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1/3 magnetization plateau and frustrated ferrimagnetism in a sodium iron phosphite
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The sodium iron phosphite NaFe;(HPO;),(H,PO3)s is studied by ac-magnetic susceptibility, pulsed-field
magnetization, specific heat, and high-frequency electron spin resonance (HF-ESR) measurements combined with
Mossbauer spectroscopy and density-functional calculations. We show that this compound develops ferrimagnetic
order below 7¢ = 9.5 K and reveals a magnetization plateau at 1/3 saturation. The plateau extends to B. ~ 8T,
whereas above B. the magnetization increases linearly until reaching saturation at B, ~ 27 T. The Mossbauer
spectroscopy reveals two magnetically nonequivalent iron sites with the 2:1 ratio. The HF-ESR spectra are
consistent with a two-sublattice ferrimagnet and additionally pinpoint weak magnetic anisotropy as well as
short-range spin order that persists well above T¢. The ferrimagnetic order in the title compound is stabilized by a
network of purely antiferromagnetic exchange interactions. The spin lattice comprises layers coinciding with the
crystallographic (10-1) planes, with stronger couplings J; ~ 1.5 K within the layers and weaker couplings J; =
0.3—0.4 K between the layers. Both intralayer and interlayer couplings are frustrated. The ensuing ferrimagnetic
order arises from a subtle interplay of the frustrated but nonequivalent exchange couplings.
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I. INTRODUCTION

The magnetization of conventional isotropic antiferro-
magnets increases monotonically in an applied magnetic
field. Fewer systems will, however, show a more complex
magnetization process with flat or nearly flat regions of the
magnetization curve that are known as magnetization plateaus
[1]. These plateaus will normally appear at integer fractions of
the total (saturation) magnetization and manifest ferrimagnetic
order induced by the magnetic field. The stabilization of
ferrimagnetic phases is strongly linked to the presence of
magnetic frustration. For example, triangular antiferromagnets
reveal a 1/3 plateau that is most pronounced in the quantum
spin-1/2 regime, where the collinear ferrimagnetic phase is
stabilized by quantum fluctuations [2-4]. It does, however,
persist in the classical regime as well, thanks to the stabilization
by thermal fluctuations [5,6], as in the extensively studied spin-
5/2 triangular multiferroic RbFe(Mo0QOy), [7-9]. On the other
hand, even classical spin systems can show magnetization
plateaus of putatively quantum nature, such as the 1/3 plateau
recently observed in the spin-trimer compound SrMn3P4O1;
[10-13].

In the following we report a detailed investigation of an iron
fluorophosphite showing a pronounced magnetization plateau
at 1/3 saturation. The true composition, which incorporates a
very small amount of fluorine, has been discussed previously
[14] but for simplicity in the present work we use an idealized
composition NaFe;(HPO3),(H,PO3 )¢, abbreviated NaFP. This
approximation has no bearing on the interpretation of physical
properties in the present work.
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The crystal structure of NaFP [14] comprises two nonequiv-
alent positions of § = 5/2Fe** ions, both octahedrally co-
ordinated. These FeOg octahedra are linked into a three-
dimensional network via tetrahedral phosphite groups. We
conclude that the system features a ferrimagnetic ground state
that underlies the formation of the broad 1/3 plateau observed
in our experiments. While the ferrimagnetic ground state may
look like a natural consequence of the two nonequivalent Fe
sublattices with the 2:1 ratio of Fe** ions, individual magnetic
interactions driving the formation of this ferrimagnetic state
are far from being trivial. In fact, there are no direct Fe-O-Fe
links between the FeOg octahedra in the structure, and there
are no distinguishable sublattices in the sense of stronger
ferromagnetic couplings within each sublattice and weaker
antiferromagnetic couplings between the sublattices, as stan-
dard theory of ferrimagnetism would assume. Instead, we find
a quasi-two-dimensional spin lattice that manifests itself in
the nearly linear temperature dependence of the specific heat
below T¢. We also show that the ferrimagnetic order hinges
upon a very subtle interplay of frustrated exchange couplings
both within the layers and between the layers. Minor variations
of these couplings are supposed to lead to a qualitatively
different magnetic ground state.

