
PHYSICAL REVIEW B 112, 174429 (2025)

Spin structures and phase diagrams of the spin-5
2 triangular lattice antiferromagnet
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We combine single-crystal neutron diffraction studies and Monte Carlo simulations to determine the spin struc-
tures and finite-temperature phase diagram of the spin-5/2 triangular-lattice antiferromagnet Na2BaMn(PO4)2 in
magnetic field. With the application of a magnetic field in two different directions, namely along the c axis
and in the ab plane of the trigonal symmetry, we track the evolution of the spin structure through changes
of the magnetic propagation vector. We account for these results with a minimal Heisenberg Hamiltonian
that includes easy-axis anisotropy and weak, frustrated interlayer couplings in addition to intralayer exchange.
Guided by representation analysis, we refine symmetry-allowed modes to the measured intensities and obtain
the spin structures for all field-induced phases, which we compare quantitatively with simulated configurations.
Taken together, our measurements and simulations show that frustrated interlayer exchange—rather than purely
two-dimensional physics—organizes the unexpectedly rich field-induced phases of Na2BaMn(PO4)2.

DOI: 10.1103/kszh-m6bf

I. INTRODUCTION

Frustrated triangular-lattice antiferromagnets (TLAs) are
considered as model systems in which exotic states can
emerge. For example, the suppression of exchange interac-
tions due to geometric frustration and a low quantum spin
number (S = 1/2) can result in strong quantum spin fluctu-
ations at low temperatures that stabilize a quantum spin liquid
state [1]. Such states exhibit several appealing properties
in condensed matter physics like quasiparticle fractional-
ization [2], long-range entanglement [3], and topological
order [4]. Novel phases of matter and interesting physical
properties are not restricted only to frustrated magnet sys-
tems in the quantum limit (low spin), but can also emerge in
the classical limit (S � 1) [5–7] and by applying an external
magnetic field [8–11].

In this context, the equilateral TLAs Na2BaM(PO4)2

(with M = Co, Ni, Mn) are good candidate materials to ex-
plore phenomena related to quantum magnetism, since the

*Contact author: nikolaos.biniskos@matfyz.cuni.cz
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substitution of the transition metal ion leads to drastic changes
in the quantum spin number [12–14]. The ground state of the
phosphate with the lowest spin (S = 1/2), Na2BaCo(PO4)2,
is proposed to form a Y-like spin supersolid phase in zero
magnetic field [15,16] and is considered an ideal material
where a spin-1/2 easy-axis XXZ model can be applied [17]. In
addition, the spin supersolidity is connected to a giant magne-
tocaloric effect which is observed during the demagnetization
cooling process [15]. On the contrary, Na2BaNi(PO4)2, where
S = 1, is assumed to exhibit a spin nematic supersolid
ground state that can be modeled by a spin Hamiltonian in-
cluding a single-ion anisotropic term and nearest-neighbor
XXZ-type exchange interactions [18]. Although this sce-
nario is primarily supported by field-induced behavior and
magnon-pair condensation at low temperatures [18], the pre-
cise nature of the zero-field ground state remains debated [19].
Na2BaMn(PO4)2 is expected to be the classical counterpart
of the TLA series due to the high quantum spin num-
ber (S = 5/2) of the Mn+2 ions [14]. Also, it is worth
mentioning that all compounds within the series manifest
multiple field-induced phase transitions [13,14,20]. Above
a critical field applied along the c axis, a magnetization
plateau appears in a finite range of the external magnetic
field where the magnetization reaches 1/3 of the saturation
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magnetization Msat. Such 1/3-magnetization plateaus were
first observed in GdPd2Al3 [21] and later in other TLAs
such as RbFe(MoO4)2 [22] and Ba3MnNb2O9 [9]. While
for Na2BaMn(PO4)2 the magnetic structure at zero field was
recently investigated with neutron powder diffraction mea-
surements [23], the spin configurations of the field-induced
phases and a minimal model Hamiltonian that describes the
magnetic ground state remain unknown.

In this article, we report the synthesis of high quality
crystals of Na2BaMn(PO4)2 and unpolarized single-crystal
neutron diffraction measurements. We investigated the field-
induced phase transitions by recording magnetic reflections
as a function of temperature (T ) in different magnetic fields
(H), applied along the c axis and in the ab plane of trig-
onal symmetry. By identifying the critical fields obtained
from heat capacity and neutron diffraction measurements, we
mapped the Na2BaMn(PO4)2 phase diagrams for the two
magnetic field directions. With a combination of spin dynam-
ics and Monte Carlo simulations we attempt to determine the
magnetic ground state of the system, reproduce the phase
diagrams, and track the changes in the spin structure versus
the applied magnetic field. In order to compare qualitatively
the orientation of the ordered moments in the various field-
induced transitions, we refine the obtained magnetic structures
based on the integrated intensities of the magnetic reflections.

