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Correlation-Driven Magnetic Frustration and Insulating

Behavior of TiF;

Gayanath W. Fernando,* Donal Sheets, Jason Hancock, Arthur Ernst,

and Richard Matthias Geilhufe*

The halide perovskite TiF3, renowned for its intricate interplay between structure,
electronic correlations, magnetism, and thermal expansion, is investigated.
Despite its simple structure, understanding its low-temperature magnetic
behavior has been a challenge. Previous theories propose antiferromagnetic
ordering. In contrast, experimental signatures for an ordered magnetic state are
absent down to 10 K. The current study has successfully reevaluated the theo-
retical modeling of TiF3, unveiling the significance of strong electronic correla-
tions as the key driver for its insulating behavior and magnetic frustration. In
addition, frequency-dependent optical reflectivity measurements exhibit clear
signs of an insulating state. The analysis of the calculated magnetic data gives an
antiferromagnetic exchange coupling with a net Weiss temperature of order 25 K
as well as a magnetic response consistent with a S = 1/2 local moment per Ti**.
Yet, the system shows no susceptibility peak at this temperature scale and
appears free of long-range antiferromagnetic order down to 1K. Extending ab
initio modeling of the material to larger unit cells shows a tendency for relaxing
into a noncollinear magnetic ordering, with a shallow energy landscape between
several magnetic ground states, promoting the status of this simple, nearly cubic
perovskite structured material as a candidate spin liquid.

1. Introduction

marked differences such as the strong neg-
ative thermal expansion in ScF3. Doping of
such MF; perovksites has been the focus of’
the experimental work of Morelock et al.l"
which provides a fairly comprehensive
structural study of the material class
Scq_, Ti, F3. Such materials have both fun-
damental and practical value. When
designing composite materials, controlling
and tuning their thermal properties are
highly desirable to avoid thermal frac-
ture/fatigue and related issues.

Most of the materials mentioned earlier
also show a cubic to rthombohedral struc-
tural transition as temperature is lowered.
Above 350-370K, the trifluoride TiF; has
the cubic perovskite structure AMX; with
no cation A present. Each Ti is at the center
of corner sharing octahedrons of fluorine
atoms. Perturbations of the strong negative
thermal expansion state using metallic
substitution A on the trivalent Sc* site
in Sc;_,Al F; has revealed the negative
thermal expansion behavior to be present
at elevated temperatures for A=Al, Y, Ti,

Perovskite materials are known to exhibit fascinating physical
properties such as colossal magnetoresistance, high-temperature
superconductivity, and negative thermal expansion. Fluoride per-
ovskites, with the typical formula unit MF3, only require a triva-
lent M site in contrast to a typical AMO; for oxide perovskites.
Transition metal trifluoride perovskites are less well studied
compared to their oxide counterparts and known to display

Fe over a significant range of compositions. The opportunity to
compositionally introduce electronic degrees of freedom in a system
with a structurally critical ground state is an intriguing prospect,
particularly in light of the high interest in low-carrier superconduc-
tivity in perovskites SrTiO; and KTaOs;. There are reasons to
believe that the structural phase transition from cubic to rhom-
bohedral is not directly tied to magnetic properties of the metal
atom A since even AlF; exhibits it. In fact, induced dipole—dipole
interactions of the F ions are believed to drive this transition.””
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In our opinion, the magnetic and insulating properties of TiF;
have not been well understood amidst several controversial
claims. The extra valence d-electron that Ti carries compared
to Sct') gives rise to unusual electronic and magnetic properties.

Several theoretical studies have been reported in the past, dis-
cussing the magnetic ground state of TiF;. Perebeinos and Vogt
employing the FLAPW method™ showed that without correla-
tion effects, TiF; would be a ferromagnetic half-metal. If the
Hubbard interaction strength U exceeds a value of 4]y, with
Ju being the Hund coupling, the material undergoes a transition
into a Mott insulator. Similar behavior was later confirmed, e.g.,
by Mattsson and Paulus,” using a slightly revised computational
approach. In contrast, Qin et al.l®! claimed that in metal trifluor-
ides, itinerant electrons play a central role in controlling thermal
expansion while ignoring strong electron correlation effects
mentioned in the FLAPW work above.”! Even though theory
work hints toward an antiferromagnetic state, it has been men-
tioned that low temperature neutron scattering experiments have
not revealed any such transition.'*! More recent experiments by
Sheets et al.l”’ show clear indications for some kind of magnetic
transition below 10 K, hinting toward a more complex magnetic
order or magnetic frustration.