II. METHODS

The sodium iron phosphite NaFP was synthesized by
a reaction of NaF, Fe,Os3;, and H3POs5. This mixture was
sealed in a Teflon-lined stainless steel autoclave, heated to
140°C for 3 days, and cooled to room temperature. Pink
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air-stable prismatic crystals were recovered by filtration.
The material was found to adopt a triclinic structure in
the centrosymmetric space group P — 1, with crystal lattice
parameters a = 7.5302 A b =9.1696 A c= 9.4732&, o=
118.063°, B = 101.274°, y = 101.192° [14]. The experimen-
tal pattern obtained by the single crystal x-ray measurement
fits well with the experimental powder pattern, revealing that
the synthesized sample has a good level of purity.

Thermodynamic properties of NaFP were studied by
measurements of ac-magnetic susceptibility x (10 G, 10 kHz),
dc-magnetization M, and specific heat C,, in the temperature
range T = 2-300K using various options of the Quantum
Design Physical Properties Measurements System PPMS-9T.
The pulsed magnetic field measurements were performed
using the home-made experimental setup with the magnetic
pulse duration of about 8 ms.

High-frequency electron spin resonance (HF-ESR) mea-
surements were performed on fixed as well as on loose powder
samples in the frequency range of f = 40420 GHz, and in
the temperature range from 2 to 250 K. A millimeter vector
network analyzer was used as a source and detector of stable
microwaves, and a superconducting magnet was applied to
provide a magnetic field up to 15 T [15].

Mossbauer spectroscopy experiments were made with a
commercial Wissel setup, using a >’Co/Rh source. The drive
was run in sinusoidal mode minimizing the velocity error. The
measurements were carried out in the temperature range from
2 to 315 K. The spectra were analyzed using Moessfit package
by means of transmission integral fits [16].

Magnetic exchange couplings were obtained from total
energies of collinear spin configurations calculated using
the VASP [17] code within the DFT+U formalism, where
correlation effects in the Fe 3d shell were included on
the mean-field level. Individual exchange couplings J;; were
defined by the spin Hamiltonian H = X;;J;;S;S;, where the
summation is over bonds i j, and the local spinis S = 5/2. The
Perdew-Burke-Ernzerhof flavor of the exchange-correlation
potential [18] was applied, and several twofold supercells
were considered in order to distinguish between individual
magnetic couplings in the NaFe;(HPO3),(H,PO3)¢ structure.
The couplings calculated in different supercells matched
within 0.1 K, thus confirming the high accuracy of our
calculation and the absence of any noticeable long-range
couplings not included in the magnetic model presented below.
Correlation effects were described by an effective on-site
Coulomb repulsion U; = 7eV and Hund’s exchange J; =
1eV [19]. Thermodynamic properties were obtained from
classical Monte Carlo simulations on finite LxLxL lattices
with periodic boundary conditions and L < 8. The simulations
were performed using the “spinmc” algorithm of the ALPS
simulation package [20].

III. THERMODYNAMIC PROPERTIES

The temperature dependencies of both ac-magnetic sus-
ceptibility x,. and specific heat C,, shown in Fig. I, reveal
the formation of a magnetically ordered state in NaFP below
Tc =9.5K. In a wide temperature range down to below
40 K, the magnetic susceptibility follows the Curie-Weiss law
augmented by a temperature-independent term xc = xo +
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FIG. 1. (a) The temperature dependencies of ac susceptibility in
NaFP. The inset represents both real x’ and imaginary x” parts at
low temperatures. (b) The temperature dependence of the specific
heat C,. The Inset enlarges the region around T¢ = 9.5 K. The lattice
contribution Cy,, at low temperatures is shown by the dashed line.

C/(T — ®) with x9 ~ —5 x 10~* emu/mol, Curie constant
C = 12.6emuK/mol, and Weiss temperature ® = —22K.
The low-temperature peak in the real part x' of the ac
susceptibility, i.e., Hopkinson maximum, is the signature of
spontaneous magnetization in NaFP at T < T¢. The value of
the Curie constant C = ng?S(S + I)M%NA/3kB, where (g,
Ny, and kg are Bohr, Avogadro, and Boltzmann constants,
respectively, is consistent with the g-factor g ~ 2 for n =
3 Fe*" ions per formula unit in the S = 5/2 high-spin state.
The negative value of the Weiss temperature ® signals the
predominance of antiferromagnetic exchange interactions in
this system.

