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A Dirac semimetal with magnetic atoms as constituents delivers an interesting platform to investigate the
interplay of Fermi surface (FS) topology, electron correlation, and magnetism. One such family of semimetals
is YbMnPn, (Pn = Sb, Bi), which is being actively studied due to the intertwined spin and charge degrees
of freedom. Here, we investigate the relationship between the magnetic/crystal structures and FS topology of
YbMnSb, using single crystal x-ray diffraction, neutron scattering, magnetic susceptibility, magnetotransport
measurements, and complimentary density functional theory (DFT) calculations. Contrary to previous reports,
the x-ray and neutron diffraction reveal that YbMnSb, crystallizes in an orthorhombic Pnma structure with a
notable antiphase displacement of the magnetic Mn ions that increases in magnitude upon cooling. As a result of
this orthorhombicity, first-principles DFT calculation reveals a reduced Brillouin zone and more anisotropic FS
of YbMnSb, compared to YbMnBi,. Moreover, the hole-type carrier density drops by two orders of magnitude
as YbMnSb, orders antiferromagnetically, indicating band folding in a magnetic ordered state. In addition, the
Landau level fan diagram yields a nontrivial nature of the Shubnikov—de Haas quantum oscillation frequency
arising from the Dirac-like Fermi pocket. These results imply that YbMnSb, is an ideal platform to explore
the interplay of subtle lattice distortion, magnetic order, and topological transport arising from relativistic

Fermi surface reconstruction due to orthorhombic distortion in the Dirac semimetal YbMnSb,

4

quasiparticles.
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I. INTRODUCTION

Magnetic Dirac/Weyl semimetals deliver a promising
platform, where the novel coupling between magnons and
relativistic fermions could be exploited to manipulate the
quantum transport phenomena using various parameters such
as chemical substitution, pressure, strain, etc. In this con-
text, the collinear antiferromagnetic (AFM) ternary AMnPn;,
(where A = rare earth elements such as Eu, Yb or alkali earth
elements such as Ca, Sr, Ba; Pn = pnictides Sb or Bi) have at-
tracted increasing attention due to the presence of anisotropic
Dirac cones close to the Fermi level, Eg [1-16].

The 112-type AMnPn, consists of a stacking of two-
dimensional (2D) Pn conduction layers, A layers, and
insulating MnPny layers as shown in Fig. 1(a). In MnPny
layers, each Mn atom is surrounded by four Pn atoms form-
ing a tetrahedron, whereas two-dimensional (2D) Pn layers
are responsible mostly for exotic properties such as quantum
magnetoresistance [1-6] and the bulk quantum Hall effect
[16-18]. Band structure calculations revealed that the elec-
tronic density of states at Ef is primarily composed of Pn-p,/,
and Mn-d orbitals, suggesting a close relationship between
the Mn moment direction and underlying electronic structure
[19-23]. Interestingly, these calculations further predict that
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the ferromagnetic (FM) component arising from a canting of
Mn moments breaks the time-reversal symmetry, thus playing
a vital role in producing different topological states depending
on the Mn moment direction [15,19-24].

Among the 112 materials, YbMnPn, are particularly
unique due to the coupling between magnetism and Dirac
quasiparticles [25-28], unusual interlayer quantum coher-
ent transport [5,29], including promising attributes required
for energy conversion technologies such as large thermo-
electric power [30,31] and a giant anomalous Nernst effect
[19,32]. Band structure calculations [19,20,23,29,30,33] iden-
tified YbMnBi, and YbMnSb, as nodal line semimetals,
where the Fermi surface (FS) consists of two Dirac-like bands
and a heavy 3D parabolic band. Despite these results point-
ing to similar FS topology, experiments indicate differences
between the FSs of the two compounds. Quantum oscillation
studies [5,6] in YbMnBi, detected two frequencies with a
Dirac-like dispersion and a large carrier density (~10?' cm™3)
comparable to other Weyl semimetals such as Cd3As, and
NbP. In contrast, the observation of a single quantum oscil-
lation frequency [29,34] and two orders of magnitude smaller
carrier density [29,30,34] in YbMnSb;, is difficult to reconcile
within existing theoretical results.

