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Layered van der Waals (vdW) magnets are prominent playgrounds for developing magnetoelectric, magneto-optic and spintronic
devices. In spintronics, particularly in spincaloritronic applications, low thermal conductivity (k) is highly desired. Here, by combining
thermal transport measurements with density functional theory calculations, we demonstrate low x down to 1 W m~™ K~ in a typical
vdW ferromagnet CraSizTeg. In the paramagnetic state, development of magnetic fluctuations way above T, = 33 K strongly reduces s
via spin-phonon scattering, leading to low k ~ 1 W m™! K~ over a wide temperature range, in comparable to that of amorphous silica.
In the magnetically ordered state, emergence of resonant magnon-phonon scattering limits x below ~ 2 W m~* K1, which would be
three times larger if magnetic scatterings were absent. Application of magnetic fields strongly suppresses the spin-phonon scattering,
giving rise to large enhancements of k. Our calculations well capture these complex behaviours of x by taking the temperature-
and magnetic-field-dependent spin-phonon scattering into account. Realization of low k which is easily tunable by magnetic fields in
Cr2Siz2Teg, may further promote spincaloritronic applications of vdW magnets. Our theoretical approach may also provide a generic
understanding of spin-phonon scattering, which appears to play important roles in various systems.
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1 Introduction

Discoveries of intrinsic two-dimensional (2D) magnetism in van der Waals (vdW) magnets, such as Cry(Si,
Ge)oTeg, Cr(Cl, Br, I); and FesGeTes, open up new avenues for exploring novel magnetic sates and device
applications [1-3]|. In real device applications, various optimized physical aspects are desired, such as
electrical, optical and thermal properties, in addition to novel magnetism. For example, in spincaloritronic
devices utilizing the coupling of spin, charge and entropy flow, low thermal conductivity (k) is highly
favored [4,5]. Despite intensive studies, little attention has been paid to thermal properties of vdW
magnets. Notably, sizable spin Seebeck effect has been experimentally observed in Cry(Si, Ge)sTeg [6].
Giant spin Seebeck effect is also theoretically expected in Crls [7,8]. It is of great importance to realize
low k in these vdW magnets, which could further facilitate device implementations.

In the phonon gas picture, heat conduction in crystalline solids can be treated as propagation and
scattering of phonon wave packets, resembling moving gas particles (particle-like phonons) [9]. Intrinsically
low thermal conductivity is typically found in crystals possessing strong anharmonicity or complex
structures, in which the phonon mean free path (MFP) is significantly reduced, as found in SnSe and
Tl3VSey, cage structured clathrates and skutterudites [9-13]. Notably, when the phonon MFP approaches
the interatomic separation, wavevectors of phonons are no longer well defined. In this case, thermal
transport is accomplished in a diffusive fashion (diffuson-like phonons), leading to glass-like low thermal
conductivity < 1 W m~t K~ [14,[15]. Although typically found in highly disordered systems, glass-like
heat transport can appear in single crystals containing complex structures [16-20] or atomic tunneling
effects [21].

In vdW magnets, the 2D magnetism is naturally associated with strong spin fluctuations, which can
strongly suppress x via spin-phonon scattering. This offers another prominent channel to realize intrinsic
low k without invoking strong anharmonicity, complex structures or disorders. Indeed, significantly
suppressed x driven by spin-phonon scattering has been observed in various magnetic systems, such as
conventional 2D magnets KyV30g, NdoCuO,4 and CrCls [22-24], antiferromagnetic (AFM) ferroelectrics
XMnO3 (X =Y, Ho, Lu, Sc, Ca) [25-27], metallic spin ice Pralr,O7 [28], Kitaev quantum spin liquid
candidates a-RuCl; and NayCoyTeOg [29-33], and nuclear energy fuel UOy [34]. Still, low x down to
~ 1 W m~! K~! induced by spin-phonon scattering is rarely found. Moreover, although spin-phonon
scattering has been discussed in various circumstances, a fundamental understanding of temperature- and
magnetic-field-dependent spin-phonon scattering effects is not well established.