At room temperature, the specific heat C), is far from the
thermodynamic limit 3Rn = 1247.5J/mol K. To estimate the
lattice contribution to C,, at low temperatures, we used the
Debye temperature Tp & 460 K extracted from the tempera-
ture dependence of the isomer shift measured by Mossbauer
spectroscopy (see Supplemental Material [21]). The lattice
contribution is negligibly small at T < T¢ as shown by the
dashed line in the inset to the lower panel of Fig. 1. At T =
9.5K, the specific heat C,, demonstrates a A-type anomaly.
Below T¢, alinear trend C,, ~ T is observed which resembles
the behavior of quasi-two-dimensional ferromagnets [22].

The field dependencies of the magnetization M measured
in static magnetic field up to B = 9T and in pulsed magnetic
field up to B ~ 30 T measured at T =2K (~2.4 K in
case of pulsed-field measurements) are shown in Fig. 2. The
effects of sample heating were detected through the hysteresis
between the up and down sweeps. The magnetization rapidly
reaches the plateau value of M, /3 ~ 4.3 ug which persists to
B. ~ 8 T. The saturation My ~ 13 g isreached at B, ~ 27 T.
Within these limits, the field dependence of the magnetization
is mostly linear.

The application of an external magnetic field drastically
changes the appearance of the C, vs T curves. Instead of the
sharp peak at T¢, a rather broad anomaly appears signaling the
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FIG. 2. The field dependencies of magnetization M in NaFP taken
in static (open symbols) and pulsed magnetic field (filled symbols)
at T = 2K(2.4K). The inset shows the reduced specific heat C,/T
taken in different magnetic fields B =0, 3, 6, and 9 T.

redistribution of magnetic entropy over a wide temperature
range. The data taken at B =3, 6, and 9 T are basically
very similar, as shown in the inset to Fig. 2, reflecting the
persistence of the magnetic state of NaFP at the plateau.
Evidently, an external magnetic field smears the transition to
the magnetically ordered state out, as could be expected for
ferri- or ferromagnetic systems.

IV. HF-ESR SPECTROSCOPY

Representative HF-ESR spectra of NaFP obtained at f ~
230 GHz are shown in the inset to Fig. 3. For the fixed powder,
i.e., randomly oriented material, there is a broad resonance
feature extending from 7.7 to 8.4 T, with increasing spectral
weight at higher magnetic fields. The spectra drastically
change in the case of loose powder, which indicates at least
partial alignment of the crystallites exposed to the external
magnetic field. Such behavior implies the presence of a local
anisotropy. Comparison of the shape of the resonance features
allows qualitative conclusions on the magnetic anisotropy, as
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FIG. 3. Frequency-resonance field diagram, at 7 = 4 K, of NaFP.
The inset shows representative spectra obtained on loose and fixed
powder, at f ~ 230 GHz. Filled (open) symbols mark the resonance
fields obtained on loose (fixed) powder. Lines are simulations
according to Egs. (1) and (2). The shaded area indicates B, ~ 8 T.
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spectral weight is shifted to the low-field/low spectral weight
regime of the randomly oriented powder. Such a behavior
suggests an axial type anisotropy [23].

In the following we will use a plain two-sublattice model
to describe ferrimagnetic resonance in NaFP. This model is
justified by the relative simplicity of the spectra, even though
the underlying microscopic magnetic model involves as many
as six Fe sublattices. The effective two-sublattice model entails
two inequivalent spins S| = 2 x 5/2 = 5and S, = 5/2, which
are coupled by an effective antiferromagnetic interaction
Jegt. In the classical mean-field approach for ferrimagnetic
resonances [24], the exchange interaction between the different
magnetic sites is considered by the mean-field parameter A
yielding the free energy:

F=—-B-Mi—B-My—His My — Hyy My +IM; - M,

where M; and M, are the two sublattice magnetizations,
and H;4 and H,4 are the magnetic anisotropy fields of the
sublattices. Assuming the larger sublattice magnetization M
pointing in the magnetic field direction and M, pointing op-
positely, the resonance frequencies of the main ferrimagnetic
excitation branches read

w\l| = Yett|(B + Hay), (1)
'L = yerr L(B + Hy ). )

] and ' are the ferrimagnetic resonance modes with the
anisotropy parallel and perpendicular to the external magnetic
field, i.e., B||H;4 and B_L H;,, respectively. The two ferri-
magnetic exchange resonance modes w! of the two-sublattice
model considered here appear at higher energies as they exhibit
a zero-field gap A ~ A(y, M| — y1 M;). As will be discussed
below, we assume A being larger than the frequencies used in
the experiments.

The effective anisotropy field is associated with the sublat-
tice magnetizations and anisotropic fields by

Hy = (HiaMy + Hoa M)/ (M) — M), 3)
Hyo =2"2(HiaMy — HoaMo)/(Ma — M), (4)
The effective gyromagnetic ratio y.g for both directions

Yett)), L = (M1 — Mp)/[My /(g1 - tB) — Ma/(g2), L - 48]
5)

is associated with the respective anisotropic g-values g;.
The ferrimagnetic resonance model applied here is supposed
to approximate the antiferromagnetic alignment of the two
sublattices considered where spins are parallel or antiparallel
to the magnetic field [25].

The experimental data in Fig. 3 display a broad anomaly
for randomly oriented material whose lower limit shows up
as a sharp resonance feature in case of aligned powder. It is
interpreted as the ferrimagnetic resonance line a)ﬁ under the
effect of local magnetic anisotropy and nonisotropic g factors.
The high-field edge of the resonance feature is interpreted
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FIG. 4. Temperature dependence of the main resonance in NaFP
obtained from loose powder HF-ESR data at f ~ 230 GHz. The
horizontal dashed line indicates the resonance field at 7 = 250 K.
The inset highlights changes of the spectra (a) at 2 < T < 30 K and
(b) 35 < T <250 K. At T = 125 K, a single line broadens and splits
upon cooling. Squares and circles in the inset (a) indicate B and
Bies2, respectively.

as ferrimagnetic resonance mode, too, in the case where the
anisotropy is orthogonal to the external magnetic field, i.e.,
a)ll. Simulation of the data by means of Egs. (1) and (2) yields
g =197, =2.07, and Hip = 2H,5 = 0.28 T. Applying
Egs. (3) and (4) with these simulation parameters yields the
effective anisotropic fields H4 = 0.7T and Hy; = —0.6T.

As the ferromagnetic exchange modes a)ﬁI and o'l are
not observed in the spectra, the mean-field parameter is not
fixed by the HF-ESR data. However, the absence of the high-
frequency mode in the accessible frequency range implies A >
0.22T?/GHz. Note that the ferrimagnetic resonance model
described above is not valid above B, as the spins in that field
region are not antiparallel or parallel to the magnetic field due
to the canting of the spins. However, there is no discontinuity
in the experimental data around B, and the low-field model
describes the experimental data well in the whole field
range.

The temperature dependence of the HF-EPR spectra at
f = 230 GHz illustrates the evolution of ferrimagnetic order
upon cooling, as shown in Fig. 4. At T = 250K, the spectrum
exhibits a single resonance associated with g = 2.003(5).
Upon cooling below ~125 K, the resonance line inhomoge-
neously broadens and two anomalies are resolved below about
20 K. The evolution of the resonance features is particularly
evident if By in Fig. 4 is considered. There is a pronounced
shift at around 10 K, which signals the formation of local
magnetic fields in the long-range ordered ferrimagnetic phase.
In addition, the shift of resonance fields at higher temperature
implies the evolution of internal magnetic fields well above T¢ .
As seen in the inset of Fig. 4, there are small changes of spectral
weight and broadening of the resonance line extending up to
125 K. These observations suggest the presence of internal
magnetic field in the paramagnetic phase and hence the evolu-
tion of short-ranged magnetic order in this temperature regime.
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FIG. 5. The temperature evolution of zero field Mossbauer
spectra in NaFP.

