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Quantum oscillations and anomalous angle-dependent magnetoresistance
in the topological candidate Ag;Sn
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Because of their unique electronic structure and peculiar physical properties, topological materials have
attracted considerable attention in condensed matter physics. In both physics and material science, exploring
materials with a topological state or Dirac fermions near the Fermi level is important. Here, we report
the transport evidence of the topological state for Ag;Sn. Under a high magnetic field, we observed clear
Shubnikov-de Haas (SdH) oscillations with three major frequencies and relatively small effective masses. Our
SdH quantum oscillation analyses reveal that the Berry phase of the y band is very close to the nontrivial value 7;
the nonzero Berry phase for the « band indicates the Ag;Sn alloy to be a possible topological material. Moreover,
we performed angle-resolved magnetoresistance (MR) measurements. Note that MR displays an unusual angular
dependence, which can be tuned from twofold to fourfold symmetry by temperature and field. This feature makes

Ag;Sn a candidate for valleytronics.

DOI: 10.1103/PhysRevB.101.245102

I. INTRODUCTION

Identifying materials with topological anomalies in their
electronic structure is of great important in condensed matter
physics [1-9] because of the fascinating physics of the funda-
mental studies and the potential for device-based applications.
Some materials not only host topological states but also
exhibit large magnetoresistance (MR) [2,5,10], high carrier
mobility [2,5,10], and quantum oscillations with a nontrivial
m Berry phase [3,5-7,9,11,12], which come from the corre-
sponding fermions hosted by Dirac or Weyl cones. Further-
more, only a few of these materials manifest a multivalley ef-
fect [3,8], revealing that the electric conductivity is the sum of
the contributions of different valleys. Each valley is extremely
sensitive to the orientation and magnitude of the magnetic
field [13]. Both of a high [14] or a rotating [13] magnetic field
could remove valleys and observe a valley-emptying. These
topological materials with the abundant physical properties
have attracted considerable attention. Recently, the large MR
was discovered in ASn4 (A = Pt, Rh, and Pd) [3,4,15-17], of
which both PtSny [4,15] and PdSn4 [3,16] exhibit topological
properties and a clear oscillation. These peculiar results sug-
gest that the pertinent stannide systems will show interesting
physics.
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Similar to ASny, topological state was predicted in Ag;Sn
[18,19]. Although Ag;Sn was discovered in 1926 [20], its
crystal structure is still under debate [21,22]. Previous x-
ray diffraction (XRD) studies by Nial [23] on powder spec-
imens and a recent study on nanoparticle materials [22]
suggested that Ag,;Sn exhibits the orthorhombic structure of
Cmcm. Another recent study reported that Ag;Sn under-
goes polymorphic phase transformations with the hexagonal
P63 /mmc structure at a high temperature and the orthorhom-
bic Cmcm structure at a low temperature [24]. However, an
orthorhombic structure with the space group of Pmmn [25,26]
was confirmed using transmission electron microscopy [26]
between 253 and 453 K. The complex structure of Ag;Sn
makes the study of its physical properties challenging.

In this study, we systematically investigated the transport
properties of a pure, monocrystalline Ag;Sn with the space
group of Pmmn; its large linear MR and unexpected quan-
tum oscillations indicate Ag;Sn to be a possible topological
material with a nontrivial Berry phase. Moreover, Ag;Sn
displays an unusual polar angle-resolved magnetoresistance
(AMR) with tunable symmetry from twofold to fourfold by
temperature and field, making it a candidate for valleytronics.