In the following, we discuss the option of magnetic frustration
by extending the theoretical modeling of TiF; toward noncollinear
magnetic configurations. We show that such a solution gives rise to
an insulating ground state in agreement with experiment. In addi-
tion, it explains the absence of a clear antiferromagnetic transition.

2. Phase Transitions—Phenomenological Theory

At high temperatures, TiF; is cubic (space group Pm3m). Each Ti
ion contains an unpaired electron occupying a t,, orbital. Due to
the partial occupation of the t,, band, the system can lower its free
energy by a rhombohedral distortion and a resulting symmetry
breaking into the space group R3¢ taking place at temperatures
below 350 K. This lowering of symmetry lifts the degeneracy of
the t,, band, imposing a split into two bands with e, and a, char-
acter which corresponds to the point group Dsq (Figure 1a,b).
However, this splitting is very weak ~6 meV as opposed to the total
band width of ~2 eV and an accompanying band narrowing effect
of ~8 meV." The corresponding basis functions transform ast***!
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To first order, the transition is described as a tilting of corner
sharing octahedrons surrounding each metal atom. TiF; has
been observed to undergo the phase transition from rhombohe-
dral to cubic with noticeable positive thermal expansion below
the transition and negligible thermal expansion above it.
Fluorine is bonded in a linear geometry to two equivalent Ti
atoms with a bond length of 1.97 A in the cubic phase. The tilting
angle has been observed to vary between the cubic value
(i-e., zero degrees) to a maximum of about sixteen degrees
(continuously) in the rhombohedral phase as temperature is low-
ered and could play a role in controlling a possible magnetic
super-exchange interaction between Ti atoms. Other Ti-doped
Sc-trifluorides (Sc;_, Ti, F3) also display similar phase transitions
occurring at lower temperatures.!'! However, note that there are
trifluorides such as AlF; with no d-electrons where similar tilting
of octahedrons has been observed and discussed in terms of elec-
trostatic dipole—dipole interactions due to displaced fluorine
ions.”) While it is likely that such dipole-dipole interactions
are present in TiF;, we believe that the resulting gap and mag-
netism are directly tied to electronic correlations.

The magnetism in TiF; caused by the unpaired d electrons at Ti
ions is strongly influenced by the strong electronic correlations
present in the material. First and foremost, this is a result of
the narrow width of the t,, band, where the suppressed kinetic
energy fosters the dominance of interaction effects. In the frame-
work of perturbation theory applied to the Hubbard model,
Perebeinos and Vogt argued that a transition between ferromag-
netic and antiferromagnetic ordering takes place at sufficiently
high Hubbard interaction.! However, here we argue that the
favored magnetic ordering might instead be noncollinear. To sup-
port this idea, we use the double-exchange modell'” described by
the following Hamiltonian, in the absence of interactions

Ho=)_ > > e, by~ S& 3)
4 i

ij ab

leg; 1)

The first term describes a conventional electron hopping
between sites i and j, orbitals @ and b, and spin states y. The sec-
ond term is the double-exchange term, describing the local inter-
action of the mean-field spin of the Ti atom S; with the spin §; of a
quasi-free electron. Hence, electronic spins tend to align with the
local spin, leading to the absence of a good global quantization
axis. In a two-site model, we can construct S; to point along the

Figure 1. lllustration of symmetry breaking order in TiF;. a) in the normal state and in the absence of interactions, TiF; would behave as a ferromagnetic
metal. b) Due to the partial occupation of the t,, band the total energy of the system can be lowered by a Jahn-Teller-like symmetry breaking, lifting the
band degeneracy. c) Strong Coulomb repulsion due to flat bands impose a significant band splitting between the, e.g., and a, sates, favoring an insulating
state with antiferromagnetic or frustrated magnetic order.
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z-axis, while S, is rotated by an angle 6. Instead of up and down
spins, we introduce |a;) and |;) given by

jay) = (;) = <(1)>

= (8 = (5, )

The hopping between the two sites is shown in Figure 2a.
In contrast to the collinear case, there is always a finite hopping
amplitude between both sites, regardless of the spin state.
The electron—electron interactions are described by the
Hubbard model

