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Antiferromagnet Mn3P with Neel temperature TN ¼ 30 K is composed of Mn tetrahedrons and zigzag
chains formed by three inequivalent Mn sites. Due to the nearly frustrated lattice with many short Mn-Mn
bonds, competition of the exchange interactions is expected. We here investigate the magnetic structure and
physical properties including pressure effect in single crystals of this material, and reveal a complex yet
well-ordered helimagnetic structure. The itinerant character of this materials is strong, and the ordered state
with small magnetic moments is easily suppressed under pressure, exhibiting a quantum critical point at
∼1.6 GPa. The remarkable mass renormalization, even in the ordered state, and an incoherent-coherent
crossover in the low-temperature region, characterize an unusual electronic state in Mn3P, which is most
likely effected by the underlying frustration effect.
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The properties of interacting conduction electrons devi-
ate from those of free electrons. Such interactions often
result in the renormalization of the electron mass, which is
the essence in strongly correlated electron systems. They
are generally remarkable near an instability, such as
itinerant-localized crossover like the Kondo effect, the
proximity of a Mott insulator, and criticality of some
degrees of freedom. Rich physics has been developed in
such backgrounds including their interplay, and quantum
criticality has been enthusiastically investigated for its
ability to induce peculiar behaviors of electrons [1–4].
Magnetic frustration is also an important factor to induce

a wide variety of physical phenomena. It can arise from
geometrical constraint or from the competition of various
short-range exchange interactions. The effect is generally
not well established in itinerant magnetic systems, because
it is thought to be weakened by long-range interactions. In
itinerant systems, an aspect brought by competition of
exchange interactions is a stabilization of helical magnetic
structure, as has long been discussed in systems such as
MnP-type materials [5–8]. Additionally, in such systems,
the Dzyaloshinsky-Moriya (DM) interaction is often effec-
tive. It is also short-range exchange interaction, and
contribution to the detailed helical structure has been
suggested in MnP [9]. The competing exchange inter-
actions and the DM interaction are characterized by crystal
symmetry, general to many materials, and are the key

inducers of rich and intriguing phenomena [10–12].
However, their role in the itinerant regime is poorly
understood and remains an intriguing issue. Particularly,
an interplay of the frustration and quantum phase transition
has not been sufficiently explored in d-electron systems.
Expecting a remarkable frustration effect and an induced

quantum phase transition, we spotlighted Mn3P, whose
properties have not been investigated sufficiently so far. An
earlier study of polycrystalline samples had suggested an
antiferromagnetic (AF) transition at TN ¼ 115 K [13], but
a recent report has corrected this result to TN ¼ 30 K [14].
In the later paper, the Mössbauer spectroscopy and neutron
diffraction measurements on slightly Fe-substituted sam-
ples suggested an ordered moment below 1 μB, indicating a
remarkable itineracy of the Mn 3d electrons. However, the
details of the magnetic structure are unknown [14].
Mn3P crystallizes in a noncentrosymmetric tetragonal

structure in the I4̄ space group (No. 82, S24) [15]. The
crystal structure comprises three inequivalent Mn sites and
one P site [see Fig. 1(a)]. The four Mn1 sites, denoted as
α − δ in Fig. 1, are equivalent and form a tetrahedron. By
the symmetrical operation of 4̄, the “α − γ” bond is
equivalent to the “γ − β” bond, leading to an isosceles
triangle composed of α, β, and γ. The Mn2 sites are similar
in structure to the Mn1 sites, whereas the Mn3 sites form a
zigzag chain. Another important feature is the short
distances between the inequivalent Mn sites: 2.70 Å for
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Mn1-Mn2, 2.54 Å for Mn1-Mn3, and 2.55 Å for Mn2-
Mn3. Fifteen different types of Mn-Mn bonds exist within
3.0 Å. Competition of the exchange interactions is expected
among so many Mn-Mn bonds.
In this single-crystal study, we revealed that the itinerant

antiferromagnet Mn3P possesses unusual physical proper-
ties, such as a complex helimagnetic structure accompanied
by a double transition and pressure-tuned quantum criti-
cality accompanied by heavy-fermion-like behavior. The
likely cause of these features is the frustration effect
induced by the underlying structure.
Single crystals of Mn3P were grown by the self-flux

method, as described in the Supplemental Material [16].
We performed a range of experiments including resistivity,
susceptibility, specific heat, neutron scattering, and NMR
measurements. The resistivity and neutron scattering mea-
surements were also conducted under pressure. We also
calculated the band structure of Mn3P. The experimental
method, NMR results, and the band structure calculation
are described in the Supplemental Material [16].
Figures 2(a)–2(c) plot the temperature dependences of

