). Furthermore,
these NW k values are similar to those of the calculated bulk structures
at higher T, consistent with weak surface scattering relative to the
intrinsicanharmonicresistance. Expected discrepancies for T<200 K
emerge in the large-diameter NWs due to the increased importance
of other possible extrinsic scattering mechanisms (for example, due
to point defects) not accounted for in the models that can become
more important at low temperatures, particularly in the more com-
plextwisted NWs. At the highest temperatures, all of the non-twisted
NWs have similar k values as the intrinsic phonon-phonon scattering
dominates. With decreasing 7, the intrinsic scattering becomes fro-
zen out and the diffuse surface scattering becomes more important,
particularly for smaller-diameter NWs (see Supplementary Fig. 10
for calculated scattering rates). The interplay between the intrinsic
scattering (temperature dependent) and the surface scattering (tem-
perature independent) underlies the weakening of the temperature
dependence of k with decreasing diameter. For allNWs at low enough
temperatures, surface scattering should dominate and k should peak
and decrease with decreasing T (not seen in measurements), tracking
the vibrational specific heat’*”. Calculations demonstrate that the k
peak occurs at ~20-30 K for the bulk GeS structures (Supplementary
Fig.11andrelated discussion). This non-twisted NW k behaviour is con-
sistent with well-documented k behaviour in covalently bonded, nearly
isotropic materials****'~*” as well as anisotropic quasi-one-dimensional
materials (Ta,Pd,Seg and Ta,Se;) with transport along the covalent
bonds®***’. In contrast, the k behaviours of the twisted NWs are con-
founding: (1) the temperature dependence of k is relatively insensitive
toNW diameter, (2) kincreases with decreasing diameter and (3) k for
most of the measured datais above the intrinsic calculated monoclinic
bulk values (Supplementary Fig.12).
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Fig. 4| Strain-enhanced thermal conductivity in twisted NWs. a,b, STEM image
(a) and corresponding distribution of compressive strain ¢,, (b) obtained from 4D
STEM analysis of a twisted NW with d = 70 nm. The white box in adenotes the area
where the strain analysis is performed. The x axis is the in-plane direction normal
to the (110) planes whereas the z axis is the cross-plane direction. The lower panel

inbshows the average of ¢, along the zdirection as a function of distance from
the central dislocation. The data points and error bars represent the mean + s.d.
¢, Measured (symbols) and calculated (curves) thermal conductivities for twisted
NWs at different temperatures with varying diameters. Inset: schematic of the
core-shell model of the twisted NW.

Anomalous diameter-dependent thermal
transportintwisted NWs

We next discuss the anomalous diameter-dependent thermal transport
in the twisted NWs. The structural complexity induced by the central
dislocation becomesincreasingly prominent as the NW cross-sectional
areadecreases, makingthe core areaalarger proportion of the overall
wire. We first consider that the anomalous k may arise from electronic
contributionsin the dislocation region, as conductive dislocation cores
have been observed in vdW and covalent materials***'. Our measure-
ment of the electrical conductivity of twisted NWs with varying diam-
eter shows a low electrical conductivity with no dependence on the
diameter (<10S m™). The electron conductance is therefore excluded
as the mechanism for the k enhancement.

Since the measured k data of the twisted NWs lie above the calcu-
lated intrinsic GeS monoclinic bulk values, which reproduce the
high-temperature 190 nm twisted NW data well, noamount or type of
extrinsic defect scattering can alone explain their k behaviours (Sup-
plementaryFig.12). Onthe other hand, compressive strain canenhance
the lattice ; for example, 9% compressive strain from hydrostatic
pressure enhanced cross-plane k sevenfold in multilayer MoS,*. Our
DFT calculations also demonstrate increasing k with increasing com-
pression on monoclinic GeS (Supplementary Fig.13). Usinga4D STEM
technique (Methods), we analyse the strainfield inatwisted NW sample
(Fig.4a).Figure 4b and Supplementary Fig. 14 show maps of cross-plane
normalstrain (¢,,) and in-plane normal strain (¢,,) along the [110] zone
axis. Theg,,and ¢, strain distributions are non-uniform. Near the core
of the twisted NW we observe a large cross-plane compressive strain
of ~-5%and in-plane tensile strain of 2%. This measured strainis averaged
over the NW’s thickness, from the upper surface to the dislocation core
and down to the lower surface. While the ¢,, strain map shows

substantial strain concentrated in a few nanometres, the actual
cross-plane compressive strain around the dislocation core is probably
larger and more broadly distributed than indicated in the map. The
complex strain cannotbe explained by classical Eshelby theory, which
predicts only shear strain. It could arise from interlayer compression
due to the covalently bonded dislocation core and the disassociation
of the central screw into partial dislocations****. Despite the presence
of the local strains, the average strain of the twisted NW is near zero
and the average lattice parameters are very similar to the lattice param-
eters of the non-twisted NWs.

Given the observed cross-plane strains and expected higher
kwith compression*?, we attribute the anomalous diameter depend-
ence of kin the twisted NWs to a strongly thermally conducting core
thatis little affected by decrease in the overall NW diameter. To illus-
trate this mechanism, we built a core-shell model (inset to Fig. 4c) of
thermal transport in the twisted NWs informed by the strain meas-
urements and DFT calculations of bulk GeS. In the unknown core
region (0 <r<r.))weassume aweakly 7-dependent ... that decreases
linearly with radial distance to k., determined by DFT simulations of
the monoclinic structure in the shell region (r.<r<r,), where r.and
r,,=d/2 are the core and NW radii, respectively (Methods). We also
explored the effects of different extrinsic scatterings (for example,
point defects) for improved model description in the low-T region
(Supplementary Figs.12 and 15-17 and corresponding discussion). This
simplified core-shell model reproduces the measured temperature-
and diameter-dependent k data of the twisted NWs (Fig. 4c) from
four constrained fitting parameters (Methods). The best fit param-
eters also give physically reasonable values for the core radius and
thermal conductivity: r. of ~20 nm and average room-temperature
Keore OF ~4.9 W m™ K™%, which are consistent with the strain map and
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calculatedincrease of k for the monoclinic phase under compression.
In general, the model further supports that the increased measured
k with decreasing radius arises from reduced cross-sectional area
of the weakly conducting shell relative to the strongly conducting
core. Within the conducting core, compressive strain and atomic
distortion near the dislocation core may bring atoms closer together,
potentially forming covalent bonds that enhance cross-plane thermal
conductivity. However, because of the limited spatial extent of the
covalent pathway, this cannot fully explain the observed enhancement
inthermal conductivity onits own (Supplementary Figs.18 and 19 and
corresponding discussion).

