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NbMnP is a metallic material, which consists of the zigzag chains of Mn moments along the
b axis. The magnetic susceptibility as well as the resistivity shows an anomaly at 233 K, which
indicates an antiferromagnetic phase transition. Our neutron powder diffraction experiment reveals
that the magnetic structure is a Q=0 structure and noncollinear with an easy plane anisotropy
perpendicular to the b axis and the a and ¢ axis magnetic components align antiferromagnetically
and ferromagnetically along the zigzag chain direction, respectively. The ordered moment is 1.2ug,
which is reduced probably due to the itineracy of the Mn moments. A localized picture model
suggests that the @=0 magnetic structure is formed by the frustration among several exchange
couplings. A weak ferromagnetic component is also present in the antiferromagnetic phase, which
is considered to be caused by a Dzyaloshinskii-Moriya interaction.

I. INTRODUCTION

The Dzyaloshinskii-Moriya (DM) interaction, which is
an antisymmetric exchange coupling originating from the
combination of a lack of inversion symmetry and spin-
orbit coupling [1, 2], was first argued to explain weak fer-
romagnetism in some antiferromagnetic materials. Ab-
sence or presence of the DM interaction is primarily eval-
uated depending on whether the crystal symmetry has in-
version center or not, respectively. However, even when
the crystal structure has an inversion symmetry, in the
sublattice constructed by an equivalent magnetic inter-
action, such as second neighbor or third neighbor inter-
action, the center of the bonds can lack inversion symme-
try, which leads to the DM character of the interaction
[3]. The DM interaction causes not only canted weak
ferromagnetism but also gives rise to other non-collinear
magnetic structures, such as helical state. Interestingly,
the DM interaction acts as a driving force for novel phe-
nomena.

One example is the magnetic skyrmion lattice, which
exhibits various interesting properties, including novel
Hall effect and multiferroic behavior, and has attracted
much attention because of its possibility for industrial
application in spintronic devices [4]. MnSi is a proto-
typical material, exhibiting the skyrmion lattice phase
just below the antiferromagnetic transition temperature
in finite magnetic fields [5]. A helical structure is the
magnetic ground state at ambient field. A DM interac-
tion is ascribed to the formation of the helical structure
[6] as well as the skyrmion lattice [5].

NbMnP has the TiNiSi-type orthorhombic structure
(space group Pnma) [7] with inversion symmetry, in
which Mn atoms form zigzag chains along the b axis, as
shown in Fig. 1. From this structure, one would expect
frustrated magnetic interactions between the nearest-
neighbor and second-neighbor couplings in the zigzag

chain, which might give rise to interesting magnetic and
transport properties. The DM interactions can also be
present for the second, third, and fourth-neighbor inter-
actions. However, the physical properties of this material
have not been studied so far. Therefore, it is important to
characterize the bulk properties and determine the mag-
netic structure in NbMnP to discuss the mechanism and
effect of the frustrated interactions.

Very small pieces of NbMnP single crystals were grown
and the magnetic properties were characterized. The
magnetic susceptibility shows a small increase at 233 K
[Fig. 2(a)], indicating an antiferromagnetic magnetic or-
dering with a weak ferromagnetic component. Neutron
powder diffraction study was performed to determine
the magnetic structure using a bunch of the small crys-
tals. We observed commensurate magnetic peaks with

m=(0, 0, 0). The magnetic structure was found to
be a noncollinear antiferromagnetic structure with mag-
netic moments confined in the ac plane, in which arrange-
ments of magnetic components along the a axis and c¢ axis
are antiferromagnetic and ferromagnetic along the zigzag
chain direction, respectively, with the ordered magnetic
moment of 1.2up at 9 K. The reduced moment indicates
itineracy of the Mn moments. Although we anticipated
a competition between the nearest-neighbor and second-
neighbor interactions in the zigzag chain, the magnetic
structure suggests competing intrachain and interchain
couplings. DM interactions may also be at work to re-
alize the noncollinear magnetic structure in the ac plane
as well as the weak ferromagnetism. NbMnP is an inter-
esting material with the frustrated and DM interactions
for itinerant Mn moments.



