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The antiferromagnetic (AFM) semimetal YbMnSb, has recently been identified as a candidate topological
material, driven by time-reversal symmetry breaking. Depending on the ordered arrangement of Mn spins below

the Néel temperature, Ty = 345 K, the electronic bands near the Fermi energy can either have a Dirac node,
a Weyl node, or a nodal line. We have investigated the ground state magnetic structure of YbMnSb, using
unpolarized and polarized single crystal neutron diffraction. We find that the Mn moments lie along the ¢ axis
of the P4/nmm space group and are arranged in a C-type AFM structure, which implies the existence of gapped
Dirac nodes near the Fermi level. The results highlight how different magnetic structures can critically affect the

topological nature of fermions in semimetals.

DOI: 10.1103/PhysRevB.104.L161103

I. INTRODUCTION

Topological semimetals are materials whose electronic
bands have a linear dispersion in the vicinity of the Fermi
energy. Examples include crystals where the valence and con-
duction bands meet at discrete points (as in Dirac or Weyl
semimetals) or along a one-dimensional curve in k space (in
the case of nodal line semimetals) [1-3]. These systems can
host electrons that mimic the behavior of massless fermions
and are robust against perturbations due to the protection
afforded by the topology of the electronic band structure [4,5].

The exploration of magnetic materials with a topologically
nontrivial electronic band structure has become a central topic
in quantum materials physics. A particular interest is to iden-
tify materials in which the topology of the electronic states
can be controlled by their magnetic order [6—10]. Recently, the
antiferromagnetic (AFM) metal YbMnSb, has been proposed
as one such material, with the property that the topology of
the bands near the Fermi energy (Er) depends on the specific
spin configuration on the Mn magnetic sublattice [11-16].

Previous studies have shown that the crystal structure of
YbMnSb, can be described by the tetragonal space group
P4/nmm (No. 129) [11-13]. The unit cell, shown in Fig. 1(a),
includes a square sublattice of Sb atoms which is predicted to
host the topological fermions. This layer is in turn sandwiched
between layers of Mn, facilitating the coupling between mag-
netism and electronic band topology. Depending on whether
YbMnSb, displays G-type, C-type (with in-plane Mn mo-
ments), or canted C-type AFM order [see Figs. 1(b)-1(d)],
the electronic bands are predicted to give rise to a nodal-line
dispersion [13], a gapped Dirac crossing [12], or Weyl nodes
[11], respectively. It is essential, therefore, to determine the
magnetic order of the Mn sublattice in order to ascertain the
topological nature of the fermions in YbMnSb;.
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In this Letter we determined the spin configuration of the
Mn magnetic sublattice with high precision using a combi-
nation of polarized and unpolarized single crystal neutron
diffraction. We find that below the Néel temperature the Mn
spins point along the crystal ¢ axis and are arranged in a
C-type AFM structure [Fig. 1(e)]. The measurements place
an upper limit of 0.01 g on any in-plane ferromagnetic (FM)
component (either above or below Ty). The particular C-type
AFM structure found here is predicted to create gapped Dirac
points in the calculated band structure of YbMnSb,.

II. METHODS

Single crystalline samples of YbMnSb, were grown by the
flux method, as described in Refs. [11,13], giving rise to shiny
rectangular platelets with typical dimensions of ~4 x 4 x
0.5 mm?. The structure and quality of the single crystals were
checked on a six-circle x-ray diffractometer (Oxford Diffrac-
tion) and Laue diffractometer (Multiwire Laboratories).

Magnetization measurements were performed on a su-
perconducting quantum interference device (SQUID) mag-
netometer (MPMS-3, Quantum Design) with magnetic field
applied parallel and perpendicular to the crystal ¢ axis.
Measurements were performed in the temperature range
T =2-400K and in fields of up to 3 T. Electrical trans-
port measurements were performed on a physical property
measurement system (PPMS, Quantum Design) with the re-
sistivity option, in the temperature range 2—400 K in zero field.

