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ABSTRACT

We have obtained polycrystalline samples of a metastable o variant of KCoPO4 by low temperature (350-400 °C) solid state metathesis reaction of potassium oxalate
and ammonium cobalt orthophosphate. The material crystallizes in a polar chiral structure (sg. P63, no. 173). Measurements of magnetic properties reveal anti-
ferromagnetic interactions and no ordering observed down to T = 1.9 K, well below the Weiss temperature |G| = 13.9 K.

1. Introduction

Noncentrosymmetric (NCS) inorganic materials can exhibit various
interesting properties. In case of metallic compounds, lack on inversion
center can result in exotic triplet superconductivity [1-5]. Non-
centrosymmetric insulators can exhibit ferro-, piezo-, and pyroelectric
properties, and show nonlinear optical response [6]. In case of magnetic
materials, lack of inversion center can result in a complex magnetic
structure due to the asymmetric Dzyaloshinskii-Moriya (DM) exchange
interaction facilitated by spin-orbit coupling [7-9]. Unusual properties
of NCS materials are already employed in electronics as actuators, de-
tectors of movement, pressure and heat in optics, eg. as second harmonic
generators. Future applications in magnetic information storage are
proposed for NCS magnets hosting the so called skyrmion magnetic
texture [10]. However, noncentrosymmetric crystal structures are
relatively uncommon among inorganic solids, constituting only about
one sixth of all reported structures [11].

The metastable low-temperature chiral polar a-KCoPO4 phase (space
group P63, see Fig. 1(a)) has been reported by Lujan, Kubel, and Schmid
[12]. It is known to undergo a structural phase transition to the high
temperature orthorhombic y phase (sg. Pnma, Fig. 1(b)) around 565 °C
[12]. Isotypic a-, and y-KZnPO4 compounds have also been reported,
along with an intermediate temperature polar orthorhombic (sg. Pna2;)
B-KZnPOy4 variant (the crystal structure of the orthorhombic f variant of
KCoPOy4 reported by Engel has not been established in detail) [13-17]. A
new orthorhombic (s.g P2;212;, Fig. 1(c)) variant 8-KCoPO4 was
recently synthesized by Yakubovich et al. via a mild hydrothermal
method [18]. Relationship between crystal structures of different vari-
ants was discussed thoroughly by Yakubovich et al. [18] and by Wallez
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etal. [16]. KZnPO4 and KCoPO4 belong to a wide family of alkali metal -
transition metal phosphates ATMPO, exhibiting rich structural chem-
istry and physicochemical properties interesting eg. in terms of energy
storage and catalysis [19-21].

To date, magnetic properties were reported only for the 3-KCoPO4
compound, which was found to exhibit antiferromagnetic interactions
between the Co?" magnetic moments and a magnetic phase transition
around T = 25 K [18]. For the a-KCoPOy, dielectric and magnetoelectric
properties were measured down to T = 4.2 K [22], but to the best of our
knowledge its magnetic behavior was not described to date.

2. Materials and methods

Polycrystalline o-KCoPO4 (sg. P63) was prepared by a low-
temperature reaction of potassium oxalate monohydrate (Alfa Aesar,
ACS grade) and ammonium cobalt phosphate monohydrate (Onyxmet,
pure). Reagents were taken in stoichiometric amounts and well ground.
The powder was pressed into pellets, put into alumina crucibles, and
slowly heated subsequently to 350 °C, 380 °C, and 400 °C with 12 h
annealing at each step and an intermediate re-grinding. After heating at
380 °C the sample was found to be phase pure, and further heating only
slightly improved its crystallinity (see Fig. S2 of the Supplementary
Material for the comparison of powder XRD patterns).

Polycrystalline sample of the isostructural a-KZnPOy4 (sg. P63) was
synthesized by precipitation method. The form of the compound that
precipitates out of aqueous solution of Zn®>" salts and potassium phos-
phates depends on the solution pH [14,17,23]. The a-KZnPOy is reported
to form at pH between 5 and 7, while above pH = 7 precipitation yields
the orthorhombic 8-KZnPOy4 [17]. Therefore to prevent the formation of
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Fig. 1. (a,b) The o and v structural variants of KCoPO, differing in stacking of
the tetrahedral networks of CoO4-PO4. Panel (c) shows the triangular network
formed by Co®" cations in the a variant. For the comparison of all reported
structural variants of KCoPO, see the Supplementary Information Fig. S1.

the § variant the reaction was done using a 0.1 M potassium phosphate
buffer solution, which was prepared by reacting appropriate amounts of
potassium carbonate (Alfa Aesar, 99.9 %) with 1 M phosphoric acid and
diluting with deionized (DI) water to the final concentration. The
resulting buffer had pH = 6.2. To reduce the amount of dissolved carbon
dioxide the buffer solution was degassed by repeated rapid reduction of
pressure using a vacuum pump.