V. MOSSBAUER SPECTROSCOPY

Zero-field Mossbauer spectra in NaFP consist of a single
doublet down to T¢ = 9.5K. Below T, it splits into two
distinct magnetic sextets, as shown in Fig. 5, indicating the
presence of two main nonequivalent iron sites. Both iron
sites have indistinguishable isomer shifts (§) and electric field
gradient values (EFG). Consequently these parameters were
assumed equal for both sites. The room-temperature isomer
shift of 6 = 0.42 mm/s is typical for octahedrally coordinated
high-spin Fe** ions (S = 5/2) which is also supported by the
observed large magnetic hyperfine field By, > 50 T [26]. The
negligible orbital contribution to the EFG in the high spin
state is in line with the small quadrupole splitting of about
0.17 mm/s.

Below T¢ = 9.5K, the spectra split into two well distin-
guishable sextets showing different temperature dependencies
of the magnetic order parameter Byyp, as shown in Fig. 6(a).
A signal ratio of 65(1):35(1) can be assigned to the crystallo-
graphic sites Fe2 and Fel, where Fe2 is the site of the smaller
magnetic hyperfine field. Both field values approach each other
for low temperatures with a saturation field corresponding to
4.3(2) up, assuming a dominant core contribution of 13 7'/ ug
[27]. A small paramagnetic doublet with 5% signal fraction is
attributed to impurities. A fit of Bpy,(7) with a critical exponent
behavior and a Gaussian distribution of 7¢ for temperatures
T > T¢/2 yields 0.338(1) and 0.234(1) as critical exponents
for site Fe2 and Fel, respectively. It means that the Fe2
site has typical three-dimensional behavior, whereas the
dimensionality of magnetic interactions at the Fel site may
be reduced.

To study the magnetic coupling of the two iron sites, we
applied an external magnetic field transverse to the gamma
beam ranging between O and 6.3 T. This experiment was
done at 5 K comprising sufficient contrast between both site’s
hyperfine fields and yet sufficiently static character of the
moments. The results of this experiment are shown in Fig. 6(b).
It unambiguously proves the ferrimagnetic coupling of the
spins, with Fe2 and Fel spins aligning parallel and antiparallel
to the applied field, respectively.

As predicted by the Weiss mean-field model of ferrimag-
netism, the ordered moment, quantified by By, is expected
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FIG. 6. (a) Magnetic order parameter By, and magnetically ordered fraction f,,,. (b) Total field By, as a function of applied field By,

indicative of a ferrimagnetic coupling.

to increase upon the application of an external field at finite
temperatures. The total field measured at the Fe nucleus is
the vector sum By By, + Bex. For 5Fe in a ferromagnet,
By, and B, will be antiparallel to each other, so that By is
expected to decrease, whereas for the spins with antiparallel
orientation Byy, and B will add constructively. For field
Bex < 2T, the hyperfine field By, increases faster than By,
because the total ferrimagnetic moment is oriented along the
field. Once aligned, the ferro- and antiferromagnetic characters
of the single moments manifest themselves by the reduction
and continuous increase of the total field, respectively. Above
5 T, even the antiferromagnetically coupled Fel moments are
forced progressively in the field direction. Consequently, the
increase in the total field is slowed down. This corresponds
to approaching the exchange field and thus the end of the 1/3
magnetization plateau.

We fitted the total fields phenomenologically using the
following formula:

Biot = Bs[1 — f xexp(—a * Bex/kpT)] £ Bex,

obtaining f = 0.18(1), in good agreement with the Weiss
model (0.16) for J = 5, and a = 0.15(1) meV /T correspond-
ing to 2.7 ug. The latter value is an effective value describing
not only thermal fluctuations but crystal anisotropy as well.
Therefore, it is lower than the saturated magnetization.
Anisotropy and further details of the analysis are discussed
in the Supplemental Material [21].

