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ABSTRACT

Chemical stress for structural deformation in (LiygAly,4)(FeygLiy,),FesOg, denoted as Li60AI40, and
(Lip sAly 5)(Feg 75Lig 05), FesOg, denoted as LiS0AI50, was achieved by introducing AI** into a-LiFegOg known
as a high-temperature multiferroic. These new solid solution compounds crystallize in the tetragonal space
group P442,2. Their magnetic spin arrangements at 300K could be determined in the magnetic space group
P4,2,'2’ using high-resolution neutron powder diffraction (HRNPD) data. Within the experimental uncertainty
in HRNPD, the magnetic moments of Fe** ions within FeO, in the B-sublattice are arranged along the
crystallographic ¢ axis and antiparallel to those of FeO, in the A-sublattice. In comparison to the Fe-rich
Li60Al40, the Fe-poor Li50AI50 shows a stronger dilute effect for the higher Li content at the octahedral site
Felb. The dilute effect is associated with the lowering of both saturation magnetization and 7. On the other
hand, Li50A150 shows large electric dipole moments in the strong distorted (Li, A)O4 and (Fe, Li)Og4 polyhedra.

1. Introduction

Spinel (MgAl,0,4)-type compounds including inverse spinels such as
magnetite (Fe2+Fe3+O4) exhibit diversely correlated physical proper-
ties covering multiferroic (MF) couplings, colossal magnetoresistivity,
as well as spin liquids and spin glasses, and further quantum critical
phenomena [1,2]. To this richness, several structural properties particu-
larly relevant to the present study can be addressed: (1) The coexistence
of a diamond-type lattice of AO, tetrahedra (A-sublattice) with a
pyrochlore-type lattice of triangles of BOg octahedra (B-sublattice).
The latter is the main basis for geometrically frustrated magnetism in
spinel-type compounds [2]; (2) A high chemical flexibility for magnetic
and non-magnetic cation types makes it possible for various A- and
B-sublattice compositions [1]; (3) The degree of polyhedral distortion
along with the order—disorder fashion of A and B cations largely
dictates the symmetry lowering of the atomic and magnetic structures
with respect to the highest space group (SG) symmetry Fd3m for
spinels [1,3]. The symmetry-breaking at magnetic and/or non-magnetic
atom sites plays a relevant role for the magnetoelectricity (ME) in
spinels, particularly in the parent structure of the title solid solution
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compounds, i.e., alpha-lithium ferrite (a-LiFe;Og, hereafter denoted as
LFO) [4-8].

LFO is analog to magnetite with a complicated partial cation-
ordering with 2-[Fe®*] at the tetragonal A sites and 2-[Li5“‘5 + Fefg] at
the octahedral B sites per 8 oxygens. This complex partial ordering in
the B-sublattice results in a symmetry lowering to P4;32. Up to date,
this acentric, non-polar cubic SG has been considered as the parent
symmetry group for its ferrimagnetic spin arrangement along the c
axis [5-8]. In this structure model, Li* is located at an octahedral
special site, 4b while Fe3* is present at both octahedral 12d and
tetrahedral 8c sites [9]. In comparison to the magnetite structure (Table
1), the octahedral sites 4b for Li* and 12d for Fe®* of LFO in P4,32 are
two independent sites as being split from the octahedral Fel site (16d)
of the magnetite structure in Fd3m.

The point group 432 of LFO disallows spontaneous electric polar-
ization, but does allow the second order ME effect. Indeed, a high ME
coupling coefficient (ayz) value of 2mV/Oe-cm was measured at 120K
in LFO [7]. A ay value about 0.2mV/Oe-cm could be measured up to
250 K. In comparison to LFO, the ME coupling values expected for a few
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Table 1
Atomic parameters of magnetite (an inverse spinel) in Fd3m [16] and those of the
pure lithium ferrite in P4;32 [7].

Magnetite (inverse spinel)

Atomic site Coordination Wyckoff position x y z

Fel 6 16d 0.5 0.5 0.5

Fe2 4 8a 0.125 0.125 0.125

01 32e 0.2549(1)  0.2549(1)  0.2549(1)

Lithium ferrite

Atomic site Coordination Wyckoff position x y z

Lil 6 4b 0.625 0.625 0.625

Fel 6 12d 0.125 0.3681(4) 0.8819(4)
Fe2 4 8c 0.9981(4) 0.9981(4) 0.9981(4)
01 8c 0.3825(15) 0.3825(15) 0.3825(15)

02 24e 0.1233(10) 0.1318(10) 0.3725(10)

Table 2
Educts in weight% in the synthesis of the title solid solution samples. They are named
with the respective Lab code, according to the Li:Al ratio in the starting mixture.

Lab code Weight%

Fe,0, AlL,O, Li,0
Li60Al40 0.8447 0.1079 0.0474
Li50A150 0.8289 0.1324 0.0388

of magnetite-type MFs, e.g., Co;0,4 [10] and CoAl,0,4 [11], are higher
by a factor of 2.5 [7] but unfortunately below 40K. Hence, LFO is a
rare prototype ME for fabricating composite multiferroics operable at
RT [12,13].

The ME effect in a-LiFe;Og is associated to the magnetic field (H)-
dependent dipole moment of Fe>* (d’, high-spin) at distorted BOg
octahedra in the ferrimagnetic spin order below the Curie temperature
Tc at ~900K [14]. The modification of the resulting electric polar-
ization by the spin order of Fe3* [7] is readily succeeded at its polar
atomic site C,, realizing field-dependent spin-orbital coupling [15]. Our
aim on this study was to enhance polyhedral distortion by a small-sized
and high-charged cation, AI*" in the B-sublattice, as being a driving
parameter for magneto-elastically induced electric polarization. This
could be succeeded by elucidation of the magnetic structures of two
new Al-LFO solid-solution compounds, as described in the followings.

