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The Nag ¢7Fe1—yMnyO2 (y = 0.5 and 0.8) samples were investigated using 57Fe Mossbauer spectroscopy
at temperatures ranging from 4.5 to 700 K and superconducting quantum interference device magne-
tometer at temperatures ranging from 2 to 300 K. It was found that both materials order antiferro-
magnetically below Néel temperature Tn = 9.5(5) K. Above this temperature, the samples exhibit a
local-moment paramagnetism contributed from the Fe**, Mn®*, and Mn** ions in high-spin state. The
collected temperature-dependent Mdéssbauer spectra give clear evidence that they cannot be described
using one component attributed to the iron atoms, which occupy only one crystallographic position in
the hexagonal P63/mmc (P2-type) structure. The presence of the second component in all measured
transmission Mdossbauer spectroscopy spectra is ascribed to the highly distorted FeOg octahedra, which
are caused by a deficiency of Na atoms in the vicinity of the Mssbauer *"Fe probes. The Debye tem-
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peratures Op = 554(29) K (for y = 0.5) and 437(42) K (for y = 0.8) were obtained.

topics: Na-ion batteries, Mossbauer spectroscopy, magnetic ordering

1. Introduction

In the last 20 years, rechargeable lithium-ion
batteries (LIBs) have become a dominant energy
storage technology. Unfortunately, the large-scale
demand for lithium associated with the gradually
decreasing abundance of this element in the Earth’s
crust has led to a significant increase in the lithium
price. Therefore, there is a critical and urgent need
to develop some alternatives for LIBs that will be
based on more abundant elements [1-3].

Nowadays, sodium-ion batteries (SIBs) are con-
sidered an alternative to LIBs due to the fact that
sodium is the fourth most abundant element on
earth, and compared with lithium, Na has quite sim-
ilar physical and chemical properties [2, 3]. Among
the various materials studied, sodium-layered oxides
(NazMO,, M = transition metal) are a perspective
family. The most promising candidates are based on
the Mn and Fe elements, which are less expensive
ones among the 3d elements [4-6].

In our previous work [7], we presented the com-
plex analysis of the structural, transport, and
electrochemical properties of Nag.g7Fe;_,Mn,O,
(y=104, 0.5, 0.6, 0.7, and 0.8) materials, which
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crystallize in layered P2-type crystal structure
with hexagonal P63/mmec space group. In partic-
ular, transmission Mossbauer spectroscopy (TMS)
studies revealed that only high-spin Fe?t ions
are observed in all as-obtained samples (pris-
tine and in various states of sodium intercala-
tion/deintercalation). This finding suggests that
only Mn3* /Mn** ions are involved in electrochem-
ical oxidation/reduction processes in the studied
materials. Despite the absence of Fe** ions in
studied samples, the measured room temperature
57Fe Mossbauer spectra of Nag ¢7Fe1—yMn, O dis-
play an asymmetric shape and cannot be reli-
ably fitted by one symmetric quadrupole-split com-
ponent (paramagnetic doublet) [7]. This result is
rather unexpected, since in the P2-type hexago-
nal structure of Nag ¢7Fe;_,Mn, O, compounds, the
iron atoms occupy only one crystallographic posi-
tion. Because of that, possible mechanisms of the
observed asymmetry should be considered. Three
alternatives are: (i) the texture effect (preferred
orientation of the electric field gradient at >7Fe
nuclei), (ii) the Goldansky—Karyagin effect (an
anisotropy of the recoilless fraction), and (iii) the
presence of more than one doublet in the recorded
spectrum [8, 9.
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In this work, in order to select the cor-
rect interpretation of Maossbauer data, we per-
formed measurements of Mossbauer spectra of
Nag ¢7Fe1—yMn,O2 (y = 0.5 and 0.8) samples in the
temperature range of 4.2-700 K. Since the recorded
at low temperatures TMS spectra reveal that the
system undergoes a magnetic transition, we decided
to perform additional magnetic measurements down
to 2 K. The obtained results give comprehensive in-
formation about magnetic ordering and local atomic
environments in Nag ¢7Fe;_,Mn,O2 compounds.

2. Experimental details

Nag ¢7Fe1_,Mn, 02 (y = 0.5 and 0.8) powders
were obtained by a conventional solid-state reaction
with NagCO3 (POCH, 99.8%), MnCOj3 (Chempur,
> 99.9%), and Fe;O3 (POCH, 99%) used as sub-
strates. In order to prevent sodium losses during
the synthesis, 5 wt% of NayCO3 excess was added.
The raw materials were grounded in a mortar and
pelletized into cylindrical pellets with a diameter
of 13 mm. The synthesis was performed at 900°C
for 12 h in an oxygen atmosphere, followed by
fast quenching to room temperature. In the case
of Nag. ¢7Feg.oMng O, the temperature of synthe-
sis was reduced to 800°C. This preparation proce-
dure was repeated till obtaining single-phased ma-
terials [7].