In this work, we have used neutron and x-ray diffraction
to characterize the proper magnetic and crystal structures
of YbMnSb, and investigate the correlation between the
crystal/magnetic structures and FS topology via magnetic

©2025 American Physical Society
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FIG. 1. (a) The reported tetragonal P4/nmm crystal structure of
YbMnSb; as in Refs. [27-31,33,34,38]. (b) The orthorhombic Pnma
structure reported in this work. Arrows show the displacements of
each atom along the a axis of the tetragonal P4/nmm structure.
The blue-shaded regions illustrate the Sby layers. Blue rectangles
highlight the unit cell. The contour plot of the neutron scattering
intensity pattern of YbMnSb; at (¢) 7 = 390K and (d) 7 = 100 K in
the (H, K, 0) and (H, 0, L) planes using the lattice parameters (21.58
A,43A,434).

susceptibility, magnetotransport measurements, and first-
principles calculations. We have identified that YbMnSb,
crystallizes in an orthorhombic Pnma structure with a notable
antiphase displacement between the neighboring layers of
the magnetic Mn ions. A band structure calculation, utilizing
the newly obtained structural parameters, yields a reduced
Brillouin zone (BZ) and more anisotropic FS topology of
YbMnSb, than the Bi-based sister compound.

II. EXPERIMENTAL METHODS AND TECHNIQUE

We have prepared large single crystals of YbMnSb, using
antimony as a flux. The high-purity elements of Yb, Mn,
and Sb with a 1:1:4 stoichiometric ratio were placed in an
alumina crucible as the starting materials. To grow the single
crystals we followed the recipe as described in Ref. [29].
The as-grown single crystals were extensively characterized
by single crystal x-ray and neutron diffraction at room tem-
perature and an energy dispersive x-ray analysis (EDX). To
check the chemical homogeneity of the crystal, EDX spectra
obtained at several randomly selected spots from the sam-
ples were analyzed. The analyses show that the crystals are
chemically homogeneous within the limit of EDX with an av-
erage stoichiometric ratio, Yb : Mn : Sb = 0.98 : 1.01 : 2.01.

A rectangular piece of YbMnSb, single crystal was cut for
magnetic susceptibility measurements in a superconducting
quantum interference device (MPMS XL, Quantum Design).
Electrical resistivity and heat capacity measurements in the
temperature range between 2 and 390 K were performed using
a Quantum Design physical property measurement system.
For Shubnikov—de Hass quantum oscillation measurements
up to 16 T an Oxford superconducting magnet was used,
while measurements up to 35 T were carried out using a
nondestructive pulse magnet at The Institute for Solid State
Physics, University of Tokyo.

Neutron diffraction measurements were performed on the
time-of-flight neutron diffractometer CORELLI installed at
SNS in the Oak Ridge National Laboratory (ORNL), USA
using a piece of single crystal with a weight of ~100 mg. The
single crystal was cooled down using a closed-cycle refrigera-
tor. Data reduction and analysis were conducted using MANTID
software [35]. Magnetic structures were analyzed with SARAH
software [36]. All the refinements of the neutron scattering
data were performed with FULLPROF software [37]. The polar-
ized neutron scattering measurements were performed at the
polarized neutron triple-axis spectrometer PONTA installed
at JRR-3 in the Japan Atomic Energy Agency, Japan and
polarized neutron triple-axis spectrometer PTAX installed at
HFIR in ORNL. The spectrometer was operated in the P,
longitudinal polarization analysis mode, in which the direc-
tion of the neutron spin polarization was set to be parallel or
antiparallel to the scattering vector, Q (= k; — ky), by guide
fields and a spin flipper.

