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We report on the low-frequency optical excitations in the multiferroic ground state of polycrystalline FeCr,S,
in the frequency range 0.3-3 THz and their changes upon applying external magnetic fields up to 7 T. In the
ground state below the orbital-ordering temperature 7Too0 = 9 K we observe the appearance of several new
modes. By applying the external magnetic field parallel and perpendicular to the propagation direction of the

THz radiation, we can identify the strongest absorptions to be of predominantly electric-dipole origin. We
discuss these modes as the low-energy electronic excitations of the Fe?* ions (3d®, S = 2) in an tetrahedral S>~
environment. The eigenfrequencies and relative intensities of these absorption lines are satisfactorily reproduced
by our calculation assuming an effective exchange field of 12.8 cm~! at the Fe** -ions sites. The direction of the
exchange field is found to be slightly tilted out of the ab plane. With our approach we can also describe previously
reported results from Mdossbauer studies and the order of magnitude of the electric polarization induced by orbital

and noncollinear spin ordering.
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I. INTRODUCTION

In condensed matter physics there are some materials,
which were revisited again and again throughout several
decades of research and always revealed exciting new proper-
ties. One of these materials is the spinel FeCr,S4, which first
came into the focus of research in the 1960s as a ferrimag-
netic semiconductor with a T = 170 K [1,2]. Subsequently,
the competing spin-orbit and electron-phonon interactions of
the Jahn-Teller active Fe?* ions in tetrahedral environment
were studied in the 1970—’80s [3-8] and around the change
of the millennium colossal magnetoresistance effects were
reported [9] and the magnetic structure was shown to be more
complex than that of a simple collinear ferrimagnetic arrange-
ment of the Cr’* ions (3d>, S = 3/2) on the octahedral sites
and the Fe?" ions (3d°, § = 2) on the tetrahedral ones (see
Fig. 1 for the cubic crystal structure with space group Fd3m)
[10-16]. In particular, a noncollinear magnetic structure is
realized below Ty, = 60 K [17]. In addition, a giant magneto-
optical Kerr rotation was reported for the Fe?* d—d transitions
in the midinfrared frequency range [18]. More recently, it was
recognised that FeCr,S, belongs to the class of materials with
a multiferroic ground state, because the emergence of a finite
polarization was reported below the orbital ordering transition
at Too = 9 K [19,20]. The electric polarization was reported
to consist of two different contributions P; and P,, with the
latter arising directly at the transition temperature Too, while
the former appears at lower temperatures of around 4 K [20]:
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In contrast to P the contribution P, depends strongly on an ex-
ternal magnetic field and, therefore, was assigned to originate
from a noncollinear spin configuration in the ground state.
The component P; might then be a direct consequence of the
structural Jahn-Teller distortion related to the orbital ordering.

While over the decades no direct evidence for clear de-
viations from cubic symmetry throughout the known phase
transitions could be obtained [16,19], some of us reported
recently, that the transition temperatures 7y, and Tpp are ac-
companied by a splitting of infrared-active phonons and the
emergence of new modes, confirming the expected lack of
inversion symmetry in the multiferroic ground state [21]. In
Fig. 2 we show an updated H-T -phase diagram adapted from
Ref. [19].

In this work we used THz-time-domain spectroscopy to
investigate possible optical magnetoelectric effects in the
multiferroic ground state and shed light on the mechanism
involved in the formation of this state. We observed the
emergence of several excitations in the multiferroic orbitally
ordered state below Tpo and studied their dependence on
external magnetic fields. In addition, we discuss a theoretical
approach to model some of the observed excitations in terms
of the low-energy electronic excitations of the Fe>* ions (3d°,
S = 2) in an tetrahedral S*~ environment.

II. EXPERIMENTAL DETAILS AND SAMPLE PROPERTIES

We used polycrystalline samples with a high density of
3.85 g/cm® obtained by spark-plasma sintering (SPS) tech-
nique [16]. The density of the SPS sample is very close to
the density of single crystals and, therefore, the measured ab-
sorption coefficients should not depend on the polycrystalline
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FIG. 1. Structural unit cell of cubic FeCr,S4 with space group
Fd3m.

nature of the sample. Transmission measurements in the
frequency range from 10-105 cm~! were performed us-
ing THz-time-domain-spectroscopy with a Toptica Tera-flash
spectrometer and an Oxford Instruments cryomagnet in exter-
nal magnetic fields up to 7 T. The polycrystalline sample was
polished to platelets with a thickness of 100 pum.