Single crystal neutron diffraction with unpolarized neu-
trons of wavelength A =2.36A was performed on the
four-circle diffractometer D10 at the Institut Laue-Langevin
(ILL). The scattered neutrons were recorded on a 94 x
94 mm? area detector. To determine the magnetic and crystal
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FIG. 1. (a) Two unit cells of YbMnSb, as described by the
space group P4/nmm with cell parameters a = b = 4.31(2)A, ¢ =
10.85(1)10% at T =400K. The square Sb layers (at z =0 and ¢)
are predicted to host different types of topological fermions, de-
pending on the magnetic structure of the Mn magnetic sublattice.
(b)—(e) show different Mn magnetic structures and the corresponding
predicted topology of the electronic bands: (b) G-type AFM with
in-plane Mn moments stabilizes a line node in the electronic bands;
(c) C-type AFM with in-plane moments gives rise to Dirac nodes
with a small gap; (d) a canted C-type AFM order gives rise to
topologically protected Weyl nodes; (e) C-type AFM with moments
along c stabilizes a gapped Dirac state.

structure of YbMnSb,, a total of 382 and 386 Kkl reflections
were collected below and above the magnetic ordering tem-
peratures, at 7 = 2 and 400 K, respectively [Fig. 3(a)]. To
ascertain if there is a canting of the Mn moments away from
the crystal ¢ axis [Figs. 4(a) and 4(b)], the temperature depen-
dence of several reflections was measured in the temperature
range from 2 to 420 K.

Polarized neutron diffraction measurements (A = 0.832 A)
were performed on the single-crystal diffractometer D3 (ILL)
with a polarized incident beam but without a polarization
analysis (half-polarized setup). The incident neutron polariza-
tion (P;) was oriented either parallel or antiparallel to z (the
normal to the scattering plane) by means of a cryoflipper, and
maintained by guide fields. The crystal was aligned inside a
vertical field superconducting magnet with the crystal b axis
vertical to give access to a series of reflections in the (h0I)
horizontal scattering plane [Fig. 5(b)]. A magnetic field of
noH = 0.4T was applied.

For both neutron diffraction experiments on the instru-
ments D3 and D10, the single crystals were prealigned with
the neutron Laue diffractometers OrientExpress [17] and CY-
CLOPS [18] at ILL. A neutron diffraction data analysis was
performed with the MAG2POL software [19].

To clarify the topological nature of the electronic band
structure in YbMnSb, we performed density functional theory
(DFT) calculations of the electronic band structure using the
QUANTUM ESPRESSO implementation [20]. Relativistic pseu-
dopotentials were used in the calculations to account for
the large spin-orbit coupling (SOC) arising from the heavy
Sb ions which might lead to band inversion. Furthermore, a
Hubbard U = 4.1 eV was used to model the strong electron-
electron correlations due to the Mn 3d bands. The Mn spin
configuration used in the calculations was obtained from the
analysis of the neutron scattering data as input parameters.
A Monkhorst-Pack k-point sampling mesh of 4 x 4 x 6 was
used [21].
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FIG. 2. (a) Temperature dependent magnetization curves of
YbMnSb, measured with a field uoH = 3T applied parallel and
perpendicular to the crystal ¢ axis. The bifurcation of the curves
below Ty = 345(1)K indicates the onset of AFM order. (b) Inte-
grated intensity of the 100 magnetic reflection measured by neutron
diffraction. (c) Temperature dependence of the in-plane resistivity of
YbMnSb,, displaying metallic conductivity for T < Ty.

III. RESULTS AND DISCUSSION

Figure 2(a) plots the magnetization of YbMnSb; as a func-
tion of temperature in a fixed field of uoH = 3T, applied
parallel and perpendicular to the crystal ¢ axis. On cooling,
we observe a bifurcation of the curves below Ty = 345(1) K,
indicating the onset of antiferromagnetic order of the Mn spins
(the Yb atoms are divalent and therefore nonmagnetic). The
anisotropy of the induced moment in the magnetically ordered
phase, with M. > M|, suggests that the crystal ¢ axis is an
easy axis. At low temperatures (below T = 50 K), we observe
an upturn in the magnetization in both field configurations,
consistent with an earlier report [11]. In a later section, we
will discuss the possible origin of this behavior.