2. Materials and methods
2.1. Sample preparation

The Li; _,Al,FesOg (x = 0.4 and 0.5) samples were prepared via
high-temperature (HT) solid state reaction. The starting oxides were y-
Fe,05 (98%, Thermo Scientific), Al,05 (99.5%, Alfa Aeasar) and Li,O
(99.5%, Fox Chemicals). The optimized ratios for two different solid
solution compounds are given with the respective lab code Li60A140
for x = 0.4 and Li50AI50 for x = 0.5 in Table 2. For each sample, the
starting oxides mixture were homogeneously ground and pressed into
several pellets by a hydraulic press with 15 GPa. These pellets within
a sintered corundum crucible with a lid were put into an HT furnace
(Nabertherm P 330) to react at 1300K for 24 h and then subsequently
cooled down to RT at a cooling ramp of 100 K/h. The reacted pellets
were ground with an agate mortar and pestle to obtain homogeneous
polycrystalline powders for further characterization.

2.2. X-ray powder diffraction (XPD)

The phase identification was performed by Rietveld analysis of XPD
data collected on a X-ray powder diffractometer (XRD3003, GE) with
MoK, radiation (Ge(111) monochromator). Each XPD data set was
collected on a semiconductor position-sensitive-detector (Meteor 1D) in
Debye-Scherrer geometry by 20 scans in a range of 10-135° (26). This
was repeated 10 times for each sample to add up 10 data sets for a high
signal to noise ratio.
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2.3. High-resolution neutron powder diffraction (HRNPD)

HRNPD was conducted on the neutron powder diffractometer
ECHIDNA [17] at the Australian Neutron Source OPAL at ANSTO,
Sydney. HRNPD data sets were acquired with 1.1 g of Li60Al40 and
0.9 g of Li50AI150 at 300 K. Each sample was packed within a vanadium
sample can and located in an Al cryostat. Data collection was performed
using a constant wavelength of 1.6215 A (Ge(335) monochromator)
with a step size of 0.05° in a range of 4-164° (26).

2.4. Rietveld analysis with XPD and HRNPD data

Phase identification of Li60Al40 and Li50A150 were made by Ri-
etveld analysis with XPD data using the software package Jana2020
with the starting model LFO in the cubic space group symmetry (SG)
P4;32, as given in [9]. There was no distinctively resolved peak split-
ting in XPD patterns of Li60Al40 and Li50A150 due to eventual sym-
metry lowering. However, the difference between the observed and
the calculated XPD pattern showed unusual profile residuals, indicating
tetragonal reflections superimposed. Hence, further Rietveld analyses
with the direct tetragonal subgroups of P4;32 were tried (Supplemen-
tary Figure A.14). In fact, the tetragonal SG P4;2,2 could be selected
as the correct SG for both new solid solution compounds by magnetic
space group (MSG) determination using neutron diffraction data (see
the following sections).

Rietveld refinements were carried out with HRNPD data excluding
two data regions: below 10° (26) for extremely high background, where
there were no Bragg reflections from atomic and magnetic spin arrange-
ments; above 145° (260) for intense reflections from the Al cryostat.
There are no extra magnetic Bragg reflections over the entire HRNPD
patterns of Li60Al40 and Li50AI50, stating ferri-/ferromagnetic orders.
Their cubicstructure models in P4;32 (Fig. 1a) [9] and the direct
tetragonal subgroups, e.g., P4;2,2 (Fig. 1b) obtained from Rietveld
analyses with XPD data sets were used as the respective starting models
to refine atomic structure refinements using HRNPD data. With the
propagation vector k = (0, 0, 0), their magnetic subgroups (two cubic
and four tetragonal MSGs) were applied to calculate intensities from
magnetic contributions in HRNPD patterns. This allows to determine
not only the MSG but also ascertains their common tetragonal SG
P4;2,2. The refined atomic and magnetic structures were visualized
using the program VESTA [18].

2.5. Evaluation of polyhedral distortion and dipole moments

The distortion of the central atom-ligand distance (Disj;z,,q) Was
calculated by comparing the central cation-ligand distances (CV,;,)
refined with HRNPD data to those of the respective ideal polyhedron
(CVgear)- Those CV;y,,; values were determined by inserting the refined
atomic positions of each polyhedron separately into the tool provided
by Song et al. [19,20] i.e., Disjjzonq = (CCVZ’; —1) - 100. The individual
values of Disy;,,,, of each polyhedron (Supplementary Table A.9) were
averaged over the number of vertexes to get the polyhedron distortion
degree (Table 7).

The electric dipole moment induced in a distorted polyhedron can
be expressed by p(r.,) = Y q;(r; — r.,) where p is the electric dipole
moment of a distorted polyhedron, r,,, is its center position; r; and
g; are the ligand positions and their charge, respectively. The electric
dipole moments of polyhedra in the refined structure models (Table 4)

were calculated using the software Atomsk [21].
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Fig. 1. (a) The lithium ferrite structure model refined in the cubic space group P4;32 by Smolentsev et al. [9]. (b) Two Al-LFO solid solution compounds presented in this study
crystallize in the tetragonal subgroup P4;2,2. Lithium ions (yellow) occupy octahedral sites, and the iron ions (green) occupy both octahedral and tetrahedral sites (see main text).