Outlook

In summary, our study of Eshelby-twisted vdW NWs reveals promi-
nent and anomalous phonon transport behaviours resulting from
dislocation-induced structural modifications. Dislocation shear
strain induces interlayer sliding and stacking variations, substan-
tially reducing thermal conductivity. Thus, shear strain can be used
to stabilize metastable structures in vdW materials, achieving low
cross-plane conductivity and high thermal anisotropy and other dis-
tinct physical properties. Conversely, local compressive strain near
the dislocation core enhances thermal conductivity, resulting in an
unexpected increase in k with decreasing diameter, asillustrated by
acore-shellmodel. This unusual transport behaviour opens avenues
foraddressing classical size effects in low-dimensional nanomaterials
for thermal managementin microelectronics. Additionally, introduc-
ing a high density of well-aligned dislocations into thin-film or bulk
vdW materials can create regions with varying phases and highly
conductive core channels, making it crucial to modify dislocation
density, orientation and characteristics to control phase stability
and material performance.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41563-024-02108-3.

References

1. Kim, S.I. et al. Thermoelectrics. Dense dislocation arrays
embedded in grain boundaries for high-performance bulk
thermoelectrics. Science 348, 109-114 (2015).

2. Zhao, L.-D. et al. Ultralow thermal conductivity and high
thermoelectric figure of merit in SnSe crystals. Nature 508,
373-377 (2014).

3. Snyder, G. J. & Toberer, E. S. Complex thermoelectric materials.
Nat. Mater. 7, 105-114 (2008).

4. Hochbaum, A. . et al. Enhanced thermoelectric performance of
rough silicon nanowires. Nature 451, 163-167 (2008).

5.  Kim, P, Shi, L., Majumdar, A. & McEuen, P. L. Thermal transport
measurements of individual multiwalled nanotubes. Phys. Rev.
Lett. 87, 215502 (2001).

6. Balandin, A. A. et al. Superior thermal conductivity of single-layer
graphene. Nano Lett. 8, 902-907 (2008).

7. Kim, S. E. et al. Extremely anisotropic van der Waals thermal
conductors. Nature 597, 660-665 (2021).

8. Chen, R, Lee, J., Lee, W. & Li, D. Thermoelectrics of nanowires.
Chem. Rev. 119, 9260-9302 (2019).

9. Sun, B. et al. Dislocation-induced thermal transport anisotropy
in single-crystal group-lll nitride films. Nat. Mater. 18, 136-140
(2019).

10. Zhang, L. et al. Effect of twist angle on interfacial thermal
transport in two-dimensional bilayers. Nano Lett. 23, 7790-7796
(2023).

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

283.

24.

25.

26.

27.

28.

20.

30.

31

32.

33.

34.

35.

Ren, W. et al. The impact of interlayer rotation on thermal
transport across graphene/hexagonal boron nitride van der Waals
heterostructure. Nano Lett. 21, 2634-2641(2021).

Liu, Y. et al. Helical van der Waals crystals with discretized Eshelby
twist. Nature 570, 358-362 (2019).

Zhao, Y. et al. Supertwisted spirals of layered materials enabled by
growth on non-Euclidean surfaces. Science 370, 442-445
(2020).

Sun, L. et al. Hetero-site nucleation for growing twisted bilayer
graphene with a wide range of twist angles. Nat. Commun. 12,
2391(2021).

Liu, C. et al. Designed growth of large bilayer graphene with
arbitrary twist angles. Nat. Mater. 21, 1263-1268 (2022).

Shearer, M. J. et al. Complex and noncentrosymmetric

stacking of layered metal dichalcogenide materials created by
screw dislocations. J. Am. Chem. Soc. 139, 3496-3504

(2017).

Wang, Z.-J. et al. Conversion of chirality to twisting via sequential
one-dimensional and two-dimensional growth of graphene
spirals. Nat. Mater. 23, 331-338 (2024).

Suzuki, R. et al. Valley-dependent spin polarization in bulk MoS,
with broken inversion symmetry. Nat. Nanotechnol. 9, 611-617
(2014).

Wilson, J. A. & Yoffe, A. D. The transition metal dichalcogenides
discussion and interpretation of the observed optical, electrical
and structural properties. Adv. Phys. 18, 193-335 (1969).

Zhang, Y. et al. Extremely large magnetoresistance in twisted
intertwined graphene spirals. Nat. Commun. 15, 6120

(2024).

Fang, Z. et al. Chemically modulating the twist rate of

helical van der Waals crystals. Chem. Mater. 32, 299-307

(2020).

Sutter, P., Wimer, S. & Sutter, E. Chiral twisted van der Waals
nanowires. Nature 570, 354-357 (2019).

Eshelby, J. D. The twist in a crystal whisker containing a
dislocation. Philos. Mag. 3, 440-447 (1958).

Carruthers, P. Theory of thermal conductivity of solids at low
temperatures. Rev. Mod. Phys. 33, 92-138 (1961).

Akatyeva, E. & Dumitrica, T. Eshelby twist and magic helical zinc
oxide nanowires and nanotubes. Phys. Rev. Lett. 109, 035501
(2012).

Ziman, J. M. Electrons and Phonons: The Theory of Transport
Phenomena in Solids (Oxford Univ. Press, 2001).

Casimir, H. B. G. Note on the conduction of heat in crystals.
Physica 5, 495-500 (1938).

Shi, L. et al. Measuring thermal and thermoelectric properties of
one-dimensional nanostructures using a microfabricated device.
J. Heat Transf. 125, 881-888 (2003).

Lee, S. et al. Anomalously low electronic thermal conductivity in
metallic vanadium dioxide. Science 355, 371-374 (2017).

Ci, P. et al. Giant isotope effect of thermal conductivity in silicon
nanowires. Phys. Rev. Lett. 128, 085901 (2022).

