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Abstract
The influence of external pressure on the structural properties of manganese monophosphides 
(MnP) at room temperature has been studied using in situ angle dispersive synchrotron x-ray 
powder diffraction (AD-XRD) with a diamond anvil cell. The crystal structure of MnP is 
stable between 0 to 15 GPa. However, the compressibility of b-axis is much larger than those 
of a- and c-axes. From this result we suggested that the occurrence of superconductivity in 
MnP was induced by suppression of the long-range antiferromagnetically ordered state rather 
than a structural phase transition. Furthermore, the present experimental results show that the 
Pnma phase of MnP undergoes a pressure-induced structural phase transition at ~15.0 GPa. 
This finding lighted up-to-date understanding of the common prototype B31 structure 
(Strukturbericht Designation: B31) in transition metal monophosphides. No additional 
structural phase transition was observed up to 35.1 GPa (Run 1) and 40.2 GPa (Run 2) from 
the present AD-XRD results. With an extensive crystal structure searching and ab initio 
calculations, we predict that MnP underwent two pressure-induced structural phase transitions 
of Pnma  →  P213 and P213  →  Pm-3m (CsCl-type) at 55.0 and 92.0 GPa, respectively. The 
structural stability and the electronic structures of manganese monophosphides under high 
pressure are also briefly discussed.
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1.  Introduction

Recently discovered novel iron- and chromium-based super-
conductors have stimulated theoretical and experimental 
attempts to explore superconductivity in isomorphic com-
pounds [1–3]. MnP-type (Strukturbericht designation, B31) 
structure was initially proposed by Hägg and Fylking [4, 5] 
to investigate the crystal structure of isomorphous transition 
metal phosphides and arsenides such as MnP and FeAs. Since 
then, considerable experimental efforts have been devoted 
to investigating the crystallographic structure in many com-
pounds which are isomorphic to MnP. Manganese pnictides 
MnPn (Pn  =  P, As, Sb, Bi) have attracted significant interest 
because of their various magnetic and structural properties, 
such as uniaxial magnetic anisotropy and structural phase 
transitions [6, 7]. Recently, the interest in MnPn compounds 
has been strongly enhanced by their possible applications 
in spintronic devices. Furthermore, in recent years much of 
the search for variable room temperature magnetic refriger-
ants has focused on low-cost transition metal-rich compounds 
such as MnAs [8] and MnFe (P, As) [9], which present a sig-
nificant magnetocaloric effect [10, 11]. Superconductivity 
was not considered possible in manganese-based compounds 
due to the strong magnetism of Mn. However, very recently 
the discovery of pressure-induced superconductivity in MnP 
attracted much attention due to its unconventional pairing 
mechanism [12]. MnP is the first manganese-based supercon-
ductor uncovered among the Mn-based compounds, which 
was achieved via the application of high pressure.

Transition metal monophosphides TP (T  =  Cr, Mn, Fe, 
and Co) crystallize into Pnma structure at ambient condi-
tions [13]. Definition of the orthorhombic axes in MnP-type 
structures is ambiguous in the literature. The axis convention 
c  >  a  >  b is used in this investigation. Figure  1 shows that 
both lattice parameters a and c decrease as the ionic radius 
shrinks. However, the lattice parameter b (space group with 
Pnma setting) of MnP is larger than that of the neighboring 
transition-metal-based monophosphides at ambient condi-
tions, as shown in figure 1. From a crystallographic viewpoint, 
MnP is isostructural with CoP, FeP, and CrP, which implies 
that its novel physical properties under high pressure may 
originate from these structural characteristics.

