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Pressure tuning of the Berry phase in BaMnSb,
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The Sb square net in BaMnSb, is reported to host nearly massless Dirac fermions. At ambient pressure,
BaMnSb, shows strong Shubnikov—de Haas (SdH) oscillations with a 7 Berry phase. In this work, we study
BaMnSb, under different pressures. It is found that the frequency of the SdH oscillation remains almost
unchanged, hence the cross-section area of the Fermi surface does not change much with pressure. Notably,
there is a sudden change in the phase factor of the oscillations around a critical pressure of P = 2.5 GPa, which
suggests a possible topological phase transition in BaMnSb,.
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I. INTRODUCTION

One of the key concepts in condensed matter physics is
the classification of distinctive phases of matter. In the past,
quantum states are classified by the principle of spontaneous
symmetry breaking. A completely different view based on the
concept of topological order, arises after the discovery of the
quantum Hall state [1-3]. The topological order parameters
for topological quantum states play the role of conventional
symmetry-breaking order parameters. Topological insulators,
which have a bulk band gap like an ordinary insulator, with
protected conducting states on their edges or surfaces, have
attracted great interest and become a rapidly developing field.
Surface states in theses materials can be described by the
Dirac equation with the Fermi surface formed by Dirac bands.
Exotic states, such as the novel quantum Hall state [4] and
Majorana fermions [5] can occur at the surface of a topolog-
ical insulator. In addition to their fundamental interest, these
materials are also useful for applications such as spintronics
devices and quantum computation.

Topological semimetals are states of quantum matter,
which are different from topological insulators and are char-
acterized by the topological stability of the Fermi surface,
whether it encloses band crossing points [6]. It hosts ei-
ther Dirac fermions or Weyl fermions. Dirac fermions are
protected by both time reversal symmetry and crystalline
inversion symmetry. Dirac semimetals evolve into Weyl semi-
mentals when either of them is broken. Weyl semimetals due
to broken inversion symmetry was first realized in TaAs-class
materials [7]. The other way to obtain the Weyl phase is to
break the time reversal symmetry by introducing magnetic
ordering. Thus, magnetic compounds with Dirac type band
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crossing are promising candidates for hosting Weyl fermions
[8]. The layered compound XMnBn, (X = Ca, Sr, Ba, Bn =
Bi or Sb) is characterized as either three-dimensional Dirac
or Weyl semimetals [9-14]. The two- dimensional (2D) Bi
square net hosts massive Dirac electrons due to a significantly
large spin orbital coupling effect, making it hard to observe
interesting phenomena related to massless Dirac fermions,
while the Sb square net is reported to host nearly massless
Dirac fermions [10,15].

BaMnSb, has a small effective mass (~0.052 my) among
the XMnBn, family and possesses a small Fermi surface with
the most significant 2D character [10,15,16]. Previously it
is reported that BaMnSb, crystallizes in a tetragonal struc-
ture (I4/mmm) [10,15,17,18], witha = b = 4.556 A and ¢ =
24.299 A [15]. However, recent single-crystal x-ray structural
analysis, scanning transmission electron microscopy, neutron
scattering, and optical second harmonic generation measure-
ments, found that BaMnSb, involves weak orthorhombic
distortion, which is hard to be resolved [16,19]. BaMnSb,
actually possesses a noncentrosymmetric orthorhombic struc-
ture where the Sb square net is distorted to a zigzag chainlike
structure (space group I2mm), with a = 4.4583 A, b=
24.2161 A, and ¢ = 4.5141 A [19].