2.6. Magnetic property measurements

Magnetic property measurements of Li60AI40 and Li5S0Al50 were
carried out in a temperature range of 1.8-390 K on a superconducting
quantum interference device (SQUID) magnetometer. Magnetization
saturation was determined in a temperature range of 5-305 K with an
applied direct current (DC) magnetic field of 10 kOe. For probing field-
cooled (FC) DC magnetization data, the samples were cooled down to
1.8 K under magnetic fields, followed by the heating probe up to 390 K.
In zero-field cooled (ZFC) measurements, the samples were cooled
down to ~12K and then heated up to 390 K under magnetic fields. The
applied magnetic fields were 10 and 1000 Oe for Li60A140 and 10 and
100 Oe for Li50A150. The hysteresis loops were obtained from —10kOe
to 10kOe at 5 and 293 K.

To determine Curie temperatures (7), the samples were heated
up to 900K at 1kOe and subsequently cooled down to 300K while
recording magnetic moments at high temperatures above 300K on a
Quantum Design PPMS VSM magnetometer equipped with an oven
option. The T points were estimated by linear extrapolation of the data
points approaching the paramagnetic magnetic state.

3. Results and discussion
3.1. Phase identification by rietveld analysis with XPD data

Comparison of the XPD data of Li60Al40 and Li50A150 to that of
LFO indicated the pure single phase samples within the experimental
resolution. Structural identification of the new Al-bearing solid solution
compounds was succeeded by Rietveld analysis. The profiles were
refined using a pseudo-Voigt function with axial divergence along with
lattice parameters and the detector zero point.

The tetragonal structure models contain atomic sites with lower site
symmetries, i.e., site splitting. For instances, as shown in Fig. 2, in the
case P4;2,2, there are two symmetrically independent octahedral sites
for Fe3* at Fela (4a) and Felb (8b) which are equivalent to Fel (16d)
for the cubic SG P4;32 of LFO. All atomic positions were calculated
in consideration of the origin shift. Atomic positions and occupancy
(OCC) parameters at all cation sites were refined with soft distance
constraints and fixed atomic displacement parameters (ADPs) and the
manually determined background to prevent high correlation between
parameters. The resulting OCC at Lil(All) and Felb indicated static
disorder with high uncertainty. Nevertheless, XPD data analyses could
confirm the new Al-bearing solid solution compounds. The Rietveld
refinements with XPD data in P4;2,2 are presented graphically in
Supplementary Figure A.13.

3.2. SG and MSG determination with HRNPD data

The general process in Rietveld analysis with HRNPD data of
Li60Al40 and Li50AI150 is as follows: all profile parameters of the
starting models obtained from XPD data analysis were simultaneously
refined, as described in the previous section. Subsequently, all atomic
positions and site-specific isotropic ADPs were set free to be refined
without distance soft constraints. The occupancy parameters at all
cation sites were refined, and free variables were fitted for magnetic
moments. Note that background points were manually determined and
fixed throughout the whole process to prevent their high correlations
with OCC, ADPs, and magnetic moments. Otherwise, the convergence
could not be reached for high numbers of parameters.

The most difficult step in the structure refinement process was the
space group determination for the extremely small tetragonal lattice
distortions of the title compounds. Nonetheless, we could ensure the
tetragonal SG P452,2 as the correct symmetry group for the atomic
structures of Li60Al40 and Li50AI50 as the best match between the
observed HRNPD pattern and the calculated one in the MSG P4;2,"2’.
The details in the analysis of HRNPD data of Li60Al40 and Li50A150 at
300K are described in the following.

As aforementioned, there are no extra Bragg reflections from the
magnetic spin order, explicating the propagation vector k = (0, O,
0). Accordingly, Rietveld analyses with HRNPD were executed with
all possible cubic and tetragonal magnetic subgroups for k = (0, O,
0), i.e., two cubic MSGs: P4,'32' and P4,32; four tetragonal MSGs:
P4,'2,'2, P4;2,'2', P4,'2,2', P4;2,2.

After subtracting peak intensities of atomic contribution, there were
high residuals of intensities in the small 20 range below 45° (20).
This is particularly obvious for the reflection 111 at 19.57° (26) whilst
refining in the direct magnetic cubic subgroups of the SG P4;32,
i.e., P4;'32" (Supplementary Figure A.14a) and P4,32 (Supplementary
Figure A.14b). Therefore, it was clear that the highest SG symmetry
of Li60AI40 and Li50Al50 can be the tetragonal SG P4;2,2. Compared
to P4,2,’2" (Supplementary Figure A.14d), the other three tetragonal
MSGs led to under- or overestimated magnetic contributions in calcu-
lated HRNPD patterns (Supplementary Figure A.14c, e, and f). Hence,
our HRNPD data analyses agreed with the ferrimagnetic spin arrange-
ments in the tetragonal MSG P4,2,’2’ for both Al-LFOs. Above all, this
MSG clarifies the atomic arrangements in the tetragonal SG P452,2 and
its point group 422. The agreement parameters along with the refined
lattice parameters and atomic parameters are given in Tables 3 and 4,
respectively. The graphical representations of the respective last cycle
of Rietveld refinements with HRNPD data of Li60A140 and Li50Al150 at
300K are shown in Fig. 3.
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Fig. 2. (a) The so-called B-sublattice of octahedral cations at two unique sites Fel and Lil in the pure lithium ferrite in the cubic space group symmetry P4,32, reported by [9].
(b) The B-sublattice of an Al-doped lithium ferrite (Li50Al50) in tetragonal space group P4,2,2 with a splitting of Fe sites at Fela and Felb along with a partial substitution of

Al for Li at Lil(All). In addition, a part of Fe is replaced by Li at Felb.