(a) electrical resistivity (ρ), (b) T-divided specific heat
(C=T), and (c) magnetic susceptibility (χ) of Mn3P at
ambient pressure. The ρ was characteristically convex
below room temperature and exhibited two anomalies at
TN1 ¼ 30 K and TN2 ¼ 27.5 K. The C=T demonstrated
that both anomalies were second-order-like phase transi-
tions. They were also confirmed by successive suppres-
sions in χ. As shown in the magnetization curve after field

cooling to 2 K [Fig. 2(d)], no spontaneous magnetization
occurred in the ground state. Consistent with a previous
report [14], the χ did not follow Curie-Weiss behavior
[Fig. 2(c), inset], indicating the itinerant nature of the
magnetism. The intrinsic nature of the double transition
was further confirmed by NMRmeasurements [16], and the
neutron scattering data shown below.
The magnetic structure of Mn3P in the ground state was

determined by neutron scattering measurements. The mag-
netic wave vector was found to be Q ¼ ð0.5; 0.5; δÞ with
δ ∼ 0.16, which differs from the commensurateQ suggested
in Ref. [14]. Figure 3(a) shows the temperature dependence
of the scattering intensity at Q ¼ ð0.5; 2.5; 0.16Þ. At ambi-
ent pressure, the intensity started increasing below TN1 and
exhibited a small kink at TN2, similarly to our NMR results
[16]. The magnetic structure was refined using the 269
magnetic reflections measured at ambient pressure. We
utilized two programs: the magnetic structure shown in
Fig. 1(b) as given by Jana [22], and the modulations of the
magnetic moment along the c axis given by Fullprof [23,24]
and shown in Fig. 4. The resultant magnetic structures
are consistent between the two programs. The crystal
and magnetic-structure analyses are provided in the
Supplemental Material [16]. In the ordered state shown in
Fig. 1(b), each Mn site is split into two Mn sites with
independently modulated amplitudes and phases. Mn1a and
Mn1b (Mn2a and Mn2b) alternate along the c axis, and
Mn3a andMn3b form different zigzag chains. The complex
noncollinear structure maintains a twofold rotational
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FIG. 1. (a) Crystal structure of noncentrosymmetric Mn3P. Two
unit cells are shown. Tetragonal structure of space group I4̄ is
composed of three Mn sites and one P site. The Mn1 and Mn2
sites form the tetrahedrons, while the Mn3 sites form the zigzag
chain. (b) The helical magnetic structure of Mn3P was determined
at 7 K and at ambient pressure. Three Mn sites are separated into
six sites with different modulations of their magnetic moments.
Nearly AF couplings between the magnetic moments almost
lying in the ab plane are seen at the Mn1a and Mn1b sites,
respectively. The c-axis components are significant at the Mn2
and Mn3 sites.

(a) (b)

(d)(c)

FIG. 2. Temperature dependence of (a) electrical resistivity,
(b) T-divided specific heat (C=T), and (c) magnetic susceptibility
at 0.1 T. All measurements detected two magnetic transitions: one
at TN1 ¼ 30 K, the other at TN2 ¼ 27.5 K. The characteristic
convex curve of ρ above TN1 is reminiscent of f-electron heavy
fermion systems. (d) Magnetization curves at 2 K measured after
field cooling.
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symmetry C2. At most of the Mn sites, the size of the total
magnetic moment oscillates along the c axis (see Fig. 4),
indicating clear ellipticity of the helix. The origin of
elliptical helices in d-electron systems is an interesting
problem, and has been discussed in FeAs [25,26]. At all Mn
sites, the size of the magnetic moment was about 1 μB or
less, and was extremely small at the Mn2a and Mn3b sites.
At the Mn1a and Mn1b sites, the magnetic moments almost
presented in the ab plane, and were approximately coupled
in antiparallel between the shortest “α − β” (Mn1a) and the

“γ − δ” (Mn1b) bonds owing to C2 symmetry, indicating a
dominance by AF exchange interactions. In the isosceles
triangle composed of α, β, and γ, the AF interaction in the
“α − β” bond frustrates the equivalent interactions in the
“β − γ” and “γ − α” bonds, similarly to geometrical frus-
tration. This yields a significant contribution to disturb the
collinear magnetic ordering. At the Mn2 and Mn3 sites, the
magnetic moments have substantial c-axis components.
This helical state with the split sites, in which the sizes of
the moments are significantly different, is conjectured to
arise from reduced competition of the exchange interactions
among themanyMn-Mn bonds. The contribution of theDM
interaction is not clearly seen between the shortest Mn1-
Mn1 bonds, which are almost coupled in antiparallel, but it
will be important for reproducing the overall magnetic
structure. At TN2, the δ abruptly but continuously changed
by ∼2% [16]. The anisotropy of the averaged magnetic
moment also changed when passing TN2 [16], but the weak
magnetic intensities in the intermediate phase preclude a
detailed analysis of the magnetic structure. We consider that
the six Mn sites undergo partial ordering at TN1 and that the
disordered Mn sites are ordered below TN2.
The neutron scattering experiment clarified that all theMn