Here, we present spin-phonon scattering-induced low x in single crystals of a typical vdW ferromagnet
(FM) CrySipTeg (CST). Its 2D magnetic nature enables strong magnetic fluctuations surviving up to ~
200 K, giving rise to low k ~ 1 W m™! K~! at all temperatures above T. = 33 K. Large positive thermal
magnetoconductivity is found below about 100 K, allowing easy manipulation of x by external magnetic
fields. Our theoretical calculations can well reproduce these magnetic scattering effects, which may provide
a generic fundamental understanding of spin-phonon scattering. The observed low thermal conductivity
and its easy tunability in CST may further advance device implementations of vdW magnets, particularly
in spincaloritronic applications.

2 Results

2.1 Structural and thermodynamic properties

CST is a van der Waals layered material crystallizing in a rhombohedral structure (R3) [3536], as shown
in Figure [Th. Each layer contains edge-sharing Cr-Te octahedra, and layers are stacked along the c-axis
in an ABC' fashion. The Cr** (S = 3/2) ions form a honeycomb lattice within the ab plane, and order
ferromagnetically along the c-axis below T, = 33 K [37-39]. For comparison, an iso-structural non-magnetic
sister compound BiySisTeg (BST), which has not been experimentally reported before, is also studied here.
Replacement of Cr by Bi with larger atomic sizes leads to moderate lattice expansion along both the a-axis
and the c-axis, as seen in single crystal X-ray diffraction data displayed in Figure[Ip. The measured lattice
parameters of BST agree well with an earlier theoretical study [40].
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Figure 1. Structural and magnetic properties of Cr;Si;Teg (CST) and BiySisTes (BST). a) Crystal structures
of CST and its non-magnetic sister compound BST. Arrows on Cr atoms represent magnetic moments, which order
ferromagnetically along the c-axis below T, = 33 K. b) Single crystal X-ray diffraction data of CST and BST. ¢) Temperature-
dependent magnetization measured in zero-field-cooled (ZFC) with an magnetic field B = 0.1 T applied along the c-axis.
The black arrow marks the FM transition of CST at 7. = 33 K. The inset in (c) shows the inverse susceptibility together
with a Curie-Weiss (CW) fitting (black sold line). d) Isothermal magnetization of CST measured as a function of magnetic
field.

The magnetic properties of typical crystals of CST and BST are presented in Figures [Ie, d. For
BST, a paramagnetic behavior with vanishing magnetic moments is seen in the temperature dependence
of magnetization all the way from room temperature down to 2 K, implying its non-magnetic nature.
For CST, a clear long-range FM transition is found at 7. = 33 K, agreeing well with other studies
[37-39,[41L[42]. A Curie-Weiss (CW) fit can well describe the inverse susceptibility 1/x of CST above
150 K, as presented in the inset of Figure . At lower temperatures, 1/y deviates from the linear Curie-
Weiss expectation, suggesting the appearance of sizable short-range spin fluctuations [36, (38|41} 143|[44].
The short-range magnetic fluctuations even survives up to room temperature as seen by inelastic neutron
scattering experiments [38]. Normally, magnetic fluctuations only appear in the vicinity of T, in typical
magnetic systems. The exceptionally large temperature window spanned by spin fluctuations in CST is
driven by its 2D magnetic nature, which supports a large Ginzburg number . These short-range spin
fluctuations turn out to be detrimental for phonon heat transport due to spin-phonon scattering, as we
will see shortly. The isothermal magnetization is displayed in Figure [Id. Little hysteresis is found and the
coercive field is practically zero. Moderate fields (~ 0.2 T) applied out-of-plane can polarize the magnetic
moments in the FM ordered state. The saturation moment only reaches ~ 2.8 up at 2 K, which is smaller
than the theoretical value of 3.87 ug for Cr3*. This again implies considerable contributions from magnetic
fluctuations.