The structure of BaMnSb, consists of an alternating stack
of a 2D Dirac fermion conduction layer and a insulating
layer [20]. The distorted square net has great influence on
the electronic states and opens a sizable gap at the Dirac
points on the I' — M lines [19]; while for similar compounds
with tetragonal structure, the Dirac-like bands along the I' —
M line crosses the Fermi energy, forming four equivalent
valleys [9,14,20]. The interplay among inversion symmetry
breaking, spin orbital coupling (SOC) and valley degree of
freedom in BaMnSb, results in a unique electronic state with
spin-valley locking [16,19]. In addition, well-defined Hall
plateaus accompanied by vanishing conductivity at high fields
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reveals three-dimensional (3D) quantum Hall effect [16]. A
quantum liquid-2D chiral surface state is also reported to
be present in the system [16]. Furthermore, theoretical cal-
culations found that in BaMnSb,, the nonzero local Berry
curvature of electrons can induce a phonon angular momen-
tum, and the direction of the phonon angular momentum is
locked to the phonon propagation direction, i.e., “phonon
helicity”, analogous to electron helicity in spin-orbit coupled
electronic systems [21].

BaMnSb, provides a good candidate for investigation of
novel exotic phenomena of massless Dirac fermions. The
nontrivial Berry phase, small cyclotron mass and high carrier
mobility suggest that Dirac band crossing points may be closer
to the Fermi level in BaMnSb, [10]. High pressure provides
a clean and effective way to tune the lattice parameter and
drastically impact the electronic structure [22-24]. In this
work, we study the Shubnikov—de Haas (SdH) oscillations of
BaMnSb, under high pressures. The frequency of the SdH
oscillations remains almost unchanged, which suggests that
the cross-section area of the Fermi surface does not change
much with pressure. Notably, there is a sudden change in the
Berry phase factor at about 2.5 GPa, possibly associated with
a topological phase transition. Thus, although pressure has no
obvious effect on the Fermi level in the investigated pressure
range, the SOC induced gap near the Dirac nodes may be
closed and becomes topological trivial with pressure tuning.

II. EXPERIMENTAL DETAILS

High quality single crystals of BaMnSb, were synthe-
sized using a self-flux method [10]. Electrical resistivity was
measured using a Quantum Design Physical Property Mea-
surement System (PPMS). We use a van der Pauw method to
measure the resistivity and the Hall resistivity simultaneously
[25]. Pressure was applied at room temperature using diamond
anvil cells (DAC) made of CuBe alloy, with the diamond anvil
culet of 800 wm in diameter. Pressure was calibrated by using
the ruby fluorescence shift at room temperature. The sample
is sanded and the thickness of the sample loaded in the DAC
is about 30 um.

III. RESULTS AND DISCUSSION

The resistivity and Hall resistivity of BaMnSb, were
measured simultaneously under different applied pressures.
Figures 1(a)-1(f) shows the magnetic field B dependence
of the resistivity p,, at pressure P = 0.93, 1.64, 2.2, 2.68,
3.24, 3.64, and 4.12 GPa, respectively. At each pressure, the
measurements were performed under different temperatures.
Strong Shubnikov—de Haas (SdH) oscillations are observed in
the resistivity data. With increasing pressure, the oscillation
becomes weaker. Figures 2(a)-2(f) plots the B dependence
of the Hall resistivity p,, under different applied pressures.
It is found that p,, linearly depends on B up to the highest
magnetic field, with additional features of oscillation. The
slope of the linear curve is positive, suggesting that the domi-
nated charge carrier is hole, which is the same as BaMnSb, at
ambient condition [10,15]. The linear field dependence of the
Oxy is also observed in StMnSb, at T = 2 K. For CaMnSb,,
Pxy exhibits linear field dependence at high temperature, while
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FIG. 1. (a)—(f) Magnetic field B dependence of the resistivity oy,
at different applied pressures, P = 0.93, 1.64, 2.2, 2.68, 3.24, and
4.12 GPa.
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FIG. 2. (a)-(f) Magnetic field B dependence of the Hall resistiv-
ity pyy at different applied pressures, P = 0.93, 1.64, 2.2, 2.68, 3.24,
and 4.12 GPa.
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FIG. 3. (a) The magnetic field B dependence of p,,/B at T =
2 K under different pressures, P = 0.93, 1.64, 2.2, 2.68, 3.24, and
4.12 GPa. (b) The H dependence of the transport mobility pu at T =
2 K under different pressures, P = 0.93, 1.64, 2.2, 2.68, 3.24, and
4.12 GPa.

