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We report on investigations of the complex magnetostructural and spin-state transitions in the breathing
pyrochlore LiFeCr,Og by means of magnetization, Mossbauer spectroscopy, and density functional theory (DFT)
calculations. Three transitions corresponding to the ferrimagnetic transition at 7y ~ 94 K, the spin-gap transition
at Tsg ~ 50 K, and the magnetostructural transition at Tyys ~ 19 K were observed from the x (7) curve, whereas
only 7y and Ty;s were evidenced for the Fe site from our Mossbauer measurements, suggesting that the spin-gap
transition is absent at the Fe site. This indicates that the spin-gap transition is an effect of the breathing Cry
lattice, in agreement with our DFT calculations from which we see nearly decoupled electronic states for the
FeO, and CrOg units. From the temperature dependence of the hyperfine magnetic field, we also observed a
spin-state transition for the Fe spins at Tys consistent with earlier neutron diffraction measurements. These
local characteristics are believed to be important for a complete understanding of the complex magnetostructural

coupling effects observed in similar systems.
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I. INTRODUCTION

Geometrically frustrated magnetic systems have been an
interesting playground for condensed matter physicists over
the last 30 years [1]. The chromium spinels with a commen
formula of ACr,Xu, where A is usually nonmagnetic atoms
and X stands for O, S, and Se atoms, are a rich family of such
compounds that exhibit various interesting phenomena, such
as the zero-energy excitation mode, heavy fermionic behavior,
spin-lattice coupling, and field-induced transitions [2]. More
interestingly, when two different types of elements are put at
the A site, it leads to the formation of the breathing lattice
with alternating large and small Cry tetrahedrons due to the
ordering of the two A-site ions [3,4] [see Fig. 1(e) for an
illustration]. This type of ordering can minimize the electro-
static energy arising from the large difference in the valence
states between the two A-site ions (e.g., Li* vs Ga’t/In*"
[3D). It was found theoretically that the breathing lattice may
host the hedgehog spin textures (magnetic monopoles) when
the third nearest-neighbor (NN) exchange interaction J3 is
large enough and if the alternating NN exchange interactions
are different, J; # J| [6,7]. This emphasizes the importance
of the magnetic interactions between the Cr spins.

The magnetic interactions are dominated by antiferro-
magnetic (AFM) correlations between Cr (S = %) spins
in Li(Ga,In)CrysOg with considerably reduced magnetic
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moments and AFM transition temperatures, suggesting that
frustration also plays an important role [3,8,9]. The magnetic
properties also depend significantly on the so-called breathing
factor By = J'/J since the interaction between NN Cr atoms
is distance sensitive [10-12]. For example, the Ga-based
sample exhibits AFM short-range order <~45 K, like
conventional Cr spinel oxides, while the In-based compound
shows spin-gap behavior <~65 K [3]. The structural and
magnetic properties were further investigated by substitution
of the Cr atoms by other elements on the breathing lattice
[13—15] or by application of external magnetic field [16,17].

Moreover, it is also very interesting to replace one of
the nonmagnetic A-site ions by a magnetic one, which
can introduce further magnetic interactions between A and
Cr spins. For example, Saha et al. [18] have studied
LiFeCr4Og and found interesting magnetoelectric effects with
multimagnetic phase transitions, namely, a ferrimagnetic tran-
sition at Ty ~ 94 K, a spin-gap transition at Tgg ~ 60 K,
and a magnetostructural transition at Tys ~ 23 K, where
the high-temperature collinear magnetic structure changes
to a low-temperature conical magnetic structure. Recently,
large magnetic-field-induced strain at Ty;s was reported by
Okamoto et al. [17], indicating strong spin-lattice coupling
in this compound. Surprisingly, however, the Fe, tetrahedrons
exhibit larger volumes for the low-temperature conical mag-
netic phase than the high-temperature ferrimagnetic phase
[18], even though a large volume contraction was observed
when lowering the temperature through the magnetostructural
transition [17].