II. EXPERIMENT

Ag;Sn single crystals were grown using a self-flux method.
Silver (Ag, 99.99%) and tin (Sn, 99.99%) powders were
mixed thoroughly in the ratio of 1:20, after which the blended

©2020 American Physical Society
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FIG. 1. (a) The crystallographic structure of Ag;Sn with an orthorhombic unit cell, (b) atomic configuration in the (100) plane, (c) atomic
configuration in the (001) plane. (d) The powder XRD pattern of Ag,Sn, (e) single-crystal XRD pattern, (f) SdH oscillations of MR at various
temperatures (inset shows the configuration of the measurement and the temperature dependence of the electrical resistivity at 0 T), and
(g) magnetic field (B) derivatives of MR at 35 and 100 K. The data were fitting using MR = A,B? at a low magnetic field, while using

MR = A, B + O(B?) at a high magnetic field.

powder sample was loaded into and sealed in an evacuated
quartz tube; the tube was heated to 543 K and maintained
at that temperature for 3 days. Subsequently, it was slowly
cooled to 473 K and directly quenched in iced water. An ingot
composed of Ag and excess Sn was obtained and dissolved
using dilute hydrochloric acid. After this process, a large
number of plate-like single crystals could be harvested. The
structure of Ag;Sn was characterized by XRD with Cu K,
radiation. The directions of the crystal axes were determined
by single-crystal XRD. In particular, the temperature evolu-
tion of the single-crystal XRD patterns was measured. The
crystal composition was determined by energy-dispersive x-
ray spectroscopy (EDX). We measured the resistivity, AMR,
and the Hall effect using a physical property measurement
system (PPMS, Quantum Design). The high field transport
measurements of the p,, were carried out using standard
ac lock-in techniques with a *He cryostat and a dc-resistive
magnet (~38 T) at the High Magnetic Field Laboratory of
Chinese Academy of Sciences. While, the measurements of
the px, and p,, were performed in the Institute for Solid State
Physics (ISSP), the University of Tokyo, Japan by using the
pulse magnetic field (~42 T). We performed magnetization
measurements using a superconducting quantum interference
device (SQUID) magnetometer (MPMS-7, Quantum Design).

III. RESULTS AND DISCUSSION

Figures 1(a)-1(c) show the crystallographic structure of
Ag;Sn; each unit cell has six Ag atoms and two Sn atoms

[27]. The average atomic ratio is determined to be Ag:Sn =
3:1 by EDX. Note that the powder XRD patterns [Fig. 1(d)]
are consistent with previous results [28] and can be indexed
to the space group of Pmmn with an orthorhombic unit cell
of a =75.963 A, b=4.786 A, and ¢ = 5.187 A. The single-
crystal XRD pattern only contains the (00£) peaks [Fig. 1(e)],
indicating that the ¢ axis is perfectly perpendicular to the plane
of the single crystals.

The inset of Fig. 1(f) shows the zero-field temperature-
dependent resistivity of Ag;Sn. Ag;Sn demonstrates an ex-
tremely small resistivity (~0.04 puQ cm at 2.5 K). The
resistivity maintains almost linear 7 dependence and quickly
increased with increase in magnetic field [Fig. 1(f)], cor-
responding to a large, nonsaturating linear MR that reach
1500% under 38 T at 1.1 K. Furthermore, clear Shubnikov-de
Haas (SdH) oscillations are observed. The quantum oscilla-
tions will be discussed in detail later.

The MR is different at high and low temperatures (Fig. S1
in Ref. [29]). At low temperatures, the MR exhibits a quasi-
linear behavior; however, at the high temperatures, a sig-
nificant deviation from the linear behavior is observed. The
nonsaturating quasilinear MR may be related to a scenario
in which the Dirac point is near the Fermi surface [17,30].
The linear MR can be seen more clearly by plotting the
first-order derivative of the MR (d(MR)/dB) [Fig. 1(g)]. For
a low magnetic field, d(MR)/dB is proportional to B and MR
exhibits a semiclassical quadratic field dependence. However,
the slope of d(MR)/dB abruptly reduces to nearly O at a
high magnetic field, which could be explained by quantum
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FIG. 2. (a) The oscillatory component of the resistivity Ap, extracted from p by subtracting a smoothed polynomial background, as a
function of B~! at several temperatures, (b) oscillatory component of the resistivity Ap at 1.1 K. (c) d(Ap/py)/dB as a function of magnetic
field at 7 = 1.1 and 20 K. (d) FFT of the corresponding SdH oscillations, where the insets show magnified y band data, and [(e)—(g)]
normalized amplitude of the FFT of the SdH oscillations in Ag;Sn plotted as a function of temperature. The effective masses of the carriers
can be extracted from the Lifshitz—Kosevich (LK) fit. [(h)—(k)] Fits of the oscillation patterns to the multiband LK formula at 7 = 1.1, 4, 7,