Due to the lack of single crystals which are large enough
for long-wavelength optical measurements and at the same
time exhibit the orbital ordering transition at 9 K, the mea-
surement and light polarization configuration of the thin
polycrystalline sample were restricted to the Faraday con-
figuration with the wave vector k of the incoming linearly
polarized THz pulse parallel to the external magnetic field H
and the Voigt configuration with k L H. In the latter case the
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FIG. 2. H-T phase diagram of FeCr,S4 updated with respect to
Ref. [19] by taking into account phonon-anomalies in zero-field re-
ported in Ref. [21]. (FiM, ferrimagnet; PM, paramagnet; OO, orbital
order; OL, orbital liquid.)
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FIG. 3. Magnetic-field dependence of A¢’ defined by Eq. (1)
with the probing microwave electric field parallel (Ae), red solid
line) or perpendicular (Aeg’, blue solid line) to the external mag-
netic field H and the magnetization M (black dashed line) taken
from Ref. [19]. The solid symbols represent corresponding estimates
obtained by Eq. (3) using the THz spectra as described in the text.

light polarization was varied to be either parallel E || H or
perpendicular E® L H to the applied magnetic field.

Before discussing our THz results in magnetic fields we
want to recall the magnetic-field dependence of the mag-
netization and the dielectric constant of the polycrystalline
sample. The magnetic-field dependence of the real-part of
the dielectric constant at frequencies in the kHz range was
reported in Refs. [19,20] and used as an estimate of the static
magnetic-field dependent value ¢}, (w = 0). In Fig. 3 we re-
produce the change of ¢}, (w ~ 0) in an applied magnetic field
at 5 K by showing the difference,

Ae'(H) = ey(w = 0) — ey _o(0 = 0), (1)

for the two cases that the external magnetic field was applied
parallel and perpendicular to the electric field, denoted as Ael’l
and A¢’, respectively. The value of &;,_,(w = 0) used here
was determined as 21.4 in Ref. [19] in good agreement with
22.5 reported in Ref. [20].

It was shown in Ref. [19] that Asl/l increases with respect to
H =0 and Ag/| decreases with increasing magnetic field. In
addition, it was reported that the magnetic-field dependence
of the magnetization can be scaled on top of Ag| suggesting
that the magnetic-field induced spin and magnetic domain
reorientation is also responsible for the field-dependence of
Ae(H).

Looking at the M—H-dependence of the polycrystalline
sample, it is important to note that in single-crystal
FeCr,S4 there is a clear magnetocrystalline anisotropy with
the easy axis coinciding with the (001) direction, while the
(110) and (111) directions are considered to be hard axes
[10,22]. The data of the polycrystal represent a statistical
average, where nearly all domains become coaligned in fields
below 1 T and the increase towards higher fields is due
to the successive alignment of the magnetization in the do-
mains where the external magnetic field has to overcome
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FIG. 4. Absorption spectra for (a) different temperatures upon zero-field cooling, (b) at 2 K for increasing magnetic fields in Voigt
configuration with E“ || H, H® L H, and (c) for E® 1L H, H” || H. (d) Absorption spectra at 2 K for increasing magnetic fields in Faraday

configuration with E® | H, H” | H.

the magnetocrystalline anisotropy. It is anticipated that the
reported increase of the magnetization in the range of 4.5 T <
H < 5.5T (indicated by the shaded area) is related to the
critical fields necessary to overcome the magnetocrystalline
anisotropy in FeCr,S,4 [23].

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Temperature dependence

In Fig. 4(a) we show the absorption coefficient of
FeCr,S4 as a function of temperature. The temperature de-
pendence upon cooling the sample in Fig. 4(a) reflects the
sequence of the different magnetic phases shown in the
phase diagram in Fig. 2(b). The monotonous increase of
the absorption coefficient with frequency at 185 K and
100 K representing the paramagnetic and collinear ferrimag-
netic phases, respectively, is attributed to the lowest-lying
infrared-active phonon at about 125 cm™~!, which narrows
and undergoes a blueshift with decreasing temperatures
[21,24,25]. As a result the accessible frequency range for
transmission measurements within our experimental sensi-
tivity increases with decreasing temperatures and in the

noncollinear magnetic phase for 9K < T < 60 K spectral
weight is shifted to the THz-range indicated by a broad ab-
sorption continuum, which appears below 85 cm™! in the
spectrum at 25 K. This absorption continuum increases in
intensity on approaching the orbital ordering transition at
Too = 9 K and develops into a strong absorption band within
the multiferroic ground state, where in the spectrum at 2 K
a minimal set of four distinct modes E;—FE; may be distin-
guished by the shoulders and maxima of the absorption band
as indicated in Fig. 4(a). In addition, two more modes, M and
M, appear in the polar ground state at 90 cm~' and 100 cm ™',
respectively.