©2023 American Physical Society
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FIG. 1. (a) Rietveld refinement of the room-temperature x-ray powder diffraction data of LiFeCr4Og. (b) Raman spectrum of LiFeCr,Og
at room temperature. The inset shows the splitting of the (400) XPRD peak at 35 K into the (220) and (004) peaks at 4 K well below the
tetragonal transition. (c) Cubic (F43m) and (d) tetragonal (/4m2) crystal structures. (¢) Schematic representation of the breathing pyrochlore
lattice of LiFeCr,Og where the distortion (d’/d) on the Cr4 network has been exaggerated for better view. The crystal structures were drawn

by using the software VESTA [5].

To better understand the physics behind these interesting
phenomena, a local probe study at the local Fe site becomes
important. Therefore, we investigated the title compound
LiFeCr4Og by using Mossbauer spectroscopy, which is only
sensitive to the 3’Fe ions at the A site. From the temperature
dependence of the hyperfine parameters, we confirmed the
spin-state transition of the Fe spins, and we also provide evi-
dence that the spin-gap transition, which is observed from our
static and dynamic magnetic measurements, is absent at the Fe
site, suggesting that the spin-gap transition is only an effect of
the breathing Cry4 lattice. These results can be understood with
our density functional theory (DFT) calculations, where we
see nearly decoupled electronic states for the FeO4 and CrOg
units. These local properties provide a better understanding of
the complex magnetostructural coupling effects observed in
this system.

II. EXPERIMENTS

A polycrystalline powder sample of LiFeCrsOg was
synthesized by using the conventional solid-state reaction
technique [18]. Stoichiometric amounts of Li,CO3, Fe,0s3,
and Cr O3 (all from Alfa Aesar, 99.99%) were thor-
oughly mixed, pelletized, and heated in air at 1050°C
for 15h with a cooling rate of 50°C/h to room tem-
perature. The homogenization and heating procedure were

repeated several times to improve the sample quality. Phase
purity was checked by x-ray powder diffraction (XRPD) with
Cu Ko radiation using an X’Pert Pro x-ray diffractometer
(Philips, Netherlands), and the data refinement was done by
using the FULLPROF suite [19]. The Raman measurement was
performed in a confocal backscattering geometry using a
Jobin Yvon LabRAM HR Evolution spectrometer equipped
with a 1800 lines/mm grating, a liquid-nitrogen-cooled back-
illuminated charge-coupled device detector, and a 532 nm
laser. Static magnetic measurements were carried out with
a dc superconducting quantum interference device (SQUID)
magnetometer (Quantum Design) in the temperature range
of 2-300 K. The dynamic magnetic properties, the real and
imaginary parts of the complex magnetic susceptibility, were
measured by means of a precision LCR Meter (HP4284A)
with a cryostat in the temperature range of 4-300 K at
a frequency of 138 kHz. Mossbauer measurements were
performed in transmission geometry with a conventional spec-
trometer working in constant acceleration mode. A 50 mCi
y-ray source of °’Co embedded in Rh matrix and vibrating at
room temperature was used. The drive velocity was calibrated
by using an «-Fe foil. The isomer shifts quoted in this paper
are relative to that of the «-Fe at room temperature.

The computational work was carried out by using the
ELK code [20], which is based on the full potential lin-
earized augmented plane waves (FP-LAPW) method. The
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Perdew-Wang/Ceperley-Alder local spin density approxima-
tion (LSDA) exchange-correlation functional [21] was used.
LSDA+U calculation was done in the fully localized limit
(FLL) and by means of the Yukawa potential method [22]
with a screening length of A = 2.0 (other A values give sim-
ilar results and thus were not discussed) for both Fe and Cr
d electrons. Slater integrals are calculated according to A,
and the resulting Coulomb interaction parameters are U =
5.35eVand J =1.13 eV for Fe and U = 4.00 eV and J =
0.94 eV for Cr, respectively. The muffin-tin radii Ryt were set
automatically by ELK to 1.80, 2.0313, 2.2248, and 1.4122 a.u.
for Li, Fe, Cr, and O atoms, respectively. For the nonmag-
netic, ferromagnetic, and ferrimagnetic states calculations, the
plane-wave cutoff was set to Ryt X |G + k|max = 7.0, and the
maximum G vector for the potential and density was set to
|Glmax = 12.0. A k-point mesh of 8 x 8 x 8 was used, and
the spin-orbital coupling (SOC) was not considered. For the
conical magnetic state calculations, the plane-wave cutoff was
increased to Ryt X |G =+ k|max = 8.5, and the maximum G
vector was set to |G|max = 14.0. A reduced k-point mesh of
4 x 4 x 2 (total of 32 k points) was used to speed up our
calculations since SOC was included in these calculations.
Experimental lattice parameters of LiFeCr4Og at 298 K (space
group: F43m, a = 2.2779 A) and 3.5 K (space group: I4m?2,
a = 5.85755 A and ¢ = 8.24301 A) were taken from Ref. [18]
for our collinear and conical magnetic structure calculations,
respectively, without further optimization.