Table 3

Experimental parameters in neutron powder diffraction data analyses on two different
Al-doped lithium ferrite compounds in the magnetic space group P4,2,’2' at 300K
(wavelength: 1.6215 A).

Lab code Li60A140 Li50A150
a[A] 8.2785(3) 8.2677(3)

Lattice metric c[A] 8.2630(5) 8.2506(6)
VIA%] 566.29(2) 563.97(3)

R, [%] 4.33 4.21

R,, [%] 5.96 5.67

GOF 2.56 2.54

Il oby a0y o

_ X 1yi(0bs)=y,(calc)| ) . _
R, = 100: Ry, = T, wy,(0bs)?

» X, vi(obs)

1 .
o2[y;(0bs)]”

R, . =

exp

% w,"y,(ahv)l 100: GOF = 1’:

exp

y;(obs), y;(calc) = observed and calculated intensity at ith measureing point, respectively;
n = number of observations; p = number of profile points.

We emphasize that the SG symmetry of Al-LFOs is lowered to the
tetragonal P45;2,2 (SG number: 96) primarily to accommodate non-
uniform distribution of A13*, Li*, and Fe3", ensuring the electrostatic
charge valence. As previously mentioned, P45;2,2 is a maximal sub-
group of the cubic SG P4;32 (SG number: 212) of LFO. This symmetry
lowering splits 12d Wyckoff sites for Fe3* in the LFO structure into two
inequivalent sites 4a for Fe>" and 8b for Li* statistically disordered with
Fe®'. In turn, P4,2,2 lowers further into MSG P4,2,"2’ (MSG number:
96.146) for the ferrimagnetic spin orders in Al-LFOs, as described in
the next sections.

3.3. Details of the refined atomic and magnetic parameters of Li60AI40 and
Li50A150

3.3.1. Cation distribution

The partial cation-ordering in the B-sublattice dictates the struc-
tural and magnetic properties of Li60Al140 and Li50Al50. One of the
unexpected results of this study is that the trivalent Al*" resides at a
4a site available for Li* (accordingly this static disorder site is called
by Li1(Al1)), rather than at two unique sites available for Fe®', Fela
(4a) and Felb (8b) (Table 4, Fig. 4b). As a consequence of the charge
excess at Lil(All), the necessary electrostatic charge compensation
must be brought into the B-sublattice. This could be realized by the
static disorder of Li* and Fe®" at one of two octahedral sites in the

B-sublattice, Felb. Interestingly, the other octahedral site, Fela (4a)
and the tetrahedral site Fe2 (8b) are fully occupied exclusively by Fe3".
Thus, their OCC values were fixed to be 0.5 and 1, respectively in
the last refinement cycle to reduce the number of variables and the
correlation with ADPs. It should be mentioned that the OCC parameters
0.503(3) and 0.497(3) at Fela in Li60A140 and Li50A150, respectively,
were obtained at the same fixed ADP value of 0.00745 }0\2. These OCC
values indicate full occupation, i.e. OCC = 0.5 of Fe at Fela within the
experimental uncertainty. However, the presence of a tiny amount of
vacancies at Fela in Li50Al50 cannot be fully excluded.

Nonetheless, the resulting OCC values could be interpreted unam-
biguously for the obvious contrast of the coherent neutron scattering
length of Li (coh,(Li) = —1.90 fm) to coh,(Fe) = 9.45 fm and coh,(Al) =
3.449 fm. Furthermore, as aforementioned, both octahedral sites Fela
(4a) and Felb (8b) are independent of each other in P4;2,2. Their
different atomic site properties, e.g., the preferred occupation of Li*
at Felb, are the clear evidence for the true tetragonal SG symmetry
P4,2,2 for Li60A140 and Li50A150. The refined OCC values at Li1(All)
and Felb in Li60A140 and Li50AI50 are fairly matched to the respective
Li:Al ratio in the starting materials within the experimental uncertainty.
From the refined OCC parameters of the cations (Table 4), the structural
formulae for these new solid solution compounds could be delivered,
as given in Table 5.

3.3.2. Tetragonality

The lattice constants of Li60A140 and Li50A150 refined with HRNPD
data are compared to those of LFO [7] in Table 6. AIP* has a smaller
ionic radius (r = 0.535A for octahedral coordination with oxygens)
than the respective values of 0.76 and 0.645A for Li* and Fe3*
(high-spin) [22]. The reduction of the metric constants a and ¢ with
increasing the aluminum content accords with the substitution of Al**
in the B-sublattice. The tetragonality of a structure can be expressed
simply by the lattice metric difference |a—c|, resulting in 0.0155(6) A for
Li60A140 and 0.0171(7) A for Li50A150. In this concern, the tetragonal-
ity is proportional to the Al-doping. With respect to the cubic lattice
constant a of LFO, Li50A150 shows larger lattice contractions in both a
and c than Li60A140 (Table 6). This is related to large local polyhedral
distortions in Li50AI50, as discussed in detail in the next section.

3.3.3. Polyhedral distortion-induced dipole moments
The distortion of cation-ligands were averaged over each polyhedra
in Li60Al40, Li50A150, and LFO, as listed in Table 7. In the parent
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Fig. 3. Graphical presentation of results from Rietveld analysis with HRNPD data of Li60A140 (top) and Li50AI50 (bottom) at 300K in the MSG P4,2,'2'. Bragg peak positions
from the ferrimagnetic spin order and the atomic orders are superimposed and indicated by green bars. The respective agreement factor for the profile residuals weighted (R, =

wp

0.0596 for Li60A140 and 0.0567 for Li50AI50) corresponds to the respective difference profile (blue line) between the observed (red circles) and the calculated profile (black line).

