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We report a systematic high-pressure study of magnetic topological semimetal Co3zSn2Ss through
measurements of synchrotron x-ray diffraction (XRD), magnetization, electrical and Hall transports
combined with first-principle theoretical calculations. No evident trace of structural phase transition
is detected through synchrotron x-ray diffraction over the measured pressure range of 0.2-50.9 GPa.
We find that the ferromagnetism and the anomalous Hall resistivity are monotonically suppressed
as increasing pressure and almost vanish around 22 GPa. The anomalous Hall conductivity varies
non-monotonically against pressure at low temperatures, involving competition between original
and emergent Weyl nodes. Combined with first-principle calculations, we reveal that the intrinsic
mechanism due to the Berry curvature dominates the anomalous Hall effect under high pressure.

I. INTRODUCTION

Topological semimetals possess a nontrivial band
topology in momentum space, leading to many novel
properties such as chiral magnetic effect, ultrahigh
mobility, negative longitudinal magnetoresistance and
three-dimensional quantum Hall effect. 2 Recently, non-
magnetic topological semimetals have been predicted
in a large amount of crystals through first-principle
calculations®® some of which have been confirmed ex-
perimentally. However, realistic intrinsic magnetic topo-
logical semimetals are extremely rare. The entanglement
between magnetism and nontrivial topology could further
enrich the physical properties of quantum states, result-
ing in exotic transport phenomena such as large anoma-
lous Hall effect (AHE)” ™ The AHE, usually driven by
the spontaneous magnetization rather than an external
magnetic field, not only deepens the understanding of
topology and geometry of Bloch electrons in crystals
without time reversal symmetry 243 but also inspires po-
tential applications of quantum materials in next gener-
ation electronics 1412

Very recently, a series of experiments suggest that
Shandite-type compound Co3SnyS, can be a magnetic
Weyl semimetal and shows a giant anomalous Hall con-

ductivity (AHC)2T CozSnySy consists of CoszSn lay-
ers sandwiched by sulfur atoms. It is known as a
half-metallic ferromagnet, whose magnetism originates
from the magnetic cobalt atoms on a kagome lattice
in the a-b plane with the spontaneous polarization
along the c axist®2U The interplay between this out-
of-plane magnetization and the nontrivial topology of
the Bloch bands accounts for the novel electromagnetic
1resp0nses.16’17=21’26

Pressure has proven to be an effective and clean means
to tune the lattice and electron degrees of freedom in
topological materials. There have been several reports
on pressure tuning of anomalous transports like in dilute
magnetic semiconductor (In, Mn)Sb*" %) and MnSi/2"
For magnetic topological semimetals, such as CozSnsSs,
the studies on how high pressure modifies the anomalous
Hall transports are still lack. In addition, unlike the con-
ventional element substitution method for investigating
mechanisms of the AHE, high pressure does not inject
extra impurities into the material and could well reveal
its intrinsic properties and mechanisms of the AHE.

In this work, we systematically investigate the pressure
effect on the AHE in magnetic Weyl semimetal Co3SnsSo
through multiple experimental measurements and first
principle calculations. The structure of CozSnySs is sta-



ble up to 50.9 GPa. The ferromagnetism and the anoma-
lous Hall resistivity are greatly suppressed as pressure in-
creases and vanish simultaneously around 22 GPa. The
AHC shows a non-monotonic change with pressure in the
low temperature region, which can be captured by the-
oretical calculations in terms of competing evolutions of
original and emergent Weyl nodes.

II. MATERIALS AND METHODS

The preliminary synthesized polycrystalline CogSnaSs
was prepared by standard solid state reaction method
from high purity elements (Alfa Aesar). Single crystals
of CozSnySy, were grown by flux-growth technique with
Sn as the flux. The crude materials with a molar ratio of
Co3Sn5S5:5Sn of 1:8.5 were sealed in an evacuated quartz
tube. The mixture was then heated to 850 °C followed
by a slow cooling down to 700 °C. Excessive flux Sn on
the crystal surface was removed by high-temperature cen-
trifuging. Finally, plate-like single crystals with perfect
hexagonal geometry can be obtained. The structure of
CosSnsyS, was characterized by single crystal and pow-
dered x-ray diffraction at room temperature. The trans-
port properties were measured by using an in-lab multi-
functional physical properties measurement system. The
basic magnetism of single crystal CozSnaSy was checked
by using SQUID-VSM-7T (Quantum Design, MPMS3).
The characterization results (see Appendix A) are in
good accordance with previous reports 1617