II. METHODS

A. Experimental details

Na2BaMn(PO4)2 single crystals were grown by the high
temperature flux method [12,14] and were characterized with
single crystal x-ray diffraction and specific heat measure-
ments. Single crystal x-ray diffraction measurements were
performed on a Rigaku XtaLAB Synergy-S diffractometer, us-
ing a Mo x-ray source providing a monochromatic beam with
a wavelength of 0.71 Å and a two-dimensional HyPix-Arc
150◦ detector. The observed reflections were indexed and in-
tegrated using the data reduction program CRYSALISPRO [24].
The structure solution and refinement was performed with
SHELX [25]. Heat capacity was measured on a Quan-
tum Design Physical Property Measurement System (PPMS)
equipped with the heat capacity option. Data were collected
on a single crystal of Na2BaMn(PO4)2 with a mass of about
0.6 mg, employing both the semiadiabatic time-relaxation
technique and the long-pulse method described in Ref. [26].

A parallelepiped Na2BaMn(PO4)2 single crystal with mass
37.7 mg was mounted on a copper sample holder and was
oriented in the (hh0)/(00l ) scattering plane of the trigonal
lattice. In this article, we use the hexagonal coordinate system
and the scattering vector Q is expressed in Q = (Qh, Qk, Ql )
given in reciprocal lattice units (r.l.u.). The relation between
Q and the propagation vector k is given by Q = G + k, where
G is at the � point of the reciprocal lattice.

Single-crystal neutron diffraction measurements were car-
ried out at the Institut Laue-Langevin (ILL), in Grenoble,
France. Data were obtained on the two-axis thermal neutron
diffractometer D23 [27]. A copper monochromator provided
an unpolarized neutron beam with a wavelength of 1.282 Å.
In order to reach sub-kelvin temperatures, the sample holder

was attached to the mixing chamber of a dilution stick. To
investigate the evolution of the spin structure under magnetic
field, measurements were performed in two geometries: with a
15 T vertical field magnet, providing magnetic field within the
ab plane, and with a 3.8 T horizontal field magnet, providing
field along the c axis. In both geometries, data at zero field
were collected and combined to refine the zero-field magnetic
structures at 600 and 1200 mK. The various spin structures
were refined using Mag2POL software [28].

B. Theoretical framework

The effective interactions between the magnetic moments
of the Mn sites of Na2BaMn(PO4)2 were modeled using a
classical Heisenberg Hamiltonian:

H = −
∑

i j

Ji jSi · S j − kc
∑

i

(
Sc

i

)2
. (1)

Here, Ji j are the magnetic exchange interaction parameters
and kc corresponds to the single-ion anisotropy along the c
axis. Negative J values characterize antiferromagnetic (AFM)
coupling. We will discuss the choice of parameters in detail in
Sec. III, together with the experimental findings.

For this model, the ground state spin configuration was
determined through spin dynamics by solving the Landau-
Lifshitz-Gilbert equation using the Spirit package [29].
The spin-wave spectrum was determined using linear spin-
wave theory for noncollinear magnets [30]. Finally, Monte
Carlo simulations were employed to determine the mechan-
ical statistical properties of the system using the Vampire
package [31,32]. We used a 3 × 3 × 5 macrocell with pe-
riodic boundaries and an equilibration time of 5000 Monte
Carlo steps, and statistical averaging also over 5000 steps.

III. RESULTS AND DISCUSSION

A. Crystal structure

The crystal structure of the manganese phosphate
Na2BaMn(PO4)2 was determined by single crystal x-ray
diffraction at room temperature. The compound crystallizes
in the trigonal lattice with space group P3̄ (147) and lattice
parameters a = 5.37304(4) Å and c = 7.0944(10) Å. The
structure is presented in Fig. 1 and details of the refinement
are given in Table I. The building blocks of the crystal struc-
ture are regular MnO6 octahedra and PO4 tetrahedra with
interstitial Na and Ba ions. MnO6 octahedra are corner con-
nected through PO4 groups and form layers stacked along
the [001] direction. The Na and Ba ions fill the interstitial
positions and bond adjacent MnO layers.