Figure [2] presents the specific heat C}, of CST and BST. In zero magnetic field, the second order FM
transition in CST is evidenced by a A-shaped peak at T. = 33 K, as shown in Figure 2h. The FM
transition is smeared out gradually in finite magnetic fields, showing a broad bump which shifts to higher
temperatures. The magnetic field response of C,, becomes negligible above ~ 150 K, which also suggests
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Figure 2. Specific heat of CST and BST measured in various magnetic fields applied out-of-plane. a,b) Solid
line in (b) is a theoretical fitting according to the Debye-Einstein scenario. ¢) Comparison of the specific heat of CST (CSST)
to that of BST (CI?ST), and to the phonon background (Cpy) evaluated from DFT calculations. The data of BST is scaled
by a constant w = 0.75, which is the molar mass scaling factor between CST and BST. d) The magnetic specific heat Crag
of CST obtained by subtracting the phonon contributions Cy}, from the total CSST. The inset in (d) presents the magnetic
entropy Smag evaluated by integrating the Clag displayed in the main panel of (d). The horizontal dash line in the inset of
(d) labels the theoretical value of 2RIn(4) (R is the ideal-gas constant) for an S = 3/2 spin configuration with 2 Cr atoms
per unit cell.

that magnetic fluctuations persist up to at least 150 K. On the other hand, C,, measured in 0 and 9 T
are identical in BST, which can be fitted nicely using the phononic Debye-Einstein model (see solid line in
Figure ), as expected for a non-magnetic material. To quantitatively evaluate the magnetic contribution
Chag in CST, we attempted to use BST as the phonon background Cy,,. However, as shown in Figure |Z|c,
this approach does not work well. The scaled specific heat of BST, wC’EST, deviates substantially from
that of CST (C’SST), especially at high temperatures. Here, w = 0.75 is the molecular mass ratio between
CST and BST. This discrepancy likely originates from the large differences in lattice parameters between
CST and BST. A better approximation of Cl, is found from the phonon dispersion obtained by density
functional theory (DFT) calculations (black solid line in Figure 2k). The magnetic contributions are thus
obtained for CST as Cyae = Cp — Cpn, and the results are presented in Figure . It is seen that Ciag
appears well above T, extending up to about 200 K. As shown in the inset of Figure 2ld, by integrating
Chmag out, the obtained magnetic entropy Sp., nearly approaches the theoretical value 2RIn(4) (R is the
ideal-gas constant) above 200 K for various magnetic fields. This implies that the calculated phonon
dispersion and C}, are in close proximity to the phonon contributions of CST, and that short-range spin
correlations survive up to about 200 K.

2.2 Thermal conductivity

In Figure [3|, we present the measured in-plane thermal conductivity of CST and BST. In zero magnetic
field, above ~ 200 K, x of CST increases with cooling, following a typical T~! law (see solid purple lines in
Figures ,c), which implies a normal phonon transport behavior governed by Umklapp scattering [46,47].
The observed low thermal conductivity of ~ 1 W K=! m™! and the 7! temperature dependence near
300 K agree quantitatively with those measured within 300 - 500 K using a laser flash method [48].
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Figure 3. Thermal conductivity of CST and BST. a,c)Temperature dependence of k for CST measured in various
magnetic fields applied along the c-axis and ab plane. The thermal gradient —V7T was sent within the ab plane (see insets).
Solid purple lines simulate the T—! temperature dependence. The & of amorphous silica is also plotted for comparison (black
triangles Ref. [45]). b) Thermal magnetoconductivity recorded at selective temperatures for B || c¢. d) Comparison of  in
CST and BST. The inset in d) shows a photograph of the set-up used in thermal transport measurements.

Intriguingly, upon further cooling, s decreases monotonically with cooling rather than obeying the 71
trend, and low thermal conductivity ~ 1 W K=! m~! is realized all the way down to 7,. Similar behavior
has been reported earlier [36], and also appears in a sister compound CryGeyTeg . The small values
and peculiar temperature dependence of k are similar to those in amorphous silica (see black triangles
in Figure [3h), likely suggesting glass-like thermal transport [16-21}[36,[49]. However, as we will show in
Figure [4] diffuson-like heat conduction only contributes moderately, and spin-phonon scattering becomes
dominant when magnetic fluctuations appear below 200 K. Further cooling below T, k seemingly recovers
to typical phonon thermal transport with the familiar 7! temperature dependence. A characteristic peak
is found around 12 K with k ~ 2 W K=! m~!, which is the maximum value observed within the entire
temperature range studied here.