III. RESULTS AND DISCUSSION

Earlier studies [27-31,33,34,38] reported that YbMnSb,
has a layered tetragonal P4/nmm structure [Fig. 1(a)]. How-
ever, the neutron scattering studies of the YbMnSb, single
crystal taken at 7 = 300 K clearly show the presence of
notable reflections which should be absent in the tetragonal
P4 /nmm space group [38]. The origin of those forbidden
reflections was not identified, partly due to the limited ob-
servable peaks. To reveal the proper crystal structure, we
use the white beam neutron diffractometer CORELLI cov-
ering a large volume in reciprocal space [39]. Figures 1(c)
and 1(d) illustrate the contour map of the neutron scattering
pattern obtained at 7 = 390 K and 7 = 100 K. Note that
Bragg reflections both in the (H, K, 0) and (H, 0, L) planes
are observed due to the twinning of the crystal. Reflections at
the (2n + 1, 0, m) position, which corresponds to (integer, O,
half-integer L) in the P4/nmm cell, show considerable inten-
sities and clearly indicate the doubling of the c-axis parameter
of the P4/nmm cell. In addition, a close examination of the
reflection condition shows a difference between equivalent
reflections in the tetragonal space group, implying a lowering
of the crystal structure symmetry, which is further confirmed
by single crystal x-ray diffraction. Both neutron and x-ray
diffraction data can only be modeled and refined using an
orthorhombic Pnma structure (space group No. 62) instead of
a tetragonal P4/nmm structure. For an analysis of structural
refinements, see Supplemental Material (SM) Figs. S3 and
S4 [40]. In the revised structure, Mn, Yb, and Sb ions are
located at the 4c sites, all showing a notable displacement in
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FIG. 2. Temperature dependence of (a) the (0,1,0) reflection peak
as a magnetic order parameter, and (b) zero-field-cooled magnetiza-
tion measured at 3 T. (c) Temperature dependence of the intensity
of non-spin-flip and spin-flip scattering process of the (300) re-
flection peak with the neutron spin aligned along the Q direction.
The yellow solid line in (a) represents a fit I = Iy(1 — T /Tx)* to
the data. 8 ~ 0.24 indicates a quasi-2D nature of magnetism. (d) The
refined spin structure of YbMnSb,. The spin carries a dominant
a-axis component forming a C-type magnetic structure without a
finite c-axis component. (e) The extracted canted FM moment along
the bc plane and the a axis after subtracting the magnetic contribution
from FM impurity and AFM order.

the basal plane along the ¢ axis [Fig. 1(b)]. The magnitude
of the displacement increases as the system is cooled and
leads to an enhancement of the characteristic (2n + 1, 0, m)
reflections.

After establishing the crystal structure, we now discuss
the spin arrangement in YbMnSb,. Figure 2(a) shows the
temperature dependence of the peak intensity of the (0, 1, 0)
magnetic reflection; it decreases sharply upon warming and
becomes a featureless background above Ty ~ 350 K, con-
sistent with the transition determined from the magnetization
[Fig. 2(b)] and heat capacity (Fig. S2 [40]). This implies a
spin structure with a unit cell identical to the nuclear one
and moments predominately perpendicular to the basal plane.
For magnetic ions located at the 4c site with a propaga-
tion wave vector g, = (0,0, 0), there are eight compatible
magnetic space groups. Half of them can be excluded since
the spin moments in those configurations are constrained
within the basal plane, which contradicts the bulk magnetiza-
tion data. For the remaining magnetic space groups Pn'm’d’,
Pnm'a’, Pn'm’a, and Pnm'a, the refinement reveals that the
magnetic space group Pn'm’a’ provides the most satisfactory
description of the diffraction data [Fig. 2(d)]. The Mn spin

direction lies along the longest crystal axis, the a axis, with a
size of ~3.17(3)ug in a collinear C-type AFM arrangement.
Although the size of the estimated magnetic moment is similar
to a previous report [38], it is smaller than the expected value
for a full ordered Mn* (Sug).

Spin canting, which is allowed from the magnetic space
group, could be present since finite intensities were observed
at 2n + 1, 0, 0). However, our polarized neutron experiments
revealed that a majority of the intensities originate from the
nuclear component (as described in Fig. S5 [40]). We mea-
sured the intensities of the spin-flip (SF) and non-spin-flip
(NSF) scattering processes, in which the spins of the incident
neutrons were flipped and remained unchanged, respectively.
In the present setup with neutron spin aligned along the QO
direction, magnetic and nuclear scattering signals should be
separated from each other, and observed in the SF and NSF
channels, respectively. Figure 2(c) shows the intensities of the
NSF and SF scattering process for the (300) reflection as a
function of temperature. As shown in the figure, in the whole
temperature range the NSF scattering is much stronger and
dominates the SF scattering, and the ratio of the two inten-
sities corresponds to the flipping ratio with an instrumental
configuration, suggesting that the origin of these intensities is
mainly attributed to the nuclear component. We also estimated
the canted moments from the field dependence of the magne-
tization measurement at different temperatures. In Fig. 2(e),
we plot the FM contribution of the canted spin structure to
the magnetization after subtracting the contribution of the
FM impurity and the AFM ordered state from the magneti-
zation as described in SM [40]. The maximum moment of
~0.001ug is comparable to previous reports in YbMnSb, [38]
and YbMnBi, [19] with a canting angle 6 ~ 0.018°. This
indicates a negligible canting of the Mn moment away from
the a axis.