All measured crystals exhibit merohedral twinning with
apparent P3̄m1 symmetry, where the mirror plane m100 de-
fines the twinning law. Regarding the atomic positions, the
difference in assigning either space group concerns only the
oxygen at the 6i site, where constraints of the P3̄m1 space
group give y(O6i) = 1

2 x(O6i), while the P3̄ space group sets
the y coordinate free. The refinement with the P3̄m1 space
group results in five times larger displacement parameters of
O6i and three times higher R factors than the refinement with
the P3̄ structure. Releasing the constraints and refining the
structure with P3̄ space group yields excellent quality factors
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FIG. 1. Crystal structure of Na2BaMn(PO4)2 as determined by
single crystal x-ray diffraction. (a) View along the in-plane direc-
tion, highlighting the layered structure. (b) View along the c axis.
(c),(d) General view highlighting the connectivity of Mn ions, where
(d) shows the Mn–Mn bonds used in theoretical modeling of the
spin interactions, in-plane J1 (bond length is 5.37 Å), out-of-plane
J2 (7.094 Å), and diagonal out-of-plane Ja and Jb (both 8.9 Å). Even
though the bond length for Ja and Jb is the same, the bonds are not
equivalent in the P3̄ space group.

and gives the twinning ratio of 70:30. The y coordinate of
position O6i differs significantly from the y = 1

2 x constraint
(y ≈ 0.24 vs constrained y ≈ 0.18) and corresponds to the
rotation of the MnO6 octahedra by an angle of 9.9◦ from
their positions in the P3̄m1 space group. The twinning is
consistent with the recently reported high temperature transi-
tion in Na2BaMn(PO4)2 [33] and explains the inconsistencies
between the reports on the P3̄ [23,33–35] and P3̄m1 [14,36]

FIG. 2. Color-coded intensity plots of single crystal neutron
diffraction data of Na2BaMn(PO4)2 collected at 300 and 1200 mK
as a function of Q = (1/3, 1/3, Ql ) and applied magnetic field along
(a), (c) the c axis and (b), (d) in the ab plane. White horizontal lines
represent the identified phase boundaries.

space groups. It is worth mentioning that a similar twinning
scheme was recently considered for Na2BaCo(PO4)2 [37].

B. Field-induced phase transitions

Zero magnetic field heat capacity measurements on
single crystals [14] and neutron powder diffraction ex-
periments [23] revealed that long-ranged AFM order ap-
pears in Na2BaMn(PO4)2 at low temperatures. The sys-
tem at zero field undergoes two successive magnetic
transitions at TN2 ≈ 1.28 K (AFM2) and TN1 ≈ 1.13 K
(AFM1) into antiferromagnetic phases that are indexed
with the modulation vector kAFM2 = (1/3, 1/3, 0.139) and
kAFM1 = (1/3, 1/3, 0.187), respectively [23]. Consistently
our neutron data in Fig. 2 indicate the occurrence of
spin ordering at zero field for T < TN1 with kAFM1 =
(1/3, 1/3, 0.187) and for TN1 � T � TN2 with kAFM2 =
(1/3, 1/3, 0.147). The significant difference in kAFM2

TABLE I. Crystal structure parameters of Na2BaMn(PO4)2 based on the refinement of single crystal x-ray diffraction data at 296 K. The
space group is P3̄ and the lattice parameters are a = 5.37304(4) Å and c = 7.0944(10) Å. The number of measured, independent, and observed
reflections are 304432, 2564, and 2444, respectively. The reflection merge factor is Rint = 6.45 and observed reflections are with I > 2σ (I ). The
refinement was performed on F 2 with Robs = 1.63 and wRobs = 4.92. The columns contain the name of the elements, Wyckoff site symbols,
positions in crystal coordinates, and displacement parameters, respectively. Numbers without errors are restricted by site symmetry.

Atom Site Position U (Å2)

x y z U11 = U22 U33 U12 U23 = −U13 Ueq

Mn 1a 0 0 0 0.00758(3) 0.00663(4) 0.00379(1) 0 0.00726(2)

Ba 1b 0 0 1
2 0.01385(2) 0.00636(2) 0.00693(1) 0 0.01135(2)

Na 2d 1
3

2
3 0.18600(14) 0.01547(13) 0.0217(3) 0.00773(7) 0 0.01755(10)

P 2d 2
3

1
3 0.26286(4) 0.00649(4) 0.00636(6) 0.00324(2) 0 0.00645(3)

O 2d 2
3

1
3 0.47708(12) 0.01831(18) 0.00663(17) 0.00915(9) 0 0.01441(11)

O 6i 0.36193(12) 0.23574(15) 0.18706(10) 0.00845(12) 0.01453(18) 0.00543(12) −0.00322(15) 0.01347(7)
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FIG. 3. Representative reciprocal space scans at
Q = (1/3, 1/3, Ql ) measured at 600 mK, under different applied
fields applied along (a) the c axis and (b) in the ab plane. Lines
represent fits with Gaussian functions on top of a constant
background.

between our results and Ref. [23] is ascribed to the temper-
ature dependence of the propagation vector within this phase.
We also note that due to the blockage of the bulky horizontal
magnet several magnetic reflections constrained in the (hhl )
plane are not accessible. Therefore, data could not be obtained
for −0.5 < Ql < 0.5 r.l.u. for H ‖ ĉ [see Figs. 2(a) and 2(c)].