In finite magnetic fields, x of CST is significantly enhanced, and similar results are found for both
out-of-plane (B || ¢, Figure Bp) and in-plane (B || ab, Figure B) configurations. The x is nearly doubled
in 9 T around 12 K. This positive thermal magnetoconductivity persists in the paramagnetic state up
to ~ 100 K. As shown in Figure , k(B) increases monotonically with increasing magnetic field both
above and below T,, and no saturation is found up to 9 T. Magnetic moments are well saturated in 9
T below T, (see Figure |1}, and a single magnetic domain is expected. The non-saturation x(B) up to
9 T is thus not related to phonon scattering by magnetic domains. Note that CST is highly insulating,
and the electronic contributions k) are negligible (see Supplemental Material ) Thus, the field-induced
enhancement of x has phononic origins. The observed large thermal magnetoconductivity apparently is not
originated from conventional scatterings of phonons, including anharmonicity, impurities, point defects,
and sample boundaries, which are independent of magnetic field. The remaining possibility goes to spin
degrees of freedom that are highly field sensitive, i.e., spin-phonon scattering, as found in various magnetic
systems [22128}[30-32,[p1]. This scenario is further supported by comparing the thermal conductivity of
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CST and BST (see Figure [3d). Clearly, x of non-magnetic BST shows a typical phononic heat transport,
which remains intact in the presence of magnetic fields. Compared to CST, the x of BST is one order
of magnitude larger. We note that similar effects appear in a cubic antiferromagnet UO,, which is the
benchmark fuel for nuclear power generation. Compared to a non-magnetic sister material ThO,, the
thermal conductivity of UO, is reduced by a factor up to about 50 due to spin-phonon scattering effects [34].
However, the low thermal conductivity of UO, puts challenges in reactor design and safety. Understanding
of the spin-phonon scattering processes can also provide crucial insights to such research fields where
magnetic scattering-induced low thermal conductivity is troublesome.

2.3 Spin-phonon scattering

To quantitatively evaluate the effects of magnetic scatterings of phonons on heat transport, we have
performed first-principles calculations. A unified theory of lattice heat transport considering both
contributions from particle-like propagation (kp,) and diffuson-like phonons (kais) was used [52].
Conventional phonon scattering events arising from anharmonicity, isotope, boundaries, and impurities,
are described in the conventional phonon scattering rate 1/7.. More importantly, to account for the
observed temperature- and magnetic-field-dependent k, additional contributions from magnetic scattering,
1/Timag, are also considered below ~ 200 K. More computational details and exact forms of 1/7y,ag can be
found below and in Supplemental Material [50]. The calculated zero-field thermal conductivity is shown
in Figure [dh. To highlight the distinct behaviors and mechanisms of x in different temperature intervals,
we split the temperature window into three regions: FM ordered state (T° < T, region I), short-range
spin fluctuation state (T, < T < 190 K, region II), conventional paramagnetic phase (T > 190 K, region
III). It is seen that the calculated total thermal conductivity (red solid line), kot = Kpn + Kair, Well
describes the experimental data across the entire temperature range. Evidently, diffuson-like phonons
only contribute moderately, and propagating phonons dominate in heat conduction. Thus, the unusual
temperature dependence of x found in region II is unlikely originated from glass-like thermal transport.
Notably, once the magnetic scattering rate is switched off, the calculated total ko (red dash line in
Figuredh) recovers to the familiar phononic transport with much larger values in regions I and I, compared
to Kot calculated invoking finite 1/7,,s. These results highlight the significance of 1/7,, in determining
the magnitudes and temperature dependence of ki, when spin degrees of freedom become important in
regions I and II. In region III, spin fluctuations become subdominant, and s is restored to the typical
Umklapp scattering-dominated phonon transport.