III. RESULTS AND DISCUSSION

To check the crystal structure and sample quality, we per-
formed room-temperature XRPD measurements, as shown
in Fig. 1(a) together with Rietveld refinement. The Rietveld
analysis confirms the noncentrosymmetric F43m space group
of the LiFeCry4Og compound and the determined lattice pa-
rameter a = 8.2764(3) A as being consistent with previously
reported values of 8.27779(1) A [18] and 8.2753(3) A [17].
In this structure, Li* and Fe’* ions present in 4a and 4d
Wyckoff sites, respectively, and the ordering between these
two ions results in a different amount of chemical pressure
on the pyrochlore network of Cry leading to the so-called
breathing pyrochlore lattice [3,18]. The sample quality was
also evidenced by the sharp Raman peaks shown in Fig. 1(b),
which exhibits the same pattern as an earlier report [18].
The low-temperature tetragonal transition [18] was shown
by the splitting of the (400) XPRD peak measured at 35 K
into the (220) and (004) peaks at 4 K, as shown in the in-
set of Fig. 1(b). The schematic representation of the crystal
structure and the Cry breathing pyrochlore lattice are shown
in Figs. 1(c)-1(e), where the magnitude of the breathing has
been exaggerated for better visual effect.

In Fig. 2(a), we present the magnetic susceptibility x (7) as
a function of temperature measured with an applied magnetic
field of H = 1000e in both zero-field-cooled (ZFC) and
field-cooled (FC) modes. The overall behavior of the x(7)
data is similar to earlier reports [18,23], only with a negative
initial value at low temperatures in the ZFC measurement,
which is due to the measurement history effect where the
initial net magnetization aligns antiparallel with the applied
magnetic field at the starting point. This is often observed
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FIG. 2. (a) Temperature dependence of the magnetic suscep-
tibility x(7) of LiFeCrsOg measured in zero-field-cooled (ZFC)-
field-cooled (FC) mode with H = 100 Oe. Inset: Enlargement of the
first-order derivative of the susceptibility with respect to measured
temperature plotted against temperature to show the ferrimagnetic
Ty = 94, and low-temperature magnetostructural Ty;s = 19K tran-
sitions. (b) Temperature dependence of inverse susceptibility of
LiFeCr4Og. The red solid line between 175 and 300 K is the Curie-
Weiss fit to the high-temperature experimental data.

in systems with two or more magnetic sublattices showing
an antiparallel ordering (ferrimagnetism in LiFeCr,Og) with
different temperature dependencies of their magnetization
below the ordering temperature [24]. The first-order derivative
of the susceptibility with respect to measured temperature, as
shown in the inset of Fig. 2(a), was used to extract the ferri-
magnetic Ty = 94 K and low-temperature magnetostructural
Tvs = 19K transitions, as reported also by earlier works
[17,18]. The initial decrease of x (T") with decreasing temper-
ature at around Tsg ~ 50 K is related to the spin-gap transition
arising from the breathing distortion in similar compounds
[3,18,25,26]. The high-temperature data were analyzed by fit-
ting the Curie-Weiss law x = C/(T — ) to the linear region
of the inverse susceptibility data, as shown in Fig. 2(b). The
Curie constant C of a system of N spins S can be expressed as

_ NS+ i

C
3kg

(1)
where wp is the Bohr magnetron and kp is the Boltzmann
constant. For a system containing different spin values,
we can replace S(S+ 1) in Eq. (1) by its average value
(S(S+ 1)) in the mean field approximation. Then for the
5

title compound LiFeCryOg, if we assume § =3 and %

for Fe’* and Cr*" spins, respectively, one obtains the
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FIG. 3. Temperature dependence of the complex magnetic sus-
ceptibility recorded at 138 kHz with both cooling and heating
procedures.