Li, W. et al. Thermal conductivity of diamond nanowires from first
principles. Phys. Rev. B 85, 195436 (2012).

Bui, C. T. et al. Diameter-dependent thermal transport in individual
ZnO nanowires and its correlation with surface coating and
defects. Small 8, 738-745 (2012).

Guthy, C., Nam, C.-Y. & Fischer, J. E. Unusually low thermal
conductivity of gallium nitride nanowires. J. Appl. Phys. 103,
064319 (2008).

Zhou, F. et al. Thermal conductivity of indium arsenide nanowires
with wurtzite and zinc blende phases. Phys. Rev. B 83, 205416
(20M).

Li, D. et al. Thermal conductivity of individual silicon nanowires.
Appl. Phys. Lett. 83, 2934-2936 (2003).

Nature Materials | Volume 24 | May 2025 | 728-734

733


http://www.nature.com/naturematerials
https://doi.org/10.1038/s41563-024-02108-3

Article

https://doi.org/10.1038/s41563-024-02108-3

36. Roh, J. W. et al. Size-dependent thermal conductivity of individual
single-crystalline PbTe nanowires. Appl. Phys. Lett. 96, 103101
(2010).

37. Li,D., Wu,Y., Fan, R, Yang, P. & Majumdar, A. Thermal conductivity
of Si/SiGe superlattice nanowires. Appl. Phys. Lett. 83, 3186-3188
(2003).

38. Zhang, Q. et al. Thermal transport in quasi-1D van der Waals
crystal Ta,Pd,Se, nanowires: size and length dependence.

ACS Nano 12, 2634-2642 (2018).

39. Pan, Z., Lee, S. H., Wang, K., Mao, Z. & Li, D. Elastic stiffening
induces one-dimensional phonons in thin Ta,Se,; nanowires.
Appl. Phys. Lett. 120, 062201 (2022).

40. Ly, T. H. et al. Vertically conductive MoS, spiral pyramid.
Adv. Mater. 28, 7723-7728 (2016).

A1, Szot, K., Speier, W., Bihlmayer, G. & Waser, R. Switching the
electrical resistance of individual dislocations in single-crystalline
SrTiO,. Nat. Mater. 5, 312-320 (2006).

42. Meng, X. et al. Thermal conductivity enhancement in MoS, under
extreme strain. Phys. Rev. Lett. 122, 155901 (2019).

43. Narayan, J. & Narayan, R. Discovery of double helix and impact
on nanoscale to mesoscale crystalline structures. ACS Omega 7,
25853-25859 (2022).

44. Meng, F. et al. Formation of stacking faults and the screw
dislocation-driven growth: a case study of aluminum nitride
nanowires. ACS Nano 7, 11369-11378 (2013).

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited
2025

Nature Materials | Volume 24 | May 2025 | 728-734

734


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-024-02108-3

Methods

Synthesis of twisted and non-twisted GeS NWs

Twisted GeS NWs and microscale crystals were synthesized using a
lin. diameter horizontal tube furnace. The substrates used for the
synthesis were (100) oriented silicon with natural oxidation. Gold
catalyst material, 3 nm thick, was deposited on the substrates and
patterned into bars with widths of tens of micrometres, using photo-
lithography and electron-beam evaporation deposition. Before the
synthesis, the furnace was pumped to a base pressure of 5 mtorr and
flushed withargon gasblended with 4% hydrogen several times. In the
synthesis, GeS powder (Sigma-Aldrich) was placed at the centre of the
tube and heated to evaporate at a fixed pressure flowing with Ar/4%
H,carrier gas, with the growth substrate placed downstream fromthe
GeS source. The growth was performed at a pressure of 2 torr, a flow
rate of 50 standard cubic centimetres per minute, a source tempera-
ture of 425 °C, adeposition temperature of 320 °C and a growth time
of 20 min. The growth yields both twisted and non-twisted GeS NWs
with lengths of tens to hundreds of micrometres and with varying
diameters. The growth also yields twisted GeS crystals with a radial
size of afew micrometres.

TEM characterization

Synthesized NWs were mechanically transferred to lacey-carbon-
supported copper TEM grids for TEM analysis. TEM analysis was
performed using a FEI Tecnai transmission electron microscope,
operatingat 200 keV. We identified both twisted and non-twisted NWs
withinthe TEM grid. EachNW was thenindividually transferred using
atungsten tip manipulated with amicromanipulator to our suspended
pad microdevice for thermal measurements. 4D STEM measurements
of strainintwisted NWs were performed using a Thermo Fisher Spectra
200 TEM/STEM operating at 300 keV at Argonne National Laboratory.
Nanodiffraction patterns were collected at every scan position using
ahigh-speed Cetacamerawith a probe-forming convergence angle of
0.5 mrad and a pixel dwell time 0f 200 ms. The annular dark-field STEM
and the 4D STEM data sets were analysed using an open-source analysis
toolkit named py4DSTEM* and custom-developed Python codes.
The strain was calculated using the average of all measured lattice
parameters as zero-strain reference. The sheared monoclinic struc-
ture of GeS was revealed by TEM analysis of a twisted GeS crystal with
radial size of afew micrometres. In this analysis, a cross-sectional TEM
specimen was prepared using a FEI Strata 235 dual-beam FIB system.
Low-energy argonion milling at 900 eV was further used to minimize
sidewall damage and to thin the specimen for electron transparency.
The sample was then imaged using the aberration-corrected TEAM
0.5 TEM in STEM mode operating at 200 keV at Lawrence Berkeley
National Laboratory.

Thermal conductivity measurements

Thermal conductivities of the GeS NWs were measured using sus-
pended pad microdevices in a vacuum chamber (<107 torr). The two
SiN, pads were patterned with Pt lines on top and suspended with
flexible arms away from a Si substrate, as shown in the optical image
in Fig. 2a. Each NW was transferred onto two suspended pads with a
5 um gap using a sharp probe tip. Electron-beam-induced deposition
was then performed in a FIB (FEI Helios G4) to bond the NW onto the
underlying Pt electrodes and minimize contact thermal resistance.
Electrical current was sent to the Pt microheater to heat the hot pad,
andtheelectricresistance of the thermometers on both pads was meas-
ured via the four-probe method. By doing so, the Joule heating power
(Q)inthe microheater and temperaturerises of the hot (AT;,) and cool
(AT, pads were obtained, yielding G= QAT,/(AT,>— AT.»).The L and d
of the NWs in this study were measured using SEM to ultimately allow
determination of the thermal conductivity, k = GL/1t(d/2)* We consider
the potential errorin the k measurement caused by our assumption that
the cross-sections of the NWs are circular. To address this, we used the

FIBto cutafew NWsinthe middle and imaged their cross-sections with
TEM or SEM. The results revealed a distorted polygonal cross-section
of the NWs. We determine the 6% uncertainty of the measured x due
to the uncertainty of the cross-section.