From a crystallography perspective, the orthorhombic MnP 
phase (Space group: Pnma, Z  =  4) is one of the most common 
TPn-type structures (T  =  transition metal, Pn  =  P, As, Sb, 
Bi). In this phase, each cation is coordinated by Pn anions 
and these anions are surrounded by T cations. Bulk MnP crys-
tallizes into an orthorhombic Pnma structure (a  =  5.258 Å, 
b  =  3.172 Å, and c  =  5.918 Å) [14–16] under ambient condi-
tions. Six P at four different Mn–P distances surround Mn, 
forming a distorted octahedron, and its second coordination 
sphere contains 6 Mn ions with three Mn–Mn distances. In the 

absence of external magnetic fields, MnP orders ferromagn
etically around room temperature, TC  =  291.5 K [17], and at 
low temperatures presents a transition to a screw antiferro-
magnetic structure (helimagnetic) at TN  =  47 K. Such com-
plex magnetism has been explained by spin-wave theory 
[18, 19] and was more recently ascribed to the influence of 
magnetocrystalline anisotropy [16].

Previous investigations on unconventional superconduc-
tors suggested that external pressure remarkably adjusts their 
crystal and magnetic structures, consequently tailoring their 
physical behaviors such as the appearance of superconduc-
tivity [2, 20–23]. Banus studied the magnetic behavior of MnP 
under high pressure [24] and the experimental results indi-
cated that the Curie temperature (TC) decreased with pressure 
with ΔTC/ΔP  =  −18.5 K GPa−1 (0–2 GPa) and  −25 K GPa−1 
(2–3 GPa). As the pressure further increased, a pressure-
induced ferromagnetic to antiferromagnetic transformation 
occurred. However, Banus’s experimental pressure range only 
covered 5 GPa. A recent investigation on magnetic and elec-
trical transport properties indicated that a high-quality single 
crystal MnP sample became superconducting below ~1 K 
when its long-range magnetic order was just suppressed by 
the application of high pressure of ~8 GPa [12]. Very recently, 
the evolution of magnetic properties of MnP as a function of 
temperature and pressure has been investigated with neutron 
diffraction and muon-spin rotation methods [25, 26]. The sub-
sequent phase diagram of MnP featured a domelike supercon-
ducting phase after a gradual pressure-induced suppression of 
the magnetic phase. This is reminiscent of the phase diagrams 
of cuprates, heavy fermions, iron- and chromium-based super-
conductors [2, 27].

In crystal chemistry, the MnP-type phase is fundamentally 
important for investigating structural transformations. The 
structure for Pnma phase of MnP is an extensively existed 
parent structure being a so-called prototype. Extensive exper
imental and theoretical work has been devoted to studying the 
MnP-type ↔ NiAs-type phase transition [28], since the MnP-
type structure is one of the most common prototypes distorted 
from a NiAs-type. Although MnP is a very important proto-
type of the TPn-type compounds, previous experimental x-ray 
diffraction (XRD) investigations on its structural evolution 
behavior under high pressure are scant. In order to understand 
the comprehensive physical properties of MnP, knowledge 
of its crystal structure under high pressure is indispensable. 
Therefore, we investigated the crystallographic structural evo
lution of MnP under high pressure using angle-dispersive syn-
chrotron x-ray diffraction (AD-XRD) and density functional 
theory (DFT) calculations in this study. Notably, the proto-
type MnP undergoes a remarkable pressure-induced structural 
phase transition, which sheds light on the of B31 prototype 
structure. This finding provides crystallographic support for 
the interpretation of TPn physical properties.

J. Phys.: Condens. Matter 29 (2017) 254002
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2.  Experimental and theoretical details

In this work, MnP single crystals were grown using the 
Sn-flux method and ground in a mortar to obtain the fine 
powder sample used for our high-pressure AD-XRD exper-
iment. The phase quality of the sample used in this work 
was confirmed using synchrotron XRD measurements at 
the beamline of 16-BM-D (λ  =  0.4246 Å) at the Advanced 
Photon Source (APS) at the Argonne National Laboratory 
(ANL). The high-pressure synchrotron XRD experiment was 
carried out using a symmetric diamond anvil cell with 400 
µm culet. A Re gasket with a thickness of 250 µm and a 
pre-indentation thickness of 45 µm was used. The 120 µm 
diameter sample chamber was filled with a mixture of the 
powder, a ruby chip, and some silicone oil as the pressure-
transmitting medium. AD-XRD patterns were taken with 
a MarCCD detector using synchrotron radiation beams 
monochromatized to a wavelength of 0.6199 Å at beamline 
BL15U1 of the Shanghai Synchrotron Radiation Facility 
(SSRF). Two-dimensional image plate patterns were con-
verted to 1D intensity versus degree data using the Fit2D 
software package [29]. The experimental pressures were 
determined by the pressure-induced fluorescence shift of 
ruby [30]. The XRD patterns were analyzed with Rietveld 
refinement using the GSAS program package [31] with an 
EXPGUI user interface [32].

