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Cool-SPS stabilization and sintering of thermally fragile, potentially
magnetoelectric, NHFeP,O, (CJ-3:1L04)

T. Herisson de Beauvoir, A. Sangregorio, A. Bertrand, C. Payen, D. Michau, U-C. Chung, M. Josse*

Abstract

Cool-SPS conditions (low temperature/high pressure) can be used to densify materials with limited
thermodynamical stability, due to low temperature phase transition, melting, decomposition... We
recently demonstrated the potential of SPS for the stabilization and densification of diversified materials
at very low temperatures. Here we report the sintering of a potentially magnetoelectric pyrophosphate
with low temperature decomposition. Characterization of its magnetic properties are presented, and
dielectric/magnetoelectric characterization could also be performed thanks to the high densification

obtained at temperatures as low as 200 °C.

Introduction

Low temperature ceramic sintering techniques have recently been developed and showed extraordinary
potential for accessing high density at extremely low temperatures, typically below 400 °C, including
Cold Sintering Process [1-7], Hydrothermal Hot Pressing [8-10] and Cool-SPS [11,12]. Beyond the
energy and cost reduction offered by temperature reduction [13], multiple gaps are bridged by such
processes. Indeed, such low processing temperatures open new possibilities such as the formation of
novel polymer/ceramic composite materials, with ceramic as a major phase [14-16]. This also enables the
formation of novel LTCC materials [17]. Other perspectives have recently been recently explored in the
case of Cool-SPS, highlighting additional advantages of these low temperature processing techniques.
One of them lies in the applied pressure necessary to realize such processes. In prior works, we observed
that materials stability ranges may be modified under applied mechanical pressure, enabling stabilization
of thermodynamically fragile phases — such as compounds facing low temperature decomposition,
melting or irreversible phase transition [12] — and their efficient sintering (by Cool-SPS) resulting in very
high density (typically above 95% of theoretical density). Another one is the opportunity to use, and also
sinter efficiently, hydrated precursors [12], by controlling the dehydration through optimized sintering
cycles [11]. One may also be able to perfammsitu synthesis of phases that cannot be synthesized
guantitatively otherwise [12]. Such potentialities create an opportunity to diversify the chemicals classes
of materials investigated for diverse properties (physical, chemical...). Exploring these low temperature
processing techniques can also allow for breakthroughs such as the recent elaboration of the first

molecular ceramic [18]. One can thus foresee the potential of low temperature sintering methods for
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bridging processing gaps (elaboration at low teroee), chemical gaps (enabling investigation ofano
diversified families of compounds), or even shapiags (processing of molecular ceramics previously

unknown).

Indeed, we are now able to obtain dense materats powders that were up to now considered to be
impossible to sinter, and thus characterized asdpowfilms or crystals, with the inherent procegsin
demands and characterization limitations of théspimgs. Widening the span of sinterable materials
opens up interesting opportunities, especiallyutiase and phosphate compounds. They usually show
low temperature stability, making their processimgre difficult than refractory oxides. This concgrn
various applications such as electronic propeftiebatteries [19] or even mechanical ones in tloegss

of biomaterials [20]. Using Cool-SPS among them& temperature processing techniques, it was
possible to highlight magnetoelectric propertiedVsfSQ, ceramics that could not be obtained through
conventional sintering [11]. When looking for matpedectric properties in single phase materials, it
becomes interesting to use low temperature simer@ehniques to densify materials which crystal-
chemical and magnetic properties allow for a paséntagnetoelectric coupling. In the present studsy,
focus our interest on NJReRO;, once reported for its structure [21]. It compdetbe series of iron
pyrophosphates AFgB; (A = Li, Na, K, Rb, Cs, Ag) [22-25], which displantiferromagnetic phase
transitions below room temperature thanks to sepper exchange interactions [22]. MdRO- is also
isostructural to KCrfD;, a pyrophosphate which symmetry allows for a meaggiectric coupling [26]
and this is an indictment to explore similar praigsrin the title compound. The main challengeetst t
such a magnetoelectric coupling is to obtain a lgigiensified ceramic to allow for dielectric
characterization and avoid spurious contributi@iated to poor densification. To reach this objegtive

propose to use Cool-SPS an efficient techniquédtai both high density and phase stabilizatiol.[12
Experimental section