Calculations (DFT)

First-principles calculations were performed on the basis of DFT using
the projector augmented wave method* implemented in the Vienna Ab
Initio Simulation Package*’*%. Structural optimizations and vibrational
properties calculations were performed using the PBEsol exchange-
correlation functional®”. All geometries were fully optimized until the
forcesonatomswere less than 0.005 eV A (see Supplementary Note 11
for full details). Harmonic (phonon dispersions) and anharmonic (intrin-
sicscattering) interatomic force constants were constructed from DFT
calculations on supercells with displaced atoms asimplemented within
phonopy and phono3py***'. The long-range Coulomb corrections to
phonon frequencies were included using the dielectric constants and
Born effective charges according to the method of Gonze et al.”. All pos-
sibleinteractions within the supercell are considered here. These were
inputs to phono3py calculations for the bulk thermal conductivities:

1 2
=7, Z CajVjaTaj
T,

where Vis the crystal volume, C; is the specific heat for the phonon
mode with wavevector qand polarizationj, v, ;, is the a component of
the velocity and 7, is the lifetime limited by intrinsic three-phonon
scattering and phonon-isotope scattering from natural isotope mass
variations™. To simulate NW lattice thermal conductivity we considered
cross-plane transport (zaxis here corresponding to the c-axis growth
direction) and included model diffuse scattering from the NW
surface and ends via 1/150[‘;”ace =2,/v}, +vz,/d and l/rg;.‘ds =2|vg;l/L,
respectively, where L =5 pm, corresponding to the gap between the
thermal reservoirs of the measurement device. Calculations were done
separately for orthorhombic and monoclinic GeS phases. Note that
phonon-surface and phonon-isotope scattering rates areindependent
oftemperature.

Calculations (core-shell model)

The calculated non-twisted NW « is fully determined from the
orthorhombic DFT model described above. For the twisted wires we
developed a core-shell k model (inset to Fig. 4c) to combine known
features of the shell with unknown features of the core region:

£ e
Kewist = Kcore_z + Kshen {1 — Py
3ry, 3ry,

wherer (0 <r.<30 nm) represents the strained region near the disloca-
tion, ke is determined from the DFT model described above for the
monoclinic structure but with l/ﬁq‘}’f‘“e =2/} + ufw/(d— 2r,) to
account for phonons from the shell region scattering with the core
region, and k.. = BT "hasaweak temperature dependence (0 <n<1).
Thismodel has amaximum k value at the compressed dislocation core
(K.ore) that decreases linearly with distance to merge smoothly with the
monoclinic NW value (k). At lower temperatures, various extrinsic
scattering mechanisms (forexample, point defects, grainboundaries)
canbecomeimportant. Thus, we also included different types of scat-
tering models in the fitting process to elucidate possible resistance
mechanisms observed in the measured data: l/rfs = Aw:j for point
defects®** and /z3" = Awg; for dislocation strain®. Here 4, B, n
and r, are fitting parameters constrained by the measured data.
Our best fit is given by A =2.95x107° THz?rad* (point defect),
B=39.7Wm™K"?, n=0.25andr. =20 nm.See Supplementary Note 10
for detailed discussion regarding the fitting procedure and ranges of
model values.
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Data availability

All relevant data that support the findings are available within this
articleand its Supplementary Information. Optimized models for DFT
calculations are available via Dryad (https://doi.org/10.5061/dryad.
rr4xgxd;j6). Source data are provided with this paper.
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Supplementary Note 1: Chemical analysis of twisted and non-twisted Nanowires (NWs)

We performed energy dispersive X-ray spectroscopy (EDS) to analyze the composition of the nanowires
using a scanning transmission electron microscope (STEM). The quantitative STEM-EDS results are shown
in Supplementary Fig. 1. Both twisted and non-twisted nanowires have a Ge/S ratio very close to 1:1 (the
deviation is within the accuracy of the measurement, about 1 atomic percentage), exhibiting little
dependence on their diameters. Based on the measured stoichiometry, it is reasonable to assume that the

point defect densities are the same for nanowires with different diameters.
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Supplementary Figure 1 a STEM image (left) of a selected GeS nanowire and elemental Ge and S maps (right)
obtained from STEM-EDS analysis. b EDS spectra of the nanowire. The copper signal is from the TEM grid. ¢ and
d Atomic ratio of Ge to S for non-twisted (c) and twisted NWs (d) with varying diameters.

Supplementary Note 2: Characterization of the NWs after e-beam induced Pt deposition

Electron beam induced deposition of platinum (Pt) was subsequently carried out using a focused ion beam (FIB)
system to bond the nanowire (NW) to the suspended pads, thereby minimizing contact thermal resistance. We
investigate whether the electron beam-induced platinum (Pt) could potentially extend onto the suspended
nanowire (NW) across the gap. This extension could result in the formation of an amorphous Pt layer on the
surface of the NW, potentially impacting the measurement of thermal conductivity. We conducted TEM based
chemical analysis to investigate this. We could not perform the TEM analysis on a full GeS thermal measurement
device (SEM image in Supplemental Fig. 2a) due to the size mismatch between our device and the TEM sample

2



holder. Alternatively, we transferred a NW with an approximate diameter of 100 nm onto a SiNx membrane
TEM grid patterned with holes (Supplemental Fig. 2b). The SiNx membrane is 200 nm thick, comparable to the
250 nm thickness of the SiNx micropad. Additionally, the diameters of the holes are 5 micrometers, the same as
the gap of the microdevice. We deposited Pt to bond the nanowire on the SiNx membrane across the hole using
the same deposition conditions. We then performed STEM-EDS mapping (Supplemental Fig. 2c) on the sample
and detected no Pt layer in any part of the suspended region. By doing so, we ruled out the possibility of an
additional Pt layer forming on our device and affecting the thermal conductivity measurements.