To gain further insights into the importance of spin-phonon scattering in regions I and II, Figures [db,c
display the calculated scattering rates, along with the corresponding cumulative thermal conductivity. In
the FM ordered state (region I), the magnon-phonon scattering can happen in a resonant fashion in which
a phonon having a specific energy of hw,. excites a magnon from a lower band to an upper band with an
energy difference of hwyes [22,23,[30H32,53] (see also Figure [4g). The resonant magnon-phonon scattering
rate can be modeled in a phenomenological picture |23},31},54,55]:

wt exp(—%)

Iwres
(w2 - wr268)2 I+ eXp<_kB_T)

1/Tinag(w) = Mies (1)

where w is the phonon frequency, M, denotes the magnon-phonon coupling constant, and ﬁ stands
for the resonant scattering cross section at the resonant frequency w... The Boltzmann ter}iioerature—
dependent part describes the thermal population of resonant magnon-phonon modes. Note that this
phenomenological model is applicable in magnon bands with well-defined energy-momentum dispersion,
which is indeed the case for CST as seen by neutron scattering experiments [3842]. As shown in Figure b,
the resonant magnon-phonon scattering gives a diverging magnetic scattering rate 1/7,,, at a resonant
frequency wyes around 1 THz (see the bottom panel in Figure 4b). As presented in the upper panel of
Figure [db, the cumulative thermal conductivity is dominated by phonons within the frequency window of

0 ~ 2 THz. In this region, 1/7,, is mostly comparable to or even much stronger than 1/7.. Compared
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Figure 4. Calculated thermal conductivity of CST. a) By considering conventional (1/7.) and magnetic scattering
(1/Tmag) rates, the calculated total thermal conductivity kit = kpn + kaie (red solid line) follows experimental data
(blue circles) nicely in all temperature regions. Black and purple curves are contributions from propagating phonons
(kpn) and diffuson-like (kqi) channels, respectively. Calculated kot (1/7¢) without involving magnetic scattering is plotted
for comparison (red dash line). b) and c¢) Comparison of 1/7. and 1/Tmag, along with cumulative thermal conductivity
evaluated at 20 K, and 100 K, respectively. d) Temperature- and field-dependent differential thermal conductivity
Ak = Kot (1/7e) — Kot (1/7c + 1/Tmag)- €) Schematic illustration of resonant magnon-phonon scattering at a field-dependent
resonant frequency wyes in the FM ordered state. f) The field dependence of 1/Tmae and corresponding cumulative thermal
conductivity calculated at 20 K.

with phonon transport involving 1/7. only, the thermal conductivity is reduced by a factor of ~ 3.5 in the
presence of magnon-phonon scattering.

In region I, the long-range magnetic order is destroyed, leaving short-range spin fluctuations which can
scatter phonons via spin-phonon coupling ,,. In a phenomenological picture, short-range
spin fluctuations can be viewed as spherical scatterers with an average cross section of 7(¢£/2)?, where £ is
the spin correlation length. According to the kinetic theory, the spin-phonon scattering rate can then be

approximated as [25]26]56],
1/Tmag(w) = PoUs (w)ﬂ(§/2)2’ (2>

where pg is the density of scatterers, vs(w) is the frequency-dependent sound velocity. We note that the
simple spherical scattering cross section assumption only works well in the short wave length limit, i.e.,
the phonon wave length (),) is smaller than £. This condition is valid in region II since & > 5 A below
200 K as determined by inelastic neutron scattering experiments |38|, whereas our calculations show that
Ap ~ 2-5 A. Normally, both py and & drops gradually with warming, and eventually become negligible
above a characteristic temperature Ty when short-range spin fluctuations diminish. The exact forms of
po(T), £(T) and 1/Tmag(T") may depend on the details of magnetic interactions and dimensions, which are
material-dependent. Here for CST, by fitting to the experimental x(T) in region II, a simple form for
1/Tmag(T") was found to be:

1/ Tmag(T) = A(To — T')%vs. (3)

Here, A and « are fitting constants, Ty = 190 K is the temperature above which magnetic fluctuations
become negligible, as extracted from the magnetic specific heat data. As seen in Figure [, phonon
scattering rate due to spin fluctuations at 100 K is comparable to conventional scattering rate for phonon
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modes below 3 THz which dominate in k. Consequently, spin-phonon scattering leads to a reduction of ~

50 % in k.
Figure [ld shows the calculated temperature- and field-

Now, we explore the field tuning effects.
dependent differential thermal conductivity (Ax), which is defined as the difference between ko, evaluated

with and without involving magnetic scattering, i.e. Ak = Kiot(1/7c) — Kiot(1/7c + 1/Tmag). Clearly, Ax
weakens continuously with increasing magnetic field, both in regions I and II. Since Ax always peaks around
20 K in all fields, we take the case at 20 K as an example to illustrate the magnetic field response of k.
At 20 K, the system is in the FM ordered state, and the energy gap between the upper and lower magnon
bands can be tuned by external magnetic fields. As a result, the resonant magnon-phonon scattering
frequency wyes and scattering rate 1/7ya, are field-dependent, leading to variable thermal conductivity in
magnetic fields. The energy gap in magnon dispersion increases gradually in finite magnetic fields, and a
linear field dependence of Aw,es(B) is extracted by fitting the resonant scattering model to our experimental
data (see Figure de). The fitted energy value fuv,es ~ 4 meV agrees quantitatively with that detected by
neutron scattering studies [38,/42]. In zero field, the absolute energy location at 8 meV of the lower band
is inferred from Ref. [42]. The linear field dependence of hw,es(B) may be correlated with the topological
nature of the magnon bands [42]. Similar effects have also been seen in few magnets carrying non-trivial
magnetic excitations [31,54]. The resonant frequency w,es locates around 1 THz and shifts to larger values
with increasing magnetic field (see the lower panel in Figure [4f). Importantly, as shown in the upper
panel of Figure [, majority of heat is carried by phonons below 1 THz. Thus, as ws moves above 1
THz, the destructive effects of magnon-phonon scattering on thermal transport is weakened. This leads to
enhanced Ky (B) approaching gradually towards conventional phonon thermal conductivity ko (1/7:) in
higher magnetic fields. In region II, spins are partially polarized in magnetic fields, and short-range spin
fluctuations are suppressed accordingly, as evidenced by substantial shifts of ¢ factor found by ferromagnetic
resonance experiments [41]. This naturally leads to reduced spin-phonon scattering strength, which again

enhances Ky (B) in the presence of magnetic fields by partially recovering o (1/7¢).

4— 100 P 6
ot a AN b - ¢
. | :‘ . . ‘.. 7T
o Thiswork | & 7 : T gl ne, e
N4 ° X : s crol X 2 %0, Vi,
iy i i > % r iy . % %
c 2 _?\ \ Cr,Si,Teg c 50} '_: :r-,.. A 3 c R .,
2 s N z $50T o4 2 | s O i,
% .OT. [ “..l..."' Y :" 19 2-' “h’.
S | S 25+ }'T “teega, =o T Sogossses
; TTC I.: TN o: ’ ‘Ts
0 : 0 : 0 : :
0 50 100 150 0 25 50 75 100 0 25 50 75 100
T (K T (K T (K
15 (K) 15 (K) 75 (K)
ST d & 16T e o7 f
£, N, L o,
Y 10F &0 e % 10t \/ "o, L 50, e
o o e % CrGe,Teg o o TP R . FeCl,
E | oT* ", E joTs E .
% 5_0. .' 0... S 5_ . 525_ o °
X :. e 000 %% %% ¥ J G"RUCI3 N : 0T . }TN
» °pe
° ¥ . .0.......0...... [
: TC TTN f %0000 ® ®
0 : : 0 - : - ; 0 :
0 50 100 150 0 20 40 60 80 100 0 25 50
T (K) T (K)