theoretical value of 9.75ug/f.u. However, from the fitted
value of C, we obtained an effective magnetic moment of
Metf = 10.5(2) ug, slightly larger than the theoretical value,
but close to the earlier reported value of e = 10.69 ug
[18]. Strong geometrical frustration is indicated by the
large frustration index (f = |#|/Ty = 18) obtained from the
paramagnetic intercept. Similarly, large values of f =12
for LiFeCrsOg [18], f = 21 for LiInCr4Og, and f = 47 for
LiGaCr,4Og have been reported [3].

To clarify the elusive spin-gap transition at Tgg ~ S0K
shown in the x (T') curve, we made temperature-dependence
measurements of the complex magnetic susceptibility at
138 kHz, as shown in Fig. 3. Two transitions correspond-
ing to Ty ~ 105 K and Tys ~ 35 K can be seen from the
real part x'(T) of the complex magnetic susceptibility. In-
terestingly, the spin-gap transition 7gg ~ 75 K can be clearly
seen as a broad peak from the imaginary part x”(7') of the
complex susceptibility. However, we would like to note that
these transitions extracted from the dynamic magnetic sus-
ceptibility are higher than that determined from the above
static measurements. The reason for this might be twofold:
(D The transition temperature might be frequency dependent,
as observed in other systems [27,28], and (II) short-range
magnetic correlations might already exist well above the static
magnetic transitions which was captured by our dynamic
measurements. The latter is consistent with the slow volume
change with decreasing temperature well above Ty due to the
strong magnetostructural coupling effect [17,18].

To investigate the local properties at the Fe site, we
made 3"Fe Mossbauer spectroscopy measurements. Fig-
ure 4(a) presents the room-temperature Mossbauer spectrum
of LiFeCr4Og with a singlet fit to the experimental data. The
obtained isomer shift is §(RT) = 0.267(1) mm/s. We also
tried to model the data with a doublet; however, it results in an
effectively zero quadruple splitting, indicating the absence of
the electric field gradient at the iron site. These results agree
well with the picture of the Fe>* ion sitting at the tetrahedron
site. The fitted spectral line width has a relatively small value
of ~0.363(3) mm/s, only slightly larger than the value of
the standard sample ~0.326(4) mm/s, suggesting a unique
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FIG. 4. (a) Room-temperature Mdossbauer spectrum  of

LiFeCr,Og (dots) with singlet fit (red solid line). (b) Low-
temperature Mossbauer spectrum of LiFeCr4Og taken at 4.2 K (dots)
together with two different fitting procedures shown as red (field
distribution) and green (single sextet) solid lines, as discussed in the
text. Inset shows the field distribution corresponding to the red line
fit in the main figure. The difference between the experimental data
and the calculated data is also shown above the spectra.

local environment of the Fe** ions which is consistent with
the crystal structure of LiFeCr,Og with the A-site ordering of
Li* and Fe*" ions.

Figure 4(b) shows the Mossbauer spectrum taken at 4.2 K.
We tried to fit the spectrum with one sextet (solid green
line), as shown in the figure. Larger x? = 3.04 was obtained
from this fit, suggesting a bad agreement between the fit
and the experimental data, which can also be seen from the
green difference curve shown above the spectrum. Consid-
ering the low-temperature conical magnetic structure [18], a
small hyperfine magnetic field distribution might be expected
if an anisotropic hyperfine coupling tensor (A) were assumed
(Biy o< A - S) [29]. Magnetic field distribution may also be
caused by nanosized conical magnetic domains, as indicated
by the broadening of the magnetic reflections from neutron
diffraction ~62 A [18]. Therefore, we modeled the spectrum
at 4.2 K with a magnetic field distribution (red solid line),
as shown in the figure. Considerable improvement of the fit
has been obtained by the field distribution model x? = 1.25
(also see the red line difference curve). However, one should
note that we cannot exclude other possible reasons for the
observed magnetic field distribution. The determined isomer
shift is §(4.2K) = 0.379(1) mm/s, and the average magnetic
field amounts to (Bys)(4.2K) = 45.3 T. The fitted quadruple
splitting is almost zero, ~0.002(3) mm/s, indicating that the
local symmetry of the FeO, tetrahedron has not been affected
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Figure 5 shows the Mdssbauer spectra (dots) taken in the
temperature range of 13-95 K together with theoretical fits
(red lines) using the hyperfine magnetic field distribution
model, and the corresponding field distribution profiles are
shown in the right panel. Clearly, the spectra taken in the
temperature range between the ferrimagnetic transition (Ty =
94 K) and magnetostructural transition (Tyys = 19 K) exhibit
much broader spectral linewidth, suggesting a much wider
distribution of the magnetic field than that for the 4.2 K spec-
trum, as shown in Fig. 4(b). This wide distribution effect can
be attributed to the mixing of the low-temperature tetragonal
phase with conical magnetic structure and the intermediate
temperature cubic phase with collinear magnetic structure,
which was further corroborated with the multicomponent na-
ture of the field distribution profiles shown on the right panel
of Fig. 5. This two-phase mixing phenomenon due to the first-
order magnetostructural transition has been reported earlier
by neutron diffraction [18] and magnetic-field-induced strain
measurements [17]. This is also a very common phenom-
ena for other similar breathing pyrochlore chromate spinels
[3.8,26].