NW on SiNx membrane

Suspended NW Ripee

e

Overlay map

Supplementary Figure 2 (a) SEM image of a GeS nanowire bonded to microdevices using electron beam-induced
deposition of Pt for thermal transport measurement. (b) STEM image of a nanowire transferred onto a SiINx membrane
TEM grid with patterned micro-holes. The nanowire on the TEM grid is bonded with Pt under the same deposition
conditions. (c) Elemental maps of Ge, S, and Pt obtained from STEM-EDS analysis. The region mapped by EDS
corresponds to the yellow dashed box in (b).



Supplementary Note 3: Electronic conductivity of NWs

We measured the electrical conductivity of twisted NWs with varying diameters on a suspended
microdevice using a 2-probe method, all of which showed low electrical conductivity with no dependence
on the diameter (< 10 S/m). We also used a 4-probe method to measure the electrical conductivity of a
twisted NW (Supplementary Fig. 3). The NW has a diameter of 130 nm, which was transferred onto a
SiO,/Si substrate for the measurement. Gold electrodes were patterned using laser direct writing lithography
and electron beam evaporation. The I-V curve is approximately linear, and a conductivity of 2.4 x 10 S/m
was extracted from the analysis. This value indicates minimal electronic contributions to the overall thermal
conductivity.

b 400

200

Current (pA)
o

6=2.4%x10* S/m

=200

Voltage (V)

Supplementary Figure 3 a Optical image of a twisted NW on a SiO./Si substrate patterned with four gold metal
probes for electrical conductivity measurements. The inset is a magnified optical image showing the NW. b I-V curve
measured for the NW from which a conductivity of 2.4x10 S/m is extracted.

Supplementary Note 4: Phonon-surface scattering

Ultimately, transport is determined by the sum of all possible phonon modes, for which the vast majority
have both in-plane and cross-plane components to their velocities. A vanishingly small subset has velocities
only in- or cross-plane relative to the entire Brillouin zone. That is, most phonons contributing to transport
have an in-plane component to their velocities and thus have a finite lifetime associated with diffuse
scattering from the nanowire surface (see Methods of main text). Supplementary Fig. 4a shows the
calculated in-plane mfps (lz;, = |v§jz|r§j, where v, is the speed in the a direction for phonon mode
with wavevector ¢ and polarization j and t5; is the lifetime) for bulk orthorhombic GeS at T=300 K (black)
and T=100 K (red) compared with d/2 for the largest and smallest diameter nanowires considered.

Supplementary Fig. 4b shows the corresponding cross-plane mode thermal conductivities to demonstrate



where the largest contributions occur. At T=300K, only a few modes have in-plane mfps approaching or
longer than half that of the nanowire diameters considered here and thus have relatively small cross-plane
x reductions from their bulk values: 6% for the 200 nm NW and 10% for the 55 nm NW. At T=100 K,
however, many modes have significantly larger in-plane mfps due to weaker anharmonic interactions and

correspondingly stronger decreases in cross-plane x: 20% for the 200 nm NW and 40% for the 55 nm NW.
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Supplementary Figure 4 a Calculated low frequency in-plane mfps for bulk orthorhombic GeS at 300 K (black
circles) and 100 K (red circles). The horizontal lines correspond to d/2 for the largest (top) and smallest (bottom)
nanowires considered here. b Corresponding intrinsic mode contributions to the cross-plane .

Supplementary Note 5: Scanning transmission electron microscopy (STEM) of twisted GeS crystals

To investigate the dislocation-induced structural modulation in the twisted NWs, we performed analysis on
a twisted GeS crystal with a radial size of a few micrometers. The growth of the twisted crystal results from
radial growth of a twisted NW attached to the substrate (denoted by the arrow in Supplementary Fig. 5a).
The microscale GeS crystal preserves the twist rate of the NW, thus should have a similar strain field as the
twisted NWs. To prepare the sample for TEM imaging, a cross-sectional STEM specimen (Supplementary
Fig. 5b) was prepared using a FEI Strata 235 dual beam focused ion beam (FIB) system. Low-energy argon
ion milling at 900 eV was further used to minimize sidewall damage and to thin the specimen for electron
transparency. Atomic-resolution STEM images in Fig. 3b and Fig. 3c were taken from a region close to the

substrate where the initial twisted nanowire is adhered (dashed box in Supplementary Fig. 5b).



Pt protection layer

Supplementary Figure 5 a SEM image of a twisted GeS crystal with a diameter of a few micrometers. The yellow
arrow in (a) shows the twisted NW that results in the growth of the twisted crystal. b SEM image of the electron
transparent thin cross-sectional samples produced by FIB milling.

Supplementary Note 6: Monoclinic GeS structure calculations

The GeS monoclinic phase is constructed by following the scanning transmission electron microscopy data.
The structure consists of AB stacked GeS repeated 4 times along the c-axis (4 orthorhombic GeS unit cells,
32 atoms). The first unit cell is identical to orthorhombic GeS and the second, third, and fourth unit cells
are shifted by b/4, b/2, and 3b/4, respectively, along the armchair direction (b-axis) with respect to the first
unit cell. Full relaxation of the atomic positions was performed for this structure. We computed the energy
barrier for the layer sliding, which gives a barrier height of ~0.3 eV/atom (see Supplementary Fig. 6a),
indicating that such a sliding is energetically feasible. This 32-atom monoclinic structure can be represented

-1 0 1/4
with an 8-atom primitive cell using the transformation matrix [ 0 -1 o0 ] identified using the spglib
0 0 1/4

library [1]. This 8-atom monoclinic cell is used in the lattice thermal conductivity calculations.
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Supplementary Figure 6 a Calculated sliding energy for transforming the AB stacked orthorhombic (ortho) GeS
phase to the monoclinic (mono) phase. Symbols are the calculated data points and the curve is a cubic spline fit. b
Schematic showing the applied sliding mechanism.