T (K)

Figure 5. Comparison of thermal conductivity for typical vdW magnets. Data shown for CrCls [24], VI3 [57],
CroGesTeg [49], a-RuCls [31] and FeCly [58] are from literature. The symbols T., T and Ty denote ferromagnetic,

antiferromagnetic and structural transition temperatures, respectively.
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Figure 6. Intrinsically low phonon thermal conductivity of CST. a) Phonon mean free paths obtained by DFT
calculations. The black dash line marks the Ioffe-Regel limit. b) Frequency-dependent phonon lifetimes. The black solid line
represents the minimum lifetimes. ¢) and d) Phonon group velocities and projected density of states (DOS). All data shown
here were calculated at 100 K.

In Figure [f] we compare the thermal conductivity of various typical vdW magnets. Note that these
materials are insulating, and the thermal conductivity is dominated by phonon heat transport. Clearly, & is
enhanced in the presence of magnetic fields for all these vdW magnets. It is very likely that the same physics
is at play, i.e., the spin-phonon scattering is suppressed by external magnetic fields, leading to field-induced
enhancement of k. These results imply that spin-phonon scattering is an effective channel in reducing
phonon thermal conductivity, particularly in low-dimensional magnetic materials in which strong magnetic
fluctuations naturally arise due to anisotropic magnetic interactions. Compared to other vdW magnets,
the strength of spin-phonon scattering in CST may not be the strongest. However, the effects of spin-
phonon scattering in CST survive at much higher temperatures up to about 200 K, leading to low thermal
conductivity appearing within a wide temperature window. Similar effects are also seen in an isostructural
sister compound CryGesTeg [49] (Figure ). In CST, The magnetic g factor is highly anisotropic and
strongly temperature dependent [41|. Compared with other vdW magnets, the temperature-dependent
variations of the g factor in CST are much larger and span over an exceptionally large temperature
range . This may hold the key for the appearance of both static and dynamic spin fluctuations in CST
even at room temperature |38].

In addition to spin-phonon scattering, the intrinsically low phonon thermal conductivity is another
important factor guaranteeing the low thermal conductivity in CST over a wide temperature range. At high
temperatures above 200 K, the spin-phonon scattering is negligible, and the measured thermal conductivity
also stays around 1 W m~! K= (see Figure [3). As seen in Figure @a, even at 100 K, the calculated
phonon mean free paths (MFPs) ¢ without invoking magnetic scatterings are locating well below 100 nm.
Considerable portions of phonon modes even show extremely low MFPs reaching the interatomic spacings
(the Ioffe-Regel limit). As shown in Figure [6b, the phonon lifetimes (7.) of all modes in CST are well
above the minimum lifetimes defined by 7/w for highly disordered materials [59]. However, the group
velocities are rather low, showing an average value of about 1 km/s (see Figure [6¢). This indicates that
the low phonon velocities are responsible for the short phonon MFPs and thus low thermal conductivity.
From the projected phonon density of states (DOS) (Figure @d), it is seen that low-frequency heat-carrying
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phonons below 4 THz are mainly contributed by Te atoms. In CST, Te atoms are very weakly bonded,
having a mean Te-Te spacing of 3.93 A [60], leading to low phonon velocities and flat phonon branches
across the Brillouin zone (see Supplemental Material |[50]). In the isostructural CroGesTeg, the average
Te-Te distance is 3.77 A [61], and Te atoms are linked stronger than those in CST. This likely accounts for
the higher thermal conductivity of CroGesTeg than that of CST. Therefore, the intrinsically low phonon
thermal conductivity, together with spin-phonon scattering, make CST a unique system for studying low
thermal conductivity in vdW magnets.