Based on χac magnetic susceptibility measurements on
single-crystal samples [14], when a magnetic field is applied
parallel or perpendicular to the c axis of the trigonal sym-
metry, multiple field-induced phase transitions occur, whose
spin configurations are still unexplored to our knowledge.
Therefore, a first essential step for determining the spin ar-
rangement of the various spin structures is to index their
magnetic propagation vector. To this aim, we performed re-
ciprocal space scans for magnetic fields H ‖ ĉ and H ⊥ ĉ
and the results are presented in Fig. 2 and Fig. 3. The AFM
order is characterized by magnetic reflections arising as satel-
lites to the nuclear Bragg reflections with modulation vector
(1/3, 1/3, kz ), where kz changes as a function of the applied
field direction and magnitude.

The evolution of the magnetic order at T = 300 mK
for H ‖ ĉ is depicted in Fig. 2(a) where for critical fields
H > H‖

c1
the system shows commensurate ordering. Three

different phases can be distinguished up to the maximum
investigated magnetic field of 3.8 T: (i) for H‖

c1
� H < H‖

c2
the

magnetic wave vector slightly shifts and becomes
(1/3, 1/3, 1/6) with a second less intense magnetic peak
appearing at (1/3, 1/3, 1/3), (ii) for H‖

c2
� H � H‖

c3
the

system enters into the 1/3 plateau phase [14] and this is
accompanied by a first sudden change in k which is now
located at (1/3, 1/3, 0) [up-up-down (UUD) phase], and
(iii) a second abrupt jump results to k = (1/3, 1/3, 1/3)
for H‖

c3
< H � H‖

max. In contrast, at T = 1200 mK for
H‖

c1
� H < H‖

c2
, a continuous diminution of the magnetic

peak intensity and a shift of k towards the K point are
observed [see Fig. 2(c)]. When the system is tuned into the
UUD phase, a strong enhancement of the peak intensity is
detected before reaching the spin-polarized (SP) state.

Figure 2(b) shows the reciprocal space scans at Q = (1/3,

1/3, Ql ) for H ⊥ ĉ at T = 300 mK. Based on the scattering
geometry given in Sec. II the magnetic field points along
the [11̄0] direction of the trigonal symmetry. With increas-
ing magnetic field we observed the following: (i) in the
narrow range H⊥

c1
� H < H⊥

c2
the zero-field AFM1 might

be coexisting with another phase that can be indexed with
k = (1/3, 1/3, 1/12), (ii) for H⊥

c2
� H < H⊥

c3
the (1/3,

1/3, 1/12) reflection becomes very sharp, while three addi-
tional less intense peaks appear in commensurate positions
with k′

z = 1/6, 1/3, and 5/12, (iii) for H⊥
c3

� H < H⊥
c4

the
magnetic peak is located at (1/3, 1/3, 1/6) and a second
weaker at (1/3, 1/3, 1/3), and (iv) for H⊥

c4
� H < H⊥

SP the
system becomes incommensurate with kz changing continu-
ously with field, before reaching the spin-polarized state. It
is worth mentioning that at T = 1200 mK no field-induced
phase transition is detected until the system enters the SP
state [see Fig. 2(d)]. Representative Q scans for every phase
showing the main and secondary magnetic peak positions for
the two field directions are summarized in Fig. 3.

C. Temperature and magnetic field phase diagrams

From the peak positions in the heat capacity data and the
changes of the propagation vector we constructed the tem-
perature and magnetic field phase diagrams shown in Fig. 4.
The phase boundaries for the spin polarized state for the two
field directions are in agreement with a previous report [14];
however, our data suggest more complex H-T phase dia-
grams. For H ‖ ĉ, we evidence the formation of two pocket
phases; a narrow between the AFM1 and the UUD phase, and
AFM2. For H ⊥ ĉ there is an absence of a phase transition
for AFM2, a narrow region for T < TN1 where the AFM1
incommensurate ground state coexists with a commensurate
phase, and a phase transition between a commensurate and
incommensurate phase at higher magnetic fields.