Supplementary Note 7: Strain induced monoclinic structure and selected area diffraction (SAD) patterns

The low symmetry GeS monoclinic phase is conjectured to stem from shear stress induced by a screw
dislocation and torsion in the nanowire geometry. Using isotropic elasticity theory, the displacement and
strain field within a finite cylindrical nanowire containing an axial screw dislocation can be approximated

with polar coordinates as [2, 3]:

b6
uZ(r, 6) = E

brz
ug(r,0) = — _—

br

1
€p2(1,0) = Sz ﬁ)

Here, u, and ug represent the displacements associated with dislocation and twist, respectively. eg,
denotes the resulting strain in the z-direction acting over the radial plane. R is the radius of the NW and b

is the magnitude of the Burger vector.



Setting b = 1.75 nm [4], the resulting shear strain as a function of distance from the NW center is plotted in
Supplementary Fig. 7. Maximal shear stress occurs in the vicinity of the dislocation, decreasing towards
the nanowire surface. The detailed elastic state of the nanowire is dependent on the size of the sample, but,
in general, greater deformation is expected proximal to the core of the screw dislocation.
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Supplementary Figure 7 Distribution of shear strain in twisted nanowires of different sizes.

Our STEM images of a twisted GeS nanowire reveal regions characterized by a monoclinic phase,
corresponding with each double layer sliding approximately 1/4 lattice vector along the armchair direction
(b-axis). Intriguingly, this correlates with a yz shear strain (&,,,) of about 5%, exceeding elasticity-predicted
values. It seems that the low energy barrier for sliding plays an important role here. Layers can slide with
respect to each other rather easily when a small amount of shear is applied. Since the shear-induced
interlayer sliding can generate additional &,,,, even a small amount of shear deformation can lead to a higher
effective shear strain. To show this, we performed first principles calculations based on DFT to analyze the
atomic structure of the orthorhombic cell with varying shear deformations. Before applying the deformation,
the structure is fully relaxed until the maximum Hellmann-Feynman forces on each atom are below 0.01
eV/A. The sample is then subjected to series of simple shear deformations in increments of 0.005 along the
(001)[010] shear direction. For each strain value, the atomic positions were relaxed within the deformed

cell. 1t is found that interlayer sliding becomes prominent for strain values exceeding 2%.



Selected area diffraction (SAD) patterns for the orthorhombic and monoclinic structures with 2.5% ¢,
were simulated with CrystalMaker software and are shown in Supplementary Fig. 8. The simulated SAD
are consistent with the experimental results shown in Figs. 1 e and f of the main text. In the monoclinic

structure, the glide symmetry is broken and new spots appear.
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Supplementary Figure 8 Simulated electron diffraction patterns of orthorhombic (Pnma) phase (left panel) and
(b) monoclinic phase (right panel) of GeS along the [110] zone axis. Red circles mark extra spots in (b) in contrast
to (a).

Supplementary Note 8: Calculated transport properties of orthorhombic and monoclinic GeS phases

To identify the origin of lower lattice thermal conductivity (k) in large twisted NWs, we present calculated
cross-plane (nanowire axis) room temperature x accumulation with frequency (Supplementary Fig. 9a),
mode cross-plane group velocities (v, ; Supplementary Fig. 9b), and mode lifetimes (z; Supplementary Fig.
8c) for both orthorhombic and monoclinic phases of GeS. Calculations confirm that the cross-plane k of
the monoclinic phase (twisted NWSs) is significantly lower than that of the orthorhombic phase (non-twisted
NWs): room temperature bulk x values of orthorhombic and monoclinic GeS are 1.1 W/m-K and 0.52
W/m-K, respectively. Although the cross-plane group velocities are generally comparable in both phases,
the room temperature phonon lifetimes are significantly lower for the monoclinic phase, as can be expected
from the increased structural complexity. Thus, these smaller lifetimes are the governing factor for low

thermal conductivity of the monoclinic phase.
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Supplementary Figure 9 a-c Comparison of (a) room temperature cross-plane accumulative lattice thermal
conductivity, (b) cross-plane phonon group velocities, and (c) room temperature phonon lifetimes for
orthorhombic (blue) and monoclinic (orange) phases.

Supplementary Note 9: Temperature-dependent thermal conductivity

For the non-twisted GeS wires the behavior is relatively understood: at high T the intrinsic anharmonic
three-phonon interactions are the dominant thermal resistance and all wires behave like bulk with x(T)
following a 1/T dependence. Hence the merging of the curves near T=350 K. Supplementary Fig.10
compares the calculated bulk GeS orthorhombic scattering rates for three-phonon + phonon-isotope
scattering rates at T=350 K and T=100 K (temperature dependent, diameter independent) with nanowire

diffuse phonon-surface scattering given by 1 /r;;”f e =2 / vz, + vz, /d for the d=200 nm and d=55 nm

(temperature independent, diameter dependent). To determine phonon lifetimes and transport, these are

total

combined via Matthiessen’s rule 1/75,™ = Yil /rf7 ; and thus compete for dominance depending on size and

temperature. For orthorhombic bulk GeS calculated x values are 0.93 W/m-K at T=350 K and 3.24 W/m-K
at T=100 K. With decreasing T the intrinsic interactions get frozen out and the T-dependence of k(T)
weakens as the extrinsic surface scattering becomes more important, particularly for the smaller diameter
NWs. Including phonon-surface scattering gives calculated thermal conductivities of: k(350 K)=0.88 W/m-
K and x(100 K)=2.61 W/m-K for the d=200 nm NW and x(350 K)=0.79 W/m-K and (100 K)=1.95 W/m-
K for the d=55 nm NW. At T=350 K only the lowest frequency modes are affected by the surface scattering
for the 55 nm wire, while at T=100 K surface scattering for the 200 nm NW becomes competitive at low
frequency and the scattering for the 55 nm NW becomes dominant. This competition leads to the differing
k(T) dependencies with T in going to low T. This k(T) dependence on diameter is similar to that observed
in other nanowire systems from the literature, e.g., calculations for Si nanowires for T>100 K [5]. However,

most published data on nanowire thermal conductivity behaviors are based on covalently bonded, nearly
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isotropic materials, unlike the anisotropic vdW bonded GeS NWs considered here. Measured k(T) for quasi-
1D vdW Ta,Se; [6] and TazPdsSes [7] nanowires also show similar temperature- and diameter-dependent
behaviors compared with the non-twisted GeS wires here. However, the transport in those materials is along

the covalent bonds in the chains, not along the vdW bonded directions as for the GeS NWs.
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Supplementary Figure 10 Calculated bulk scattering rates for orthorhombic GeS (no size dependence): only intrinsic
three-phonon + phonon-isotope interactions at T=350 K (red circles) and T=100 K (purple circles) compared with

phonon-surface scattering rates given by 1/15}” e =2 /vgjx +vZ,,/d alone (no temperature dependence) for

d=200 nm (black circles) and d=55 nm (green circles). Note that the phonon-surface scattering rates are independent
of temperature, while the bulk scattering rates are independent of nanowire size.