Figure 2(b) displays the temperature dependence of the
integrated intensity of the 100 reflection measured by
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FIG. 3. (a) Reciprocal space representation of the &kl reflections that were measured on the D10 instrument. The blue and red points
correspond to reflections which are allowed and forbidden, respectively, by the P4/nmm space group. (b) Comparison of measured (/o) and
calculated (I.,.) integrated intensities from the structural refinement in the paramagnetic phase of YbMnSb, at T = 400 K. (c)—(e) compare
Lobs and Iy for the T = 2 K data refined against structural models with G-type AFM, C-AFM (moments in plane), and C-AFM (moments

along c), respectively.

neutron diffraction. The 100 reflection is structurally forbid-
den by the n glide, and its intensity has an order parameterlike
dependence. Its appearance coincides with the bifurcation in
the magnetic susceptibility at 7y. These observations confirm
the existence of antiferromagnetism in YbMnSb,.

In Fig. 2(c) we plot the in-plane longitudinal resistivity
(pxx) as a function of temperature. On cooling, we observe that
Pxx Increases to a maximum at 7Ty then decreases with temper-
ature down to 7 = 2K (the lowest temperature reached), in
good agreement with earlier studies [11-13].

The broad resistivity peak in the vicinity of 7Ty could
indicate a coupling between charge transport and fluctua-
tions of the Mn moments, which diverge at Tn. Ab initio
calculations of the electronic band structure of YbMnSb,
demonstrate that the Sb square layer, which is structurally
sandwiched between two Mn layers [Fig. 1(a)], is mainly
responsible for charge transport [13]. Coupling between Mn
3d and Sb 5p states makes it possible for different Mn
magnetic structures to cause different Sb 4p electronic topolo-
gies [see Figs. 1(b)-1(d)], and this is why it is important
to understand the details of the AFM structure observed
below Tx.

The magnetic structures depicted in Figs. 1(c)-1(e) can be
described with a magnetic propagation vector q = (0, 0, 0).
For T < Ty, therefore, magnetic Bragg peaks observed by
neutron diffraction may coincide with structural Bragg peaks.
Figure 3(a) illustrates the set of reflections measured in our
diffraction study. These reflections are mostly structurally
allowed in the P4/nmm space group (indicated by the blue
circles), but there are also a small number of reflections of the
form h 4+ k = 2m + 1 (m integer) which are forbidden by the
n glide (red squares). The latter reflections, where present, are
therefore purely magnetic in origin.

To identify the magnetic contribution to the structural
Bragg peaks when T < Ty it is important to obtain a good
model for the crystal structure in the paramagnetic phase.
Figure 3(b) shows the results of our refinement in the para-
magnetic phase at 7 = 400 K. The observed and calculated
peak intensities are seen to agree well. The refined structural
parameters are given in Table 1.

For completeness, we mention that we also observed some
very weak nonmagnetic reflections at half-integer [ positions
which are structurally forbidden in P4 /nmm but allowed in the
closely related Pnma space group. The latter space group was
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FIG. 4. (a) Unpolarized neutrons were used on the D10 in-
strument (ILL), with the scattering vector Q along 00/. (b) Since
magnetic neutron diffraction is sensitive to the component of M
perpendicular to Q, namely M , a canting of the Mn moments away
from the crystal ¢ axis will produce a magnetic contribution to the
nuclear Bragg reflections along 00!. (c) The temperature dependence
of the integrated intensities of the 001 and the 002 reflections. The
line corresponds to the fit to the Debye-Waller factor.

reported to give an equally good description of x-ray diffrac-
tion data from polycrystalline YbMnSb, [11] and is known
in the wider family of AMnSb, (A = Eu, Sr, Ca) compounds
[22-27]. These half-integer reflections can arise from a subtle
structural distortion which doubles the unit cell in the out-of-
plane direction, but due to limited data we have not attempted
to refine the structure further. The central conclusions of the
study, which concern the magnetic structure, are not affected
by the existence of such a distortion.

TABLE 1. Structural parameters for YbMnSb, obtained from
refinement in the space group P4/nmm against integrated intensities
collected at 400 K.