The existence of a 1/3 plateau (UUD phase) is re-
ported also in other classical TLA systems with S = 5/2,
e.g., Rb4Mn(MoO4)3 [38], Ba3MnNb2O9 [9] (Mn+2), and
RbFe(MoO4)2 [22] (Fe+3). For classical systems the stability
of the UUD phase in a finite temperature range indicates that
thermal fluctuations are lifting the degeneracy of the ground
state [39,40]; otherwise, their absence would result in the
appearance of the UUD phase at a single point. Thermal
fluctuations are responsible for lowering the free energy of
the system by selecting the highest entropic state, where two
spins are aligned parallel and the other spin antiparallel to
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FIG. 4. Temperature and magnetic field phase diagrams of
Na2BaMn(PO4)2 with magnetic field applied along (a) the c axis
and (b) in the ab plane. Red and black circles indicate critical fields
determined from specific heat (background heat map) and neutron
diffraction measurements, respectively. Phase boundaries are marked
by dashed gray lines and are guides for the eyes.

the direction of the external applied magnetic field. As the
magnetic field further increases, a canted version of the UUD
phase becomes stable (umbrella or V phase) [41,42].

D. Spin structures under magnetic field

The spin structure models of Na2BaMn(PO4)2 are based
on the representation analysis of the modulation vector
k = (1/3, 1/3, kz ), with the component kz varying through-
out the phase diagram, as summarized in Sec. III B. For
all values of kz, there are the same three irreducible repre-
sentations (irreps) of the magnetic propagation vector group
�mag = �1 ⊕ �2 ⊕ �3, which are presented in Table II. �1

mode is a collinear arrangement of moments along the c axis,
with the up-up-down (UUD) amplitude pattern for zero phase
and plus-minus-zero for phase π/4. The modulation along
the c-axis direction given by kz modulates the spin arrange-
ment between these two patterns. �2 has magnetic moments
coplanar in the (001) plane, with moments forming the 120◦
structure along Mn-Mn bonds and the kz modulation rotates
the moments around the c axis, showing right-handed helical
modulation. �3 is the same as �2, but the kz modulation is
left-handed. An explicit mode decomposition and notation are
given in the Supplemental Material (see Eq. S1 [43]).

Before presenting the results there are three impor-
tant points to address regarding our measurements. First,

TABLE II. Irreducible representations of the magnetic moments
of Mn ions in Na2BaMn(PO4)2. Irreps are derived for the Wyck-
off position 1a in the space group P3̄ and modulation vector
k = (1/3, 1/3, kz ). Columns contain irreps symbols, normalized ba-
sis vectors, and description of the spin structures.

Irreps Basis vector Description

�1 [0 0 1] Collinear with the c axis
modulating between UUD and + − 0

�2 [0.612 0 0] 120◦ in ab plane, right-handed
−i[0.354 0.707 0] helical modulation along the c axis

�3 [0.612 0 0] 120◦ in ab plane, left-handed
+i[0.354 0.707 0] helical modulation along the c axis

unpolarized neutron diffraction cannot distinguish between
opposing chiralities of the magnetic structure, that is, the
difference between �2 and �3, but can determine the ratio of
these mode amplitudes. Therefore, the magnetic structure can
be described with reference to the in-plane component (�2 and
�3 mixing) and out-of-plane component (�1). Second, neutron
diffraction cannot determine the global phase of the magnetic
modulation, which is crucial to accurately depict the structure
with a commensurate modulation vector. We have chosen
the phase to best match the theoretical models presented in
the next section. Finally, it is important to note that the re-
finement of the satellite reflection intensities allowed us to
determine the antiferromagnetic component of the magnetic
order. Under an applied magnetic field, there is an additional
ferromagnetic component arising from magnetization that
contributes to the nuclear reflections; however, determining its
precise value from neutron diffraction measurements is unreli-
able. For depicting the magnetic structures under field we used
the magnetization values determined in Ref. [14], also shown
in Fig. 6. A comprehensive list of the refinement parameters,
including mode amplitudes, ferromagnetic components, and
global phases, is given in the Supplemental Material (see
Table SII and goodness-of-fit plots in Fig. S2 [43]).

The spin arrangement at 600 mK and zero field (AFM1
phase) shows in-plane and out-of-plane components, as dis-
played in Fig. 5(a). The in-plane modes �2 and �3 sum up
to a collinear component along the [120] direction, which
in combination with the out-of-plane mode �1 results in a
coplanar structure with Y arrangement of spin directions in the
z = 0 layer. The incommensurability of the modulation vector
changes the phase of the spin configuration along the [001]
direction, resulting in cycloidal modulation of Mn spins with
≈60◦ interlayer phase shift and effective rotation of the Y con-
figuration along the c-axis direction. The average magnitude
of the individual moments is 3.70(8)μB. Magnetic ordering
at 1200 mK and zero field (AFM2 phase) is pure �1 mode,
that is, a collinear UUD structure along the c axis, as shown
in Fig. 5(e). The absolute value of the magnetic moment is
reduced to μ = 2.07(1)μB and the structure resembles the
600 mK arrangement dynamically disordered within the ab
plane. Our refinements in zero field match those reported in
Ref. [23], where the authors determined the magnetic struc-
tures based on neutron powder diffraction of Na2BaMn(PO4)2
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FIG. 5. Magnetic structures of Na2BaMn(PO4)2 based on single
crystal neutron diffraction measurements under applied field. All
structures are determined at 600 mK except the AFM2 phase (e).
Each structure is depicted from the directions along the c, a, and a∗