The x(T) curves of the Eshelby twisted GeS NWs and non-twisted NWs with d>80 nm peak at temperatures
lower than measured here. The thermal conductivity peaks are dependent on the interplay of intrinsic and
extrinsic scatterings; however, our calculations demonstrate that the peak x(T) is not very sensitive to GeS
structure, variations in diameter, and reasonable model defect strengths: peak x(T) are ~20-30K for the GeS

NWs here (see Supplementary Fig. 11).
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Supplementary Figure 11: Calculated cross-plane GeS « for bulk (dashed curves) and nanowire geometries (solid
curves) for orthorhombic (red) and monoclinic (black) structures. Measured x data for the non-twisted 200 nm (red
circles) and the twisted 190 nm NWs are shown for comparison.

Generally speaking, the higher the Debye temperature, the higher the overall x of a material and higher in

temperature the x(T) curve peaks. Here, we characterize the Debye temperature using [9]:

kg /4
where N is the number of atoms, V is the volume, and v, is the Debye velocity which we estimate as the
average low frequency transverse and longitudinal acoustic sound speeds along the c-axis. Our calculated
Debye temperatures for the orthorhombic and monoclinic phases are: 336 K and 289 K, respectively. This
is to be compared with calculations for other materials such as diamond (2346 K), Si (764 K), and InAs
(300 K) with peak x(T) values at ~350 K (diamond NWs, d~100 nm, calculated [5]), ~100-125 K (Si NWs,
d~100nm, calculated [5] and measured [10]), and ~50 K (InAs NWs, d~100 nm, calculated and measured

[11]).

Inevitably, the measured curves should turn over with lower T and approach zero (similar to NW
calculations in Supplementary Fig. 10), most likely following a T2 power law for this range of diameters,
tracking the heat capacity as is typical of materials for which boundary scattering is the dominant resistance

[12, 13]. Unfortunately, we are not able to reach temperatures below 50 K given our devices and
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experimental setup. Nonetheless, this behavior is well established, both theoretically [5] and experimentally
[10].

For the twisted nanowires the k(T) behavior is confounding: (1) the x(T) behavior is relatively insensitive
to NW diameter, (2) x increases with decreasing diameter, and (3) x for most of the measured data is above
the intrinsic calculated monoclinic bulk values (see Supplementary Fig. 12), which again reproduce the
behavior of the largest NW at the highest temperatures where intrinsic scattering is dominant. Given (3),
no amount or type of extrinsic scattering in the models can alone explain the x(T) and diameter dependences

as these would only decrease k further.
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Supplementary Figure 12: Measured k(T) for the twisted GeS NWs compared with calculated x(T) for bulk
monoclinic (solid curve) and orthorhombic (dashed curve) GeS.

Supplementary Note 10: Strain maps and calculated properties with strain and compression

The calculated monoclinic room temperature cross-plane x as a function of normal compression is given in
Supplementary Fig. 13a. Under normal compression the k monotonically increases from 0.52 W/m-K
(unstrained) to 0.96 W/m-K (at 6% strain). To investigate the dependence of x with normal compressive
strain, we compare various vibrational properties under different strains (Supplementary Figs. 13b-d).
Dispersions of both longitudinal and transverse acoustic branches are hardened with increasing strain,
indicating enhancements of heat-carrier group velocities. This increase is more significant along the cross-

plane direction (G — Z). To verify this, we plot the cross-plane component of group velocities over the entire
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Brillouin zone (Supplementary Fig. 13c), which demonstrates that the cross-plane velocities are
significantly enhanced under normal strain. Furthermore, strain-dependent phonon lifetimes slightly
decrease with strain (Supplementary Fig. 13d). Therefore, the increase of cross-plane x under normal

compression is dominated by increasing phonon group velocities.
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Supplementary Figure 13 a-d Calculated (a) room temperature cross-plane lattice thermal conductivity of
monoclinic GeS as a function of applied normal compression. Corresponding variations of (b) phonon dispersions, (c)
cross-plane group velocities, and (d) room temperature phonon lifetimes are given for selected strain values.
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Supplementary Figure 14 a,b STEM image (a) and corresponding strain maps of ¢, (upper panel) and &,, (lower
panel) obtained from 4D STEM analysis of a twisted NW with d=70 nm (b). The white box in (a) denotes the area
where the strain analysis is performed. The x-axis is the in-plane direction normal to (110) planes whereas the z-axis
is the cross-plane direction. The electron beam is incident from the [110] zone axis (y-axis).

Supplementary Note 11: Defect-dependent thermal conductivity and core-shell model parameter fitting

If we presume that the GeS structure remains in the orthorhombic phase, then the proposition that the T and
d behaviors are solely governed by variations in extrinsic defects with varying diameter may be possible

for the nanowires with d>70 nm. To test this proposition, we modeled contributions from point defect

scattering (1/15}1 = Awj; [14]) and strain dislocation scattering (1/75;*™ = Awj; [15]) fitting the single
free parameter (4) in each case to the T=100 K data separately for each of the 190 nm, 100 nm, and 82 nm
diameter NWs (see Supplementary Fig. 15). These fits cannot reproduce the full set of data. We note that
strain fields from dislocations have been shown more significant in phonon scattering than from dislocation

cores themselves [15].
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Supplementary Figure 15: Calculated x(T) for monoclinic GeS with intrinsic three-phonon, phonon-isotope, and
nanowire boundary scattering coupled with model scattering separately from point defects (solid curves) and
dislocation strain fields (dashed curves) for the 190 nm (black), 100 nm (gold), and 82 nm (green) diameter NWs
compared with corresponding measurements for the twisted GeS nanowires.