The collected X-ray diffraction (XRD) patterns
for NaggrFe1—_yMn,O2 (y = 0.5 and 0.8) pow-
ders, which are presented in our previous work [7],
indicate that both synthesized materials crystal-
lize in hexagonal P63/mmc (P2-type) structure.
Reflections that could be ascribed to secondary
phases, i.e., thombohedral R3m (O3-type), were not
observed.

The °%"Fe Mossbauer spectra were recorded
in transmission geometry with a conventional
constant-acceleration spectrometer. In measure-
ments, a standard 57 Co-in-Rh source was used. The
sample temperature was controlled using a variable-
temperature insert in an Oxford Instruments Spec-
tromag cryostat (in the range of 1.4-300 K) and
a standard Mossbauer furnace (in the range of
300-700 K). The collected TMS spectra were anal-
ysed using a least-squares fitting procedure, which
provides the values of hyperfine interaction param-
eters such as isomer shift (15), quadrupole split-
ting/shift (QS), hyperfine field (B), as well as the
relative intensities of the components (C) and the
full width at half maximum FWHM (I') of spec-
tral lines. All IS values presented in this work are
related to the IS value of a-Fe measured at room
temperature.

The DC magnetization measurements from 2
to 300 K in various external magnetic fields up
to puoH 7 T were conducted using a super-
conducting quantum interference device (SQUID)
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magnetometer (Quantum Design MPMS XL-7).
The presented values of mass magnetic susceptibil-
ity xm and mass magnetization ¢ have an uncer-
tainty of less than 5%.

3. Results and discussion

The  selected TMS  spectra  of  the
Nag g7Feg.sMng 502 sample measured at vari-
ous temperatures are presented in Fig. 1. At
temperatures between 30 and 700 K, we observe
only an asymmetric doublet indicating that the
material is in the paramagnetic state. At the same
time, the presence of six-line patterns (Zeeman
sextets) observed in spectra measured below 10 K
reveals that the studied system undergoes a mag-
netic transition. Fortunately, a visual inspection
of Zeeman-split spectra gives clear evidence that
they cannot be described by only one component
(sextet). Therefore, this finding confirms that the
TMS spectra of the NaggrFegsMng 505 sample
must be described using two components [7].

Taking the above into account, the TMS spec-
tra measured above 10 K were described by two
paramagnetic doublets, while the spectra cooled
below 10 K were described by two sextets. The
relative intensities of these two components are
Cy 57% and Cy = 43% [7]. The derived
154, 159, QS1, and @S> parameters are presented
in Fig. 2. In general, these values suggest that both
components can be ascribed to a high-spin Fet3
state in FeOg octahedral environment of hexago-
nal P63/mmc (P2-type) structure. The presence of
rhombohedral R3m (O3-type) phase is excluded,
since the determined @S and Q.53 values are much
higher than the expected QS =~ 0.47 mm/s for
the O3-type phase [10]. For a given temperature,
the difference between IS; and IS parameters
AIS < 0.02 mm/s. Therefore, these results indicate
that both components can be connected with differ-
ent local distortions of the FeOg octahedra, and the
doublet characterized by larger .S values corre-
sponds to highly distorted FeOg octahedra, which
are caused by a deficiency of Na atoms in the vicin-
ity of the Mssbauer 57Fe probes [7].

As one can notice in Fig. 2a, above 10 K,
the values of IS7; and IS; parameters decrease
concavely with temperature. As expected, due to
the second-order Doppler (SOD) effect [8, 9], the
IS(T) dependence could be expressed in terms of
the Debye approximation of the lattice vibrations

dx 23

as [9]
3 ,0p/T
( )/0 e =17 ()

where ISy stands for the chemical isomer shift,
which is temperature-independent, kg is the Boltz-
mann constant, M denotes the mass of °“Fe, c is the
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The selected TMS spectra of Nag.grFeo.sMng 502 sample measured at various temperatures. All

spectra were described using two components (red and blue lines); see text.
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Fig. 2. (a) The temperature dependence of I.S;
(red points) and IS> (blue points) parame-
ters derived from TMS spectra measured for
Nao.67Feq.5s Mng.502. The solid line represents the
fit of experimental .S values to (1). (b) The tem-
perature dependence of QS1 (red points) and @S-
(blue points) parameters. The standard uncertain-
ties for the presented quantities do not exceed 2%.

speed of light in vacuum, and @p denotes the Debye
temperature. Fitting experimental data to (1) yields
1Sy =0.436(4) mm/s and Op = 554(29) K.
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The temperature dependencies of QS7 and QS5
parameters between 30 and 700 K, which are
presented in Fig. 2b, show that both parame-
ters slightly decrease with temperature. A simi-
lar behavior was observed in many metallic sys-
tems [11-13], indicating that in this temperature
range, no structural phase transition is observed.
The spectral line widths do not vary with tem-
perature and are close to I1 = 0.26(1) mm/s and
I'; =0.24(1) mm/s.