and 10 K, respectively.

linear transport plus a very small semiclassical quadratic
term.

To learn more about the electronic states, we investigated
the SdH oscillations, which has proven to be effective for
studying topological-nontrivial transport [8,12,31]. Using the
data in Fig. 1(f), d(Ap/po)/dB is plotted as a function of
magnetic field [Fig. 2(c)]. At 1.1 K, quantum oscillations are
discernible around B = 17 T; at 20 K, the onset of oscillation
occurs at a significantly higher magnetic field, up to 27 T.
After subtracting a smoothed polynomial background, the
residual signals of Ap show an obvious periodic behavior and
become more apparent at a low temperature [Fig. 2(a)]; more-
over, an additional high-frequency mode is detected under a
high magnetic field [Fig. 2(b)], indicating that there is more
than one principle oscillation frequency in Ag;Sn.

To confirm the oscillation frequencies and obtain more
information about the Fermi surface, we implemented a fast
fourier transform (FFT) on data taken at various temperatures
[Fig. 2(d)]. Our FFT analyses of Ap reveals multiple frequen-
cies, including three sets of major frequencies, o (138.19 T),
B (172.99 T), and y (1566.49 T), as well as the additional
peak 28 (345 T) corresponding to the second harmonic of
major frequency B. According to the Onsager relation F' =
(¢o/2m*)A = (/2me)A, frequency F is proportional to A, and
A denotes the cross section of the Fermi surface normal to the
magnetic field. Considering a circular cross section, we obtain

the Fermi surface area A for «, B, and y, as summarized in
Table I.

For a multifrequency system, the amplitude of the SdH
oscillation can be described by the LK formula [32,33]

Ap 5( BN\ 2m%sTm*/eBh ) opr e opn
oo 2\2F sinh(2772kzT m* /eBh)
F 1 ¢s
= +=-—=+8)|. 1
xcos|:rr(B+2 2n+)] @))]

where m* is the effective mass of the carrier, 7 is the Dingle
temperature, and ¢p is the Berry phase. The phase shift § is
determined by the dimensionality of the Fermi surface with
the value of § = 0 (or +:1/8) for a two-dimensional [or three-
dimensional (3D)] system. In Eq. (1), the thermal damping

272k Tm* JeBh .
Sah 2 ky T jeB) CAD be used to independently extract the

effective mass m*, as shown in Figs. 2(e)-2(g). The obtained
effective masses m* for all the frequencies are focused in
the range of 0.045-0.1m, (Table I); they are comparable with
that of Cd3As, [11] and YbMnSb, [6]. The relatively small
effective mass is a characteristic of Dirac fermions [6].

The Berry phase ¢p can be obtained by mapping the
Landau level (LL) index fan diagrams based on the Lifshitz—
Onsager quantization rule. The comparison between the
PxxPyy and ,ofy is important for assigning the LL index. When

term
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TABLE I. Parameters derived from the SdH oscillations at 1.1 K. F', oscillation frequency; A, cross-sectional area of Fermi surface; kr,
Fermi vector, assuming a circular cross-section; 7p, Dingle temperature; m*, effective mass; t,, quantum lifetime; (4, quantum mobility; vy,

Fermi velocity; Er, Fermi energy; and ¢, Berry phase.