VI. FIRST-PRINCIPLES CALCULATIONS

Prior to calculating magnetic exchange couplings, we
relaxed hydrogen positions in the experimental crystal struc-
ture, because these positions are usually determined with
insufficient accuracy, owing to the weak x-ray scattering from
hydrogen atoms. Indeed, the structure optimization resulted in
realistic O—H distances of 1.0 A in contrast to 0.73-0.78 A
reported experimentally [14]. Likewise, the uniform P-H
distances of 1.40 A in the HPO; groups were found, whereas
the minor substitution of H atoms by F was neglected in the
present calculations. The resulting crystal structure with the
optimized positions of hydrogen, as given in the Supplemental
Material [21], was used in all subsequent calculations.

Isotropic exchange couplings (J;) in NaFP are listed in
Table I. By comparing exchange couplings calculated in
different supercells, we are able to exclude any long-range
exchanges beyond the six nearest-neighbor couplings pre-
sented in this table. All the couplings are antiferromagnetic
(AFM) and involve superexchange via multiple oxygen atoms,
because the Fe** Og octahedra are connected via nonmagnetic
phosphite groups only. The couplings do not show any clear
signatures of a dimerization within the Fe2 sublattice or of
a separation between the Fel and Fe2 sublattices. Instead,
we find four stronger couplings of about 2.0 K and two
weaker couplings on the order of 0.5 K. The four stronger
couplings form magnetic planes that coincide with the (10-1)
crystallographic planes, whereas the two remaining weak
couplings connect these planes into a three-dimensional lattice,
as shown in Fig. 7.

The intraplane couplings J,, J3, and Jg form triangular
units. While frustrated, they do not prevent the system from
long-range ordering because each side of the triangle features
a different coupling. Normally, one expects that two strongest
couplings on the triangle stabilize antiparallel spins, while the
weakest coupling is left with the parallel spin arrangement
[28], but the case of NaFP is different. Here magnetic order
is stabilized by J3 and Jg that are slightly weaker than J;, yet
twice more abundant. The resulting spin arrangement shown
in Fig. 7 gives rise to ferrimagnetic order within the plane. The
spins are parallel within each of the Fel and Fe2 sublattices,
and antiparallel between the sublattices.

TABLE 1. Exchange couplings J; (in K) in NaFP. The relevant
Fe—Fe distances are in units of 10%, whereas z;'s denote the number of
couplings per site. The last column contains J;'s rescaled by —30%
in order to match the experimental susceptibility and magnetization,
see Fig. 8.

ZFel s ZFe2 Fe-Fe distance (;\) Ji (K) J; (K), rescaled
Ji 0,1 4.821 0.6 0.4
Jo 0,1 4.943 2.4 1.6
J3 2,1 5.620 2.2 1.5
Jy 1,1 5.788 2.0 1.3
Js 2,2 5.926 0.4 0.3
Js 2,2 6.317 2.3 1.5
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FIG. 7. Microscopic magnetic model of NaFP. (a) Magnetic planes formed by the four stronger couplings J», J3, J4, and Js. (b) Stacking
of the magnetic planes, the planes are connected by the weaker couplings J; and Js. The ferrimagnetic ground state stabilized by the couplings
J3 — Jg is also shown. An arbitrary direction of the magnetic moments is chosen. The VESTA software [34] was used for crystal structure

visualization.

The interplane couplings J; and Js are also frustrated
by forming triangular loops with the intraplane coupling J.
Following the same argument, the ground-state configuration
should be stabilized by the coupling Js5, which is weaker than
Ji but twice more abundant and thus provides a larger stabiliza-
tion energy for the ground-state magnetic configuration. The
coupling Js is diagonal in nature and stabilizes ferromagnetic
order between the planes, so that net moments of each layer
add up forming a macroscopic ferrimagnetic configuration
with the total magnetization 1/3M;, where M, is the total
saturation magnetization. If, on the other hand, the interlayer
order would follow the weaker coupling J;, net moments of
the neighboring layers will cancel each other and result in an
overall antiferromagnetic ground state.

The ferrimagnetic order in NaFP obtained in our model
is consistent with experimental observations. Our microscopic
magnetic model can be further verified by a direct simulation of
thermodynamic properties. In Fig. 8 we present experimental
and simulated magnetic susceptibilities that coincide both at
high temperatures and in the vicinity of T¢ [29]. This perfect
match was achieved by rescaling all exchange couplings by
—30%. A similar effect can be produced by increasing U, in
DFT+U to 8 eV, which is larger than U; = 7eV appropriate
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for LaFeO3 [19]. This reflects an ambiguity in the choice of
U,; when exchange couplings are weak.