In situ high pressure synchrotron x-ray diffraction
(XRD) experiments were carried out at room temper-
ature at the beam line BL15U1 of the Shanghai Syn-
chrotron Radiation Facility (SSRF) (A=0.6199 A). The
DIOPTAS program was used for image integrations.
Standard Rietveld refinement procedure was used to fit
the XRD patterns by using the RIETICA program with
the Le Bail method. Daphne 7373 was used as the pres-
sure transmitting medium. Ruby fluorescence method
was used to determine the pressure at room temperature.

The DC magnetization (M) measurement at high
pressures was carried out by using a Be-Cu alloy dia-
mond anvil cell designed by the Honest Machinery De-
signer (HMD) Corporation, Japan on the SQUID-VSM-
7T (Quantum Design, MPMS3). The diamond culet is
800 pm. A Be-Cu alloy gasket was pre-indented to a
thickness of ~90 pm and a central hole of ~550 ym was
then drilled by laser ablation as sample chamber. A piece
of single crystal Co3SnsSs with a dimension of about 480
x 480 x 80 pm was loaded into the sample chamber with-
out pressure medium. A ruby ball of ~5 um locating on
the surface of the sample was used as a pressure manome-
ter. Ruby fluorescence method was used to determine the
pressure at room temperature. As the sample size is very
small (~80 x 480 x 80 pm) and the DAC background
signal is relatively strong, we first cooled the sample un-
der a magnetic field of 3000 Oe and then measured the
magnetization at 100 Oe in the heating process.

In transport measurements, high pressure was gener-
ated by a Be-Cu alloy diamond anvil cell made by the
Honest Machinery Designer (HMD) Corporation, Japan.
The diameter of the diamond culet is 300 ym. A freshly
cleaved single-crystal piece of ~120 x 70 x 10 pm (its ex-
act lattice orientation is undetermined) was loaded with
NaCl powder as the pressure transmitting medium. Ruby
fluorescence method was used to determine the pressure
at room temperature. A five-probe (four-probe) method
was employed to perform the temperature dependent
Hall resistivity (pg) [longitudinal resistivity (pu.)] mea-
surement in an in-lab multifunctional physical properties
measurement system (1.8-300 K; £9 T). The Hall resis-
tivity pg was calculated via pg=t - V,;/I,, with ¢ the
thickness of the sample (10 pm), V,, the transverse Hall
voltage and I, the longitudinal current applied within
the xy axis (in-plane). To strip the possible contribu-
tion from the longitudinal magnetoresistance due to non-
perfect balance of the voltage drop V,, at zero z-axis
(out-of-plane) field (B,), pg is anti-symmetrized through
lor = (pu(B:) — pu(—B-.))/2].

First principles calculations are performed by using Vi-
enna ab initio simulation package (VASP)*! based on the
density function theory with Perdew-Burke-Ernzerhof
(PBE) parameterization of generalized gradient approxi-
mation (GGA)#233 The energy cutoff of the plane wave
basis is set as 300 eV, and the Brillouin zone of Co3SnsSs
is sampled by 8 x 8 x 8 k-mesh. The ionic positions are
fully optimized until the force on each atom was less than
0.01 eV/A while the lattice parameters are fixed as the
experimental value. The intrinsic anomalous Hall con-
ductivity is calculated based on the wannier90 code?#3>
with s, p, d orbitals of Co atoms and s, p orbitals of S and
Sn atoms. The k-mesh for intrinsic hall conductivity cal-
culation is 100 x 100 x 100 with an adaptive refinement
mesh of size of 5 x 5 x 5.