sites possess static magnetic moments, but the ordered states
are unusual. At low temperatures, the C=T yielded a large
electronic specific heat coefficient γ ¼ 104 mJ=molK2, as
shown in Fig. 2(b), corresponding to γV ¼ 3.6 mJ=cm3K2

per volume. This is one of the larger values in d electron
systems [27]. The A coefficient of the T2 term in the
resistivity was also large value (A ¼ 0.52 μΩ cm=K2 at
ambient pressure). The A=γ2 ration was 4.8 × 10−5, of the
same order as the Kadowaki-Woods ratio. In the band
calculation in the paramagnetic (PM) state [16], γband was
estimated as 16.3 mJ=molK2 for a formula cell. The
experimentally obtained γ in the ordered state was remark-
ably enhanced, suggesting that strong mass renormalization
occurs in Mn3P and survives even in the magnetically
ordered state.
The pressure application drastically changed the elec-

tronic state of Mn3P, as shown in Fig. 5(a). Both transitions
(indicated by arrows) were quickly suppressed under pres-
sure. The anomaly at TN2 disappeared above ∼1.4 GPa,
whereas TN1 tended to zero at 1.5–1.6 GPa. The residual
resistivity decreased drastically to ∼2 μΩ cm at ∼1.6 GPa,
and was thereafter independent of pressure. Obviously, the
large residual resistivity ρ0 is inherent in the ordered state,
although its origin is unclear. The pressure-independent ρ0 in
the PM state probably originates from imperfectness in the
sample, and its small value indicates a high-quality single
crystal. Figure 6 shows the pressure-temperature phase
diagram of Mn3P, and the pressure dependences of ρ0
and A. The continuous suppression of the ordered state
suggests a quantum critical point (QCP) at Pc ∼ 1.6 GPa.
Among Mn-based systems, Mn3P is a rare example of an
easily inducible QCP; thus far, quantum phase transitions

(a) (b)

FIG. 3. (a) Temperature dependence of the magnetic Bragg
intensities at (0.5, 2.5, δ) with δ ∼ 0.16, measured at different
pressures. At ambient pressure, the magnetic scattering appears
below TN1 and exhibits a small kink at TN2 (indicated by arrows).
The two transitions are poorly resolved under pressure, but the
scattering is observed at the same wave vector. (b) Temperature
dependence of the incommensurability δ of the magnetic wave
vector (0.5, 0.5, δ) at ambient pressure.
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FIG. 4. Variation of the magnetic-moment components Ma,
Mb, Mc, and Mtotal, along the c axis at six Mn sites, measured at
7 K under ambient pressure. Mtotal shows a clear ellipticity of the
helix at most Mn sites.Mave denotes the average value at each Mn
site. At the Mn1a and Mn1b sites, the magnetic moments almost
lie in the ab plane, but the moments are remarkably tilted at other
sites. At the Mn3 sites, the squares and triangles indicate the two
sublattices forming the zigzag chain. AF couplings between the
sublattices appear in Mc (Ma;b) at the Mn3a (Mn3b) sites. The
Fullprof refinement was obtained as RF ¼ 11.3%.
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have been reported in only a few materials [28–30]. Another
QCP, where TN2 reaches 0 K, is also expected at ∼1.4 GPa.
The phase diagram suggests that two ordered phases are
almost degenerate at any pressure. The pressure dependence
of the magnetic Bragg intensities is shown in Fig. 3(a). The
incommensurate structure with δ ¼ 0.16 was robust and no
pressure dependence was observed up to 1 GPa; specifically,
δ was 0.1608(2) at 0 GPa, 0.160(1) at 0.5 GPa, and 0.162(2)
at 1 GPa. The ordered magnetic moment gradually reduced
with increasing pressure, reaching ∼72% of its ambient-
pressure value (on average) at 1 GPa.
Figure 5(b) plots the temperature dependence of resis-