FT) AR k@A) TK  mm 7,(107%s) wem?V-'s™) v(10°m/s) Ep(eV) ¢p(LK fits, 8 = +1)
a 1381090 0.013) 0.06(5) 10423) 0.052) 1.1(7) 394.4(8) 1.4(5) 0.6(2)  [0.35(9) £0.25]x
B 172.9(9) 0.01(6) 0.07(1) 109.1(4) 0.04(6) 1.1(1) 425.8(8) 1.7(9) 0.84)  [1.34(1) £0.25]x
Yy 1566.4(9) 0.1409) 021(8) 26.08) 0.093)  4.6(6) 881.4(4) 2.7(1) 3.8(9)  [1.12(4) £0.25]x

OxxPyy > pfy, the conductivity o,, oscillations are out-of-
phase with the resistivity p.,; for the case of pyp0,y, K pfy,
the conductivity oy, are almost in-phase with the resistivity
Oxx- In the multifrequency Ags;Sn system, although p.cpyy
is always larger than ,ofy, the oscillatory components of the
,ofy cannot be ignored (see Fig. S7(h) [29]). The comparable
resistivity components could result in a complex situation in
Ag,Sn system. In this case, a comprehensive analysis of the
resistivity (0., 0yy) and Hall resistivity (p,,) is more reliable
for determining the Berry phase [33].

0(B) = 02.(B) + Aoy (B)

D(B :
( )) _ Py )
Dy PxxPyy T+ Py

= a&(B)(l +

where Ao, (B) is the oscillatory part of the diagonal con-
ductivity, O’)?X(B) is the nonoscillatory part, and D(B) is the
oscillatory part of density of state (DOS). The quantum os-
cillation of the diagonal conductivity arises from the DOS.
To guarantee the reliability of the obtained Berry phase, we
measure the resistivity oy, oy, and Hall resistivity p,, [34]
(see Figs. S7(a)-S7(g) [29]). The conductivity oy, could be

obtained by using the expression of the oy, = p ,f e After

subtracting a smoothed polynomial background, we imple-
mented a FFT for the oscillatory part Aoy, (see Fig. S7(j)
[29]). However, unlike the FFT spectrum in the p,., (Fig.
S7(g) [29]) and p,, (Fig. S7(e) [29]), we cannot distinguish
the peaks at 138.19 and 1566.49 T (Fig. S7() [29]) due to
the strong noise level introduced by py,. We think the much
smaller resistance of the R, and R,, could be a primary
reason, which could make the noise level becomes relatively
stronger; another possible origin of the noise is the low
frequency noise in the pulse high field. Future efforts on the
precise measurements of o, and py, are needed to map the
LL index fan diagrams.

We also directly use the LK formula (1) to fit the multifre-
quency SdH oscillations [Figs. 2(h)-2(k)]. The fitting yields
some important parameters, as summarized in Table I and
Table SI [29]. The phase shift % — ‘zl’—f; + & from the LK fit
yields Berry phases ¢g of 0.35(9)x, 1.34(1)x, and 1.12(4)x
for the three major bands of «, 8, and y, respectively. Con-
sidering the 3D Fermi surface with § = +1/8 (Fig. S2 [29]),
the Berry phase of the y band is very close to the nontrivial
value m. Furthermore, a nonzero Berry phase of the o band
may be associated with a topological characteristic [18,19,35].
Certainly, there still some inevitable problems in our LK
fitting. Because of the comparable resistivity components in
Ag;Sn system, we could not apply the LK formula by only
considering the p.. or p,,. Therefore future efforts on a
comprehensive analysis of the resistivity (oxr, pyy) and Hall

resistivity (pyy) could be a more reliable way to confirm the
Berry phase.

