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Abstract: Single crystalline NbMnP was grown by the high-temperature solution growth technique
and characterized by room temperature X-ray diffraction, temperature- and field-dependent magneti-
zation, temperature-dependent resistivity, and heat capacity measurements. NbMnP is isostructural
to TiNiSi with the space group of Pnma. Physical characterizations suggest that NbMnP is metallic
and goes through an anti-ferromagnet transition at around 230 K with a weak magnetic anisotropy. A
small ferromagnetic component is found to be perpendicular to [010].
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1. Introduction

Understanding magnetism in different crystalline and chemical environments has
been one of the main drives for condensed matter physics [1-3]. Part of this pursuit is
to characterize the magnetic properties of different materials, particularly a chemically
tunable family of compounds where the Fermi level can be tuned to realize different
ground states [4]. One of the such large family of compounds can be found in the TiSiNi
structure type [5]. Various interesting physical states were reported, such as ferromagnetism
in ZrMnP and HfMnP [6], antiferromagnetism in TbMnSi [7], and superconductivity in
ZrRuP [8]. Although many compounds were chemically discovered in this family, detailed
magnetization has not been fully studied.

The magnetic characterization of NbMnP was only conducted very recently via bulk
magnetization and neutron scattering measurements. A non-collinear spin structure was
identified with the Dzyaloshinskii-Moriya (DM) interaction, speculated to contribute to a
weak ferromagnetic component in the spin structure. However, due to a lack of anisotropic
magnetization characterization, such a DM contribution was not clear [9]. In this study, a
single crystalline NbMnP was synthesized and characterized, which provides evidence
that favors the spin structure model that requires a DM interaction.

2. Experimental Methods

NbMnP single crystals were grown via a high temperature solution growth tech-
nique [10]. Manganese powder (Alfa Aesar, 99.6%), niobium powder (Alfa Aesar, 99.8%),
and phosphorus lump (Beantown Chemical, 99.999%) were packed in the Canfield Crucible
Set [11] with a molar ratio of Mn:Nb:P = 82.65:1.67:12.35, and sealed in a silica ampoule
under vacuum. The ampoule was then heated up to 1200 °C over 5 h, dwelled there for
12 h, and slowly cooled down to 1000 °C over 120 h for decanting. Air stable NbMnP
crystals grew in a blade shape (Figure 1 inset), similar to ZrMnP and HfMnP [6]. Due to the
similarity in crystal structure and morphology, the crystalline orientation of NbMnP was
determined following the guideline for ZrMnP, indicating that the long axis of the blade
crystal is [010].
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Figure 1. Powder X-ray diffraction result for NbMnP. Observed diffraction data are shown as black
crosses. Calculated pattern is shown by the red solid line. The difference between observed and
calculated result is shown in blue. Diffraction peak positions are shown by magenta ticks. Major
diffraction peaks are indexed. Inset shows as-grown NbMnP single crystals on a millimeter grid
paper. Crystalline orientation is determined based on the crystalline morphology.

Room temperature powder X-ray diffraction (PXRD) was measured by using a Bruker
D8 Discover diffractometer, with a microfocus and Cu K« radiation (A = 1.5406 A). A
collection of NbMnP single crystals were ground into powder and spread evenly on vacuum
greased VWR micro cover glass. Powder X-ray refinement was conducted using GSAS
using the Le Bail method [12,13]. The room temperature crystal structure was determined
using a Bruker D8 Quest Eco single crystal X-ray diffractometer (SXRD), equipped with Mo
radiation (Axy = 0.71073 A) and a Phonon II detector. The data were collected with an w of
0.5° per scan and an exposure time of 10 s per frame. A SHELXTL package with the direct
methods and full-matrix least-squares on the F> model were used to obtain the structural
solutions for NbMnP.

Physical properties were measured using a Quantum Design physical property mea-
surement system (PPMS) Dynacool. Anisotropic magnetization was measured using the
vibrating sample magnetometer (VSM) option. A collection of single crystals was aligned
and glued to a silica sample holder with GE varnish to distinguish between H | | [010]
and H 1 [010]. Temperature-dependent resistance of NbMnP was measured by using
four-probe technique. Platinum wires were attached to samples along the [010] direction
using DuPont 4929 N silver paint. Temperature-dependent heat capacity was measured
using a two-tau relaxation method.

3. Results and Discussion

The crystal structure of NboMnP was confirmed by both PXRD and SXRD. The room
temperature PXRD data for NbMnP is shown in Figure 1. All peaks can be indexed
with an orthorhombic crystal structure in the space group Pnma, isostructural to TiNiSi,
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which indicates a good sample quality of the single crystals. The atomic position and cell
parameters were further refined using room temperature SXRD. Detailed refinement results
and structural parameters are shown in Tables 1 and 2. In general, the crystal structure is
consistent with previously reported results [9,14].

Table 1. Single crystal refinement and structural parameters for NbMnP.

Empirical Formula NbMnP
Formula weight 178.82

Temperature 299 (2) K

Wavelength 0.71073 A

Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F (000)
Crystal size
0 range (°)

Limiting indices

Reflection collected
Independent reflections
Completeness to 6 = 25.242°
Absorption correction
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I > 20 (I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Orthorhombic, Pnma
a=6.184 (7) A
b =3.560 (4) A
c=7217(9) A
158.9 (3) 3
4
15.508
324
~20 pm x 20 pm X 20 pm
4.340 to 34.946
h=-9to7
k=-5to5
1=-9t09
2316
393
100
None
Full-matrix least-squares on F?
393/0/20
1.173
R1 =0.0365, wR2 = 0.0577
R1 =0.0460, wR2 = 0.0598
0.042 (3)
1.735and —2.419 e. A~3

Table 2. Atomic coordinates and equivalent isotropic displacement parameters of NbMnP at 299 (2)
K. (Ug, is defined as one-third of the trace of the orthogonalized U tensor (A2)).