tivity at 1.63 GPa, just above Pc. The resistivity in the PM
state was convex over a wide temperature range, reminis-
cent of f-electron heavy fermion systems. The resistivity
remarkably decreased below 50–100 K, indicating a broad
incoherent-coherent crossover in the low temperature
region. As shown in the inset of Fig. 5(b), the resistivity
at 1.63 GPa obeyed a T1.4 dependence at low temperatures.
The vicinity of the QCP was dominated by non-Fermi
liquid (NFL) behavior and a distinct peak in the A, although
A was already large in the ordered state. This indicates an
unusually small entropy release through TN1 and TN2. The
A was suppressed at pressures above Pc, and the Fermi
liquid (FL) state became stabilized. The observed A in
Mn3P (0.5–0.6 μΩ cm=K2) is comparable to those of f-
electron heavy fermion systems, and is ∼30 times larger
than that of MnP, even near the QCP [30] where the
helimagnetic phase terminates [31,32].
Severalmaterials ind-electron systemshave been reported

as heavy fermion systems with strong mass renormalization.
Examples are β-Mn, ðY; ScÞMn2, LiV2O4, ðCa; SrÞRuO4,
Na1.5Co2O4, CaCu3Ir4O12, and AFe2As2 (A ¼ K, Cs)
[33–40]. Suchmaterials commonlyexhibit a lowcharacteristic
temperature T�, which generally gives a large γ propor-
tional to 1=T�. Mn3P should be included in this category. In
the above oxides and iron pnictides, χ obeys Curie-Weiss

behavior at temperatures above T� [35,37–39,41], sug-
gesting the presence of localized moments at high temper-
atures. Accordingly, T� is generally interpreted as a
localized-itinerant crossover, broadly analogous to that
observed in the f-electron systems. The localized moment
in d-electron systems primarily arises from proximity of a
Mott insulator [41–44]. However, in Mn3P, the deviation of
χ from Curie-Weiss law and the band calculation [16]
suggest the obvious itinerant character of the 3d electrons.
It is unlikely that Mn3P is compatible with models based on
localized-itinerant crossover.
Heavy d-electrons may also arise from the effects

of geometrical frustration, as discussed for β-Mn,
Y0.95Sc0.05Mn2 and LiV2O4. They are divided into models
with localized moments [45–50] and itinerant models
[51–53]. In the itinerant models, it has been proposed that
frustration enhances the fluctuations of degenerate t2g orbitals
[52,53], but Mn3P prohibits such degeneracy in principle,
because the local symmetry of each Mn site is low as
represented by its notation 1 (C1). Another route to heavy
mass is degeneracy of the magnetic correlations inherent in
frustration [51]. This route may be qualitatively adapted to
Mn3P, which is not a geometrically frustrated lattice but
exhibits the unusual features of a strong frustration effect,
such as the almost-degenerated magnetic transitions and the
splitting into six Mn sites with quite different magnetic
moment. In contrast to other itinerant heavy-fermion systems,
β-Mn and Y0.95Sc0.05Mn2, Mn3P is a clean system, which
excludes the possibility that the disorder effect enhances the
incoherency. The observed features in Mn3P are worthy of
further theoretical and experimental elucidations.

(a) (b)

FIG. 5. (a) Electrical resistivity measured under pressure. The
two transitions and the residual resistivity are simultaneously
suppressed by applying pressure. (b) Resistivity behavior in the
vicinity of the QCP. The residual resistivity ratio (RRR) is ∼58.
The characteristic convexity appears over a wide temperature
range. Inset: the resistivity at low temperature deviates from FL
behavior, and obeys a T1.4 dependence. The ρ vs T2 plots at
several pressures are shown in the Supplemental Material [16].

FL

NFL

PM

Helical

FIG. 6. Pressure dependences of ρ0 and A coefficient, and
pressure-temperature phase diagram of Mn3P. In the vicinity of
QCP, the NFL behavior is dominant. The A value is already large
in the ordered state and shows a small peak at the QCP.
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In conclusion, we performed comprehensive experimen-
tal characterizations and calculations of antiferromagnet
Mn3P. We first identified a complex helimagnetic structure,
in which three Mn sites are separated into six sites of
different sizes and directions of their magnetic moments.
The helimagnetic structure accompanied by the double
transition suggests competition of the exchange interactions,
or frustration, inMn3P. Second, theQCPwas easily induced
under pressure, a rare behavior in Mn-based materials.
Third, Mn3P behaved similarly to f-electron-heavy fermion
systems, namely, it presented a convex resistivity curve, a
larger electronic specific heat coefficient than that estimated
by the band-structure calculation, and a largeA coefficient of
the resistivity. They demonstrate a strong mass renormal-
ization in Mn3P. These noteworthy findings reveal that the
itinerant systemMn3P comprehends the areas of magnetism
with competing interactions, a quantum criticality, and d-
electron heavy fermion. It is an excellent example to merge
them and to induce the novel interplay.
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