at low temperatures, p,, shows obvious downward curvature,
suggesting that CaMnSb, is a multicarrier system [26]. The
B dependence of py,/B at T = 2 K under different pressures
are plotted in Fig. 3(a) and py,/B is weakly B dependent. The
B dependence of the transport mobility © = p’i 5 (Ref. [27])
under different pressures is shown in Fig. 3(b).
We extracted the oscillatory component of the resistiv-
ity Apye vs 1/B at P = 093, 1.64, 2.2, 2.68, 3.24, and

4.12 GPa, as shown in Figs. 4(a)-4(f). The Landau level
(LL) fan diagram at the corresponding pressures is plotted in
Figs. 4(g)—-4(1), which is constructed from the SdH oscillations
of py.. When the Landau quantization of the energy states
occurs in magnetic fields, the density of states (DOS) becomes
periodically modulated which results in the oscillation phe-
nomena [28]. The phase shift of SdH oscillation provides a
way to quantitatively characterize the Berry phase accumu-
lated in cyclotron orbits of the system [29]. If a quantum
system undergoes adiabatic changes and the Hamiltonian re-
turned to its original form, the system will return to its original
state, apart from an additional phase factor, i.e., Berry’s phase
[29,30]. With the Brillouin zone playing the role of the param-
eter space, Berry’s theory are applicable to an electron moving
in a crystal and Berry’s phase can be used for labeling energy
bands in solids [30,31]. In SdH oscillations, conductivity os-
cillates periodically as a function of 1/B. The oscillatory part
of the conductivity oy, follows Aoy, ~ cos[27 (£ — 1 + B)],
where F is the oscillation frequency and B is the phase
shift. In crystals the semiclassical quantization condition for
energy levels of electrons in the magnetic field depends on
Berry’s phase [30,32]: Ay = 2”T‘fB(N + % — B), where B =
ﬁ, y is the Berry phase, Ay is the external area enclosed
by electrons in the k — space with their cyclotron orbits on
the Fermi surface. Note that for Dirac fermions possessing a
linear energy dispersion y = (8 = %); y=0(B=0)fora
parabolic energy dispersion. When the Fermi energy Er lies
in between two neighboring LLs, the DOS takes a minimum;
when the Fermi energy Er lies at the center of a LL, DOS
takes a maximum. The minimum in o,, occurs when DOS
takes a minimum (a complete filling of some N LLs). Thus, the
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FIG. 4. (a)—(f) The oscillatory component of the resistivity Ap,, vs 1/B at P = 0.93, 1.64, 2.2, 2.68, 3.24, and 4.12 GPa, respectively.
(g)—-(D) LL fan diagram at corresponding pressures. The solid lines represent the linear fits.
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integer index N should be assigned to that minimum of o,, and
the phase factor 8 in the SdH oscillations can be determined
from the analysis of the LL fan diagram [28,30,32].

Since p. and py, instead of o, are obtained in exper-
iments, it is more convenient to use p., for indexing the
integer n. In-plane conductivity o,, can be converted from
the longitudinal resistivity p,, and the transverse resistivity
Oxy USING Oy = pxx/(pfx + p;y) [33]. The minimum in oy,
could correspond to either maxima or minima in A p,,, which
is dependent on the ratio of p./px,. We list some literature
to show how the integer n is determined by the minimum or
maximum of p,, depending on the ratio of py,/0ry. When oy,
is smaller than p,,, the minimum of p,, is used for indexing
the integer n [16,34]; when p., is larger than py,, the max-
imum of p,, is used for indexing the integer n, for example,
Ref. [33], where | oy, /pxy| = 17.5at 2 K and 9 T and Ref. [10],
where p,, is about 1/4-1/3 py,. In our case, p,, is at least
10 times smaller than p,,, thus o, & 1/p,, and the integer
LL indices are assigned to the maxima of p,, [10,15]. In
particular, BaMnSb, samples were investigated before, which
showed either py,/pyy < 101 pic/pxy > 1 for different doping
[16]. For pure and Eu doped BaMnSb, (Ref. [16], sample B#1
and E#1 in Figs. 3 and 4, respectively), py./px, < 1 and the
minimum of p,, is used to indexing the integer n. On the other
hand, for BaMnSb, with Zn doping (Ref. [16], Supplemental
Material Fig. 4, sample Z#1), p.c/px, > 1 and the p,, peaks
are located, e.g., at B = 3.47 and 5.79 T, roughly. The integer
n is located at Br/B = 1.5 and 2.5 (Ref. [16], Supplemental
Material Fig. 4), with B = 8.9 T (Ref. [16], Supplemental
Material Table 2), thus the corresponding B = 8.9/1.5 = 5.93
and B = 8.9/2.5 = 3.56, consistent with the peak position
in py. Thus the maximum of p,, is used to indexing the
integer n, which is in agreement with Berry phase determi-
nation in our work. The solid lines in the LL fan diagram
[Figs. 4(g)-4(1)] are fitting curves. The slope of the linear
fitting reflects the frequency F and the intercept on the LL
index axis obtained from the extrapolation of the linear fit in
the fan diagram is the Berry phase factor.