The isomer shift §(7") and spectral linewidth, determined
from the fits shown in Fig. 5, are shown as a function of tem-
perature in Figs. 6(a) and 6(b), respectively. Two anomalies
that correspond to the ferrimagnetic and magnetostructural
transitions can be seen at Ty = 94 K and Tys ~ 27 K. The
magnetostructural transition temperature determined from our
Mossbauer measurements is a little higher than that of our
susceptibility measurement but agrees well with that reported

Temperature (K)

FIG. 6. Temperature dependence of the fitted Mdssbauer hyper-
fine parameters (a) isomer shift §(7") and (b) spectral line width.
Solid line in (a) is theoretical fit to the data using the Debye model,
and solid line in (b) is a guide to the eye.

in previous studies ~23 K [18] and ~30 K [17]. The small
difference can be caused by different measurement techniques
or the detailed method used in determining the transition
temperature and small difference in the stoichiometry of the
different samples used in different works. The red solid line
shown in Fig. 6(a) is a theoretical fit to the experimental
data in the high-temperature range by using the Debye model.
In the Debye model, the temperature dependence of 5(7) is
expressed by the following equation [30]:

9ksT (T \> [T
5(T) = 5(0) — - 2= ( —
(T) = 50) ZMC(%)/O

where §(0) is the temperature-independent chemical shift, and
the second part is the temperature-dependent second-order
Doppler shift. Here, kg is the Boltzmann constant, M is the
mass of the Mdssbauer nucleus, c is the speed of light, and ®p
is the Debye temperature. The determined Debye temperature
is ®p = 443(8) K, and the temperature-independent chemical
shift is 6(0) = 0.380(5) mm/s.

The temperature dependence of the average hyperfine mag-
netic field (B,;(T)) as a function of temperature is shown

Xdx

el 2
e —1’ @
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FIG. 7. Temperature dependence of the average hyperfine mag-
netic field (By¢(T')) for LiFeCrsOg. Power-law B, ;(T) = By(1 —
T/Ty)? fits to the experimental data close to the transition region
were used to estimate the critical exponent B (see the red lines). To
determine the saturation value of the hyperfine magnetic field and the
transition temperature more accurately, a different kind of power law
Bs(T) = Boll — (T /Ty )*1# was used to fit the experimental data in
a wider temperature range (see the blue lines). Solid lines and dashed
lines shown in the figure correspond to the low- and high-temperature
fits, respectively.