H= I:IO + %IZ Z ﬁ'iaaiﬁiaﬂi + %Z Z Z ﬁimiﬁibﬂi
A i b atb
)
_]7H Z Z Z Z ﬂiayﬁihyi

i b a#b v
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Besides the noninteracting double exchange Hamiltonian Hj,
the Hubbard Hamiltonian contains three terms. The first term
describes the repulsion of electrons occupying the same site and
same orbital with opposite spins by an energy U. The second
term describes the repulsion of electrons occupying different
orbitals at the same site. The third term, the Hund’s coupling,
is an attractive term supporting the occupation of different
orbitals with the same spin states on the same site.
Equation (5) cannot be solved directly, but is discussed using
perturbation theory. We assume a ground state with a single elec-
tron on each Ti atom, occupying the a, orbital and spin state |a;).
Similar to ref. [4], we only consider (ddr) hopping with a small
hopping strength ¢t ~ 0.225 eV. From the orbital overlap (1) and
spin overlap (4), the hopping amplitude for a process |a a) —
laga) between two neighboring sites is Ztsin(§). The energy
increase due to Hubbard interaction is SE =sin(})U. In
second-order perturbation theory, this leads to an energy lower-

. Hylaga;)|” 8sin(4)£ . .
ingof AE=-3"% | (o aoE\aga)\ =— m;gf)t . Adding the contri-

butions for the processes |aga) — |eg;ia) and |aza) — |eg; if),

the total energy lowering is given by

0
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Figure 2. Comparison of a noncollinear magnetic ground state in the double-exchange Hubbard model and density functional theory. a) Electron hopping
in the two-site double-exchange Hubbard model with mean-field background spins shown in green. b) Three different virtual hopping processes and their
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energy increase starting from an occupation with a single electron in the a, orbital with spin state a; on each of the two sites. c,d) total energy versus the
angle 0 between the magnetization directions of the two Ti atoms in the primitive unit cell. ) The angle versus energy plot for the DFT calculations shows
jumps at various critical angles which can be resolved from Lifshitz transitions in the density of states, shown in (f).
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gsin(§)  4cos(§)f 4sin()$
3 U 3U-j 3 U

AE = (6)

In the limit of ferromagnetism (@ =0) and antiferromagnet-
ism (f = n), Equation (6) gives

AEFFM — _—__~ 7
3U —Jy )
812 4t

AEAFM — - _
3U 3U ®)

which is in agreement with the previously derived expressions in
ref. [4]. Note that the following relationship holds in the atomic
limit, U= U + 2J.

The total energy (6) evaluated for various values of the Hund’s
coupling Ji; and Hubbard repulsion U is shown in Figure 2. The
value Ji; = 0.9 eV corresponds to the value obtained in ref. [4].
From (7) and (8), it can be determined that the transition between
ferromagnetic and antiferromagnetic ground state takes place at
U/] = 4. Indeed, we can see that this behavior is reflected in our
results for the limiting cases of 8 = 0, z. However, it becomes
apparent that the lowest energy configuration for each Ti-Ti pair
is a noncollinear order, with an optimal magnetization angle
depending on the microscopic parameters U and Ji;. The asymp-
totic value of @ in the limit U — oo is y_,,, = 2arctan 3 ~ %n.
The noncollinear order results from the multiorbital nature of
TiF;. In the absence of the eg orbital, only the first term in
the total energy (6) remains. This term is minimized for the
antiferromagnetic order (6= z), which corresponds to a Mott
insulator at half-filling.

We verify this behavior by performing noncollinear density
functional theory calculations for the primitive lattice with 2
Ti atoms, using the Vienna Ab Initio Simulation Package
(VASP)." The exchange-correlation functional was approxi-
mated by the generalized gradient approximation (GGA).'?
We used a 10 x 10 x 8 k-point mesh. We computed the total
energy for a constrained magnetization angle varying between
100° and 180°, introducing a Lagrange multiplyer of
2=0.2eV/ug."*! Furthermore, we used a Hubbard-U of 3 eV
and a Hund coupling of 0.2 eV. The cutoff energy was 290 eV.
In agreement with our model, the total energy is minimized
for a magnetization angle of 2 between the two Ti atoms in
the primitive cell, as shown in Figure 2b,c. In contrast to the
simplified model, the abinitio calculations show sharp steps
in the total energy, as can be seen in Figure 2c. To explain these
steps, we calculated the density of states for three angles,
0=73%, 0= %n, and 6 = %71’. While the system remains insulating
for angles larger than @ = 3z (~ antiferromagnetic) it cuts a band
for smaller angles. Interestingly, several such transitions seem to
take place, leading to a step-wise increase in the total energy.