LFO structure, LiOg exhibits an almost ideal octahedral geometry with
a negligible distortion degree of 0.1(1)%. In contrast, FeOg and FeO,
show a higher distortion degree of 3.7(2) and 1.1(1)%, respectively,
inducing the respective electric dipole 0.670(5) and 0.14(1) [eA]. The
non-zero electric polarizations at the polar atomic symmetries C, and
C; [15] for the magnetic Fe>* within FeO, and FeOy are regarded as
being essential to the spin-orbital coupling in LFO [7].

This relevant polyhedral distortion effect could be enhanced by
the partial cation-ordering in the Al-doped LFO-compounds as the
distortion degree of (Li, A)Og increases dramatically up to 10.5% in
Li60A140 and 12.8% Li50A150, i.e., proportional to the Al content of
40 and 50 at.% at Li1(All) in Li60Al40 and Li50Al50, respectively.
In the case of (Fe,Li)Og compared to (Li, Al)Og, a relatively smaller
difference in the ionic radii between Fe** and Li* with low amounts of
Li at Felb (20at.% in Li60Al40 and 25at.% in Li50Al50) give rise to
smaller distortion of (Fe,Li)Og than (Li, A)Og, i.e., 3.4% in Li60A140
and 3.9% in Li50Al50. In addition, the distortion of FeO, in Li50A150

(3.3%) is larger than that in Li60A140 (2.3%). As a result, the overall
electric dipole modulus induced by polyhedral distortions in Li50A150
is larger than that in Li60Al40 (Fig. 5, Table 7).

In summary, there is a clear correlation between the polyhedral
distortion and the Al:Li ratio (thus the Li:Fe ratio at Felb) in the LFO
topology. This means that the chemical stress with AI>* makes it easy
to tune the electric polarization at polar atomic sites for magnetic
Fe*® in the LFO-type MFs. The consequent Fe-dilute effects on the
magnetization in both Al-LFOs are presented in the next sections.

3.3.4. New ferrimagnetic structures of Al-doped LFO-type compounds

The tetragonal magnetic structure model is further confirmed by
the magnetic moments at the iron sites. In the case of the cubic MSGs
(Supplementary Table A.10), either the octahedral iron site (Fel) in
P4,32 (Supplementary Figure A.15a) or the tetrahedral site Fe2 in
P4,'32' (Supplementary Figure A.15b) would have a total magnetic mo-
ment close to zero. The spin arrangements in space diagonal directions
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Table 4
Atomic parameters refined with HRNPD data of Li60Al40 and Li50AI50 at 300 K. Isotropic ADPs (Uiso) were refined with the constraint: Uiso(Li1(All)) = Uiso(Fela) = Uiso(Felb)
= Uiso(Fe2). Uiso for all four oxygen sites were group-specific refined, as well.

Lab code Site Type Coordinates Occupancy Uiso [Az] Wyckoff site
X y Z
. Li 0.306(7) 0.0062(3)
Lil(All) Al 0.157(19) 0.157(19) 0 0.193(7) 0.0062(3) 4a
Fela Fe 0.617(1) 0.617(1) 0 0.5 0.0062(3) 4a
Fe 0.805(4) 0.0062(3)
Felb .872(1 .361(1 5 1
€ Li 0.872(1) 0.361(1) 0.007(1) 0.195(4) 0.0062(3) &b
Li60A140 Fe2 Fe 0.750(1) 0.996(1) 0.122(1) 1 0.0062(3) 8b
01 o 0.149(1) 0.381(2) 0.508(2) 1 0.0060(3) 8b
02a [¢] 0.871(2) 0.130(2) 0.512(1) 1 0.0060(3) 8b
02b o 0.125(2) 0.113(2) 0.252(1) 1 0.0060(3) 8b
02c o 0.870(2) 0.380(2) 0.240(2) 1 0.0060(3) 8b
. Li 0.24(2) 0.0054(3)
Lil(All) Al 0.165(6) 0.165(6) 0 0.26(2) 0.0054(3) 4a
Fela Fe 0.617(1) 0.617(1) 0 0.5 0.0054(3) 4a
Fe 0.75(1) 0.0054(3)
Felb Li 0.871(1) 0.363(1) 0.011(1) 0.25(1) 0.0054(3) 8b
Li50A150 Fe2 Fe 0.752(1) 0.992(1) 0.123(1) 1 0.0054(3) 8b
01 o 0.150(1) 0.383(2) 0.508(2) 1 0.0062(4) 8b
02a o 0.872(2) 0.128(2) 0.511(1) 1 0.0062(4) 8b
02b [¢] 0.126(2) 0.115(2) 0.252(1) 1 0.0062(4) 8b
02c o 0.869(2) 0.377(2) 0.236(1) 1 0.0062(4) 8b

Fig. 4. (a) A polyhedral structure model of (Liy5Aly5)(Feg75Lig05),Fe;Og (denoted as Li50Al50) in the tetragonal space group symmetry P4;2,2. (b) The connection of four
independent structure-building polyhedra in Li50A150 with colored indication of the partial static disorder, i.e., the occupation portion of Li, Al and Fe are in yellow, orange and
green, respectively.

c

a

Fig. 5. Polyhedral distortion-induced electric dipole moments (pink) in Li60AI40 (a) and Li50A150 (b). These structures comprise strongly distorted polyhedra, resulting in relatively
large electric dipole moments, particularly (Li, A)Og and (Fe,Li)Og4 in the B-sublattice. This elastic effect is more dominant in Li50Al50 (b) than Li60Al40 (a) and LFO (see Table
7).
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Fig. 7. The A-sublattice of Fe>" at Fe2 in Li50Al50 (a) exhibits collinear spin alignments with respect to [001] at 300K, i.e., antiparallel to the magnetic spin alignment in the

B-sublattice (b). The green lines indicate the nearest Fe-Fe distances within 4.0 A.