FIG. 1. (a) Crystal and magnetic structures of NbMnP. The
structural parameters are shown in Table I. (b) and (c) are the
structures projected along the ¢ and b directions, respectively.
The bold lines are bonds between nearest-neighbor Mn atoms,
which form zigzag chains along the b axis. The magnetic in-
teractions (J1, J2, Js, and Ju) are indicated. Nonmagnetic
atoms are removed in (b) to display the Mn-Mn interactions
clearly. The numbers in (c) represent four inequivalent Mn
sites in a unit cell. The numbers with the prime symbol rep-
resent Mn sites in the neighboring unit cell.

II. EXPERIMENTAL DETAILS

Single crystals of NbMnP were grown using the self-
flux method similar to that in Ref.[8]. Starting mate-
rials of Nb powder, Mn powder and P flakes with the
molar ratio of 2.5 : 85.9 : 12.85 were put into Al,Og3
crucible and sealed into an evacuated quartz ampoule.
The ampoule was gradually heated up to 1200 °C and
held at this temperature for 6 h. Then it was slowly
cooled down to 900 °C with a rate of —3.3 °C/h. Ex-
cess substances were decomposed using diluted nitric acid
solution or mixed solution of acetic acid and hydrogen
peroxide. Some single crystals grown using this method
have short needle-like shape with the length less than 0.5
mm. However, most of the small single crystals, used for
the neutron powder diffraction measurements, are broken
into random-shaped pieces in the process of the excess
substance removal. The X-ray diffraction and resistiv-
ity measurements were performed using a single crystal.
However, since the crystals were too small to measure
magnetic susceptibility and also observe magnetic Bragg
peaks with neutron diffraction measurement, we used a
bunch of the small single crystals without crushing for
the magnetic susceptibility and neutron powder diffrac-

tion measurements.

Magnetic susceptibility was measured in the temper-
ature range between 2 and 300 K and the field range
between 0.1 and 5 T using MPMS. Resistivity was mea-
sured using the 4 terminal method in the temperature
range between 1.6 and 295 K at ambient field. X-ray
diffraction measurement was performed at 200 and 293
K using Rigaku Saturn724 diffractometer with a multi-
layer mirror monochromated Mo-Ka radiation at room
temperature. The program suite SHELX was used for
structure solution and least-squares refinement [9]. Pla-
ton was also used to check for missing symmetry elements
in structures [10].

Neutron powder diffraction was measured at 9, 150,
and 250 K using 2.2-gram sample on the time-of-flight
powder diffractometer POWGEN [11] with a neutron
wavelength band of 0.970-2.033 A. A closed-cycle refrig-
erator was used to cool down the sample. For magnetic
structure analysis, the representational analysis was per-
formed using the BasIreps package [12]. Rietveld refine-
ments were performed for the neutron powder diffraction
data using the FullProf package [13].

III. EXPERIMENTAL RESULTS
A. Bulk Properties

We first performed the X-ray diffraction measurements
using a single crystal. The crystal structure of our
NbMnP sample was confirmed to be Pnma both at 293
K in the paramagnetic phase and 200 K in the antiferro-
magnetic phase. The determined structural parameters,
shown in Table I, are consistent with the previous results
reported in Ref. [7]. It is interesting that the lattice
constants are not contracted homogeneously with cool-
ing down. Comparing the lattice constants at 200 and
293 K, b is contracted by 0.19% but c is expanded by
0.15% at 200 K, whereas a is just slightly expanded by
0.03%. These lattice changes along the b and ¢ axes are
consistent with those observed with the powder neutron
diffraction measurements at 9 and 250 K, as shown in
APPENDIX. This indicates a magnetoelastic coupling in
the magnetically ordered state. These structural param-
eters will be used to discuss the magnetic interactions in
NbMnP in Sec. 1V.

Figure 2(a) shows the magnetic susceptibility in
NbMnP. Since a bunch of non-aligned single crystals were
used, the result is equivalent to that from a powder sam-
ple and no information of the anisotropy can be obtained.
The susceptibility abruptly increases below ~233 K. As
shown in the inset of Fig. 2(b), the increase of the suscep-
tibility is suppressed at higher magnetic field and above
2 T the susceptibility just shows a cusp at 233 K. These
indicate that the magnetic structure should be mainly
antiferromagnetic with Ty ~233 K, and it is accompa-
nied by a small ferromagnetic component. This assump-
tion is consistent with a slight decrease of the magnetic



TABLE I. Structural parameters of NbMnP determined by the X-ray structural analysis at T'=293 K and 200 K.