The prediction of the MnP crystal structure under high 
pressures was performed with the ab initio random structure 
searching techniques (AIRSS) code [33, 34] and chemical 
formula numbers varying from 4 to 8. Structural optim
ization and electronic structure calculations were performed 
in the framework of DFT through projector-augmented wave 
(PAW) method as implemented in the Vienna ab initio sim-
ulation package (VASP) code [35, 36]. The exchange and 
correlation functional was treated by generalized gradient 
approximation with Perdew–Burke–Ernzerhof (GGA-PBE) 
[37]. The cutoff for plane wave basis of 500 eV and a k-point 
grid with a spacing of 0.03  ×  2 π/Å in the Monkhorst Pack 
scheme for integration in the Brillouin zone were tested to 

ensure the convergence of the total force for each atom was 
within 1  ×  10−3 eV Å−1. The phonon spectrum calculations 
were performed through supercell approach, as implemented 
in Phonopy code [38]. A 2  ×  2  ×  2 supercell was used for the 
Pnma phase and a 3  ×  3  ×  3 supercell was used for the P213 
and Pm-3m phase during phonon calculations.

3.  Experimental and theoretical Results

To begin with, the phase quality of the samples in the present 
study was checked by XRD technique. Figure 2 shows the final 
refinement of the MnP diffraction pattern at ambient condi-
tions, collected at the 16 BM-D beamline of APS at ANL using 
the Pnma model from [17]. Figure  2 shows that the sample 
we used was well prepared without other detectable impurities.

3.1.  High-pressure AD-XRD patterns of MnP

Figure 3(a) demonstrates selected patterns of the MnP 
AD-XRD results under various pressures. For comparison, the 
Bragg diffraction of the Pnma phase is marked at the bottom 
of figure 3(a). The compressibility of the b-axis is much larger 
than those of the a- and c-axes according to a previous invest
igation on 3d transition metal pnictides [20]. MnP is a proto
type crystal structure of these 3d transition metal pnictides. 
Therefore, the compressibility of the Pnma phase of MnP 
may follow their analogous compressibility behavior. Based 
on these considerations, the XRD patterns (lower diffraction 
angle) of the MnP Pnma phase were classified by group as 
shown in figure 3(b).

The diffraction peaks correlating to the a- and c-axes are 
represented by red dashed lines, while those dependent on the 
b-axis are marked with blue dashed lines. Figure 3(b) shows 
that the slope of red line is clearly smaller than those of the blue 
lines, which indicates that the compressibility of the b-axis is 
much larger than those of the a- and c-axes. This phenomenon 
is analyzed in the subsequent section. The (0 1 1) diffraction 
peak is on the left of (2 0 1) and (1 0 2) for MnP Pnma phase 

Figure 1.  Lattice parameters of TP (T  =  Cr, Mn, Fe, and Co) at 
ambient conditions as a function of the ionic radius.

Figure 2.  Rietveld refinement of the synchrotron XRD (λ  =  0.4246 Å) 
profiles for MnP. The solid spheres are the observed data and the solid 
lines are the calculated diffraction patterns. The positions of the space 
group allowed reflections are indicated with solid vertical short lines.