NH4FeRO; synthesis is performed through solid state reactib a green pellet constituted of both
(NH,) HPQ, (Sigma Aldrich 98%) andx-Fe,O;. The latter is obtained from the heat treatment of
Fe(NG)s- 9H,O (Sigma Aldrich 98%) at 500 °C overnight, as conuis o-Fe,0; presents a poor
reactivity and its use results in an important amaf non-reactedi-Fe,0s;. The two powders are mixed

in an agate mortar and pelletized, then they asgal fin a furnace at 210 °C for 24h. Sealed nitrogen

! The processing of films requires compatible metranis substrates, the growth of single crystals negspecific
methods and time, both can require multiple-steprpssing. Characterization methods requiring eleatrcontact,
dense samples (i.e. dielectric measurements...) @merglly impossible for powders. The characterizatof films
frequently require specific methods for data cdllat, analysis and interpretation. The charactetiaa of crystal
can be limited by their inherent anisotropy (exciptthe cubic crystal system) and growth habiti¢atar growth,
platelets...) and may require complex preparatiopsi@riented cutting, polishing...)

2
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environment, as well as nitrogen flux, were usegadorm the synthesis, but resulted in a high eoinof
remaining iron oxide, and sometimes promoted tmm#dion of other phosphates as secondary phases.
Using a sealed primary vacuum atmosphere alloweabtain the higher ratio of NffeRO; over a-
Fe0;. When a stoichiometric ratio of (NHHPO, and iron oxide is used, there is an important part
remaining iron oxide, due to the volatilizationashmonium phosphate. Adding an excess of JpHPO,
allows to compensate this volatilization, up toanp were other phases appear. The best compromise
was found to be a 20 wt.% excess of gNHPQ,, although traces af-Fe,0O; are still visible on the XRD
pattern of the as-synthesized product. After sygithehe powder was placed in a SPS sintering digem

of WC and surrounded by Ta foils to avoid any crmmstamination between the die and the powder.

Dense ceramics were prepared with Spark plasmerisigt(Dr. Sinter Lab spark plasma sintering system
Model SPS-511S/SPS-515S) in WC:Co 10 mm die usibgy ®mf powder for each sintering attempt.
Thermocouple is used to monitor temperature, irtaminwith the inner part of the die. 12 ON/2 OFF
pulse sequence is applied for all samples. Denasific was continuously monitored by the displacemen
of a punch rod. A 30 °C/min heating ramp was used dll different sintering experiments, while
temperature was varied from 200 °C to 300 °C. Rreswas set to 300 MPa and sintering time to 10 min
for all samples. Sintering attempts were performader primary vacuum of about 10 Pa. Powder and
pellet diffraction were performed with a PhillipsPért MPD X-ray diffractometer with the Bragg—
Brentano geometry using Cuak/Ko2 radiation (10° < @ < 80° range, step of 0.017°). The ceramics’
relative densities were evaluated by geometricadsueements considering a theoretical density & 2.7
g/en? for NH,FeRO; [21]. The pellets’ microstructures were observed fracture surfaces, with a
scanning electron microscope (JEOL 840 SEM). TGAasuneements were performed with a Setaram
tag2400 apparatus. Magnetic measurements were rpedo with a MPMS-7-XL (S.Q.U.1.D)
magnetometer (Quantum Design) on ceramics. Zelt-fieoled and field cooled data were collected
with an applied field of 1 kOe and with increastegnperature from 2K to 300K. Silver electrodes were
deposited on both surfaces of the pellets andrsililes were subsequently used for sake of eledtric
connection. Once prepared for dielectric measurésnéime ceramics were placed in a Quantum Design
Physical Properties Measurement System (PPMS) fwbioh a 9 T magnetic field can be applied. The
dielectric measurements were carried out in thguigacy range of £6- 10 kHz (the amplitude of the
applied ac electric field being 1V) using an HP4d.9¢hpedance bridge, at heating and cooling rates
between 0,2 and 1 K/min. Measurements of capaatamel dielectric losses were first performed by
scanning temperature with and without applicatibraomagnetic field of 9T. In a second step, the

magnetic field was swept from -9T to 9T at 2K talerate the magnetoelectric behavior of the samples.