Figure 5(a) shows the temperature dependence of the fast
Fourier transformation (FFT) analyses of Ap,, at different
temperatures under an applied pressure of P = 0.93 GPa. It
is found that the SdH oscillations of p,, consists of a single
frequency which is 32.6 T. This suggests that the oscillations
result from a single band, which is consistent with the low T
data at ambient condition in both SdH [8,10,15] and de Haas—
van Alphen results [8]. Figure 5(b) plots the normalized FFT
amplitude at different pressures. The open symbols represent
the data obtained from the FFT analyses; the solid symbols are
data taken directly from the peak positions. For P = 0.93 GPa,
both methods are applied and the data are consistent. The
effective cyclotron mass m* can be extracted from the fit
of the temperature dependence of the normalized FFT peak
amplitude to the thermal damping factor of Lifshitz-Kosevich
equation, i.e.,

YN

Ap/pgo<exp(—aTD/L/B)*aTM/[B*sinh( 3 )]

where, pg is the zero field resistivity, @ = (27 2kgmy)/(he),
Tp = h/(2mkgt,) is the Dingle temperature, v is the ratio
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FIG. 5. (a) The FFT amplitude vs frequency for P = 0.93 GPa
at different temperatures. (b) The normalized FFT amplitude vs
temperature for different pressures. (c) The pressure dependence of
the resistance R,, and Hall resistance R,, at T = 2 K. Open squares
and solid circles represent data at B = 9 T, solid squares are data for
B = 0 T. (d) The pressure dependence of the extracted phase factor
and the frequency of the SdH oscillation.

of effective mass of cyclotron motion to the free electron
mass, 1/B is the average inverse field for FFT analysis. For
P = 0.93 GPa, the best fits give m* = 0.13 m,. The quan-
tum mobility p, is related with the quantum relaxation time,
ie., ugy = ery,/m*, where 7, is the quantum life time. p, is
estimated to be 50 cm?>V~!s~!. This value is consistent with
the transport mobility obtained from the Hall coefficient and
resistivity data, u,, is also about 50 cm?/V~=!s~!'at T =2 K
and P = 0.93 GPa. Based on the plot, the data normalized
at 2 K almost overlap each other. Hence the effective mass
and quantum mobility does not change much in the applied
pressure range.

The resistance R, at T =2 K with B=0and B=9 T,
and Hall resistance R, at T = 2 K with B = 9 T as a function
of pressure are summarized in Fig. 5(c). It is found that all
of them shows a sudden decrease around 2.2 GPa and tends
to saturate with further increasing pressure. Figure 5(d) plots
the pressure dependence of the frequency (solid squares) and
the Berry’s phase. It seems that the Berry’s phase shows a
sudden drop at a critical pressure between 2.2 and 2.68 GPa
and it tends to be close to zero at high pressures. However,
since the oscillation amplitude is small at high pressures, the
uncertainty in determining the phase increases. The sudden
change in the pressure dependence of R,, and Ry, around the
same pressure seems to be consistent with the phase change.
Nevertheless, further study under high magnetic fields will
be helpful to determine the Berry phase more accurately.
The sudden change in the Berry phase suggests a possible
topological phase transition in BaMnSb;.