A 0.1 M solution of ZnCl, was prepared by dissolving anhydrous zinc
chloride (Alfa Aesar, 98+%) in DI water. The solution was acidified by
adding a droplet of concentrated hydrochloric acid to promote solubility
by reversing the hydrolysis of ZnCl, due to a reaction with moisture.

Finally, 25 mL of 0.1 M ZnCl; solution was added dropwise to 100 mL
of the potassium buffer solution. Throughout the reaction the pH was
monitored using pH meter and was found to be stable. 10 mL of the
resulting white suspension was pipetted to a Teflon-lined autoclave in
which it was heated for 1 day at 120 °C. After heating the powder was
filtered and dried in air at 120 °C.

Powder X-ray diffraction (XRD) patterns were collected using a
Bruker D2 Phaser diffractometer with Cu K, source and a LynxEye XE-T
detector. Rietveld refinement method was used to analyze pXRD data
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Fig. 2. Powder XRD patterns of (a) a-KZnPO,4 obtained after hydrothermal
recrystallization, (b) «-KCoPO,4 obtained after the last step of solid-state
metathesis (heating at 400 °C). LeBail fits using a P63 cell are shown in
black. Expected positions of reflections are shown as purple ticks. Green line is
the difference between the observed and calculated intensity. See Fig. S4 of the
Supplementary Material for Rietveld fit to the same pXRD data. Black arrow on
panel (a) shows the position of an impurity peak, most likely associated with a
small amount of KoZn(HyP5> O5), - 2 H,0 [25].

employing the Bruker Topas software.

Measurements of magnetic susceptibility, heat capacity and re-
sistivity were performed using Quantum Design PPMS. Magnetic sus-
ceptibility results were obtained with the VSM option. Heat capacity
measurements were performed with standard 2t relaxation method.
Heat capacity data for a-KZnPO4 was analyzed using the automated
workflow available in the Materials, Automated project [24].

3. Results

Analysis of pXRD patterns (Fig. 2 and Fig. S3 of the Supplementary
Material) show that as-precipitated a-KZnPOy is poorly crystallized, but
hydrothermal treatment results in a well crystallized polycrystalline
powders (Fig. 2(a)). In case of a-KCoPOy the solid state metathesis re-
action yields a phase-pure crystalline product at 380 °C. Rather broad
reflections suggests the presence of some atomic disorder due to the low
temperature of synthesis. Results of Rietveld refinement show that
a-KCoPO4 sample is single phase and free from both observable amounts
of other allotropic forms and crystalline impurities, while a-KZnPO4
contains a small amount of an impurity phase, likely KsZn(HoP207); - 2
Hy0 [25]. Detailed structural parameters resulting from LeBail and
Rietveld refinements are given in Tables S1-S2 of the Supplementary
Material.
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Fig. 3. (a) temperature-dependent inverse susceptibility ¥ ~'(T) of a-KCoPO, at
poH = 50 mT (black points) along with a fit to the Curie-Weiss law (blue line).
Resulting values of temperature-independent susceptibility term, Curie con-
stant, and Weiss temperature are listed in blue. Panel (b) shows low-
temperature susceptibility at popH = 0.1 T. No magnetic phase transition is
observed down to T = 1.9 K. Numbers in parentheses are statistical un-
certainties of the least significant digits.
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Fig. 4. Field-dependent magnetization of a-KCoPO4 at T = 2.0, 5.0, and 10 K.
Magnetization does not saturate at the highest applied field of poH = 7 T.

Magnetization measurements of a-KCoPO4 reveal no sign of long
range ordering down to T = 1.9 K (Fig. 3(a,b)). Lujan et al. [22], based
on magnetoelectric coupling measurements, reported that at T = 4.4 K
the magnetic symmetry must either belong to the antiferromagnetic
point group 6’ or the paramagnetic 61'. The lack of magnetic ordering
seen in our magnetization and heat capacity data is consistent with the
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Fig. 5. (a) Low-temperature heat capacity of a-KCoPO4 showing an upturn due
to the Schottky anomaly. Panel (b) shows the heat capacity of a-KCoPO4 and
o-KZnPOy in the full measured temperature range 1.9 K < T < 300 K. The
Dulong-Petit limit is shown with dashed gray line. Fig. S5 of the Supplementary
Information shows low-temperature heat capacity a-KCoPO4 in poH = 0, 2, 4, 6,
8 T.

latter.
Magnetic susceptibility in a wide temperature range follows the
Curie-Weiss law:

c

(1) =7—g— O

+Xo

A fit of the inverse susceptibility at an applied field poH =7 T (Fig. 3
(a)) yields yo = 0.325(3) memu mol ™! Oe™!. The Weiss temperature
Ocw = —13.9(1) K, suggests the presence of antiferromagnetic in-
teractions between Co>" moments, and the Curie constant C = 2.684(1)
emu K / mol Oe, equivalent to an average effective moment of peg =
4.544(2) pp per cobalt ion. The effective moment is significantly higher
4S(S +1) = 3.873yy, indicating a
significant orbital contribution, typical for tetrahedral Co®" systems
[26,27].