Wyckoff
Atom position X y z Bi
Yb 2¢ 0.25 0.25 0.7274(1) 0.60
Mn 2a 0.75 0.25 0.00 0.4(1)
Sb 2b 0.75 0.25 0.50 0.78(7)
Sb 2¢ 0.25 0.25 0.1595(3) 0.49(8)
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FIG. 5. (a) To access the (h0!) reflections in the half-polarized
experimental setup on D3, a YbMnSb, single crystal was aligned
with the crystal b axis normal to the horizontal scattering plane.
The incident neutrons are polarized along z (P, || z) and the scattered
neutron polarization P is not analyzed. (b) Reciprocal space plot of
the measured reflections (blue spheres) in the (h0/) scattering plane.
(c) Measured flipping ratios (blue circles) along with the calculated
R for zero in-plane moment (dashed line) and several nonzero values
up to 0.03up (colored bars).

Turning to the 2 K data, we compare in Figs. 3(c)-3(e)
the measured (Iohs) and predicted () integrated intensities
based on the magnetic structures shown in Figs. 1(b), 1(c),
and 1(e). There are large discrepancies between Ions and I,
for the G-type AFM model, Fig. 3(b), especially for the purely
magnetic reflections (red symbols) which have zero intensity
for this magnetic structure. Hence, the G-type AFM order,
shown in Fig. 1(b), can safely be excluded. Similarly, the I.,
values for the in-plane C-type AFM model significantly un-
derestimate the intensities of the purely magnetic reflections
[Fig. 3(c)]. Therefore, the in-plane C-type AFM model shown
in Fig. 1(c) can also be excluded.

On the other hand, there is good agreement [see Fig. 3(d)]
between the predicted and measured integrated intensities for
the C-type AFM model with Mn moments along the crystal ¢
axis, shown in Fig. 1(e). The size of the Mn moments obtained
from the refinement is 3.48(9)wg, which is somewhat less
than the value of Sup expected for divalent manganese with
localized electrons (3d>, S =5 /2), but consistent with the
Mn ordered moments reported in related AMnX; intermetallic
compounds (A = Ca, Sr, Ba, Yb; X = Sb, Bi) [25,28-31].

Let us now consider the structure shown in Fig. 1(d),
which involves a canting of the C-type AFM structure so as
to produce a net in-plane ferromagnetic (FM) moment. The
possibility of a small FM canting was suggested by Wang
et al. [11] to account for the upturn in the magnetization
at low temperatures, and was reported in neutron scatter-
ing measurements on the sister compound SrMnSb, [25]. In
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that study, Liu et al. observed an increase in the integrated
intensities of the 200 reflection in the vicinity of 7y, and
attributed the increase to an in-plane ferromagnetic order
which sets in at Tc ~ 565 K (well above 7y). This in-plane
ferromagnetic order in StMnSb; is thought to persist into the
AFM ordered phase below 7Ty, giving rise to the canted AFM
order shown in Fig. 1(d).

To search for a small in-plane FM component we studied
the temperature dependence of several 00/ reflections. Mag-
netic neutron diffraction is caused by the component of the
magnetic moment perpendicular to the scattering vector Q,
so if the moments are aligned along the ¢ axis then there is
no magnetic contribution to any 00/ reflections. On the other
hand, any canting of the moments will produce a magnetic
component perpendicular to ¢ which will give magnetic scat-
tering at 00/ reflections. Figures 4(a) and 4(b) illustrate the
arrangement just described.

Figure 4(c) plots the temperature dependence of the in-
tegrated intensities of the 001 and 002 reflections. At low
temperatures (below T = 50 K), we do not observe an upturn
in the integrated intensities which would indicate the onset of
in-plane ferromagnetic order. Therefore, the increase in mag-
netic susceptibility at low temperatures, shown in Fig. 2(a),
cannot be attributed to the development of a spontaneous
ferromagnetic component in the crystal a-b plane. This con-
clusion is consistent with the behavior of the magnetization as
a function of field at low 7" which also does not indicate spon-
taneous in-plane ferromagnetism (see Supplemental Material
[32]). Instead, we attribute the upturn in the magnetic suscep-
tibility at low temperatures to a very small concentration of
a paramagnetic impurity, as reported in other members of the
AMnX, family [29,33]. Hence, the canted AFM order, shown
in Fig. 1(d), can be excluded at low temperatures.