Results and discussion
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XRD data confirm the structural model proposedhia literature [21], and points the difficulty tollfu
separate as-synthesized dRO; phase fronu-Fe,0O; (see figure 1a and b). Whatever the temperature
conditions tested for synthesis-F&0O; traces remain present after synthesis of the powde
temperatures higher than 210 °C, decompositiohetdrget pyrophosphate occurs, and other phosphate
are formed. On the opposite, synthesis performéalhb210 °C show a limited reactivity, leading to an
important amount of remaining-Fe,0s. Therefore, synthesis temperature was set to @1@rid 220 °C

is considered as decomposition temperature unaeruwa, and is reported on figure 1 ¢) as a dashid re
line. Despite the presence of hematite in the powdRD profile refinements (see table 1) confirnatth
lattice parameters of NJHeRO; phase are consistent with literature data [21}eAthe powder was
synthesized, it was placed in a WC die to be sdtén Cool-SPS conditions. Sintering temperature
ranging from 200 to 300 °C were used to preparani@s. Interestingly, it is observed that the
contribution of a-Fe0; traces to XRD patterns is apparently suppressedisavery presence after
sintering can be doubted for ceramics prepare®@t@ and above (figure 1 a and b). An hypothesis fo
that observation deals with the presence of 20 vef.@mmonium hydrogen phosphate during synthesis,
which may remain unreacted, possibly in amorphaushf We know from XRD on as-synthesized
powder thati-F&0; remains in excess. Therefore, Cool-SPS treatmetie as-synthesized powder, in
which some precursors remain, likely promotes theactivity while sintering is performed, ultimatel
resulting in the formation of pure, crystalized [dRO; when Cool-SPS is performed at 300°C. This
makes the present processing route a reactiverisgtevhich probably contributes to the high densit
obtained, despite the very low temperature usedndo 200 °C, even below the synthesis temperature.
From table 1, we can confirm the preservation ofRHRO- lattice parameters, thus phase purity. Table
1 also displays densities of pellets sinteredraptratures ranging from 200 to 300 °C. All of thenow

a density above 94 %, even reaching 98 % for a°B08intering treatment. Thanks to Cool-SPS
efficiency, short sintering time (10 min only) anery low sintering temperatures are sufficient lobain
highly dense ceramic materials. These observatoméirm the possibility of using SPS in such low
temperature conditions, to extend the stabilitygeanf some compound, and to rely on reactive sirger

in Cool-SPS conditions.

Moreover, considering thermal analysis performedhaninitial powder (figure 1c), decomposition in a
occurs in three steps ranging from 170 to 600 °@& important information to consider in the present
case it the starting decomposition temperature,®C70rhis corresponds to 130 °C below the sintering
temperature. However, we know from investigating) siynthesis conditions that NWFRO, is more
stable under vacuum than in air. Decomposition tatpre has previously been determined as 220 °C

under vacuum. Considering now the highest sintetémgperature used to obtain a 98% dense sample,
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this represents 80 °C above the decomposition teatyre under vacuum. It suggests a modified thermal
stability range in Cool-SPS conditions compareattnospheric pressure conditions, which has already
been pointed out for other materials [12]. As th@ned lattice parameters of the ceramics (table 1)
obtained from profile refinements (figure 1 a), wheery good consistency with the literature andrfro
one sample to the other, it is clear that Cool-gR8essing above decomposition temperature preserve
(and indeed increase) the phase purity from adisgited powder to 300 °C sintered ceramic of
NH;FeRO;. This confirms the preservation of the phase 8@bGve its decomposition temperature in

vacuum and allows using the obtained samples ftidu physical characterizations.

SEM images were taken on fractured pellets to aeleséheir microstructure. According to these
observation (figure 2), no open porosity is obsdnand the high densifications geometrically meagur
are confirmed. Considering the quality of the pamel dense ceramics prepared, physical characterizat
can be performed on the sintered samples. In fle@niog, all characterizations presented correspiond
300 °C sintered pellet, which is both the most desisd most pure specimen at our disposal. Since no
magnetic characterization of NFERO; has been reported previously, the present waak ispportunity

to complete the data concerning the Af@Pseries (A = Li, Na, K, Rb, Cs, Ag). Figure 3 dieyd zero
field cool magnetic measurement revealing a maxinairmagnetization of 0.17 emit.gat 21 K, and
thus a transition to an antiferromagnetic phasevbehat point. The Curie-Weiss fit perfectly debes
the sample magnetic behaviour at high temperatutee paramagnetic state, with C = 1.19 emu.Kmol
and0 = -32.9 K, confirming the antiferromagnetic natafemagnetic interactions in NHeRO;. These
observations are consistent with literature datasABaP.0O; (A = Li, Na, K, Cs, Ag) [22—-25], which are
recalled in table 2 along with the contributionnfrahis work. Most representatives of this seriesws
antiferromagnetic transitions at low temperatuegs] all of them present negative valuedpindicative