III. X-RAY DIFFRACTION UNDER PRESSURE

Our high-pressure XRD data shows that the structure
of Co3SnySs is stable with pressures up to 50.9 GPa. In
Fig.[I(a), XRD peaks at all pressures can be well indexed
by the Shandite-type structure with space-group R3m
(No. 166) and no secondary phase is detected. In to-
tal, six parameters have been refined: scale factor, three
peak width parameters (U, V, W) and lattice parameters
(a and c¢), respectively. Two representative refinement
profiles are shown in Figs. [[{b) and (c). The structural
parameters a, ¢ and c¢/a extracted from the standard Ri-
etveld refinement vary smoothly with pressure and show
no anomaly [Figs. [[[d)-(f)]. Figure [Ifg) shows the unit
cell volume as a function of pressure, which is fitted by
the third-order Birch-Murnaghan formula?® The fitting
yields the volume at zero plressure Vo=327.7 (£0.6) A3,
the bulk modulus By=136.0 (+4.7) GPa and its first-
order derivative By=3.6 (£0.2).
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FIG. 1. (a) Synchrotron XRD patterns of CogSn2S2 at various
pressures up to 50.9 GPa (A=0.6199 A). (b,c) Fits of the
XRD patterns at 0.2 and 50.9 GPa. (d,e) Evolutions of lattice
parameters versus pressure. (f) Ratio of lattice parameters
c/a as a function of pressure. The red line is a linear fit to
the data. (g) The unit-cell volume versus pressure. The data
(black circle) is fitted by the third-order Birch-Murnaghan
formula (red line).
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FIG. 2. (a) Temperature dependence of magnetization M
under different pressures to 7.2 GPa with an applied mag-
netic field of 100 Oe. (b) Temperature dependence of electric
resistivity pz. at selected pressures up to 44.9 GPa.

IV. MAGNETISM AND ELECTRICAL
TRANSPORTS

The temperature and pressure dependences of the
magnetization are shown in Fig. a). At 0.1 GPa, the
magnetization increases rapidly with decreasing temper-
ature below the Curie temperature T ~ 174 K, simi-
lar to previous results at ambient pressure %0 Here the
Curie temperature T is obtained from the first-order
derivative of the M — T curve. With increasing pres-
sure, both T and the magnitude of magnetization de-
crease monotonically. Figure b) shows the tempera-
ture dependence of the resistivity p, of CozSnySs at
zero field and selected pressures. At 0.2 GPa, the re-
sistivity exhibits a metallic behavior in the whole tem-
perature range. A sluggish kink appears at ~167 K, as
indicated by the arrow, which is obtained from the first
derivative of the p,, — T curve. This feature is related to
the paramagnetic-ferromagnetic transition in Fig. (a).
Upon further compression, the metallic behavior main-
tains to the highest pressure of 44.9 GPa. Meanwhile,
the sluggish kink shifts to lower temperatures gradually
and becomes almost indistinguishable above 11.6 GPa,
in accordance with the gradual suppression of the ferro-
magnetism as increasing pressure [Fig.[2f(a)]. In addition,
compression reduces the whole p,, greatly and no super-
conductivity is observed down to 1.8 K and up to 44.9
GPa.

Figures a)(g) display hysteresis loops in the Hall
measurement under different pressures, which are char-
acteristic of the AHE in CozSnsS,. Firstly, starting at 0.2
GPa, the saturation value of the Hall resistivity pgr first
increases upon warming and then decreases; meanwhile,
hysteresis loops can be clearly observed up to around T¢.
Similar trends are also observed with further increasing
pressure to 17.6 GPa, except that the highest satura-
tion value decreases progressively. Secondly, at 20.0 GPa,
no evident hysteresis loop is observed through the whole
temperature range [Fig. g)], indicating significant sup-
pression of the AHE. Thirdly, the ordinary Hall coeffi-
cient at high temperature changes from a positive sign to
a negative one when going from 4.9 to 7.1 GPa [Figs. [3|c)-
d) or Appendix B], which implies a pressure-induced
crossover of the charge carrier type from low-pressure
hole dominated to high-pressure electron dominated. Fi-
nally, the coercive field H¢ for all pressures decreases al-
most linearly with increasing temperature except in the
vicinity of T¢ [Figs. Bf(h)]. Compared with the reported
value at ambient pressure (~0.35 T at 5 K)*% the H¢ at
5 K here is enhanced by two-four times. This enhanced
H¢ as well as the reduced saturation value of py may
be due to disorder or stress gradient within the sample
space as solid NaCl pressure transmitting medium was
used in the experiments.