T=293K
Atom  position x y z Occ. U(A?)
Nb 4c 0.03102(5) 0.25000 0.67215(5) 0.968 0.00582(15)
Mn dc 0.14147(9) 0.25000 0.05925(8) 1  0.0063(2)
P dc  0.26798(15) 0.25000 0.36994(13) 1  0.0061(2)

orthorhombic (Pnma): a=6.1823(2) A, b=3.5573(2) A, c=7.2187(3) A, R=1.90%

T =200 K
Atom  position x z Occ.  U(A?)
Nb 4c 0.03123(6) 0.25000 0.67187(5) 0.969 0.00486(18)
Mn de 0.14152(9) 0.25000 0.05945(8) 1  0.0053(2)
P dc  0.26790(15) 0.25000 0.36949(14) 1  0.0052(3)

orthorhombic (Pnma): a=6.1841(3) A, b=3.5504(2) A, c=7.2295(4) A, R=2.25%
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FIG. 2. (a) Temperature dependence of magnetic suscep-

tibility M/H measured using a bunch of non-aligned single
crystals at 0.1 T, showing a kink at T = 233 K. (b) M/H
versus temperature as a function of magnetic field near Tn.
(c) Magnetization curves measured at 2 K, showing a small
ferromagnetic component. (d) Temperature dependence of
electrical resistivity for a single crystal, which also shows a
clear anomaly at T.

susceptibility below ~100 K, which indicates that the
susceptibility decreases due to the antiferromagnetic or-
der with the weak ferromagnetic component saturated at
low temperatures. The magnitude of the ferromagnetic
component is very small (~ 0.0015u5/f.u.), as confirmed
by the residual magnetization in the magnetization curve
at 2 K shown in Fig. 2(c). A small upturn of the mag-
netic susceptibility below ~10 K probably originates from
paramagnetic impurities.

The electrical resistivity is shown in Fig. 2(d). The
resistivity decreases abruptly below Ty. Compared with
a material with the same TiNiSi-type structure and other

Mn-based materials, the absolute value of the resistivity
at room temperature in NbMnP is similar to those in
NbCrP [14] and MngSn[15] but a few times larger than
those in MnP [16], MnsP [17], and MnSi [18].

B. Magnetic Structure

In order to determine the magnetic structure of
NbMnP, neutron powder diffraction measurements were
performed above and below Tx(=233 K). The refined
structural parameters are summarized in APPENDIX.
As shown in Fig. 3, the neutron diffraction patterns of
NbMnP were collected at 9, 150, and 250 K. We found
increase of (100) (Q ~1.02 A=1), (110) (Q ~2.05 A~1),
(012) (Q ~2.48 A=1), and (300) (Q ~3.05 A~') Bragg
peak intensities at low temperatures. This indicates that
these are magnetic signals with Q,,=(0, 0, 0), meaning
that the magnetic unit cell is the same as the primitive
unit cell. The magnetic intensity at 150 K is slightly
reduced compared to that at 9 K, but the relative in-
tensities do not change with temperature. This suggests
that the magnetic structure is not temperature depen-
dent but only the ordered magnetic moment is reduced
with increasing temperature.

Since the crystal symmetry below Ty was experimen-
tally determined to be Pnma, as shown in Table I,
representational analysis was performed for Pnma and
Qm=(0, 0, 0). There are four Mn sites in a unit cell, as
indicated in Fig. 1(c). The possible magnetic structures
are listed in Table II. We found that two irreducible rep-
resentations I'¢ + I'7, where I'g with w=0 and I'7 with
u=0 represent the a and ¢ axis moment components, re-
spectively, are dominantly needed to reproduce the mag-
netic intensities. 'y with u=0 is primarily needed to
reproduce the large (100) intensity. I's with w=0 con-
tributes to increase the (110) intensity. Although finite
w in I's and u in I'7 can be present in principle, we just
used v in I's and w in I'; and assumed that w in I'g
and v in I'7 are zero in order to reduce the number of
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FIG. 3. Neutron powder diffraction of NbMnP at 9 K (a) and
250 K (b). Observed (blue dots), calculated (red line), and
difference (gray line) patterns from Rietveld analyses. The
vertical bars are Bragg peak positions expected from the nu-
clear and magnetic structures. The nuclear Bragg R factor at
250 K is 6.24%. The magnetic R factor at 9 K is 13.3% with
the nuclear Bragg R factor of 5.30%. Temperature depen-
dences of three magnetic Bragg peaks, (100) (c), (110) (d),
(012) (e), and (300) (f). The solid lines in (c), (d), (e), and
(f) represent calculated intensities with the moments along
the a and c¢ axes being 0.83(7)us and 0.88(5)us, respectively.