3 Conclusion

In conclusion, spin-phonon scattering-induced low thermal conductivity down to ~1 W m~! K~! is achieved
within a wide temperature range in CrySisTes. The strength of spin-phonon scattering is tunable in
the presence of an external magnetic field, giving rise to large thermal magnetoconductivity. Both the
temperature dependence and magnetic field response of thermal conductivity are understood nicely by
considering the temperature- and magnetic-field-dependent spin-phonon scattering effects. The superior
low thermal conductivity and its easy tunability could further facilitate device applications of vdW magnets.
Our theoretical understanding may also provide a general route for other systems in which spin-phonon
scattering plays important roles.

4 Methods

4.1 Sample growth

Single crystalline CrySis Teg samples were grown by the self-flux method with a molar ratio of Cr:Si:Te=1:2:6
[36]. The mixture of pure chromium pieces (99.95%, Kurt J. Lesker), silicon pieces (99.999%, Kurt J.
Lesker), and tellurium ingot (99.99%, Alfa Aesar) were mounted in an alumina crucible, and further sealed
inside a quartz tube under high vacuum (< 10™* Pa). Then the starting materials were heated up to 1100
°C in a shaft furnace and slowly cooled down to 700 °C. Excessive molten flux was centrifuged quickly
before solidification.

BiySisTeg single crystals were grown by the self-flux method. Starting materials of Bi, Si, and Te were
mixed in an Ar-filled glove box in a molar ratio of Bi:Si:Te = 1:1:13. The mixture was then loaded in an
alumina crucible, which was then sealed in an evacuated quartz tube. The tube was heated up to 850 °C
in 10 hours and was kept there for 15 hours. Finally, the tube was slowly cooled down to 500 °C with a
cooling rate of 2 °C/hour, followed by centrifuging to separate crystals from Te flux. Shiny and sizable
crystals with hexagonal natural edges were eventually obtained.

Crystals with typical dimensions of 3 x 1 x 0.2 mm?® were chosen in the thermal transport, specific
heat and electrical experiments.

4.2 X-ray diffraction
Single-crystal X-ray diffraction patterns were collected using a PANalytical XPert system working with
Cu K, /K,e radiation (A = 1.540598 A and Ay = 1.544426 A)

4.3 Magnetization and specific heat measurements

Magnetization and specific heat experiments were performed in a Physical Property Measurement System
(Quantum Design, Dynacool 9 T). Magnetization was measured using the Vibrating Sample Magnetometer
(VSM) option. Specific heat measurements were carried out using the standard relaxation method.
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4.4 Thermal transport measurements

4.4 Thermal transport measurements

The thermal conductivity was measured using the steady-state technique on a homemade setup equipped
with one heater and two thermometers. An optical image of the device is presented in Figure B{. The
samples were glued to a copper heat sink using silver paint. Two thermometers were use to record the
temperatures at the hot (77) and cold (73) ends. Samples and thermometers were thermally connected
via silver wires (100 pm in diameters) and silver paint. The thermometers have been carefully calibrated
in the presence of magnetic fields. Low thermal conductivity PtW wires (30 pm in diameters) were used
for electrical access to heater and thermometers. Temperatures and magnetic fields were controlled by a
Physical Property Measurement System (Quantum Design, Dynacool 9 T). Similar thermal conductivity
results were obtained using the Thermal Transport Option provided by the Physical Property Measurement
System.

4.5 Theoretical calculations

The lattice thermal conductivity was calculated by using the state-of-the-art unified theory developed by
M. Simoncelli et al. |52|. Particle-like contributions from normal propagating phonons were obtained by
using the exact solution to the Boltzmann transport equation (BTE) [47,/62-64]. Scattering contributions
from three-phonon, isotope, impurity, boundary, magnon-phonon (below T.), and spin fluctuations (above
T.) were considered in the calculations. Contributions from diffuson channels were computed by explicitly
evaluating the off-diagonal terms of the heat-flux operator [52|. Implementation of thermal conductivity
calculations requires the harmonic and anharmonic interatomic force constants, which were calculated from
density-functional theory within the generalized gradient approximation, using the first-principle-based
VASP package [65]. See Supplemental Material for more details about theoretical methods, computational
details, and determination of the adjustable parameters [50].
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Supporting Information is available from the Wiley Online Library or from the author.
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