— 1
~
E
[}
—_
= 154
o
=
<
N o LicoAld0
= & > Lis0AISO
Q —— Lincar extrapolation
=) 10' 5 X Li60Al0 Tc
an S LisoAIso Te
s |

3

51 »
1
70 70 60 780 0 820 840

O Li60Al40
> Li50AI50

\
N\

300 400 500

600 700 800 900

Temperature [K]

Fig. 8. T-dependent mass magnetization of Li60Al40 (blue circles) and that of Li50AI50 (red triangles). The evaluation of T, at 804K for Li60Al40 and 788K for Li50Al150 are

as shown in inset.

and the zero magnetic moments in both cubic magnetic subgroups are
unlikely with Fe®** ions with a strong spin moment having five unpaired
electrons in the high spin state in the 3d orbital, as resulting in a large
discrepancy between the observed and the calculated HRNPD patterns

(Supplementary Figure A.14a and A.14b). Note that a theoretical study
of LFO confirmed the antiferromagnetic spin order between Fel and
Fe2 only with large M, components as the most stable spin arrange-
ment in the cubic symmetry [23]. However, we want to emphasize that
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Table 5

Structural formulae determined by Rietveld analyses using HRNPD
data of Li60A140 and Li50AI50, indicating octahedral [O] and tetra-
hedral [T] sites for Li*, AI>* and Fe®*.

Lab code Structural unit
Li60Al40 (Lio.él(l)Alo.BQ(l))[D] Fel®l[Fey g5(4)Lip 1950412 1 Fe, t Og
Li50AI50  (Lio 4504y Alg.524))" Fel*' [Feg ys1yLip 501y ]2 ' Fe, ' Og

this spin arrangement cannot be configured in the possible cubic MSGs
(Supplementary Figure A.15), as mentioned above.

In fact, at all iron sites of Li60Al40 and Li50AI50 in the tetrag-
onal MSG P4,2,’2’, the magnetic moment component in [001] (M)
is dominant against the negligible small values of M, and M, with
large errors as given in Supplementary Table A.11. Hence, with the
constraints M, = M, = 0 at all Fe sites (Table 8), both AI-LFOs
exhibit collinear ferromagnetic order in the B-sublattice at 300 K, based
on HRNPD data. The magnetic moment modulus M at Fela (4.7(1)
up) in Li50AI150 is smaller than that in Li60Al40 (5.2(1) up) without
showing experimentally distinguishable OCC parameters equal to full
occupation of Fe3*. Besides, this one could contain vacancies at Fel,
even hardly provable in HRNPD data analyses, as aforementioned. The
decreasing magnetic moment at Fela may possibly be explained by a
higher disorder of spin orientations in the more Fe-dilute compound
Li50A150. Such a spin reorientation-dependent magnetization has been
observed in several spinel-type ferrites [24-26]. On the other hand,
an obvious dilute effect of Fe>' can be seen with the decreasing
modulus value of magnetic moments at Felb (2.4(2) up) in Li50A150 in
comparison to that (2.6(2) up) in Li60AI40. Furthermore, the magnetic
moments at Felb are much smaller than those at Fela commonly in
both compounds (Fig. 6), as a consequence of the preferred occupation
of the non-magnetic Lit at Felb (Table 4).

The two magnetic sublattices are built with Fe3" at the tetrahedral
site Fe2 in the A-sublattice and those at the octahedral sites Fela and
Felb in the B-sublattice, as shown in Fig. 7a and b, respectively. The
A-sublattice exhibits a diamond lattice, where all magnetic spins of
Fe®" are parallel to each other in [001]. The B-sublattice forms a 2-
dimensional kagome-like pyrochlore lattice of triangles of Fe>". The
respective ferromagnetic arrangements in the A-sublattice of Li60Al40
and Li50AI50 are antiparallel to those of the respective B-sublattice

(Fig. 7). The resulting ferrimagnetic compounds are realized by dom-
inant antiferromagnetic interactions (J4z) between the A- and the
B-sublattice with different magnitudes of magnetic moments of Fe3*
(Fig. 6). Rietveld analyses with HRNPD data allowed the respective net
magnetic moment magnitude per formula unit (M /f.u.) 2.6 and 1.9 up
for Li60A140 and LiS0AI50 (M /fau. = (1 X [Mpoia] + 2 X |Mpo) — 2 X
| Mg, |). These M/ f.u. values indicate two different collinear magnetic
arrangements at 300K (Fig. 6), showing weak ferrimagnetism with the
dilute-effect.

3.4. Magnetic properties

3.4.1. Curie temperatures and nearest-neighbor exchange interactions

It was expected that the dilute effect leads to lowering the thermal
energy required for the ferri- to paramagnetic transition because J, 5 is
reduced by the replacement of Li* for the high magnetic Fe>" in the B-
sublattice [27]. Indeed, the Curie temperatures (T,-) 804K for Li60A140
and 788K for Li50A150 determined by temperature-dependent magne-
tization (Fig. 8) are much lower than T of LFO (890-950 K depending
on microstructures [8,14,28]). In this way, in comparison to T, of
Li60Al40, the lower T, of the Fe-dilute Li50Al50 can be understood
(Fig. 8).