fitting parameters. The magnetic stricture with the two
irreducible representations may be related with the mag-
netoelastic coupling, as described in Sec. IITA, which is
considered to occur to relieve the magnetic frustration.
For the Rietveld fitting, there is an ambiguity of choos-
ing Mn valence state for the magnetic form factor. We
evaluated all possible valence states for Mn and found
that Mn®+ and Mn** yield almost equally good R fac-
tors, which are better than those for other valence states.
Since the accurate valence state is not known in NbMnP,
we will show the results obtained with Mn37.

Because of the magnetic propagation vector being (0,
0, 0), most of the magnetic Bragg peaks overlap with in-
tense nuclear peaks, where the magnetic contribution is
small. The purely magnetic Bragg peaks in the low-Q
region are shown in Figs. 3(c)-(f). Not all of these peaks
are reproduced perfectly because the parameters are ad-
justed to fit the global diffraction pattern and reduce the
R-factor, as shown in Fig. 3(a). In particular, the (300)
intensity is highly underestimated. This is probably be-
cause the magnetic form factor used for the analysis was
for localized Mn moments with isotropic orbital distri-
bution. Therefore, more accurate magnetic form factor,
which includes the itineracy and/or anisotropic orbital
nature of the Mn moments, should be used in order to
have better agreement between the observed and calcu-
lated intensities.

The moment along the a and ¢ axis were fitted to be
0.83(7)up and 0.88(5) up, respectively, with the total mo-
ment of 1.2(1)up. The magnetic R factor is 13.3% with
the nuclear Bragg R factor of 5.30%. The magnetic mo-
ments at the four Mn sites are listed in Table III. The
noncollinear magnetic structure determined by the anal-
ysis is shown in Fig. 1. The Mnl and Mn4 moments and
the Mn2 and Mn3 moments are antiparallel, whereas the
Mn1 and Mn2 moments and the Mn3 and Mn4 moments
are almost orthogonal.

IV. DISCUSSION

We found that the magnetic structure is noncollinear,
in which the a and ¢ axis magnetic components align anti-
ferromagnetically and ferromagnetically along the zigzag
chain, respectively. The magnetic structure is described
by a combination of the two irreducible representations,
suggesting that the symmetry of the magnetic structure
is lower than the one expected from Pnma. Here, we
will discuss how the magnetic structure can be realized.
Although the electrical conductivity is metallic and the
magnetic moment is reduced, the magnetic structure was
found to be the one with Qy,=(0, 0, 0), suggesting that
spin density wave is not the ground state so that the
localized moment model may work to understand the
magnetic interactions between Mn moments. The mag-
netic exchange interactions of the nearest-neighbor (J;),
second-neighbor (J3), third-neighbor (J3), and fourth-
neighbor (J;) were assumed to describe the magnetic



TABLE II. Possible magnetic structures for Pnma space group with Qm=(0, 0, 0). u, v, and w represent the magnetic moment

components along the a, b, and ¢ axes, respectively.

Irreducible Representation Mnl Mn2 Mn3 Mn4
(z,y, %) (—z+1/2, —y, 2+1/2) (—z, y+1/2, —2) (x+1/2, —y+1/2, —z+1/2)

I (0, v, 0) (0, —v, 0) (0, v, 0) (0, —v, 0)
Ty (u, 0, w) (—u, 0, w) (—u, 0, —w) (u, 0, —w)
T's (u, 0, w) (—u, 0, w) (u, 0, w) (—u, 0, w)
Iy (0, v, 0) (0, —v, 0) (0, —v, 0) (0, v, 0)

Ts (0, v, 0) (0, v, 0) (0, v, 0) (0, v, 0)

I's (u, 0, w) (u, 0, —w) (—u, 0, —w) —u, 0, w)
T (u, 0, w) (u, 0, —w) (u, 0, w) (u, 0, —w)
I's (0, v, 0) (0, v, 0) (0, —v, 0) (0, —v, 0)

TABLE III. Magnetic moments at the four Mn sites at T=9
K. The unit of the magnetic moments is ug.

site u v w
Mnl 0.83(7) 0 0.88(5)
Mn2 0.83(7) 0 —0.88(5)
Mn3 —0.83(7) 0 0.88(5)
Mn4 —0.83(7) 0 —0.88(5)

structure. These interactions are indicated in Fig. 1 and
the detailed geometrical parameters of the interactions
are shown in Table IV. J; and Jy are intrachain and
J3 and Jy are interchain couplings. For Ji, where the
distance is 2.64 A, the direct exchange can be dominant.
The superexchange interactions via Mn-P-Mn paths are
expected to be dominant for other interactions.