J. Phys.: Condens. Matter 29 (2017) 254002
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at ambient conditions. Based on the aforementioned (0 1 1), 
(2 0 1) and (1 0 2) difference slope, it is remarkably to expect 
that the diffraction peak of (0 1 1) will merge with those of 
(2 0 1) and (1 0 2) because (0 1 1) moves faster than those of 
(2 0 1) and (1 0 2) as the pressure increases (see rectangular 
region of figure 3(b)). As the pressure further increases, new 
diffraction peaks appear as labeled by the elliptical region of 
figure 3(b). This suggests a pressure-induced structural phase 
transition (Pnma  →  high-pressure phase (Phase II)) occurs in 
MnP around 15 GPa. Finally, the pressure was released to the 
atmospheric pressure to check the reversibility of the pres
sure-induced structural phase transition of MnP. All of the dif-
fraction peaks could be indexed to a Pnma structure when the 
pressure was released, as shown in figure 4. The overlapping 
and the variation of the diffraction peaks’ relative intensity 
obtained under decompression process was observed com-
pared to the ambient XRD pattern, which was collected while 
increasing pressure. This finding confirmed that the pressure-
induced structural phase transition of MnP is reversible.

3.2.  Polymorphism of MnP under high pressure investigated 
by DFT

Gibb’s energy is minimized when a system reaches equilib-
rium at constant temperature and pressure, and is treated as 
a convenient criterion of stability under given conditions. In 
ground state condition, Gibb’s energy degenerates to enthalpy 
as the temperature is 0 K. The ground state stability for Pnma 
phase MnP was verified by the present DFT calculation (see 
figure 5(a)). Our structure searches produced several candi-
dates for the high-pressure phases and the enthalpy difference 
under high pressure for MnP is summarized in figure 5(b). It 
is very complex to consider various magnetisms during struc-
tural optimization. To simplify the question, we assume that 
the magnetic order is totally suppressed under very high pres
sure, and treated the high-pressure phase as a paramagnetic 
material.

It seems there is a structural phase transition from Pnma 
to Phase II at around 15 GPa, but the enthalpy difference is 
so small that almost beyond the accuracy of DFT [39, 40]. 
Therefore we did not present this DFT results here. Upon 
compression, a P213-type MnP (SG no. 198) was energeti-
cally preferred above 55 GPa, and the neighbor number of Mn 
increased from six (in Pnma phase) to seven. It is interesting 
to note that as the pressure increased further, the P213-type 
transformed into a CsCl-type (SG Pm-3m, no. 221) above 
92 GPa, and with the neighbor number increased to eight.

Dynamical stability of the P213 and Pm-3m structure under 
high pressure is investigated by calculating the phonon disper-
sions, shown in figures 5(c) and (d). These calculations con-
firm that these two structures are dynamically stable at 60 and 
90 GPa, respectively. It can be seen from figure 5(d) that Pm-
3m phase was dynamically stable during 60 to 150 GPa. The 
frequency of vibrational mode (such as M point) rises with 
increasing pressure. We optimized these two structures with 
Mn atom ferromagnetic configurations and found the mag-
netization quenched to zero at high pressure. As shown in the 
band structures in figure 6, based on the GGA-PBE functional, 
the P213-type MnP at 60 GPa seems to be a semiconductor 
with an indirect band gap of 0.35 eV, while the Pm-3m-type 
MnP at 90 GPa is metal. Hubbard U might slightly change the 

Figure 3.  (a) Angle dispersive XRD (λ  =  0.6199 Å) patterns 
of MnP under selected pressures at room temperature. Indicated 
pressures were measured using the ruby fluorescence gauge. The 
Bragg diffraction peak of the Pnma phase for MnP is marked with 
short vertical lines. (b) Fractional Angle dispersive XRD patterns 
of MnP in (a), red and blue dashed lines is visual aid for classifying 
the diffraction peaks.

Figure 4.  The comparison of XRD patterns taken under 
compression and decompression cycles.

J. Phys.: Condens. Matter 29 (2017) 254002
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values of the band gap, but this is not the main subject of our 
work here.