Atom Wyckoff. Occ. x y z Ugg
Nb1 4c 1 0.03093 (9) % 0.67220 (9)  0.0048 (2)
0.14117 1 0.05925
Mn2 4c 1 (15) i (15) 0.0034 (2)
P3 4c 1 0.2676 (3) % 0.3695 (2) 0.0041 (3)

Anisotropic magnetization data of NbMnP are shown in Figure 2. As all single crystals
have a blade-shaped morphology, the crystalline orientation can be distinguished between
the magnetic field applied along the blades (H | | [010]) and that is perpendicular to the
blades (H L [010]). Above 250 K, the magnetization is nearly isotropic and follows a
Curie-Weiss paramagnetic behavior. A Curie-Weiss fit (M/H = C/(T — 8cw), where C
is the Curie constant and 0. is the Curie-Weiss temperature, to the magnetization data
around 300 K yields an effective moment pog~2.5 pg/Mn and a Curie-Weiss temperature
of Ocw~15 K. Fit curves are shown by the dashed lines in Figure 2. Compared to the recent
report on ferromagnetic ZrMnP and HfMnP [6], where the Mn saturation moment is around
2 ug, the Mn magnetic moment in NbMnP is comparable in size. However, recent neutron
scattering suggests a much smaller itinerant Mn moment of 1.2 pug. Assuming the Mn
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moment is temperature-independent, a higher temperature magnetization measurement
may be helpful to better determine the paramagnetic behavior in NbMnP [9].

H = 90 kOe
- H||[010]
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Figure 2. Temperature-dependent anisotropic magnetization of NbMnP measured at 90 kOe. Dashed

50 100

lines represent paramagnetic Curie-Weiss fit. Inset shows anisotropic isothermal magnetization
measured at 1.8 K.

As the temperature decreases, a clear cusp can be observed in the magnetization,
consistent with an antiferromagnetic transition. A weak magnetic anisotropy is developed
in the magnetically ordered state at a low temperature, with H | | [010] yielding a larger
magnetization. This is consistent with the reported easy plane magnetic anisotropy that
has magnetic moments perpendicular to the b-axis [9]. Although not shown in this paper, a
small upturn in magnetization can be observed at the phase transition temperature when a
much smaller magnetic field is applied, similar to data shown in Ref. [9]. Such an upturn
can be attributed to a very weak ferromagnetic component. The inset of Figure 2 shows the
isothermal magnetization measured at 1.8 K. No metamagnetic transition was observed up
to 90 kOe. A small ferromagnetic component can be observed for H L [010], but not for
H || [010]. This observation favors the model that predicts a ferromagnetic component
along the a-axis rather than the b-axis, which implies that an additional DM interaction
needs to be considered to understand the magnetic structure of NbMnP [9]. Due to sample
geometry limitations, a more detailed magnetic anisotropy between the a- and c-axis was
not determined in this study.

The temperature-dependent resistivity of NbMnP is shown in Figure 3. It shows a
typical metallic behavior. A clear kink can be observed at the magnetic phase transition,
consistent with a loss of spin disorder scattering upon long-range magnetic ordering [15].
The residual resistance ration (RRR) is around 2.1, similar to a recent single crystal result
which uses the same sample synthesis method [9].
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Figure 3. Zero-field temperature dependent resistivity of NbMnP.
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Figure 4 shows the temperature-dependent specific heat of NbMnP. At room tem-
perature, the specific heat value is close to the expected Dulong—Petit limit. A clear A-
shaped feature signatures a second-order phase transition at ~230 K. The phase transition
temperature in specific heat is consistent with the previously shown magnetization and
resistivity data. By taking the peak temperature in specific heat, the derivative of resistivity
(dp/dT) [16] and the derivative of magnetic susceptibility times temperature (dxT/dT) [17],
the antiferromagnetic transition temperature of NbMnP can be determined to be 230 & 3 K.
The upper inset of Figure 4 shows the Cp /T vs. T? plot. The observed linear trend agrees
with expected T® dependence of phonon and antiferromagnetic magnon contributions [18].
The electronic-specific heat is found to be 19 mJ/mol K2.
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Figure 4. Zero-field temperature-dependent heat capacity of NbMnP. The upper insert shows Cp, /T
versus T? at low temperature. The lower inset shows dp/dT and d(xT)/dT around magnetic
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transition temperature.

4. Conclusions

In conclusion, single crystalline NbMnP was obtained using a high temperature solu-
tion growth technique. Room temperature X-ray diffraction confirmed that NbMnP crystal-
izes in an orthorhombic, Pnma space group, which is isostructural to TiNiSi. Temperature-
dependent magnetization, resistivity, and heat capacity measurements suggest that NoMnP
goes through a second order antiferromagnetic ordering at 230 &+ 3 K. Based on low-
temperature anisotropic magnetization data, a small ferromagnetic component was found
to be perpendicular to [010] direction. This is consistent with a recent neutron scattering
result on NbMnP [9]. In the future, more detailed modeling may help reveal the role of a
DM interaction in this compound.
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