Before conducting the neutron powder diffraction mea-
surement, we initially predicted that the magnetic struc-
ture would be incommensurate due to competing J; and
Jo. However, since Js is a superexchange coupling with
a bonding angle of 100.24 deg and considered to be ferro-
magnetic, there should be no competition between .J; and
Js irrespective of the sign of J; and therefore an interac-
tion model with J; and J> does not reproduce the non-
colinear magnetic structure in Fig. 1. Then, Js and Jy
should be included in addition to J;. As shown in Fig. 1,
J1, J3, and Jy form a triangle. The direction of moments
connected with J3 are antiparallel, whereas the direction
of moments connected with J; and Jy are almost orthog-
onal. If one or three bonds out of the three magnetic
bonds are antiferromagnetic, the three interactions com-
petes. This suggests that J; is a dominant interaction
which is antiferromagnetic and both J; and J4 are either
ferromagnetic or antiferromagnetic. Since J3 and Jy are
superexchange Mn-P-Mn couplings with bonding angles
of 121.76 and 129.81 deg, respectively, both interactions
are considered to be antiferromagnetic, indicating that
J1 is also antiferromagnetic. As described in Sec. IIIA,
the structural study suggests an anomalous temperature
dependence of the lattice constants, indicating a magne-
toelastic coupling. The Mn-P-Mn bond angles for J3 and
J4 are found to be slightly increased at 200 K, which is
consistent with the stabilization of the antiferromagnetic
couplings due to the magnetoelastic coupling.

Are the four magnetic interactions (Jy, Ja, J3, and Jy)
discussed above consistent with the Q,=(0, 0, 0) mag-
netic structure? As shown in Fig. 1(c), there are two
antiferromagnetic sublattices, constructed by the dom-
inant J3. One is a sublattice with Mnl and Mn4 and
the other is with Mn2 and Mn3. The two sublattices
are connected with J; and J;. The dominant antiferro-
magnetic J3 keeps the magnetic structure commensurate
with the primitive unit cell along the a axis. The inter-
sublattice couplings, J; and Jy, keep the relative angles
between the neighboring inter-sublattice spins same, i.e.
13/ =04/ and ] _9—=N3_4=01 -2/ =Q3_4/, where Qg
represents relative angle between Mni and Mnj moments.
Because of these relations, the directions of the Mn2 and
Mn2" moments as well as those of the Mn4 and Mn4’
moments should be the same, which makes the magnetic
structure commensurate along the b and ¢ axes. Even if
the ratios between J1, J3, and Jy change, only the relative
angle between the neighboring inter-sublattice moments
changes without changing the magnetic unit cell. It is
possible that the magnetic correlations become incom-
mensurate along the b axis when J; is antiferromagnetic
and compete with J;. However, as mentioned above, Js is
considered to be ferromagnetic. Therefore, the Qpn=(0,
0, 0) magnetic structure is consistent with the model with
the four magnetic interactions.

The localized picture model suggests that the magnetic
structure with @m,=(0, 0, 0) is formed by the frustration
among several exchange couplings. Since there is no in-
version symmetry at the center of the second, third, and
fourth-neighbor Mn bonds in NbMnP, the DM interac-
tion may remain finite between them. The DM interac-
tion for the third-neighbor Mn bond as well as the frus-
trated interactions could induce the non-collinear mag-
netic structure in the ac plane. Further studies are re-
quired to understand the magnetic interactions in more
detail. In particular, an inelastic neutron scattering
study using single crystals is desirable to determine the
magnetic interactions accurately.

Here, the magnetic interactions considered above will
be compared to those in the materials previously re-

ported. The magnetic structures of the TiNiSi-type
structure compounds RMnSi with R=Ho, Lu, and
Sco.9Lug.; were previously reported [19]. In HoMnSi,



TABLE IV. Bonding distances and angles of the Mn-P-Mn bonds at T=293 and 200 K obtained using the structural parameters

shown in Table 1.