Since no magnetic ordering was observed down to T = 1.9 K, it is
only possible to estimate the lower limit of the frustration index f:

_ 1Ocwl
T

than a spin only value of p; =

f

Where in our case the transition temperature T; is replaced with the
lowest temperature reached in the susceptibility measurement Tjoy, =
1.9 K. This yields f > 7.3, indicative of magnetic frustration [28]. This is
in contrast to the behavior of the §-KCoPO4 variant which exhibits
magnetic transition at T = 25 K, close to the value of its Weiss tem-
perature [Ocw| = 26 K [18].

The field-dependent magnetization M(H) data shows a nonlinear
behavior (Fig. 4), consistent with a paramagnetic state at low temper-
atures and high fields. At T = 2.0 K and in an applied field popH=7.0 T
does not reach saturation (expected at 3 pp for a spin-only case).

Heat capacity of a-KCoPOy4 (Fig. 5(a)) shows a sharp upturn at the
low-temperature limit. The anomaly is shifted to higher temperatures by
the application of magnetic field. Such behavior (Schottky anomaly) is
expected for a paramagnetic system at low temperatures [29]. At T =
300 K both the Co- and Zn- bearing compound do not reach the Dulong-
Petit limit, in consistency with the presence of high frequency phonon
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Fig. 6. (a) Heat capacity of a-KCoPO, (points) and a-KZnPOy, (blue dotted line).
Magnetic heat capacity of the former (red line) is estimated by subtracting heat
capacity of the non-magnetic isostructural o-KZnPOy. Inset (b) shows the
magnetic entropy Smag of a-KCoPOy4 calculated by integrating the magnetic heat
capacity Cpag.
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Fig. 7. Fit to the heat capacity of a-KZnPO, using a model with two Debye and
one Einstein oscillators with refined characteristic temperatures and
degeneracies.

modes. A slightly higher value of room temperature heat capacity of
a-KZnPO4 compared to a-KCoPO4 might be caused by a lower average
phonon frequency due to the difference in mass between Zn and Co. The
difference can also be partially caused by the small amount of an im-
purity phase seen in the XRD pattern (see Fig. 2).

For the nonmagnetic compound «-KZnPO,4 the heat capacity (Cp)
shows no anomaly down to T = 1.9 K (Fig. 6(a)). The magnetic
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contribution to the heat capacity of a-KCoPO4 (Ciag) was estimated by
subtracting the measured C, of a-KZnPOy. Integration of Cpag/T vs T
yields magnetic entropy Spyag (Fig. 6(b)), which saturates at T = 50 K to
the value slightly less than R In 3. This is significantly lower than ex-
pected for a S = 3/2 system (R In 4), most likely due to the insufficient
range of low-temperature measurements.

Heat capacity of a-KZnPOy (Fig. 7) was fitted with a model consisting
of two Debye and one Einstein oscillators (both mode temperatures and
degeneracies were allowed to vary). This yields Debye temperatures
©®p1 = 209(1) K and Opy = 770(10) K and Einstein temperature O =
64.0(5) K with mode degeneracy of 2.31(3), 3.50(5), and 0.148(4),
respectively. The total number of oscillators is thus roughly equal to 5
while the formula unit contains 7 atoms. This discrepancy likely stems
from the presence of high frequency optical modes (with characteristic
temperatures well above ® = 300 K). This is consistent with the heat
capacity at T = 300 K being significantly lower than the Dulong-Petit
limit (see Fig. 5(b)).

4. Conclusions

We described the synthesis and magnetic characterization of the
chiral magnet a-KCoPO4. The compound was found to show frustrated
antiferromagnetic interactions (Weiss temperature Ocy = —13.9(1) K)
but no magnetic transition was observed down to T = 1.9 K. This is in
contrast with the behavior of the recently reported orthorhombic &
variant, which shows no appreciable magnetic frustration.

The investigated compound a-KCoPOy is a member of a composi-
tionally and structurally rich ATMPO,4 family (A — alkali cation or
ammonium, TM - transition metal), in which various magnetic ground
states can arise due to interplay of crystal structure and d orbital filling
[30-38]. Polymorphism found in many of the ATMPO4 compounds
makes them an interesting object of studying the structure-properties
relationship.
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