4.  Discussion

4.1. The polymorphism of TP ( T  =  Ti, V, Cr, Mn, Fe, Co and Ni) 
under ambient conditions and high-pressure application

As reflected in figure 7(a), the transition metal phosphides TP 
(T  =  Ti, V, Cr, Mn, Fe, Co and Ni) crystallize into P63/mmc 
(T  =  Ti and V), Pnma (T  =  Cr, Mn, Fe and Co) and Pbca 
(T  =  Ni) structures at ambient conditions, respectively. It is 
interesting to note that TP (T  =  Ti ~ Co) transformed from 
P63/mmc- to Pnma-type as the ionic radius decreases (or atomic 
number increased). The decrease of ionic radii resulted in the 
enhancement of inner chemical pressure. Pnma-type is one of 
the structures distorted from P63/mmc-type. Therefore, we per-
formed GSAS refinement fitting of XRD data for MnP above 
~15 GPa using P63/mmc-type. However, the NiAs (P63/mmc)-
type structure did not match the Phase II XRD pattern collected 
beyond 15.4 GPa, which is consistent with reported data [41]. 
Since NiP is one of the isomorphous compounds with MnP, 
it is natural to assume that MnP adopts a NiP-type structure 
under high pressure. However, the diffraction peak positions of 
the NiP-type phase (space group: Pbca) failed to match our HP 
phase of MnP. The maximal subgroup of Pnma is P21/m (No. 
11), P21/c (No. 14), P212121 (No. 19), Pmc21 (No. 26), Pmn21 
(No. 31), and Pna21 (No. 33). In addition, the possible high-
pressure polymorphism of MnP performed with the AIRSS 

method is also compared with the experimental results shown in 
figure 7(b). From figure 7(b) we found that the simulated XRD 
obtained from the above mentioned crystal structure model was 
an unsatisfactory match with our experimental results.

4.2.  Pressure-induced structural phase transition in MnPn 
(Pn  =  P, As and Sb)

Nitrogen (N), as the first V group elements that can be exper
imentally used to synthesize various transition metal mono-
nitrides, has been studied for decades because of the variety 
of its mechanical, electrical and magnetic properties [42, 43]. 
For MnN, the stoichiometry ratio for Mn and N is not 1:1 due 
to the nitrogen vacancies, resulting in an incomplete under-
standing of its crystal structure [44, 45]. Thus, the variation of 
the MnN crystal structure under high pressure is not included 
in the present work. The structural variations of MnPn have 
been studied previously. Figure 8 summarizes the phase dia-
gram of MnPn (Pn  =  P, As and Sb) under room temperature 
with increasing pressure, reported in the literature, i.e. MnAs 
[46], MnSb [47]. MnAs0.80Sb0.20 [48], and MnAs0.88P0.12 [49]. 
From figure 8 we found the transition pressure (B81  →  B31) 
for MnAs and MnSb and its solutions (MnAs0.80Sb0.20) were 
~0.4, ~4 and ~11 GPa, respectively. The transition pressure 
(B81  →  B31) increases as the radius of the anions increases 
(As, 1.19 Å; Sb, 1.40 Å [50]). Generally, isostructural com-
pounds containing different cations will undergo similar 
phase transitions at progressively lower pressures as the cation 
radii increase. However, the cation radii as a function of the 

Figure 5.  (a) Phonon dispersion for the Pnma phases of MnP under 0 GPa. (b) Enthalpy difference (Relative to Pnma phase) as a function 
of pressure for MnP. The inset shows schematic representations of the Pnma, P213 and Pm-3m phase, respectively. Phonon dispersions for 
the high-pressure phases of MnP, the P213 phase at 60 GPa (c) and the Pm-3m phase at 60, 90, 120 and150 GPa, respectively (d).

J. Phys.: Condens. Matter 29 (2017) 254002
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phase transition pressure in MnAs and MnSb and its solutions 
(MnAs0.80Sb0.20) did not follow this empirical rule. Cooling 
and compression exhibited a similar effect on shrinking the 
volume of material. For example, decreasing temperature 
and increasing pressure resulted in a cubic (Fm-3m)-to-
orthorhombic (Pnma) structural phase transition in CrN at 
~282 K and ~1 GPa, respectively [51]. However, it was shown 
that MnAs undergoes a structural phase transition of NiAs-
type  →  MnP-type at 315 K (warming) and 0.4 GPa (compres-
sion), respectively [52, 53]. The mechanism of this anomalous 
structural phase transition deserves further studies. However, 
the phosphorus-doped MnAs (MnAs0.88P0.12) crystallizes into 
a Pnma structure and is stable up to 30 GPa.