T =293 K
Interaction Mn-Mn distance (A) Mn-P distance (A) Mn-P-Mn angle (°)
T 2.6367(8) 2.3113(7), 2.365(1) 68.64(3)
Jo 3.5568(3) 2.3113(7) 100.61(5)
Js 4.1396(8) 2.3647(11), 2.3749(11) 121.71(5)
Jy 4.2409(4) 2.3113(7), 2.3749(11) 129.63(3)
T=220K
Interaction Mn-Mn distance (A) Mn-P distances (A) Mn-P-Mn angle (°)
T 2.6370(8) 2.3132(8), 2.3669(11) 68.53(3)
J 3.5504(3) 2.3132(8) 100.24(5)
Js 4.1415(8) 2.3669(11), 2.3738(11) 121.76(5)
A 4.2448(4) 2.3132(8), 2.3738(11) 129.81(3)

both Ho and Mn moments order. The Mn moments
show collinear antiferromagnetic order at high tempera-
tures. At low temperatures, a spiral component appears
additionally, which give rises to a conical structure. In
LuMnSi and ScggLug.1MnSi, only Mn carries magnetic
moment. The magnetic propagation vectors are incom-
mensurate with (4, 0, 0) and the magnetic structures are
spiral. Therefore, the magnetic structures in RMnSi are
different from that in NbMnP, although the ac easy plane
in Scg.9Lug.1 MnSi is the same as in NbMnP. Interestingly,
the magnetic interactions in RMnSi were reported to be
the R size dependent. The magnetic structure in HoMnSi
suggests that J; and Jy are antiferromagnetic and J3
is ferromagnetic or weakly antiferromagnetic. With de-
creasing the R size, J; seems to be less dominant and
J3 becomes more dominant and antiferromagnetic. The
spiral structure with Qm=(Jd, 0, 0) should need compet-
ing interactions along the a axis. Since Ji, J3, and Jy
are relevant to the coupling along the a axis, appropri-
ate ratios between antiferromagnetic Jy, Js, and Jy are
essential to realize the spiral structure.

It was also reported in Ref. [19] that, with de-
creasing the R size, the ordered magnetic moment de-
creases from 2.67up with the nearest-neighbor Mn-Mn
distance dypn—vn~2.94 A in HoMnSi to 1.53up with
dyin—nn~2.74 A in ScggLug1MnSi.  This trend is
consistent with the ordered moment of 1.2(1)up with
dyin-Ma=2.6370(8) A in NbMnP, suggesting that the
itineracy of the Mn moments is larger in NbMnP.

A characteristic feature in NbMnP is that a weak fer-
romagnetic component appears below Ty. Since the fer-
romagnetic component appears exactly below Ty and the
magnetic susceptibility measurement was performed us-
ing single crystals, it is very likely that the ferromag-
netic component is intrinsic and does not originate from
impurities. There are at least two magnetic structure
models, which are combinations of the irreducible repre-
sentations allowed from the Pnma structural symmetry,
to explain the weak ferromagnetic component. The first
model is most straightforward. The ferromagnetic com-

ponent along the b axis with I's can simply be added to
the I'¢ + I'7 structure and the magnetic moments at the
four Mn sites are Mnl: (u, Av,w), Mn2: (u,Av, —w),
Mn3: (—u, Av,w), and Mn4: (—u, Av, —w). The second
model is that there exist finite u in I'; and the magnetic
moments at the four Mn sites are Mnl: (u + Aw,0,w),
Mn2: (u+ Aw,0,—w), Mn3: (—u+ Au,0,w), and Mn4:
(—u + Awu, 0, —w). This component gives rise to a ferro-
magnetic component along the a axis. In addition this
increases the magnetic moments at Mnl and Mn2 and
reduce those at Mn3 and Mn4. This magnetic structure
also involves a slight rotation of magnetic moments in
the ac plane from the magnetic structure described in
Sec. IIIB. It is noted that the component was assumed
to be zero in the magnetic structure analysis in order
to reduce the number of fitting parameters, as described
in Sec. IIIB. The ferromagnetic component along the a
axis in the second model might be driven by the DM in-
teractions for the third-neighbor Mn bond. It would be
challenging to determine the most appropriate model for
the ferromagnetic components using the neutron diffrac-
tion technique even using large crystals, because the fer-
romagnetic component is a factor of 1,000 smaller than
the Mn moment.