3.4.2. Saturation magnetization (M)

The T-dependent M, [emu/g] curves of Li60Al40 and Li50AI50
commonly show marginal increases of M from 305K down to 5K (Fig.
9). Using Eq. (1), the M/ f.u. values 2.29 and 1.65 up were calculated
for Li60AI40 and Li50A150, respectively, with the extrapolated values
of M, [ug/f.u.] to 0K (Supplementary Figure A.16):
_ Mol.wt. - M
M/fu. = 5535

Another feature is a strong reduction of M, in both Al-LFOs, com-
pared to M, of LFO [7]. This accords with the lower T, values of
Li60AI140 and Li50AI150 for the dilute effect with respect to LFO [29].

The weak ferromagnetism in Al-LFOs seems to be sensitive to com-
peting (anti)ferromagnetic interactions by spin reorientation in the
hyper-kagome B-sublattice (Fig. 7b), and probably by dynamics in
intra- and inter-domains under external fields. In our preliminary AC
magnetic susceptibility data acquisition with Li60A140 at 1Hz, the
non-zero third harmonic term clearly indicated the presence of spin

(€8]
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Fig. 10. T-H-dependent magnetization

Table 6

of Li60Al40 (a) and Li50A150 (b).

The lattice parameters a and ¢ of variously Al-doped lithium ferrite compounds, with the lattice parameter changes (4a and Ac) with respect

to the lattice metric a of the pure lithium ferrite [7] at RT.

Lab code a[A] Aa[A] c[A] Ac[A] la-c| [A] Reference
LFO 8.3237 Liu et al. [7]
Li60A140 8.2785(3) —0.0452(3) 8.2630(5) —0.0607(6) 0.0155(6) This study
Li50A150 8.2677(3) —0.0560(4) 8.2506(6) —-0.0731(8) 0.0171(7) This study

reorientation which is not associated to a change in spontaneous mag-
netization (Supplementary Figure A.17). Such spin-dynamic gives rise
to spin-canting angles averaged out in diffraction techniques. However,
we can confirm the dilute effect on M, with the respective net magnetic
moment per f.u. 2.6 and 1.9 B for Li60A140 and Li50AI50, resulting
from the Rietveld analyses with HRNPD data collected in zero fields at
300K. On the other hand, J,; can complex vary with the substitutions
of Li* for Fe3" and AI3* for Li* in the Al-LFO solid-solution compounds,

as shown in Li-Zn spinel ferrite [30]. However, the average interatomic

distances d(Fela-O-Fe2) and d(Felb-O-Fe2) in Li50A150 do not con-
cretely differ from those in Li60A140 within their standard deviations
(Supplementary Table A.9). Hence, a clear correlation of J,; with those
geometric parameters cannot be concluded in this study.

3.4.3. T-H-dependent ZFC and FC magnetization

ZFC and FC magnetization data of Li60A140 acquired while applying
the DC magnetic fields (H) 10 and 1000 Oe and those of Li50Al50
at 10 and 100 0Oe in the temperature range 1.8-390 K are displayed
in Fig. 10. The magnetization data of both AI-LFOs acquired while



S. Inckemann et al. Journal of Solid State Chemistry 347 (2025) 125325

o
p——

30{ —— Li60AI40
—&— Li50AI150
20
i) {
= 81 —— Li60Al40
g 10 b —— LiS0AI50
5]
- T=5K )
20
" 1 2
N
o 0
510 3 -
s
= ’ 4
—20 -
-}
=30 -250 0 | 250
—10000 —=5000 0 5000 10000
Magnetic Field [Oe]
30| —— Li60Al40 )
—— Li50A150
20 0000 g <+ 2 g <+

781 —— Li60AI40
—— Li50Al50

—
<o

Magnetization [emu/g]
(e}

0
—10 -2
-4
—20 -6
X
-30 -250 0 | 250
-10000 —5000 0 5000 10000

Magnetic Field [Oe]

Fig. 11. Magnetization versus magnetic field at 5K (a) and 293K (b). The resulting hysteresis loops of both Li50A150 (red squares) and Li60Al40 (blue triangles) indicate soft
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Table 7

Average polyhedral distortion degrees [%] in Li60Al40 and Li50A150 based on the atomic structures refined with
HRNPD data, compared to polyhedral distortions in LFO calculated with the structure model of Liu et al. [7].
Polyhedral distortion-induced dipole moments and their modulus values [eA] are scaled by the cation type and
charge based on the refined OCC value at each site.

Lab code  Polyhedra  Site Distortion [%] Electric dipole moment [eA] Modulus [eA]
X y Z
LiOg Lil 0.1(1) 0 0 0 0
LFO FeOgq Fel 3.7(2) 0 —-0.47(1) 0.47(1) 0.67(1)
FeO, Fe2 1.1(D) -0.08(1)  -0.08(1)  —0.08(1) 0.14(1)
(Li, ADOg Li1(Al1) 10.5(3) 0.97(17) 0.97(17) 0 1.38(17)
Li60AI40 FeOgq ) Fela 1.1(1) -0.33(1) —-0.33(1) 0 0.47(1)
(Fe, Li)Og Felb 3.4(1) 0.12(1) —-0.51(1) 0.45(1) 0.69(1)
FeO, Fe2 2.3(1) 0.04(1) —0.03(1) -0.01(1) 0.05(1)
(L, ADOg  Lil(Al1) 12.8(3) 1.19(5) 1.19(5) 0 1.68(5)
Li50AI50 FeOq4 Fela 1.2(1) -0.29(1) -0.29(1) 0 0.40(1)
(Fe, Li)Og Felb 3.9(2) 0.01(1) -0.32(1) 0.63(1) 0.71(1)
FeO, Fe2 3.3() 0.13(1)  -0.14(1)  0.01(1) 0.19(1)
cooling at 10 Oe are nearly T-independent whereas the ZFC magnetiza- dropped from 100K to 0.1 emu/g at the lowest measuring temperature
tion decreases continuously with decreasing temperature and then fast 1.8K. This branch point varies largely with the composition and the

10
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Fig. 12. Polyhedral distortion-induced electric polarization (pink arrows) and magnetic moments (red arrows) of Fe> in Li50AI50.