of antiferromagnetic interactions. Our data platesammonium representative as the one displajimg t
weakest magnetic interactions in the series from thewpoint, and also show that the magnetic
behaviour in this series can not be rationalizetherbasis of a simple crystal-chemical parameteh sis
ionic radius. Since high density pellets can beaioletd after sintering, it is now possible to parfor
reliable dielectric measurements. Figure 4a prestdrd dielectric measurements performed on pellet
sintered at 300 °C, which were found reproducildenfseveral ceramics prepared in the same conslition
According to the small value of the permittivitycathe low level of losses (below 0.01), we can ttedit
the quality of grain boundaries is very good, aecterelated contributions from grain boundariesuldo
otherwise clearly dominate the dielectric responisthe sample. A relaxation is observed in thedess
from 150 to 100 K, which is associated with a dlidglcrease in the real part of permittivity. Howevhe
mechanism associated with this dielectric anomaly ot been identified yet, and the small amplitide

permittivity evolution prevents deeper analyseglamtify it. As NH,FeRO; crystal symmetry allows for

5
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a magnetoelectric coupling [26] it is worth trying investigate it through magnetic field dependent
dielectric measurements. On figure 4b is displatyeddependence of dielectric permittivity to apglie
magnetic field, at 300 kHz and 2 K for the same@amAs can be observed from the plot, a dependence
is measured, mostly between £3 to +6T, which remaihrather small amplitude, preventing us from
performing additional characterization (such as me#ig field dependent polarization) and concluding

its nature. Anyway, this points out the possiblespnce of a magnetoelectric in the phase, whialiresq

further investigations to be confirmed.
Conclusion

It was possible to synthesize &R0, powder from solid state route, by firing diammanithydrogen
phosphate and iron oxide at 210°C under primarywac However hematita-Fe,0O; remains present
after synthesis, while XRD confirms the stabilipatiof the target phase, with lattice parameterdairo
those reported in the literature [21]. Among thg keatures of the present work is the behaviothd t
material during its processing by Cool-SPS. AltHoug literature data deal with the densificatiorihi$
material, it was possible to obtain a highly densaterial using temperature as low as 200 °C and
sintering time as short as 10 min. This illustrates potential of low temperature sintering techeig
such as Cool-SPS, for the elaboration of highlysifaad ceramics. As NiFeRO; decomposes in air
around 170 °C and in vacuum around 220 °C, this illlsstrates the possibility, pointed previoushy?],

to densify some thermodynamically fragile matertzéyond their thermal stability range, and expdred t
range of possible characterizations to that allolwedceramics, which are otherwise mostly limited to
studies performed on powder or single-crystals. édweer, in the present case, although the targeted
phase could not be obtained as a pure powder syftehesis, Cool-SPS processing essentially removed
the a-Fe,0; excess, most probably thanks to reactive sintefirally, obtaining such phase-pure, high-
density pellets allowed to perform physical chardzations. Magnetic measurements revealed an
antiferromagnetic phase transition at 21 K, coesistvith literature data on other members of AfegP

(A =Li, Na, K, Cs, Ag) family showing similar prepties. Dielectric properties could be measured on
dense pellet, confirming the quality of grain boanes and exhibiting a dielectric anomaly in thega
100-150 K. In parallel, magnetic dependence of jtéuity exhibits a clue for magnetoelectric coupi

in NH;FeRO;, which needs to be further investigated.
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Table 1: Refined lattice parameters for powder aetlets sintered at various temperatures

Sinterin o Relative
Sample temperatureg (°C) a(A) b (A) c (A BC) density (%)
#1 200 7.5175(3) 10.0065(3) 8.2738(3)105.895(3) 94.1(5)
#2 250 7.5180(2) 10.0055(3) 8.2780(2)105.901(3) 95.6(5)
#3 300 7.5176(2) 10.0043(2) 8.2729(2)105.900(3) 98.0(5)
Powder - 7.5197(4) 10.0023(5) 8.2759(5)105.856(6) -

Reference [20] -

7.5219(2) 10.0018(3)

8.2729(3) 105.887(3) -

Table 2: Comparison of some crystal-chemical angmesic data for the pyrophosphate serie$&P,0; (M'=Na, K, Cs, NH,

AQ).

Compound Space group 0 (K) Ra (A) Ref.
NaFePR,O; P2/c -53 1,18 [23]
AgFeP,0O, P2/c -165.9 1,28 [22]
KFeP,0O; P2/c -90 1,51 [23]
NH ,FeR,0O, P2/c -32.9 1,55 This Work
CsFeRO; P2/c -64.9 1,74 [25]
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