Below 10 K, the measured spectra change signifi-
cantly, revealing that the Nag g7Feg.5sMng 502 com-
pound undergoes the magnetic transition. As one
can see in Fig. 1, the spectra were well-fitted by
two sextets. The component which is attributed to
the highly distorted FeOg octahedra exhibits broad
lines and hyperfine fields B; = 42.2(2) T, 44.0(1) T,
and 46.2(1) T at 9 K, 7 K, and 4.5 K, respec-
tively. The broadening of the spectral lines can
be attributed to magnetic relaxation effects [9] as
well as to a distribution of magnetic environments
caused by the local lattice distortion around iron
atoms [13, 14]. The second sextet with more narrow
lines and higher hyperfine fields By = 46.6(1) T,
48.0(1) T, and 49.6(1) T at 9 K, 7 K, and 4.5 K,
respectively, is ascribed to undistorted FeOg octahe-
dra. The observed relatively high values of hyper-
fine fields are comparable with those reported for
antiferromagnetic ordered a-NaFeOy (B = 455 T
at 4.2 K) [15] and LiFeO, (B = 48.3 T at 4 K) [16].
At the same time, below 10 K, the determined iso-
mer shift values rapidly increase while quadrupole
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The selected TMS spectra of Nag.erFeg.2Mng sO2 sample measured at various temperatures. All

spectra were described using two components (red and blue lines); see text.

shifts rapidly decrease with lowering temperature.
This finding indicates that the electronic structure
of Nag g7Feg.5Mng 505 compound in a paramagnetic
state changes significantly due to the magnetic tran-
sition. In particular, the observed rapid increase in
IS parameter with lowering temperature (from 30
to 4.5 K) may be related to the effect of the mag-
netism on lattice vibrations [17]. Additionally, us-
ing the @S values determined for the paramagnetic
state at 30 K and the magnetic state at 4.5 K, we
can determine the angle ¢ between the direction of
the internal magnetic field and the principal axis of
the electric field gradient (EFG). Using QS values
obtained for the component ascribed to undistorted
FeOg octahedra and the equation [18-20]

1
QSmag = 5 QSpara (3 COSQ(@) - 1) )

we obtain ¢ = 46(2)°.

The selected TMS spectra of Nag g7Feg.oMng gOo
sample measured at various temperatures are
presented in Fig. 3. The collected spectra
are described similarly to those obtained for
Nag.¢7Feq.5Mng 502, using two doublets at temper-
atures between 30 and 700 K (I} = 0.30(1) mm/s
and [ =0.26(2) mm/s) and two sextets, with
broadened spectral lines, below 30 K.

The derived ISy, IS5, QS1, and QS5 parameters
are presented in Fig. 4. First, it should be noted
that at temperatures between 4.5 and 500 K, the
relative intensities of two components are C; = 65%
and Co = 35%. As it was mentioned in work [7],
this result could be explained by assuming that

(2)
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Na ions accumulate mostly around Mn atoms.
As a result, the increase in Mn content in the
Nag.¢7Fe1—yMn,O2 system generates an additional
number of highly distorted FeOg octahedra, which
leads to a systematic increase in the Cy param-
eter. However, above 500 K, Cj decreases with
temperature, and at 700 K, C; < Cs. This in-
dicates that the Lamb-Mdssbauer factor of Fet3
ions located in the distorted FeOg octahedra sud-
denly decreases. At the same time, the values of
It and Q57 parameters strongly increase at 600 K
(I'' = 0.61(7) mm/s, @S; = 0.94(3) mm/s) and
700 K (I1 = 0.78(4) mm/s, @S, = 1.19(3) mm/s).
All these changes are probably caused by a high
diffusivity of O and Fe ions in distorted FeOg octa-
hedra at temperatures above 500 K. Similar effects
were observed in various materials at temperatures
close to their melting point [21, 22]. Since this effect
is not observed in Nag g7Feg sMng 505, it seems that
the Nag g7Feg.oMng.gsOo compound is less thermally
stable.