axis. Axes coordinates for these views are depicted only in (a) show-
ing a1, a2, and c axis in red, green, and blue, respectively. (a) At
zero field and 600 mK, the spin configuration is incommensurate,
coplanar with Y arrangement of spins and components along the c
axis and [120] direction. (e) At 1200 mK it is collinear along the
c axis, with moments in an up-up-down pattern. When a magnetic
field is applied along the c axis, spins gradually align with the field
forming (b) alternating YT layers at 1.2 T, (c) the UUD phase at
2.2 T, and (d) the umbrella V arrangement at 3.8 T. For the field
applied along the [11̄0] direction the spins also gradually align along
the field, with (f) commensurately alternating V-W layers at 1.8 T, (g)
commensurately stacked W layers at 3 T, and (h) incommensurately
modulated V-W layers at 4.4 T. A detailed description of all phases
is given in the main text; numerical values used to render all panels
are listed in the Supplemental Material in Table SII [43].

at 67 mK and 1.25 K, with small differences in the modulation
vector.

The field applied along the c axis breaks the incommen-
surate modulation of the spin arrangement and introduces
intermediate, commensurate phases before field polarizing the
spins [see Figs. 5(b)–5(d)]. At 1.2 T (YT phase) the refinement
resembles the ground state Y configuration with spins slightly
rotated along the field direction. The modulation along the c
axis alternates between the distorted Y configuration and T
configuration, where the latter depicts two spins arranged an-
tiferromagnetically within the ab plane and one spin along the
c axis. Note that the refinement at 1.2 T was poor compared
to the other refinements [see Fig. S2(b) in the Supplemental
Material [43] and should be treated as a rough approximation.
Next, at 2.2 T spins arrange in the UUD configuration along
the c axis with a small in-plane component (UUD phase).
The in-plane component is collinear with the [120] direction
and five times smaller than the c-axis component. Finally,
at 3.8 T the spins rearrange to an umbrella configuration

FIG. 6. Magnetization as a function of applied fields along and
perpendicular to the easy axis. Experimental data based on Ref. [14].
Simulation (color circles) including single-ion anisotropy with easy
axis along c. The length of the plateau is proportional to the single-
ion anisotropy.

(V phase), where all spins have positive components along
the field, while the in-plane component spreads them around
in a 120◦ configuration.

With the field applied in plane, all measured phases show
almost coplanar arrangement, as the dominant component is
�1 mode with c-axis component and uniform magnetization
aligning the moments toward the [11̄0] direction. As a con-
sequence, the spins are lying within the (110) plane, that is,
they have dominating components along the c axis and field
direction [see Figs. 5(f)–5(h)]. At 1.8 T the spins arrange in
alternating V and W layers, with opening along the applied
field direction [11̄0] (CVW phase). The V configuration is a
superposition of UUD along the c axis and uniform magneti-
zation along the applied field resulting in spins out of plane,
while the W configuration describes one spin along the field
direction and the other two spread up and down with respect
to the first one. When increasing the field to 3 T there are
only W layers with commensurate modulation along the c axis
and opening of ≈120◦ (CW phase). At 4.4 T the structure
is incommensurate again and modulates between the W and
V configuration (IVW phase) with opening of ≈85◦. The
latter incommensurate configuration is also referred to as a
fan phase [44].

E. Spin model Hamiltonian

The localized magnetic moments in Na2BaMn(PO4)2

form a triangular lattice in the ab plane, with a Mn-Mn
stacking along the c axis as described in Sec. III D. The
phase diagrams and the spin structure discussed previously
indicate the dynamics of a frustrated antiferromagnetic tri-
angular lattice [14,41]. Initially, for Na2BaMn(PO4)2 we
considered a two-dimensional (2D) nearest-neighbor-only
classical Heisenberg model with J1 = −0.11 meV and S =
5/2. The significant single-ion anisotropy of Mn+2 ions
points to an easy-axis anisotropy in the system. In order to
reproduce the plateau in the reported magnetization measure-
ments as a function of applied fields along the c axis [14],
kc = 0.035 meV was added to our model Hamiltonian (see
Fig. 6). Our first attempt to reproduce the experimental results
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FIG. 7. Color maps of the calculated specific heat as a function
of applied magnetic field and temperature for the (a), (b) 2D model
and (c), (d) 3D model.

with this simple model is justified by the fact that two succes-
sive magnetic transitions at zero magnetic field are reported
in other 2D triangular-lattice easy-axis AFM with high spin
number [21,38,45].