Note that the pressure induced change in Berry phase
is previously reported in Dirac semimetal Cd;As;, where a
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sudden change in the phase factor of the oscillations occurs
at P = 1.3 GPa [35]. The topological phase transition in
Cd;As; is not coincident with the structural phase transition
which happens at higher pressure of about 2.5 GPa [35]. The
change in the phase factor was attributed to pressure-driven
annihilation of Dirac nodes and opening of a band gap: with
increasing pressure, the c¢/a ratio decreases and the Dirac
nodes shift closer to the Brillouin zone center, and eventually
the time-reversed Dirac partners annihilate and a band gap
around 20 meV opens up [33,35].

A similar topological phase transition is observed in ZrSiS.
SdH measurements on the topological nodal line semimetal
ZrSiS which hosts multiple Dirac cones found two distinct
oscillation frequencies and the smaller orbit shows a possible
pressure-induced topological quantum phase transition at a
pressure between 0.16 and 0.5 GPa, which is accompanied by
an abrupt decrease of the cross-sectional area of the Fermi sur-
face below 0.5 GPa and then increases at higher pressure [33].
Similar to Cd3As;, the change in the phase factor in ZrSiS is
not due to a structural change [33,35]. The possibilities are
excluded that the phase change is associated with magnetic
field dependence/chemical potential position dependence of
the phase factor or Zeeman splitting which would complicate
the determination of the phase factor [33]. The changes are
consistent with a pressure-driven topological quantum phase
transition in which a bulk band gap is introduced [33].

In BaMnSb,, density functional theory calculations show
that the DOS near the Fermi level is mainly contributed by
the p orbital of the Sb atoms which induces the Dirac re-
lated band structure [16,17]. Two gapped Dirac cones near
the Fermi energy emerge at two different momenta K,
located symmetrically around the X point along the X-M
line [16]. Based on present data and also previous reports
[10,15], the effective mass of the Dirac fermion is small
and the Hall coefficient is positive, thus it seems that the
crossing point of the linear Dirac band crossing is located
right above the Fermi level, i.e., the Fermi pocket hosting
Dirac Fermions should be a hole pocket and small, which
has been observed in angular-resolved photoemission spec-
troscopy measurements [16]. With pressure tuning, the Fermi
level and the hole pockets which host the Dirac Fermions
remain almost unchanged, since the Hall coefficient is always
positive and the frequency of the oscillation changes little

with pressure. Previous first principles calculations have pre-
dicted that the SOC induced gap near the Dirac node is as
small as ~20 meV [16]. Thus, the small gap could be easily
tuned: it closes under pressure and the band structure becomes
topological trivial with further increasing pressure. There is
also a possibility that the two spin-valley locked Dirac cones
at K+ and K- annihilate when the pressure is increased
above 2.2 GPa, thus creating a trivial hole pocket at the X
point.

Notably, although modest pressure is required to tune the
electronic state in materials like BaMnSb,, Cds;As,, and Zr-
SiS, where the topological phase transition is observed at
~2.5, ~1.3, and ~0.5 GPa, respectively, for other topolog-
ical semimetals, such as the noncentrosymmetric NbAs-type
transition-metal monoarsenides with 12 pairs of Weyl nodes
in their 3D Brillouin zones [7,36-38], the Fermi surface and
band structure may not be easily tuned by external pressures
over a moderate range. The large Debye temperature ®p of
NbAs is 450 K, indicating that the crystalline lattice is robust
under pressure [38].

IV. CONCLUSIONS

Transport measurements were performed on a BaMnSb,
single crystal sample under different applied pressures.
It shows strong SdH oscillations initially and eventually
disappear with further increasing pressure. Hall effect mea-
surements found that the dominant charge carrier is hole and
the slope of the linear o, vs B curve does not change much
with pressure. The area of the Fermi surface remains almost
unchanged with pressure, but there is a sudden change in the
Berry phase factor, suggesting a possible topological phase
transition.
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