3. Experimental Evidence for Insulating Behavior

To examine possible insulating behavior of TiF;, we present fre-
quency-dependent far-infrared reflectivity (Figure 3) conducted
on a hydraulically pressed pellet using a combination of beams-
plitters and helium-cooled bolometer detectors to cover the

Phys. Status Solidi RRL 2023, 2300330 2300330 (4 of 7)
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Figure 3. Optical reflectivity of hydraulically pressed pellets of TiF;. Two
broad reststrahlen bands show that the system is insulating.

spectral range where strong signatures of single-phonon lattice
excitations and significant free carrier contributions are expected
to be obvious, if present. The clear presence of strong reststrah-
len bands shows that vibrations dominate the polarizability of
this material. These strong lattice vibrations can be fit to a set
of five Lorentz oscillators in this spectral range and are similar
to those observed in single crystals of the related compound
ScF3."* Kramers—Kronig consistency in guaranteed by the form
of the Lorentz oscillator. Importantly, no free carrier contribution
is used in the fitting procedure, consistent with a vanishingly
small Drude weight expected for an insulating material. We con-
clude that the infrared response of TiF; is inconsistent with a
scenario of metallic conduction and is consistent with our
attempts to measure directly the resistivity of the sample. In addi-
tion, an analysis of magnetic susceptibility data appears to show
no long-range antiferromagnetic order down to 10 K.[*”!

4. First Principles Electronic and Magnetic
Structure

In order to reveal the metal-insulator transition depending on the
interaction strength and noncollinear magnetism, we have per-
formed additional VASP calculations both on a full thombohe-
dral unit cell (space group R3¢, #167) and on a primitive cell. In
particular, we have used a larger unit cell containing 6 Tiand 18 F
atoms, in order to probe possible noncollinear magnetism. For
the large cell, a 6 x 6 x 6 k-space I" centered mesh according to
Monkhorst and Pack!™! was used during the self-consistent cycle.
Structural optimization was performed until the Hellman—
Feynman forces acting on the atoms were negligible.

The density of states plots in Figure 4 illustrate a metal-
insulator transition taking place as a function of the Hubbard
U parameter in the extended cell. At higher U values, the insulat-
ing gap is seen to increase due to increasing d-orbital repulsion. As
we see here, a large U value such as U=28.1¢eV used in ref. [4] is
not necessary to yield an insulating state. This value is also signif-
icantly higher than the Hubbard repulsion U=3.3 eV used by
Mattsson and Paulus.””! The latter value is more consistent with
typical values of Hubbard repulsion U~ 3-4eV obtained for
various transition metal trihalides."*'®. We note that recent fre-
quency-dependent far-infrared reflectivity measurements support
an insulating state in TiF3.”
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Figure 4. Density of states (DOS) from noncollinear magnetic GGA + U VASP calculations using a unit cell of TigFqg for selected values of U and Ji 0.0-
0.4. The Fermi level is chosen to be at zero energy for U < 1 and is in the gap above zero energy for higher U. Note the metallic behavior at U=0,1 and the

insulating behavior for U >3 eV.

First principles-based noncollinear magnetic calculations of
TiF; extend the capability of revealing the interplay between
electronic and magnetic properties. Typically, noncollinear
structures are found in materials where the topology/geometry
of the arrangement excludes collinear order."”*” This could
be possibly due to frustrations arising from a competition of fer-
romagnetic and antiferromagnetic interactions, for example, as
in triangular lattices. Previous computational work discussing
the electronic and magnetic structure of TiF; confined the mag-
netism to collinear magnetic order.**! In agreement with
ref. [4], we find that for a collinear spin arrangement with struc-
tural optimization, Ti,Fs VASP calculations predict metallic, fer-
romagnetic behavior at U=1eV, Ji; =0.2 eV while at U=3 eV
or higher, with similar Ji; values, an insulating state is seen from
the density of states. The magnetic moment in the ferromagnetic
phase is about 1 up per Ti atom.