The rescaled exchange couplings are listed in the last
column of Table I. They provide a good fit of both magnetic
susceptibility and magnetization isotherm, as shown in Fig. 8.
We were able to reproduce not only the saturation field
B, ~ 27T but also the behavior below the saturation. The
magnetization of NaFP reaches one third of saturation already
in low fields and shows a broad plateau that extends up to
8 T. The features of the calculated curve are slightly broader
than in the experiment. This discrepancy can be attributed to
magnetic anisotropy that will broaden the transitions and to
the effect of sample heating in the pulsed-field measurement.

VII. DISCUSSION AND SUMMARY

The 1/3 plateau in the magnetization is typically observed
for ferrimagnetic phases stabilized by an external magnetic
field. For example, StMn3;P,O;4 has an incommensurate
antiferromagnetic ground state [30] that is suppressed in the
magnetic field of about 2 T giving rise to the ferrimagnetic
phase on the 1/3 plateau [13]. Despite showing a very similar
magnetization curve, NaFP is qualitatively different, because
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FIG. 8. (a) Magnetic susceptibility of NaFP compared with the classical Monte Carlo simulation for the microscopic magnetic model with
J; rescaled from Table I. (b) The experimental and simulated magnetization curves.
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its ground state is ferrimagnetic already in zero field. This
ferrimagnetic ground state is revealed by our ac-susceptibility
measurements showing typical signatures of a ferrimagnetic
transition at Tc = 9.5 K.

The ferrimagnetic order also ensues from the rather intricate
microscopic magnetic model that reveals several competing
antiferromagnetic interactions both within the layers and
between the layers. The formation of net magnetic moment
within the layer is controlled by the absolute values of J;,
J3, and Jg¢. Likewise, the 2Js > J; regime of the interlayer
couplings ensures that net magnetic moments of each layer
are parallel, thus giving rise to the macroscopic ferrimagnetic
configuration. On the other hand, the 2Js < J; regime would
produce an antiferromagnet. This subtle balance of different
ordered states is typical for frustrated antiferromagnets and im-
plies that an effective coupling between the layers is relatively
weak (2Js5 — J; ~ 0.2 K), about 10 times weaker than the
intralayer couplings, thus manifesting quasi-two-dimensional
nature of the compound. Remarkably, NaFP shows linear
behavior of the specific heat at low temperatures, as expected
in a two-dimensional Heisenberg ferro- or ferrimagnet [22].

With the help of applied field, Mossbauer spectroscopy
proves the typical behavior of ferrimagnetically coupled spin-
5/2 with the 2:1 abundance. The absolute hyperfine field values
are in excellent agreement with the macroscopically observed
saturation moment of 4.3 g in magnetization measurements.

Our HF-ESR data reinforce the ferrimagnetic ordering
scenario. The ferrimagnetic resonance line reveals weak
anisotropy on the order of 0.2 K, less than 1% of the character-
istic exchange energy given by the Curie-Weiss temperature
® = —22K. This weak anisotropy is consistent with the
spin-5/2 nature of Fe** having a very small orbital moment
and the paramagnetic g value close to 2.0. Interestingly, ESR
data suggest that local magnetic fields persist well above T,

PHYSICAL REVIEW B 93, 134401 (2016)

which is typical for frustrated magnets, where long-range
order is impeded by competing exchange couplings. Indeed,
Tc = 9.5Kiswell below |®| = 22 K, revealing tangible effect
of the frustration on the magnetic ordering.

Finally, the field B, ~ 8 T marks the end of the 1/3 plateau
and the transformation from the collinear ferrimagnetic state
into a canted configuration where the minority Fel sublattice is
no longer antiparallel to the majority Fe2 sublattice. In NaFP,
this transformation seems to be a rather smooth crossover
that has no visible effect on the resonance lines. This is
different from, e.g., triangular-lattice magnets, where distinct
phases are observed at and above the 1/3 plateau [31], and
additional resonance lines appear when magnetic field exceeds
the plateau range [9].
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