Note that for T > Tpo there is a clear periodic modulation
of the spectra, which can be explained as a result of internal
reflections in the platelet-shaped sample. For example, the
maxima in the spectra at 100 K are separated by 11 cm™'
in agreement with a thickness of 100 um and a refractive
index of n = 4.5. We interpret the feature between E; and E;
(marked by an asterisk) at about 27 cm™! as a remainder of
this Fabry-Perot interference pattern. Consequently, it should
mainly be affected by the magnetic field due to a change of the
refractive index and the changing contributions of E1—E,. The
field dependence shown in Fig. 5 supports this assignment.
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FIG. 5. Magnetic field dependence of mode E; at 2 K for (a) with
E°|H,H” LH, (b) for E® L H H” || H, and (c) for E“ L H,
H® 1 H. The spectra were shifted by a vertical offset with respect
to the zero-field curve for clarity. Dashed lines indicate absorption
peaks in zero-field as described in the text.

B. Magnetic field dependence

In Figs. 4(b) and 4(c) we show the evolution of the
spectra measured at 2 K in increasing magnetic fields
in Voigt configuration with E“ | HLH® L H and E“ L
H,H” || H, respectively, and in Faraday configuration with
E® 1 H,H® 1 H,in Fig. 4(d).

In the configuration E || H, H” L H in Fig. 4(b), there is
a huge increase of the intensity of the E absorption band in the
frequency range 20-80 cm™!, while the maxima and shoulders
of E;—F3 do not exhibit a discernible shift with increasing
fields. For E® L H, H* || H in Fig. 4(c), again, the most sig-
nificant changes take place in the frequency range 20-80 cm™!
and between 0 and 2 T, where the excitations E,—FE4 become
strongly suppressed with increasing magnetic fields. Note that
the absorption spectrum at 7 T in this frequency range clearly
resembles the zero-field cooled spectrum at 25 K shown in
Fig. 4(a). In Faraday configuration with E“ L H, H” 1 H
the changes of E,—FE, with increasing fields are similar to
measurements in Voigt configuration E“ | H, H® || H. This
indicates that the orientation of the THz-electric field E“ with
respect to the static magnetic field H is the decisive factor for
the huge changes in intensity of the E,—E,4 absorptions.

In contrast, the behavior of E; is more complex and
shown in detail in Fig. 5 for T =2 K: For E® || H,H® L H
[Fig. 5(a)], we first identify two absorption peaks E;, and
E)p at 13.5 and 16.0 cm™! (dashed lines) in the zero-field
spectrum, respectively. With increasing field in the range 0—
2 T the intensity of Ej, decreases and remains at a lower
level for higher fields. For E“ 1 H, H® || H [Fig. 5(b)] both
absorption peaks are also visible and an increase in intensity
for E;, in the range 0-2 T can be anticipated. In Faraday
configuration the spectrum exhibits a single maximum at the
eigenfrequency of E, and does not change significantly with
increasing magnetic field. As mode E}, does not discern itself
by a clear peak, it is impossible to judge about its presence
in this case. Although changes in this frequency range are
evident, we want to point out that the strong changes of the
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FIG. 6. Magnetic field dependence of modes M, and M, at 2 K
for (a) with E® || H, H® 1. H, (b) for E® 1 H, H” || H, and (c) for
E® 1 H,H® 1L H. The spectra were shifted by a vertical offset with
respect to the zero-field curve for clarity. Solid lines are fitting curves
of the baseline as described in the text.

absorptions E,—FE; clearly influence the changes in the region
of E 1.

Interestingly, a similar behavior can be observed for M,
and M,, which is highlighted in Fig. 6 for all three configu-
rations: While M, shows an increase in absorption with in-
creasing magnetic field for the configuration E“ || H, H” 1L H
[Fig. 6(a)], mode M, is not visible anymore at 2 T, but a
somewhat weaker absorption feature emerges again for fields
larger than 4 T and shifts to lower frequencies with fur-
ther increasing fields. For the configurations E“ L H, H® | H
shown in Fig. 6(b), there is first an increase in intensity of
M; between 0 and 2 T, and then a decrease in intensity for
fields larger than 2 T. There is a shift to lower frequencies with
increasing fields. Intensity changes of M, in this configuration
can not be tracked reliably due to the lower transmission in
this frequency range. In Faraday configuration [see Fig. 6(c)]
the lineshapes of M, and M, are better resolved and the inten-
sity seems to be slightly reduced in comparison to Fig. 6(b).
Again, M, gains intensity in the range 0-2 T and shifts to
lower frequencies with increasing magnetic field. Significant
intensity changes of M, are, however, still difficult to track.