Table 8

Magnetic moment components M,, M,, M_, and the modulus M [u,] at three
independent Fe sites, resulted from Rietveld analyses with HRNPD data of Li60Al40 and
Li50A150 at 300K for the correct tetragonal MSG P4,2,"2’. As shown in Supplementary
Table A.11, all M, and M, refined with HRNPD data were extremely small with large
errors, so that the constraints M, = M, = 0 were applied within the experimental
uncertainty. The resulting magnetic moments per formula unit (M/f.u.) of these
ferrimagnetic compounds are given in the last column.

Lab code Site M, M, M, M M/fu.
Li60AI40 2.6
Fela 0 0 5.2(1) 5.2(1)
Felb 0 0 2.6(1) 2.6(2)
Fe2 0 0 -3.9(1) 3.9(1)
Li50A150 1.9
Fela 0 0 4.7(1) 4.7(1)
Felb 0 0 2.4(1) 2.4(2)
Fe2 0 0 -3.8(1) 3.8(1)

DC magnetic field: the ZFC and FC curve of Li60Al40 split at ~390K
and ~160K with the respective H at 1000 and 10 Oe; in the case of
Li50A150, the FC-ZFC bifurcation is found at ~230K and 400K under
100 and 100Oe, respectively. The difference at the lowest measured
temperature between ZFC and FC is higher, with values of 0.238 emu/g
at 1000e and 0.446emu/g at 100e. Such a bifurcation of FC-ZFC
magnetization reminds of superparamagnetism, spin glass behavior,
or domain dynamics [8]. These observations conclude an ease with
spin-reorientation in Li5S0A150 more than in Li60Al40 under a constant
H.

3.4.4. Magnetization (M)-magnetic field (H) loops

LFO showed a nearly constant high coercivity (H,) value of ~100 Oe
in the temperature range of 120-300 K, [7] and a M, of ~60emu/g
at 10kOe at 300K. In contrary, similarly small H, values ~100Oe
were estimated in the M-H hysteresis loops of Li60Al40 and Li50AI50
at 293K (Fig. 11b). At 5K, the coercivity of both Al-LFOs increase
insignificantly (Fig. 11a). Such a similar dilute effect on H, and M
has often been observed in spinel-ferrites [31].

11

The coercivity H, represents magneto-crystalline anisotropy. Al-
LFOs with extremely small H, belong to soft magnetic materials to ex-
hibit low magnetic anisotropy. The H, values of Li60Al40 and Li50A150
are indistinguishably similar H, at a constant measuring temperature
(Fig. 11 insets). However, based on the doping-percent (K) dependent
coercivity H, = 0.96K/M, [27], H, values and the anisotropy of
Li50A150 with the higher K and lower M, might be higher than those
of Li60A140. But this was not resolved in their M-H loops. Hence, the
static and dynamic disorder of Fe3" spins in the B-sublattice particu-
larly in Li50A150 seem to be sensitive to external magnetic fields even
below 2kOe (Fig. 11). Therefore, an extended study of the interplay
of polyhedral distortion-induced electric polarization in Al-LFOs (Fig.
12) under external electric, magnetic and mechanical fields at ambient
conditions is of great interest.

4. Conclusion

The current study demonstrates that the partial substitutions of AI>*
only at the site for Li* and Li* for Fe3" only at one of two Fe sites in the
B-sublattice govern the symmetry lowering of atomic arrangements in
the new AI-LFO solid solution compounds (Lij g Al 4)(Feg gLig 5),Fe30g
(Li60A140) and (Lij 5Aly 5)(Feq 75Lig o5),Fe3Og (Li5S0AL50). The corre-
sponding crystal-chemistry dictates the dilute effect in the resulting
ferrimagnetic spin order in P4;2,"2’. The elucidation of the new fer-
rimagnetic structures using HRNPD data was critical and decisive to
confirm their true atomic space group symmetry P4;2,2.

The goal of this study was to enhance the polyhedral distortion in
the LFO topology by chemical stress with AI** for Li*. The polyhedral
distortion accompanies with the magnetization of the title solid solution
system. The first order of the bulk electric polarization might be zero
in the point group 422, but the second- and high-order magnetoelectric
coupling coefficients are predicted near RT. A drawback of Al-doped
LFO compounds is that the polyhedral distortion-enhanced electric
polarization is manipulated at the expense of dilute magnetization with
respect to LFO.

As shown in several spinel-type compounds [2], the spin alignment
in a triangle of magnetic cations in the B-sublattice is often imperfectly
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antiparallel, leading to geometric fluctuation [32]. However, this is not
for LFO-type compounds, as all magnetic spins in the B-sublattice are
parallel to each other in [001] (Fig. 7b). However, a large geometric
frustration would occur when strongly competing (anti)ferromagnetic
interactions could be realized in the hyper-kagome lattice of Li5S0A150
by various stimulation [2,26]. Further interesting issue is to study
spin dynamics inter- and intra domains in the title solid-solution com-
pounds. Their relative small tetragonality values could readily lead to
form ferrodistortive and ferromagnetic domains with stressed domain
boundaries. With this expectation, the title compounds deserved further
structural and physical investigation under combined external fields.
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