The orthorhombic Pnma space group enforces a zigzag
arrangement of the Sb atoms [as in Fig. 1(b)] along
the b axis, leading to a distorted Sb; layer similar to
(Ca/Sr/Ba/Eu)MnSb; [9,13,17,18,47]. Despite the in-plane
orthorhombicity (b — c¢)/c ~ 0.31% in YbMnSb, being sev-
eral times smaller than that in the AMnSb, materials, it is
sufficient to drive an anisotropic FS compared to a tetragonal
structure. Figures 3(a) and 3(b) show the band structure for
YbMnSb, with the collinear AFM arrangements of Mn spin
for orthorhombic Pnma and tetragonal P4/nmm structures
using density functional theory (see SM for calculation de-
tails [40]) without considering spin-orbit coupling (SOC). The
low-energy band structure consists of heavier regular bands
near the I" point and a linearly dispersing Dirac-like band at
the X point. The former arises from Mn d orbitals and Sb
p orbitals, whereas the latter mainly originates from the Sb p
orbitals. When SOC is taken into account, it has little effect on
the bands near the I point but dramatically increases the gap
size at the X point (Fig. S8 in SM [40]). Figures 3(b) and 3(c)
compare the BZ of YbMnSb, in orthorhombic and tetragonal
structures, respectively. The FS in the undistorted tetragonal
phase is composed of two Dirac-like pockets, one electronlike
near the X points and another holelike along the I'-M line, and
a big 3D hole pocket at the I" point, in good agreement with
several previous reports [19,20,30,33]. However, due to the
in-plane orthorhombicity, the FS no longer exhibits Cy4
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FIG. 3. Momentum-dependent electronic structure of YbMnSb, in the (a) Pnma orthorhombic and (b) P4/nmm tetragonal structure with
collinear AFM arrangement of Mn spins. Color represents the orbital contribution of each atom type as shown in the inset of (a). Brillouin
zone of YbMnSb, for (c) orthorhombic and (d) tetragonal structures showing the FS. For the tetragonal structure Ef is shifted by —50 meV.
Due to doubling of the unit cell volume, the BZ volume in the orthorhombic structure becomes half of the tetragonal phase.

rotational symmetry. Moreover, the hole pocket along the
I'-M direction becomes gapped and the 3D hole pocket at I"
stretches along the I'-X direction.

Figure 4(a) shows the in-plane resistivity p,, and the Hall
coefficient Ry at 7 T in the temperature range 2-390 K.
With decreasing temperature, p,, remains nearly flat down
to Ty and decreases sharply below Tn. Ry increases by an
order of magnitude from 2.3 x 1078 m3/C at 390 K t0 2.43 x
10~7 m?/C at 250 K and decreases slightly on further cooling.
The estimated carrier concentration ny = |1/Rge| ~ 2.19 x
10" cm 3 at 2 K is comparable with previous reports [29,34],
but two orders of magnitude smaller than YbMnBi, [6]. To
obtain more insight, we measured the magnetic field depen-
dence of p,, [Fig. 4(b)] and the Hall resistivity py, [Fig. 4(c)]
at representative temperatures across the transition. For tem-
peratures above 200 K, the magnetoresistance (MR) increases
quadratically in the whole field region, whereas at low temper-
atures, MR follows quadratic behavior in the low-field region
and saturates at higher fields, implying the multiple bands at
the FS contribute to the charge transport. Consistent with pre-
vious results [29,34], p,, remains positive, revealing that holes
are dominant charge carriers. p,, follows a linear increase up
to 7 T for 300 K < T < 390 K but exhibits a concave up-
ward increase below 250 K. Such nonlinear p,,(B) indicates
that a relatively small number of highly mobile electronlike

carriers contribute to the transport property as temperature
decreases.