in Fig. 7. Like other hyperfine parameters, two transitions
at Ty = 94.3(7) K and Tyys = 26.8(4) K can be seen. Power
law B¢ (T) = Bo[1 — (T/TN)"‘]’S was used to fit the experi-
mental data in a wider temperature range to more accurately
determine these transition temperatures and the saturation
hyperfine magnetic field By for the high-temperature ferri-
magnetic state By(high) = 24.3(3) T and the low-temperature
conical magnetic state By(low) = 45.6(3) T. However, to
study the critical behavior of LiFeCr,Oyg, the usual power-law
function By, (T) = Bo(1 =T/ Ty)? was used to fit the exper-
imental data close to the transition temperature range. The
determined critical exponents are Bpigh = 0.35(2) and Biow =
0.082(5) for the ferrimagnetic and conical magnetic states, re-
spectively. The value of Bhign = 0.35(2) can be identified with
the three-dimensional Heisenberg critical exponent in view of
the cubic symmetry of LiFeCr4Og (8 ~ 0.36 [31,32]). On the
other hand, the low-temperature critical exponent has a value
of Biow = 0.082(5) which is close to the theoretical value
B = %) of the (¢ = 4)-state Potts model which is the limit of
a sequence of models (¢ > 4) with a discontinuous, first-order
transition [33,34]. This is consistent with the observed first-
order magnetostructural transition from the high-temperature
collinear ferrimagnetic phase to the low-temperature conical
magnetic phase [18]. However, since only a few temperature
points were available in our fitting, the observed crossover
of the critical behavior needs further investigation with more
measurements in the temperature range near the transition
point.

To understand the microscopic origin of the observed
experimental results, we made DFT calculations using the
ELK code. The total and partial densities of states of

LiFeCr,Og that correspond to nonmagnetic, ferromagnetic,
ferrimagnetic, and the conical magnetic states are shown in
Figs. 8(a)-8(h). For the ferro-/ferrimagnetic structures, the
spins are all along the crystal ¢ axis, and the Fe spins are
aligned antiparallel with the Cr spins in the ferrimagnetic
structure. For the noncollinear conical magnetic structure, the
spin directions are fixed to the values taken from Ref. [18]
with an incommensurate propagation vector k = (%, 8=
0.4383, %), and the magnitude of the spins for both Fe and Cr
atoms were allowed to change. It is clear that our DFT solu-
tions result in metallic ground states for the nonmagnetic and
ferromagnetic calculations, and only soft gaps with minimum
densities of states close to zero at the Fermi level were opened
for the ferrimagnetic and conical magnetic calculations. These
results were opposed to the experimentally observed insulat-
ing behavior since DFT calculations usually underestimate the
Coulomb correlation effects among the 3d electrons, which is
often found to be responsible for the insulating behavior of
transition metal oxides [35,36]. The nonmagnetic calculation
with the DFT+U method also gives a metallic state, as seen
from Fig. 8(b), whereas the magnetic states provide the in-
sulating ground state with a hard gap of ~0.65 eV for the
ferromagnetic state and ~1.32 eV for the ferrimagnetic and
conical magnetic states. This emphasizes the important roles
played by the magnetic spins for the insulating state of the
system.

Hybridization between Fe/Cr-3d and O-2p electrons can
be seen due to the bonding in the tetrahedron (FeO,) and
octahedron (CrOg) environment. Interestingly, however, the
Fe-3d and Cr-3d electrons are located at different energy
bands, suggesting that they are nearly decoupled. This is
consistent with the fact that the spin-gap transition observed
in both our static and dynamic magnetic measurements, due
to the breathing Cry lattice [3,18], was not observed in our
Mossbauer measurements (see the temperature dependence of
the hyperfine parameters shown in Figs. 6 and 7). Since the
FeO4 and CrOg units are decoupled and the Mossbauer effect
only probes the local characteristics at the Fe site, the absence
of any anomaly in the hyperfine parameters near the spin-gap
transition may be understood naturally.

Furthermore, there might be some anomaly in the M0ss-
bauer spectrum at the spin-gap transition if the magnetic
structure of the Cr spins changes, which also affects the
magnetic structure of the Fe spins through the finite ex-
change interactions between the Fe and Cr spins. This is true
for the ferrimagnetic and magnetostructural transitions where
the long-range magnetic structure of Fe/Cr spins changes.
Therefore, the absence of any anomaly in our Mdossbauer
spectrum probably indicates that the long-range magnetic
structure of the Cr sublattice does not change at the spin-gap
transition.