The Monte Carlo simulations with this 2D model resulted
in the color maps of the specific heat as a function of tempera-
ture and applied field, which are shown in Figs. 7(a) and 7(b).
These heat maps reveal the boundaries between the different
phases of the model. At finite temperatures and in zero field,
a temperature separation of ∼0.05 K is observed between the
AFM1 and AFM2 phases and the system becomes paramag-
netic at ∼0.95 K. When the field is applied along the easy
axis c, we identify at least four regions of the phase-space
diagram in Fig. 7(a). Through spin dynamics simulations,
we determined the spin configuration in each phase at zero
temperature. AFM1: the ground state at zero field corresponds
to a noncollinear 120◦ spin configuration where one of the
three spins in the magnetic unit cell points along the easy axis
(out of plane). UUD: at 2 T, the system displays a collinear
up-up-down spin configuration. V: this phase resembles the
UUD state, although it is noncollinear and it is marked by the
rotations of the down spin towards the direction of the applied
field. SP: at 6 T, the Zeeman energy dominates the exchange
interactions and spin polarizes the system. In contrast, when
the field is applied in plane, only two regions (AFM1 and
SP) are distinguishable through the specific heat color map, as
shown in Fig. 7(b). Starting from the ground state at zero field,
when the external field dominates the single-ion anisotropy,
one spin starts to point parallel to the field. At 3 T, we observe
that two spins are perpendicular to the field, antiparallel to
each other, but aligned along the easy axis, while the third spin
remains parallel to the applied field. For higher fields, all spins
continuously align with the field until the spin-polarized state
is reached, slightly below 7 T. This phase sequence is consis-
tent with the classical easy-axis triangular-lattice Heisenberg
model [41].

This simple 2D model already seems to capture some fea-
tures and the overall shape of the experimentally determined
phase diagrams. It is important to mention that the experi-
mental phase diagrams shown in Fig. 4 were obtained from a
combination of neutron diffraction and specific heat measure-
ments, while the theoretical phase diagrams were determined
from the specific heat results from Monte Carlo simulations.
Therefore, it is possible that the specific heat will not re-
veal all the field-induced transitions between the different
phases. In addition, neutron diffraction data suggest that the
magnetic order is characterized by an incommensurate wave
vector along the c axis, as shown in Figs. 2 and 3, indicating
that Na2BaMn(PO4)2 is a three-dimensional (3D) easy-axis
antiferromagnet with considerable interlayer couplings. This
corresponds to a spin configuration based on the 120◦ state,
which offers a global rotation from one layer to the next. It is
also worth mentioning that, based on Fig. 3(b), at zero field
intense magnetic Bragg peaks are observed at positions with
magnetic propagation vectors k = (1/3, 1/3,±kz ). Propaga-
tion vectors of this form have been attributed to frustrated
interlayer couplings and are reported in compounds with
stacked magnetic triangular layers such as the isostructural
RbFe(MoO4)2 [46].

In order to include the interaction between layers in our
model, we attempted to reproduce the spiraling spin config-
uration in Na2BaMn(PO4)2 via a frustration induced by two
interlayer couplings. While the frustration 3D-coupling model
was recently proposed for Na2BaCo(PO4)2 [37], our study
applies it to Na2BaMn(PO4)2, demonstrating its relevance
also for S = 5/2 systems. It is based on the competition
between J2, Ja, and Jb; see Fig. 1(d). According to this model,
the propagation vector along c is given by [37]

tan(2πkz ) = 3
√

3(Jb − Ja)

3(Jb + Ja) − 2J2
. (2)

In the P3̄m1 structure, Ja and Jb are equal by symmetry;
however, if the system’s crystal structure is P3̄, thus losing
a vertical mirror symmetry, Ja and Jb become independent of
each other. The competition between pairs Ja and Jb or Ja(b)

and J2 is enough to form the observed spin spiral due to frus-
tration. Our simulations indicate that the Ja-J2 model results
in a better description of the experimental phase diagrams
presented in Fig. 4. We determined that Ja = −0.0013 and
J2 = −0.002 meV (1–2% of J1) reproduce a propagation vec-
tor and roughly the phase boundaries of the field-temperature
phase diagrams.