The 155(T") dependence between 30 and 700 K
can be described using (1), yielding ISy
0.457(7) mm/s and Op = 437(42) K (see Fig. 4).
Comparison of this result with @p = 554(29) K,
calculated for Nagg7Feg.5Mng 5042, suggests that
Op decreases with increasing Mn content in
Nag ¢7Fe1—yMn, O system.

Below 10 K, the measured TMS spectra re-
veal the presence of two sextets. Similarly to re-
sults for Nag grFeg.5sMng 505, the first component
which exhibits broad lines and hyperfine fields
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ties for the presented quantities do not exceed 4%.
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Fig. 5. The temperature dependence of the mass

susceptibility measured in a field of uoH = 0.5 T
for Nag.¢7Feo.sMng.502. The upper inset presents
mass magnetization versus applied fields at T =
2 K; the lower inset presents ym(7) data at low
temperatures.

By =3353)T at 9 K, 40.3(3) T at 7 K and
44.7(1) T at 4.5 K, is ascribed to the highly dis-
torted FeOg octahedra. The second sextet with
more narrow lines and By = 45.1(1) T, 46.6(1) T,
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Fig. 6. The temperature dependence of the mass

susceptibility measured in a field of yoH = 0.1 T
for Nag.¢7Feg.2Mng sO2. The upper inset presents
mass magnetization versus applied fields at T =
2 K; the lower inset presents ym(7") data at low
temperatures.

and 48.0(1) T at 9 K, 7 K, and 4.5 K, respectively,
is attributed to undistorted FeOg octahedra. The
determined values of By and Bs for this sample
are lower than the corresponding values obtained
for Nag g7Feg 5 Mng 502. This finding can be related
to the fact that in both studied materials, three
types of magnetic ions exist. According to work [7],
these ions are the high-spin Fe?t, Mn?*t, and Mn**.
Since the effective magnetic moment peg of free
Fe?t is equal to 5.92up, while p.g = 4.9up for
Mn?t and peg = 3.87up for Mn*t, the decrease
in By and By values with increasing Mn content in
Nag.g7Fei—yMn,O, system is expected.

The temperature dependence of the mass suscep-
tibility measured in a field of puoH = 0.5 T for
Na0,67Fe0,5Mn0_502 is presented in Flg 5. The be-
havior of xm(7T") between 10 and 300 K indicates a
local-moment paramagnetism contributed from the
Fe?t, Mn?*t, and Mn** ions in the high-spin state.
Below 10 K, the xu(7T') values start to decrease
with lowering temperatures revealing that the sam-
ple undergoes the antiferromagnetic transition at
Néel temperature Ty = 9.5(5) K. Since, from the
TMS spectra measured at T' < 9 K, one cannot dis-
tinguish between ferromagnetic and antiferromag-
netic ordering, the obtained x.,(7T") data give clear
evidence that the magnetic ordering in the studied
sample is of antiferromagnetic type. The o(H) curve
measured at 2 K displays no saturation within the
range of poH from 0 to 7 T. Since the Mdssbauer
spectrum collected at 4.5 K consists of two sextets
with By = 46.2(1) T and By = 49.6(1) T, this result
is expected.
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The magnetic properties of Nag g7Feg.2Mng gOa,
which are presented in Fig. 6, are comparable with
those obtained for Nag g7Feg sMng 505. The system
is in a paramagnetic state between 10 K and 300
K and undergoes the antiferromagnetic transition
below 9.5(5) K. Again, this result is in agreement
with TMS data. Note that Ty is similar for both
studied samples, indicating that the Mn content in
the Nag ¢7Fe;_,Mn, O, system does not have an in-
fluence on the antiferromagnetic transition temper-
ature.

4. Conclusions

The magnetic ordering and local atomic
environments in Nag.¢7Feg.5sMng 502 and
Nag g7FegoMng Qs compounds were studied

using TMS in the temperature range of 4.5-700 K
and SQUID magnetometer between 2 and 300 K.

The obtained results indicate that both mate-
rials undergo the antiferromagnetic transition at
Tn = 9.5(5) K. Above Ty, the samples exhibit
Curie-Weiss paramagnetism due to the presence
of well-localized magnetic moments carried on the
Fe3*, Mn3t, and Mn** ions in the high-spin state.

The analysis of the temperature-dependent Moss-
bauer spectra reveals that they cannot be described
by one component related to the iron atoms, which
occupy only one crystallographic position in the
hexagonal P63/mmec (P2-type) structure. As was
shown, all collected TMS spectra contain two com-
ponents that can be ascribed to different local dis-
tortions of the FeOg octahedra. The occurrence of
the second component may be related to the pres-
ence of highly distorted FeOg octahedra, which are
caused by a deficiency of Na atoms in the vicinity
of the °"Fe atoms.
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