For the hyperfine magnetic splitting, the largest contri-
bution to the hyperfine field is the contact term which is
proportional to the magnetization density at the nucleus. This
is done in the ELK code by directly solving the spin-polarized
Dirac equation [37]. When SOC is considered, as in our con-
ical magnetic state calculations, the spin and orbital dipole
contributions are added self-consistently to the Kohn-Sham
field during the ground-state calculation. Then the hyper-
fine field By, can be decomposed theoretically into three
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FIG. 8. Total and partial densities of states of LiFeCr4Og for nonmagnetic, ferromagnetic, ferrimagnetic, and the conical magnetic states
calculated with DFT (left panel) and DFT+U methods (right pannel). Spin-orbital coupling was only included for the conical magnetic state

calculations. Please see the text for details.

parts [37]:
Bt = B + Bdip + Borb, (3)

where B, is the Fermi contact term, B, is the spin-dipolar
interaction term, and B, is the spin-orbit correction term. For
Fe’* oxides, the later two parts are usually small [38] and
therefore are not reported in this paper.

The calculated magnetic moments /i, of the Fe atom and
the Fermi contact magnetic fields B, at the Fe site are shown
in Table I for the three calculated magnetic structures. For
the low-temperature conical magnetic state, the calculated
magnetic moment and Fermi contact field are close to the
corresponding experimental values. On the other hand, the
calculated magnetic moments for the ferro-/ferrimagnetic
states are much larger than the experimental value obtained
in the ferrimagnetic state. The obtained contact field is
also much higher than the experimental value for the
ferrimagnetic state. Although the contact field obtained for
the ferromagnetic state is close to the experimental value,
we believe that this is due to the metallic ground state of the
electronic structure for the ferromagnetic state without the

U parameter [see Fig. 8(c)]. However, it is generally found
that the hyperfine magnetic fields at the >’Fe site roughly
scale with its magnetic moments [38]. If we assume the same
proportional constant between the hyperfine magnetic field
and the magnetic moment for both the ferrimagnetic and
conical magnetic states, we arrive at a magnetic moment of

TABLE 1. The calculated magnetic moments p., of the Fe
atom and the Fermi contact magnetic fields B, (Tesla) at the Fe
site. The experimental values of the Fe magnetic moments are
Hexp(Fe) = 2.54up and pep(Fe) = 4.2y, for the ferrimagnetic
and conical magnetic states, respectively. The experimental values
of the hyperfine fields at the Fe site are B, =24.3(3) T and
Beyp =45.6(3) T for the ferrimagnetic and conical magnetic states,
respectively.

Magnetic states Heal (Ug) B, (T)

Ferromagnetic/DFT+U 3.52/4.13 26.05/31.56
Ferrimagnetic/DFT+U 3.48/3.98 47.43/51.50
Conical magnetic/DFT+U 3.55/4.04 38.42/42.59
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u = 2.24 ug from our Mossbauer data. This is close to the
value determined by neutron diffractions at 30K piexp(Fe)
= 2.54uy [18], where the small difference may suggest
a slightly different proportional constant. Anyway, these
results indicate that, upon lowering of temperature through
Twus, there is a spin-state transition for the Fe spins. Since
higher spin state of the Fe*™ ion has a larger volume, this
picture explains naturally why the volume of the local FeOq4
tetrahedron is a little larger for the low-temperature tetragonal
phase [18] than the high-temperature cubic phase, whereas
a large volume contraction happens when entering the low-
temperature tetragonal phase from the high-temperature cubic
phase [17].

IV. SUMMARY

In summary, we have studied the complex magnetostruc-
tural and spin-state transitions of the LiFeCr,Og compound by
the combination of magnetization, Mossbauer spectroscopy,
and DFT calculations. We observe three magnetic related tran-
sitions, namely, the ferrimagnetic transition at Ty ~ 94 K, the

spin-gap transition at Tgg ~ 50 K, and the magnetostructural
transition at Tyys ~ 19 K from our static y (T) curve. However,
only the first and third transitions were seen from our Moss-
bauer measurements, suggesting that the spin-gap transition
is absent at the Fe site. These results suggest that the spin-gap
transition is only an effect of the breathing Cry lattice. This is
in agreement with our DFT calculations, where we see nearly
decoupled electronic states for the FeO4 and CrOg units in all
three considered magnetic solutions. The temperature depen-
dence of the hyperfine magnetic field shows a jump at Tys,
consistent with a spin-state transition for the Fe spins, which
is in agreement with earlier neutron diffraction measurements.
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