The resulting ground state spin configuration matches very
well the experimentally determined one, with the exception
that the model has a commensurable wavelength of five layers
to allow for technical simplifications of the simulations. The
specific-heat phase diagram for field out of plane is shown in
Fig. 7(c), which is very similar to the 2D case, except for a
new pocket created between the UUD and V phases. We note
that at 2 T, with the 3D coupling, the spin configuration is
similar to the up-up-down state. For a field in plane, while
the 2D model only featured a single ordered phase, the 3D
coupling introduced several phase boundaries to the diagram,
although some of them are very faint, as seen in Fig. 7(d).
It is worth mentioning that the 3D model results in ∼0.18 K
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FIG. 8. Spin arrangements in the different phases based on the
3D model at T = 0 K for (a) the ground state, (b),(c) for external
field applied out of plane, i.e., along the c axis, and (d)–(f) in plane,
i.e., along the a axis.

separation between the two successive zero-field magnetic
transitions and the paramagnetic state is observed at ∼1.18 K.
The evolution of the spin configurations for the two applied
field directions at zero temperature is also displayed in Fig. 8
and a further comparison between the simulated and experi-
mentally determined magnetic structures is presented in detail
in the Supplemental Material (see Fig. S3 [43]). At this stage
a perfect agreement between the experimentally determined
magnetic structures and the theoretically obtained ones cannot
be achieved; however, several features are captured by the
proposed 3D model.

Detailed inelastic neutron scattering studies on single
crystals for both field directions and additional theoretical
modeling would be crucial to determine the Hamiltonian of
the Na2BaMn(PO4)2 system. Such measurements have been
used to determine the microscopic Hamiltonian in the ana-
log RbFe(MoO4)2 [47], which also exhibits Y, UUD, and V
phases and field-induced incommensurate stacking along the
c axis [48]. For example, an alternative scenario might involve
an Ising-like XXZ Hamiltonian where (i) the width of the 1/3
UUD plateau in Fig. 4(a) will depend on the XXZ exchange
anisotropy of the J1 bond and (ii) the separation between the
two zero-field transitions reported at 1.13 and 1.28 K will rely
on the XXZ nature and on the 3D couplings [49].

Our reported H-T phase diagrams in Na2BaMn(PO4)2

largely follow the archetypal frustrated triangular-lattice anti-
ferromagnet scenario (coplanar Y and V phases separated by

the UUD state) as summarized in Ref. [50]. A key difference
from the strictly 2D picture is that the propagation vector ac-
quires a field-tunable out-of-plane component, kz(H, T ) �= 0,
which signals weak and frustrated interlayer exchange and is
captured by our minimal 3D model. We also note that the
very low-field region of the TLA phase diagram is explicitly
flagged as unsettled in Ref. [50] and is where we capture
the AFM2 phase. Its character, i.e., a longitudinal (easy-axis)
ordering that precedes the coplanar AFM1 on cooling, is con-
sistent with the XXZ triangular model in the presence of weak
easy-axis anisotropy and weak 3D coupling and with theo-
retical expectations for zero field [51]. Within this context,
RbFe(MoO4)2 realizes the canonical Y–UUD–V sequence
with commensurate stacking for field applied in plane [48],
whereas in CuCrO2 weak interlayer couplings and easy-axis
anisotropy drive incommensurate stacking and a rich field-
induced cascade [52,53]; see also Ref. [54] for the crucial
role of interlayer exchange in the incommensurate phases.
In Na2BaMn(PO4)2, the combination of easy-axis anisotropy
and frustrated interlayer exchange could explain both the evo-
lution kz �= 0 in applied field and the finite zero-field AFM2
pocket.

IV. CONCLUSIONS

To conclude, we have reported detailed heat capac-
ity, x-ray, and neutron diffraction measurements in single
crystals of the S = 5/2 triangular-lattice antiferromagnet
Na2BaMn(PO4)2. Based on x-ray diffraction refinements, the
crystal structure exhibits subtle distortions that break the
vertical mirror planes of the trigonal symmetry and reduce
the space group from P3̄m1 to P3̄. Heat capacity and neu-
tron diffraction measurements under magnetic fields applied
along the c axis and in the ab plane allowed us to identify
several field-induced transitions in the temperature and mag-
netic field phase diagrams. We refined the magnetic structures
of Na2BaMn(PO4)2 according to the representation analy-
sis of the modulation vector k = (1/3, 1/3, kz ), where the
component kz changes with magnetic field. In the ground
state, the out-of-plane incommensurate component kz of the
propagation vector indicates non-negligible interlayer cou-
plings. By employing a classical Heisenberg Hamiltonian
that includes a single-ion anisotropy term (kc = 0.035 meV),
nearest-neighbor interactions in plane (J1 = −0.11 meV), and
interlayer couplings (Ja = −0.0013 and J2 = −0.002 meV),
and in combination with Monte Carlo simulations, we re-
produced several features in the reported phase diagrams
and the spin structures. Our data and simulations show that
Na2BaMn(PO4)2 is far more three-dimensionally coupled
than assumed and that a minimal frustrated interlayer Heisen-
berg model captures the main features of its rich field-induced
phase diagram.
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