The AMR of Ag;Sn is also investigated with the relative
space position relations shown schematically in Figs. 3(a)
and 3(b). When the magnet field B is always perpendicular
to the excitation current flow in Fig. 3(a), the AMR data
exhibit a twofold symmetry at 100 K under a field of 9 T
[Fig. 3(c)]. With decreasing temperature, the curve gradually
evolves to a butterfly-pattern with four- or eightfold symmetry
[Figs. 3(d)-3(g)]. Moreover, the symmetry of the AMR can
be also tuned by the field. In Figs. 3(o) and 3(p), the twofold
symmetric curve measured at 30 K is changed to fourfold
symmetry by increasing the magnetic field from 2 to 8 T.
To better understand the evolution of the symmetry, data was
fitted by a simple trigonometric equation p(6) = pag + pag +
pse + C [8]. The fitting detail is elucidated in Fig. S6 [29].
Weight of the different symmetric components are extracted
shown in Figs. 3(q)-3(s). As the temperature decreases, Ay is
gradually suppressed and become very weak (or even absent).
However, A4y and Agy are significantly enhanced and become
dominant at a very low temperature. At 30 K, the symme-
try corresponds to a mixed state with a dominant twofold
symmetry at low magnetic field; however, it is fourfold and
eightfold under a high magnetic field. Therefore the symmetry
of the AMR of Ag;Sn can be simply tuned by the temperature
and field. These features are similar to multivalley system of
bulk bismuth [13] that strongly depends on the orientation
of the magnetic field, thus indicating Ag;Sn to be a possible
candidate for valleytronics. By contrast, AMR keeps a twofold
symmetry in the whole temperature range when the magnet
field rotates in the bc plane. Interestingly, with decreasing
temperature, the twofold AMR becomes stronger and more
anisotropic at low temperatures [see Figs. 3(h)-3(D)].

A natural question is related to the microscopic origin
of the changing symmetry in the AMR. The crystal shows
no structural transition as proven by the XRD measurements
taken at different temperatures in Fig. S3 [29], which excludes
the possibility of structure transition induced change in the
AMR. Furthermore, we observe that both the susceptibility x
and Hall coefficient Ry exhibit an increase below a character-
istic temperature ~100 K (Figs. S5(a) and S5(e) [29]). Mean-
while, we noticed that the onset temperature of the change in
the AMR symmetry is almost identical to the characteristic
temperature of 7) and Ty, (Fig. S4 of Ref. [29]). Therefore
we discuss the possible scenarios of magnetic origin [36-39]
in Fig. S5 [29]. Another possible origin is the Fermi surface
change by the Lifshitz transition, which should be strongly
anisotropic because the difference of the AMR in the ac and
bc plane. Future efforts on the temperature dependence of the
band structure are hopefully to solve this issue.
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FIG. 3. [(a) and (b)] Schematic of the experimental configuration for AMR in the ac and bc planes, respectively. [(c)—(g)] Polar plots
illustrating the butterfly AMR effect in the ac plane under 9 T at several temperatures. [(h)—(1)] Polar plots illustrating the twofold AMR effect
in the bc plane under 9 T at several temperatures. [(m) and (n)] The fit to the AMR data at 30 K by using p(6) = p29 + pss + pss + C under 2
and 8 T, respectively. [(0) and (p)] Polar plots of the AMR at 7 = 30 K under 2 and 8 T, respectively. [(q)—(s)] The fit extracts the weighting
of the twofold, fourfold, and eightfold symmetry components of the AMR between 1 and 9 T, at 2.5, 30, and 50 K, respectively.

IV. CONCLUSIONS

In summary, we observed clear SdH oscillations in Ag;Sn
under high magnetic fields and at low temperatures. The SdH
quantum oscillation data revealed three major frequencies
and relatively small effective masses. Our LK fitting reveals
that the Berry phase in the y band was very close to the
nontrivial value 77, and the nonzero Berry phase for the o band
was correlated to the topological characteristics. Besides, an
unambiguous AMR deformation which can be tuned from
twofold to fourfold symmetry by temperature and field, sug-
gests the Ag;Sn to be a candidate for valleytronics.
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