Before we discuss the possible origin and optical activity
of the observed modes, we want to point out that the most sig-
nificant changes in magnetic field, the increase in intensity of
the E-band and the disappearance of M, happen between 0T
and 2T, coinciding with the field regime, where the majority of
the magnetic and ferroelectric domains are getting aligned as
discussed above for the magnetization M and As‘/‘ in Fig. 3.
The reappearance of M, for H > 2 T is tentatively assigned
to the changes in the field regime 4.5 T < H < 5.5 T, which
are associated with an overcoming of the magnetocrystalline
anisotropy by the external magnetic field [19].

C. Discussion

The observed increase or decrease of the intensity of the
E-band for the respective configurations E® || H and E® 1 H
and the agreement with the field variation of the static real
part of the dielectric function Ae(H ) shown in Fig. 3 strongly
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suggests that the excitations are predominantly of electric-
dipole origin. As a consequence we assume that the E-band
excitations can be assigned to the imaginary part of the dielec-
tric constant ¢”(w), which is related via the Kramers-Kronig
transformation to the static real part of the dielectric constant
g (w):
[o¢] "
ey(0)—1= E/ EH—(a))dw. 2)
T Jo w
To check the validity of this assumption, we evaluate the
experimental data by converting the time-domain spectra in
terms of the dielectric function and integrate from w; =
21 cm™! to wy = 76 cm™!, thus concentrating on the excita-
tions E>—FE,4, which show the most prominent changes. Hence,
we compare the obtained dynamical quantity

5¢'(H) = ;/w (8}9(“)) _ 8}9=0(“’)>dw+c 3)

. w w

with A¢’(H) in Fig. 3. Thereby, we assume that the depen-
dence of &}, (w) on the magnetic field outside this frequency
range can be approximated by a constant contribution C,
which can be different for the two configurations E“ || H
and E® 1 H. Using the values C) = —4.8 and C; = +1.9
for H > 0 the two quantities scale nicely, in particular in the
case E® 1 H. In the case E® || H the maxima of the strong
absorption bands could not be resolved anymore, resulting in
a larger uncertainty due to a possible underestimation of the
dielectric strength of the E band. This should, in principle,
produce lower values in comparison to the microwave data,
which is not the case. Indeed, we had to use the negative
value Cj = —4.8 to further reduce the integrated dielectric
strength in an attempt to show that both quantities follow
a similar trend. As it will be discussed below in Sec. IV,
the underlying electronic levels of the E-band excitations
allow also for magnetic-dipole contributions and interference
effects, which strongly affect the intensity of the strongest
E-band excitations and shows the limits of this comparison.
However, we think that this is clear evidence for a predom-
inant electric-dipole origin of the excitations E,—E4. Their
eigenfrequencies in zero field are denoted by wy in the upper
part of Table I together with their occurrence or suppression in
fields of 7 T. Assuming that the primary effect of the external
magnetic field is to align magnetic domains and overcome
the magnetic anisotropy, the increase of the absorption of the
E-band should be a result of aligning the electric dipoles re-
sponding to the electric-field component of the THz radiation.
This is in agreement with the interpretation of the reported
polarization component P, originating from the noncollinear
spin configuration in the orbitally ordered state [20], with
the corresponding ferroelectric domains strongly linked to the
magnetic ones.

Similarly, the changes of M, and M, with increasing field
in the three configurations can be understood in terms of the
magnetic field dependence of the magnetization. To compare
the relative changes of the intensity of M| and M,, we used
polynomial fits (shown as black lines in Fig. 6) outside of
the frequency region of M| and M, to subtract the underlying
absorption background due to the lower-lying E-band and
higher-lying phonon contributions and then integrated over
the absorption peaks. The results for M; are displayed in

TABLE I. Eigenfrequencies in zero field w, and observed optical
activity for Voigt and Faraday configurations. Upper part: The nota-
tion v’ and x indicates that the mode’s intensity is strongly increased
or strongly suppressed in a magnetic field of 7 T, respectively. Lower
part: The notation v' and x indicates that the mode is present or
strongly suppressed in a magnetic field of 2 T, respectively. The
notation n.d. signifies that the mode was not clearly descernible.

mode N Faraday at 7 T Voigt at 7 T activity
[em™'] E® 1 H E®1H E”|H
H® 1| H H®|H H®”LlH
E, 36 X X v E°|H
E; 48 X X v E® | H
E4 56 X X v E® | H
mode N Faraday at 2 T Voigt at 2 T activity
[em™'] E® 1 H E®1H E“|H
H® 1| H H®|H H®LlH
E, 13.5 n.d. v v E® 1L H,
E® | H
Ep 16 v v X E® 1 H
M, 90 v v X E® 1 H
M, 100 v v v E®” 1 H,
E® || H

Fig. 7(a), where the values for 2 and 5 K (spectra not shown)
are shown.