In a Weyl semimetal MngSn, which consists of dis-
torted kagome lattice of Mn moments and shows an in-
verse triangular spin structure with the negative sign of
the vector chirality [20-22], a weak ferromagnetism with
several milli-yp /f.u. in the kagome plane was observed
[23]. The inverse triangular spin structure is stabilized
by a DM and frustrated interactions. Furthermore, the
ferromagnetic component, which is consistent with the
structural symmetry with the magnetic propagation vec-
tor Qm=(0, 0, 0), is considered to be due to the DM
interaction. The domain of the ferromagnetic compo-
nent, which originates from a rotation of Mn moments
driven by a weak inplane magnetic anisotropy, can be
flipped with weak magnetic field. This mechanism is as-
cribed to anomalous Hall and Nernst effects observed in
this material [23, 24]. The ferromagnetic component of



milli-pp /f.u. plays an important role in exhibiting the
anomalous phenomena. It would be interesting to inves-
tigate if NbMnP also exhibits the similar properties when
large crystals become available in the future.

V. SUMMARY

The bulk properties and magnetic structure in NbMnP
were studied. The magnetic susceptibility as well as the
resistivity shows an anomaly at 233 K, which indicates
an antiferromagnetic phase transition. A weak ferromag-
netic component of ~ 0.0015up/f.u. was also observed
below Tn. Neutron powder diffraction measurements re-
veals that the magnetic structure is a noncollinear struc-
ture, in which the magnetic symmetry is lower than the
one expected from Pnma and the arrangements of the
magnetic components along the a and ¢ axis are anti-
ferromagnetic and ferromagnetic along the zigzag chain
direction, respectively. NbMnP has largely itinerant Mn
moments (1.2up) among the materials with the TiNiSi-
type structure. Using the localized moment model, we
discussed the possible magnetic interactions in this ma-
terial. It is likely that the antiferromagnetic intrachain
(J1) and interchain (J3 and Jy) couplings are compet-
ing. The noncollinear magnetic structure can be realized
by the competing interactions as well as the DM inter-
action. The weak ferromagnetic component might also
be induced by the DM interaction. NbMnP is an anti-
ferromagnetic metal, in which the bulk properties might
be affected by the frustrated and DM interactions. We
hope that our results stimulate further investigations in
this interesting system.
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Appendix: Structural analysis using the neutron
powder diffraction data

The results of the Rietveld refinement for the neutron
powder diffraction data measured at 9 and 250 K are
shown in Table V. The structural parameters are comple-
mentary to those determined using the X-ray diffraction
data shown in Table I.

The Modified March’s function for the preferred orien-
tation factor along the b axis (F},,) was applied to analyze
the 250 K data. In the function, F,, < 1, Fpo = 1, and

F,o > 1 correspond to platy habit, no preferred orienta-
tion, and needle-like habit, respectively. Fp, was fitted
to be 0.911(2). Although we expected to have slightly
needle-like habit along the b axis, the analysis shows
slightly platy habit. Since F}, is close to 1, the powder
sample is considered to be almost randomly oriented.



TABLE V. Structural parameters of NbMnP determined by the powder neutron structural analysis at T=250 K and 9 K.

T =250 K
Atom  position x z Occ. U(A?)
Nb 4c 0.0312(1) 0.2500 0.6720(1) 0.885(6) 0.073(17)
Mn 4c 0.1409(2) 0.2500 0.0593(2) 1 0.138(21)
P 4c 0.2676(1) 0.2500 0.3694(1) 1 0.106(17)
orthorhombic (Pnma): a=6.1664(1) A, b=3.5463(1) A, c=7.2042(1) A, Bragg R factor=6.24%
T=9K
Atom position x z Oce. U(A?)
Nb 4c 0.0317(1) 0.2500 0.6715(1) 0.885 0.025(10)
Mn 4c  0.1411(2) 0.2500 0.0595(2) 1  0.004(17)
P 4c 0.2674(2) 0.2500 0.3688(1) 1  0.008(13)

orthorhombic (Pnma): a=6.1661(1) A, b=3.5325(1) A, ¢=7.2199(1) A, Bragg R factor=>5.30%
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