We build thermal conductivity models of the twisted NWs informed by the strain measurements and DFT
calculations of bulk monoclinic GeS as described in the Methods of the main manuscript. Here we provide
more details of the fitting process. The only fitting parameters for the core-shell model are 4, B, 0 < n <
1, and 0 < r, < 30 nm. These four parameters are constrained by the 36 (T, d) data points (6 diameters
at 100 K, 150 K, 200 K, 250 K, 300 K, and 350 K) for which we have both measured nanowire and
calculated bulk data. Our best fit minimizing ¥ = Y gata([Kmeasured — Kmodet|) /K measurea 15 ShOwn in
Supplementary Fig. 16 using A =2.95x10° THzrad* (point defect), B =39.7 WmK"™, n =0.25, and =20
nm.
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Supplementary Figure 16: Calculated x(T) (curves) compared with measured data (symbols) for the full range of
twisted GeS nanowires considered here. Calculations here are from the best fit using the core-shell model described
in the text with A=2.95x10¢ THz%rad* (point defect), B=39.7 WmK"1, n=0.25, and r.=20 nm.

In general, similar fits to the data can be achieved with differing core radii, but requires changing B and n
to give compensating core thermal conductivities. In particular, similar fits are found using the sets:
{B=23.6 WmK™, n=0.29, and r.=30 nm}, {B=39.7 WmK"! n=0.25, and r.=20 nm}, {B=235 Wm1K"™
! 'n=0.33, and r.=10 nm} which give room temperature x values at the core of 4.56 WmK™, 9.54 WmK"
L and 35.78 Wm™K, respectively. The larger the r. the more reasonable the model estimates of the core
thermal conductivity. We note that these variations depend very little on scattering of phonons in the shell
of the material with the internal core. Removing the core term from the shell boundary scattering simply
requires minor adjustments to B for similar fits. We provide examples of other fits for the core-shell model
in Supplementary Fig. 17.
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Supplementary Figure 17: Different core-shell model x(T) parameterizations compared with the measured twisted
GeS NW «.

Supplementary Note 12: Enhancement in x by covalently bonded pathways

The presence of screw dislocations may introduce covalent bonds between atoms across adjacent layers,
potentially creating covalently bonded paths. These bonds are primarily concentrated in the dislocation core
region, which extends only a few nanometers. As a result, the region containing these covalently bonded
paths is relatively small and is likely inadequate to explain the observed rise in thermal conductivity. To
demonstrate this, we conducted calculations using a simple core-shell model. In this model, a cylindrical
core represents the increased k resulting from the presence of covalently bonded paths, while the shell has
a lower k without these paths. The thermal conductivity of the twisted NW is expressed as:

— 2
Ktwist = (Kcoredc) d2 t Kshell
w

Here, k¢ore 1S the k Of the core, d.. is the diameter of the core, d,, is the diameter of the NW. We applied
this model to the measured k... for different d,, values at room temperature (300K). The slope,
represented as ko2, is determined as shown in Supplementary Fig. 18. The linear fitting yields a slope
(Keored? ) of 4624.8 (W-nm?/m-K) and an intercept of sy 0of 0.323 (W m-K).
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Supplementary Figure 18: Fit of kst by the model
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Based on the fitting, we further evaluate k., for cross-sectional size of the covalent pathway (dcore)-
Significant k., i Obtained with core sizes ranging from 1 nm to 10 nm. For example, K.y iS as high as
Kk of copper if d. is 3 nm and d.,. is as high as x of silicon if d. is 7 nm. These values are significantly
larger than x of GeS (3-4 W/m K) in the covalently bonded planes (Supplementary Fig. 19). Therefore,
given the spatial extension of the covalent bonded path and the values of in-plane x of GeS, it is unlikely
that this contribution is sufficient enough to lead to the observed phenomena.
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Supplementary Figure 19: The thermal conductivity of the core region (xore) Was evaluated for
various core sizes in the core-shell model and compared with the thermal conductivities of copper (Cu)
and silicon (Si)

Supplementary Note 13: Extended details of density functional theory calculations

The first-principles calculations were performed based on density functional theory (DFT) using the
projector augmented wave [16] (PAW) method implemented in the Vienna ab-initio simulation package
(VASP) [17, 18]. Structural optimizations and vibrational properties calculations were performed using the
PBEsol exchange—correlation functional [19], a version of the PBE functional [20] revised for solids. Six
(3s22p*) and fourteen (3d*°4s24p?) valence electrons were used in the PAW pseudo-potential for S and Ge,
respectively. All geometries are fully optimized until the forces on atoms are less than 0.005 eVA™'. An
energy cutoff of 520 eV, energy convergence threshold of 1077 eV, and a spacing of 2z x 0.1 A™! for k-mesh
sampling in the irreducible Brillouin zone are employed for structural relaxations. The optimized lattice
parameters a = 3.66 A, b =4.15 A, and ¢ = 10.29 A, are in reasonable agreement with the experimental
values a=3.64 A, b =4.29 A, and ¢ = 10.42 A for the orthorhombic structure [21].

Calculations of lattice thermal conductivities (k) from first principles require harmonic and anharmonic

interatomic force constants (IFCs). To obtain harmonic IFCs, atoms were displaced by 0.03 A in 4x4x2
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supercells using the finite displacement approach as implemented within phonopy [22]. For these displaced
configurations, forces were calculated within DFT using VASP. A I'-centered 3x3x2 k-point mesh, energy
cutoff of 520 eV, and strict energy convergence criteria of 10 eV were used to obtain converged phonon
frequencies. Convergence with respect to supercell size was also verified; phonon dispersions are well
converged for 4x4x2 supercells. Anharmonic IFCs were calculated using 4x3x1 supercells for both
orthorhombic and monoclinic structures with the finite displacement scheme as implemented within
phono3py [22]. All possible interactions within the supercell are considered. Here a I'-centered 3x3x3 k-
point grid was used for Brillouin zone integrations. Other details are the same as for the harmonic IFCs.
For k calculations, the Brillouin zone was sampled on an 18x15x9 k-mesh. In our calculations, three-
phonon scattering and phonon-isotope scattering from natural isotope mass variations [23] are included.
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