In Fig. a), we plot the temperature variation of the
anomalous Hall resistivity pfy of Co3SnsS, at various
pressures to 17.6 GPa. Upon cooling, the anomalous Hall
resistivity at 0.2 GPa increases remarkably around T¢,
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ature dependence of the coercive field Hc at different pressures.

and shows a peak value of ~ 8 pf) cm at Tj,q, ~ 120
K. As mentioned above, this peak value is smaller than
those reported at ambient pressure X7 Below T),qs,
the Hall resistivity decreases monotonically with decreas-
ing temperature. The whole temperature evolution of
the anomalous Hall resistivity is in agreement with that
at ambient pressure 18 With further increasing pressure,
both the peak value of fpfy and T},q. decrease gradu-
ally, corresponding to the suppression of the ferromag-
netism [Fig. a)}. At 17.6 GPa, the peak value of —pfy

reduces to ~ 0.1 uf2 cm and the pﬁy — T curve shows a
very broadening shape ranging from 5 to 75 K [inset of

Fig. [[a)].
A _

The temperature dependence of the AHC o2, (0, =

—piy/[(p2)* + (pzz)?)]) is presented in Fig. El(b) With
decreasing temperature, afy at 0.2 GPa first increases
below T and then decreases gradually after reaching a
maximum of ~ 250 Q! cm™'. However, the pressure
evolution of Ufy at low temperatures is non-monotonic;
it first increases from 0.2 to 4.9 GPa and then starts
to decrease abruptly upon further compression. Mean-
while, a pressure-induced crossover of the charge carrier
type occurs simultaneously [Figs. [3|c){3{(d) or Appendix
BJ. In addition, we plot the Ufy as a function of the longi-
tudinal conductivity o, in Fig. Ekc) One can find that
Oze Tanges from 104 to 106 Q~! cm ™! with pressures to
17.6 GPa; roughly, afy varies slightly with o,, at low
temperatures, suggesting that the present system is in
the intermediate regime 1 Interestingly, the anomalous

Hall resistivity —p;;‘y below T}, and at different pres-

sures can be scaled with the longitudinal resistivity p..
as a power law of —pZ\ o p2, [Fig. @(d)]

Based on the pressure evolutions of T and Tp,44,
we construct a temperature-pressure phase diagram for
Co3Sny S,y as displayed in Fig. e). When the tempera-
ture is above T (below Tyuax), the system is of param-
agnetic (ferromagnetic) phase; in the intermediate tem-
perature region, a mixture of ferromagnetic and antifer-
romagnetic phases may appear as proposed by Guguchia
et al.22 On the other hand, it is clear that both T and
Tnae decrease linearly upon compression. By linearly ex-
trapolating the trends of T vs. P and T4, vs. P to
higher pressures, one finds that the two curves eventually
intersect at a common pressure Po ~ 22 GPa. Around
the critical pressure Pz, both the ferromagnetism and
the AHE are suppressed simultaneously.

V. THEORETICAL CALCULATIONS AND
DISCUSSION

In order to understand the AHE under pressure, we in-
vestigated the pressure effect on the band structure, the
AHC and the Weyl nodes through first-principle calcula-
tions. According to Figs. [5fa){5(b), we find that com-
pression not only enlarges some local band gap (such
as L point) but also shifts the Fermi energy away from
the resonant enhancement regions (gapped nodal rings)
of the AHC. Meanwhile, our calculations also show that
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vanish completely.

the electron pockets around the G point grow up gradu-
ally with pressure (see Fig. |8 in Appendix C), in excel-
lent line with our experimental observation of a pressure-
induced change of the charge carrier type. In addition,
our calculations further reveal that high pressure can ef-
fectively tune the Berry curvature of Bloch bands (the
evolution of Berry curvature under pressures is given in
Fig. [0 in Appendix C and thereby modify the AHC ac-
cordingly. It is clear that the intrinsic AHC strongly
depends on the doping electron number per unit cell
N, and on the pressure, as shown in Fig. c). When
the N, lies at around 1.03 (EF ~ 0.2 eV), the intrin-
sic AHC changes non-monotonically with pressure [inset
of Fig. c)], qualitatively consistent and quantitatively
comparable (~ 200 Q! cm™!) with the pressure evolu-
tion of the AHC observed experimentally [Fig. [dc)].