When a larger unit cell (TigF;g) is used to carry out first
principles-based VASP GGA + U calculations, noncollinear
magnetism was found. In Ti, the spin—orbit interaction is not
large and of the order of 20-30 meV or less. However, this is
most likely sufficient to introduce changes in magnetic order
at low temperature. With small U values (of the order of
2 eV), a metallic state is seen with some magnetic order which
is neither completely ferromagnetic nor antiferromagnetic.
These local moments appear to lie on a certain crystallographic
plane (as seen in Figure 5a—(111) plane) with pairs of Ti atoms
antiferromagnetically aligned at different angles with respect to
each pair but on a planar configuration. However, there could be

Phys. Status Solidi RRL 2023, 2300330 2300330 (5 of 7)

some sensitivity to the chosen initial magnetic configuration
here. Atlarger Uvalues (U > 3 eV), the system is insulating with
some of these moments pointing out of the above-mentioned
plane, indicating possible magnetic canting and frustration.

To estimate the magnetic ground structure, we have calculated
Heisenberg exchange coupling constants Jij using the magnetic
force theorem implemented within a first-principles Green func-
tion method.*** We note that this method is complementary to
our VASP calculations and has been consitently shown to give
similar results in electronic structure calculations.” The full
Fourier transform of the exchange constants, J(q), is presented
in Figure 5b. J(q) is proportional to the transversal magnetic sus-
ceptibility and its maximum corresponds to the total energy min-
imum. A maximum of J(q) at a high symmetry point would
reflect a commensurate magnetic structure of ferro- (if the maxi-
mum is at I" point) or an antiferromagnetic order. In the case of
TiF;, the maximum of J(q) was found between L = (4, %, 72) and
W= (1, %, 0) high symmetry points, which corresponds to a
noncollinear magnetic order with the ordering vector
Q=(1, 0.32, 0.18). The origin of the noncollinear structure is
the short-range nature of the magnetic interaction. For the
case of U=3.3eV, the exchange interaction between the
nearest magnetic moments is about —0.78 meV, while other
coupling constants were found to be negligibly smaller
(magnitude < 0.02 meV). Thus, a dominant antiferromagnetic
interaction between the nearest moments leads to a frustration
of magnetic moments and forming a noncollinear magnetic
order. Our calculations showed that the obtained J; depends

© 2023 The Authors. physica status solidi (RRL) Rapid Research Letters
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Figure 5. a) Magnetic structure at U =2 eV for TigF14 from noncollinear magnetic calculations using VASP. These moments (shown in red) lie in a plane
for U =2 eV while at larger U values some of the moments point out of this plane indicating possible magnetic frustration. Magnetic order seen here
depends on the initial choice of the magnetic orientations used. b) Fourier transform of the Heisenberg exchange parameters (U = 3.3 eV). The maximum
between the L and W points in the Brillouin zone points toward an incommensurate magnetic order or frustration. ¢) Magnon spectrum computed for an

antiferromagnetic ground state.

weakly on the choice of the Hubbard parameter U
(2eV < U< 6eV). Thereby, the critical transition temperature
was estimated in the range of 18-22 K.

5. Conclusion

In agreement with conclusive experimental reflectivity
measurements, we argue that TiF; is an insulator, with a gap
due to strong electron—electron correlations. Due to the absence
of a clear antiferromagnetic signal in the material,”’ we explored
a potential magnetic frustration or the tendency toward noncollin-
ear magnetism. Here we extended the model of Perebeinos and
Vogt,¥! showing that a noncollinear arrangement of magnetic
moments between neighboring Ti ions might be favorable. This
claim is furthermore corroborated by density functional theory

Phys. Status Solidi RRL 2023, 2300330 2300330 (6 of 7)

calculations that include explicit correlations. First, we observed
a noncollinear magnetic ordering by performing total energy
calculations using a pseudopotential method. Furthermore, we
computed Heisenberg exchange parameters and found a strong
antiferromagnetic nearest neighbor coupling with all other
exchange parameters being vanishingly small. The Fourier trans-
form of the Heisenberg exchange clearly points toward an incom-
mensurate magnetic order. Yet, the exact magnetic configuration
seems to be highly sensitive to input parameters, leading to open
questions such as the possible existence of a spin liquid phase.
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