The magnetic field dependence of p,, in a multiband sys-
tem is determined by the interplay of concentration and the
mobility of individual carriers. Hence, we analyzed the cor-
responding p,(B) and p,,(B) employing the semiclassical
two-band model (Fig. S9 in SM [40]). Figures 4(d) and 4(e)
show the thermal evolution of the electron (hole) concentra-
tion, n, (ny), and electron (hole) mobility, u,. (), extracted
from the two-band model. The concentration of the hole carri-
ers, 1y, is an order of magnitude larger than the electron-type
carriers, n,, while the mobility of the electronlike carriers, (.,
is twice that of w;,. Surprisingly, n, and u, do not show a
strong temperature dependence. In contrast, n;, and w; display
a dramatic temperature dependence as they might be coming
from the parabolic bands near the I" points [in Fig. 3(b)]. Both
ny, falls and w;, rises by two orders of magnitude across the
magnetic transition, suggesting that the hole pocket is partially
gapped due to band folding as YbMnSb, transitions from the
paramagnetic to AFM ordered state.

To further deduce several important physical parameters
related to the FS, we measured p,, of another piece of crys-
tal S#2 up to 16 T as shown in Fig. 5(a). As the magnetic
field exceeds 6 T, prominent Shubnikov—de Hass (SdH) quan-
tum oscillations are detected. Interestingly, a clear splitting
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FIG. 4. (a) Temperature dependence of bc plane resistivity, oy,
and Hall coefficient Ry at 7 T. Magnetic field dependence of
(b) magnetoresistance defined as {[p.,(B) — p.(0)]/ 0. (0)} x 100,
and (c) the Hall resistivity p,, in the temperature range 2-390 K.
Temperature variation of hole and electron (d) carrier concentration
and (e) mobility estimated from the fitting of a two-band model to
the MR and Hall data. The blue dotted lines represent the carrier
concentration, ny = |1/Rye|, and mobility, & = Ry/p.., estimated
using the one-band model.

of the oscillation peak is seen around 9 T, which becomes
more prominent at higher magnetic fields. Furthermore, the
magnitude of the peak splitting decreases with increasing
temperature and disappears above 10 K. The origin of such
a splitting of the quantum oscillation peak can be attributed
to the spin splitting of Landau levels (LLs) producing two
similar oscillation frequencies, which interfere with each
other. This becomes more clear from d>p,./dB> vs 1/B [as
shown in Fig. 5(b)], which clearly reveals a beatlike pattern
indicating the interference of two similar frequencies. The
interference modulates the oscillation amplitude and is de-
scribed by R; = cos(w AE /hw.), where AE 1is the size of
spin splitting, % is the reduced Planck constant, and w, is
the cyclotron frequency, which is linear in B. If AE is not
linear in B, R, will be field dependent, producing a beating
pattern in quantum oscillations as observed in WTe, [48], a
two-dimensional electron gas [49,50]. Another possibility for
the observation of such peak splitting is due to the warped FS
arising from the coherent interplanar transport of carriers as
reported in Ref. [29]. The corresponding fast Fourier transfor-
mation (FFT) reveals two comparable frequencies, f,, >~ 71 T
and fg ~ 85 T [Fig. 5(c)]. In previous de Haas—van Alphen
[29] and SdH [34] studies of YbMnSb,, only one oscillation
frequency f, has been observed. In contrast, a recent ther-
mopower study revealed multiple frequencies [32]. To sort
out the discrepancies, we measured the resistance of another
sample up to 36 T as in Fig. 5(d). In Fig. 5(f), we show the FFT
spectra of the d?p,./dB* vs 1/B [Fig. 5(e)]. Consistent with
the low-field results, the spectra reveal a single frequency,
fa ~ 72 T with multiple higher-order harmonics. Therefore,
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FIG. 5. (a) Field dependence of p,, of crystal S#2 showing SdH
quantum oscillations. (b) The corresponding d?p,./dB> vs 1/B.
(c) FFT spectra of the d*p,./dB? vs 1/B curve at different temper-
atures. Inset: LK fit [Eq. (2)] to the FFT amplitudes of f, and fj.
(d) Field dependence of R, up to 36 T. (¢) d’R,./dB* vs 1/B curve
for results in (d). (f) The corresponding FFT spectra at T = 1.3 K.
(g) Landau level fan diagram for f,, constructed using the minimum
of Ap,,atT =13 K.

we believe that f;, and fg arise from the same Fermi pocket
due to the spin splitting of the Landau level or warped FS.