A long distance Ay between Weyl nodes with opposite
chirality in momentum space usually leads to a large in-
trinsic AHC o7} | as is described by O’;?y x Ag-e?/hBT
We thus further track the evolution of the Weyl nodes
(~ 0.2 V). At ambient pressure, the AHC is domi-
nated by the Weyl nodes, marked by red dots Aged in
Fig. (d) Upon initial compression, A% becomes a lit-
tle longer. However, at around 8.46 GPa another two
bands touch with each other, leading to a new pair of
Weyl nodes with an opposite vector as labeled by blue
dots [Figs. [fe){5[f)]. With further increasing pressure,
the new pair of Weyl nodes moves towards to the origi-

nal one, making the effective Weyl nodes distance Aflf f

shortening (A5 =Ared-Abu) and eventually the two

pairs annihilate with each other (Azf 7=0). This could
account for the observed non-monotonic change of the
AHC [Fig. B|(c)]. The consistency between calculations
and experiments suggests that the intrinsic mechanism
due to the Berry curvature dominates the AHE at high
pressures.

VI. CONCLUSIONS

In summary, we have studied the high pressure
effect on the AHE in Co3SnsSs. While the structure
of Co3SnyS, is stable with pressures up to 50.9 GPa,
both the anomalous Hall resistivity and ferromagnetism
of CozSnsSs are gradually suppressed and finally dis-
appears above 22 GPa. The AHC first increases to
4.9 GPa and then begins to decreases abruptly above
7.1 GPa. Meanwhile, a pressure-induced crossover of
the charge carrier type from the low-pressure hole-
dominated to high-pressure electron-dominated occurs.
Our first-principle calculations qualitatively support
these experimental observations, suggesting that the
intrinsic mechanism should still dominate the AHE of
Co3Sny Sy under high pressure.
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Appendix A: BASIC CHARACTERIZATION AT

AMBIENT/ZERO PRESSURE
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FIG. 6. (a) Powdered and (b) single crystal XRD at room
temperature. Le Bail method was used to fit the powdered
XRD pattern with the RIETICA program. The refinement
results are a=5.370703 A, ¢=13.183318 A, V=329.32 A3,
R,p=0.0620, R,=0.0548 and x*> = 16.47. (c) Temperature
dependence of magnetization for single crystal CozSn2S2 un-
der field-cooled (FC) and zero-field-cooled (ZFC) sequences
at c-axis magnetic field of 100 Oe. (d) Magnetic field depen-
dence of magnetization M at 50 K with the field parallel to
¢ axis. (e) Longitudinal resistivity pz, versus T. The arrow
indicates a kink at the Curie temperature T¢ corresponding
to a paramagnetic-to-ferromagnetic transition. (f) Hall resis-
tivity pg versus poH measured at 35 K with the field parallel
to c axis.

Appendix B: HIGH TEMPERATURE AND HIHG
PRESSURE HALL COEFFICIENTS

The initial positive slope of the ordinary Hall signal
decreases with pressure and changes into negative at 7.1
GPa with a small absolute value. Though the highest
temperature for p > 7.1 GPa is not so consistent due to
limited machine time, one can still see that the slope of
the ordinary Hall signals keeps always negative through-
out the temperature widow we measured (Fig. [3]). Thus,
high pressure could induce a crossover of charge car-
rier type from the low-pressure hole dominated to high-
pressure electron dominated.

——0.2GPa 170K
— 1.6GPa 170K
——2.8GPa 170K
—— 4.9GPa 170K
: 7.1GPa 170K
M M | —— 9.4GPa 130k
T 4 | —— 11.6GPa 110K
— 15.7GPa 85K
— 17.6GPa 85K

L 1
mumwml.‘mwwm‘ ‘

iy w,‘“,,wm

FIG. 7. Magnetic field dependence of the ordinary Hall resis-
tivity near or above T¢.

Appendix C: CALCULATED DETAILED BAND
STRUCTURES AND DISTRIBUTIONS OF THE
BERRY CURVATURE AT HIGH PRESSURES
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FIG. 8. Band structures of Co3Sn2S2 along the W-U-L-G-T path at various pressures obtained from first-principle calculations.
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FIG. 9. Distributions of the Berry curvature Q.y(k) at the ky-ky plane (k.=0) in the Brillouin zone for Co3Sn2Ss at various
pressures.
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