However, we observed a gradual increase in the integrated
intensity of the 001 and 002 reflections above 7 ~ 200K
[Fig. 4(c)]. This increase, which is too large to be accounted
for by paramagnetic diffuse scattering, could potentially arise
from an in-plane ferromagnetic order of the Mn moments,
giving rise to a canted magnetic structure [Fig. 1(d)] when
T < 1, as was reported in the neutron diffraction study of
SrMnSb; [25]. To test for the presence of in-plane ferromag-
netism in YbMnSb, we used polarized neutron diffraction to
measure the flipping ratio (R) of a series of reflections within
the (h0l) scattering plane at T = 400 K > Ty [see Figs. 5(a)
and 5(b)].

For centrosymmetric crystals and a magnetic field that is
perpendicular to the scattering plane the flipping ratio is given
by [34]

2
R=(1+—”> ~ 1 +4y, (1)
I—y

where y = Fy/Fy is the ratio of the magnetic to nuclear
structure factor. The approximation is valid for y < 1. When
there is no magnetic contribution to the measured reflections
(Fm = 0) the flipping ratio is seen from Eq. (1) to be R = 1.
Conversely, a flipping ratio that deviates from unity implies a
nonzero Fy. As the applied field was small (uoH = 0.4 T), the
induced moment on paramagnetic Mn is negligible. Hence, if
R # 1 we can infer a small FM contribution.

0.5-W

: Z@

Energy (eV)

—1.0 A

M r X
FIG. 6. Ab initio electronic dispersion of YbMnSb, along in-

plane high symmetry directions. The calculation assumes the
magnetic structure determined in this study.

Figure 5(c) plots flipping ratios measured at 400 K for
the reflections that were studied. The plot also includes the
calculated R for several values of the in-plane ferromagnetic
moment up to 0.03up. In particular, the dashed horizontal
line denotes R = 1, which corresponds to zero ferromagnetic
moment.

It can be seen from Fig. 5(c) that the measured R is con-
sistent with an in-plane ferromagnetic component of less than
0.01pup. This is far too small to explain the observed increase
in integrated intensity of the 00/ reflections above ' ~ 200 K,
which we estimate would require an in-plane moment of about
0.8up. Hence, the polarized neutron measurements exclude
spontaneous in-plane magnetic order above 7' ~ 200 K. Fur-
thermore, the magnetization as a function of field at T =
400K also indicates that any in-plane ferromagnetic compo-
nent is negligible (M < 0.001up) (see Supplemental Material
[32]). A possible origin of the signal above T ~ 200K
[Fig. 4(c)] could arise from a MnSb impurity with ordering
temperature of ~560 K [35].

The evidence presented here excludes all of the proposed
magnetic structures presented in Figs. 1(b)-1(d) as acceptable
models for the magnetic order of YbMnSb,, and instead we
find C-type AFM order with Mn moments along the crystal ¢
axis [Fig. 1(e)]. We note that some of the predicted magnetic
structures in Figs. 1(b)-1(d) were based on ab initio calcula-
tions, and the difference between the self-consistent energies
obtained for the various magnetic structures can sometimes
be of the same order of magnitude as the computational
uncertainty. Hence, our work highlights the importance of
identifying the ground state magnetic structure experimentally
before proceeding to calculate the electronic band structure.

Finally, Fig. 6 shows the in-plane electronic dispersion of
YbMnSb; calculated with the magnetic structure determined
in this study. The band structure contains two avoided Dirac
crossings close the Fermi energy, at AE >~ —0.2 eV along the
I'-X high symmetry line and AE >~ 0.15eV between M and
I". The gaps arise from the hybridization of the Sb 5p bands
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[14,36]. The gapped Dirac dispersion of YbMnSb; is similar
to that reported in other compounds exhibiting C-type AFM
magnetic order in the AMnSb, family [26,28,37,38].

IV. CONCLUSION

In this Letter we experimentally tested several magnetic
structures which have been predicted for YbMnSb,. Mag-
netic structure refinements made from unpolarized neutron
diffraction data provide conclusive evidence for C-type AFM
order with Mn spins along the c axis. Polarized neutron
diffraction measurements could not detect any in-plane FM
order above or below Ty. The results do not support pre-
dictions that YbMnSb, is either a nodal line or a Weyl
semimetal, and instead imply that the band structure contains
gapped Dirac nodes near the Fermi level. More generally,

this work highlights how different magnetic structures can
profoundly affect the topological behavior of electrons in
metals.
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