The frequency of quantum oscillation is related to the
cross-section area Sy of FS perpendicular to the applied B
direction via the Onsager relation, Sy = (27%/¢)F, where
¢o is the single magnetic flux quantum and F is the os-
cillation frequency. Using this relation, Sp for f, and fg
is estimated as 0.007 and 0.008 A2, respectively, represent-
ing tiny FS cross-sectional areas of only 0.3% of the BZ
area 2w /b) x 2w /c) =2.12 AZ. We also analyzed the SdH
oscillations quantitatively using the Lifshitz-Kosevich (LK)
formula [51,52], which predicts the oscillatory component of
Pxxs Ap, as

Ap 5(B %R T)Rp(T, (£ 1
m_§<§> 7(T)Rp( D)COS|:7T<E—<P>i|» (D

where p(0) is the resistivity p,, at B = 0. The cosine term
contains a phase factor ¢ = % — % — 8, in which ¢p is the
Berry’s phase and § is related to FS curvature. § =0 for

a smooth 2D cylinder, whereas § = +1/8 for a 3D FS. In
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Eq. (1), the Landau level broadening and electron scattering
result in two major damping factors, namely, the temperature
damping factor Ry (T') and the Dingle factor Rp(Tp), respec-
tively,

R (T) 272k Tm* oh 272k Tm* @
= ————gsinh| ———
g heB heB
and
272k Tpym*
Ro(Tp) = exp [ - 222 ), 3)
heB

which are determined by the cyclotron effective mass m* and
the Dingle temperature 7p. Fittings of Eq. (2) to the thermal
damping of the FFT amplitude of f, and fg [inset of Fig. 5(c)]
result in an almost equal m* ~ 0.12m, for f, and fg, similar
to previous reports [29,34].

In general, the LL fan diagram can be employed to iden-
tify the topological nature of quantum oscillation frequencies
by plotting the minimum of conductivity against their asso-
ciated LL index, n [53,54]. In this approach, the in-plane
conductivity (oy,) is converted into longitudinal resistivity

Oxx and transverse (Hall) resistivity pyy, using o, = #.

For YbMnSb,, the oscillation component of oy, obtained
as Aoy, is in phase with the Ap,, (Fig. S10 in SM [40]).
Therefore, LL indices can be assigned to the Ap minimum to
construct the LL fan diagram. However, the analysis of such
a LL fan diagram becomes problematic if there are multiple
frequencies involved or the splitting of the oscillation peak
increases dramatically at higher magnetic fields. Therefore,
in the present case, to construct a LL fan diagram, we used
prx data at T = 13 K below 16 T, where LL peak splitting is
absent [Fig. 5(g)].

The x intercept of a linear fit to the LL index, n vs 1/B, pro-
vides the accrued ¢ when the carrier completes one cyclotron
orbit, via the relation ¢ = 1/2 — ¢pg/2w — §. We assume § =
0, as previous SdH oscillation studies have established the 2D
nature of f, [29,34]. Then ¢ = 0 for a topologically nontrivial
Berry’s phase of 7, while a trivial Berry’s phase of O results in
¢ = 1/2. A value of ¢ = 0.004(1) in the present study indi-

cates that the Fermi pocket giving rise to the SAH oscillations
is consistent with having a topological origin and Dirac-like
dispersion.

IV. CONCLUSION

In summary, we have used neutron and x-ray single crys-
tal diffraction, magnetic susceptibility, and magnetotransport
measurements together with complementary band structure
calculations to investigate the crystal and magnetic structure
as well as the FS topology of YbMnSb,. Both x-ray and
neutron diffraction unambiguously revealed that YbMnSb,
crystallizes in an orthorhombic Pnma structure. Band struc-
ture calculations revealed a reduced BZ and more anisotropic
FS of YbMnSb, compared to YbMnBi, because of in-
plane orthorhombicity. The FS of YbMnSb, consisting of
an anisotropic heavier regular band and a linearly dispersing
Dirac-like band no longer exhibits C4 rotational symmetry
as in undistorted YbMnBi,. An analysis of SdH quantum
oscillation reveals a nontrivial nature of a tiny Fermi pocket
consistent with Dirac-like energy-momentum dispersion.
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