4.3. The comparison of CrAs and MnP under high pressure

CrAs and MnP recently has attracted much attention as 
important model systems for studying the interplay between 
magnetism and superconductivity in unconventional super-
conductors. CrAs and MnP crystallize into a Pnma structure 
at ambient conditions, and exhibit comparable lattice param
eters to CrAs (a  =  5.583 Å, b  =  3.575 Å and c  =  6.113 Å, 

experimental) [20] and MnP (a  =  5.258 Å, b  =  3.172 Å and 
c  =  5.918 Å, obtained from this synchrotron XRD data). 
Superconductivity was discovered near long-range magnetic 
order in CrAs and MnP via the application of high pressure. 
However, the critical pressures (Pc) of superconductivity in 
CrAs and MnP have a large difference with Pc  ≈  0.4 and 
8 GPa, respectively. The close proximity of superconductivity 
to pressure-induced magnetic instability in CrAs and MnP 
suggests an unconventional pairing mechanism, perhaps 
driven by the quantum-critical spin fluctuations. Although 
CrAs and MnP adopt the same orthorhombic structure and 
possess a superconducting state under pressure, the domi-
nating magnetic interaction in CrAs and MnP exhibits a 
remarkable difference. CrAs and MnP possess a first-order 
and second-order magnetic phase transition, respectively. 
This may be a factor in their vastly different critical pres
sures. The bulk superconductivity of CrAs emerges at the 
critical pressure of 0.4 GPa, where the first-order antiferro-
magnetic transition at TN  =  265 K under ambient pressure 
is completely suppressed. In comparison to CrAs, MnP pos-
sesses a more complicated phase diagram of temperature and 
pressure. The present AD-XRD evidenced a pressure-induced 
structural phase transition in MnP ~ 15 GPa. However, for 
CrAs, our AD-XRD measurement shows that orthorhombic 
CrAs exhibits crystallographic symmetry variation up to 
30 GPa (these results will be published elsewhere). This com-
parison suggests that CrAs and MnP exhibit different crystal 
and magnetic behaviors under high pressure.

Figure 6.  Calculated electronic band structures of MnP in (a) P213 
phase at 60 GPa and (b) Pm-3m phase at 90 GPa. Based on the 
GGA-PBE functional, the P213 MnP seems to be a semiconductor 
with an indirect band gap of 0.35 eV, while Pm-3m-MnP is metal.

Figure 7.  (a) Schematic crystallographic phase of TP (T  =  Ti, 
V, Cr, Mn, Fe, Co and Ni) under ambient conditions. (b) The 
comparisons of experimental and simulated XRD patterns of MnP 
with different polymorphism under high pressure ~15 GPa.
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5.  Conclusions

We investigated the high-pressure phase transition in MnP 
by synchrotron powder XRD. The crystal structure of MnP 
between 0 to 15 GPa was stable. However, the compressibility 
of the b-axis was much larger than those of the a- and c-axes. As 
the pressure increased, the Pnma phase (Phase I) transformed 
into a high-pressure phase (Phase II). The high-pressure phase 
recovered to a Pnma phase after pressure was released. We 
suggested that the occurrence of superconductivity in MnP was 
induced by suppression of the long-range antiferromagnetically 
ordered state using applied pressure rather than a macro 
crystallographic variation (structural phase transition). The 
polymorphism of transition metal phosphides was summarized 
and attempted to match the phase II of MnP. With our extensive 
crystal structure searching and ab initio calculations, we predict 
that MnP underwent two pressure-induced structural phase 
transitions of Pnma  →  P213 and P213  →  Pm-3m (CsCl-type) 
at 55.0 and 92.0 GPa, respectively. The tendency of pressure-
induced structural phase transition in MnPn was analyzed. 
In addition, pressure-induced structural phase transition in 
manganese monophosphides as well as comparison of CrAs 
and MnP under high pressure was discussed.
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