Clearly, the magnetic field dependence reveals the sup-
pression of M| in fields of 2 T for E® || H, H® L H and an
increase for E“ L H, H” | H. For further increasing fields
the integrated intensity again decreases for E“LH, H”|H
and increases for E“ | H, H® 1 H. Notably, plotting the
sum of the intensities of M, for the two configurations can,
however, be considered constant within the experimental un-
certainty. This implies that domain reorientation in the applied
magnetic field can induce a configuration in a field of about
2 T, which determines a selection rule for the optical activity
of My, namely, E“ || H, H® L H. For further increasing fields
this metastable configuration is again lost, presumably due
to the interplay of the magnetocrystalline anisotropy and the
external magnetic field [19].

The integrated intensity of M, in Faraday configuration
E® 1 H H® 1 H follows a similar but somewhat less pro-
nounced trend as for E“ | H, H” | H. Hence, we conclude
that in the field range 0 < H < 3 T mode M| is mainly active
for E“ L H as denoted in the lower part of Table I. In the case
of mode M, the integrated intensity shown in Fig. 7(b) has to
be considered with care, because in both Voigt configurations
the maxima of the absorption peaks could not be resolved
as discussed above. However, it seems that the intensities
for E L H H” || Hand E® L H, H” 1 H are in agreement
with each other and do not depend strongly on the applied
magnetic field. For E“ || H, H® L H the intensity of mode
M, shows an increase with increasing magnetic field and
an overall higher intensity than for the other configurations,
suggesting the presence of an additional excitation mechanism
for M,. Unfortunately, the exact nature of M; and M, cannot
be established based on the present data and measurements
on single crystals will be necessary to determine, if they
correspond to collective magnetoelectric magnon modes.

134409-5



A. STRINIC et al.

PHYSICAL REVIEW B 102, 134409 (2020)

(
N
(&)
8

1000

500

integrated intensity

0.1.*.1.1.1.1

2500 H T T T I T T T T T T T T T 1]
-Em 1] H, He H *

2000 LE® L H, HO Il H
[E° LH, H°LH
1500

1000

integrated intensity (cm)

:
500 [ I 2 IR f

©

[$)]
T
N

o
()]
T

eigenfrequency (cm™)
8
&
=

g -
=

1 1 1
3 4 5 6 7
magnetic field (T)

(o)
o

I
I
I
I
I
I
|
@
ST
:
'.
2

FIG. 7. Magnetic field dependence for the three configura-
tions E“ | H,H” 1L H (blue), E® 1 H H® | H (red), and E® L
H,H® 1 H (green) of (a) the integrated absorption coefficient of
mode M, at 2 K (spheres) and 5 K (stars) and the sum for the two
Voigt configurations (black) and (b) the integrated absorption coeffi-
cient of mode M, at 2 K (diamonds) and 5 K (triangles). In panel
(c) the eigenfrequency of the modes for the different polarization
configurations at 2 and 5 K are shown. Lines are to guide the eyes.

A similar ambiguity remains for the optical activity of
excitation Ej,, while for Ej, below 2 T the optical activity
is assigned as E“ L H in Table I. Finally, the magnetic-field
dependence of the eigenfrequencies of M; and M, are shown
in Fig. 7(c), showing that M; exhibits a similar shift to lower
frequency with increasing field for all configurations, while
the eigenfrequency of M, remains approximately constant.

IV. THEORETICAL MODEL FOR THE
E-BAND EXCITATIONS

In the following we will discuss a model, which describes
the excitations between the lowest-lying electronic d—d levels

of the Fe* ions in tetrahedral environment [26-31]. We will
discuss the effective single-ion Hamiltonian and compare the
resulting absorption scheme with the experimentally observed
excitations forming the E-band.

A. Effective Hamiltonian for the low-lying Fe?* states
in the presence of electric and magnetic fields

The Fe?* ions occupy the tetrahedral sites with electronic
configuration t5¢? in the ground state, while the Cr** ions at
the center of S*~ octahedra are in t23g configuration, which has
no orbital degrees of freedom. In the FeCr,S4 unit cell there
are two tetrahedral fragments Fe(1)S, and Fe(2)S4 which are
rotated relative to each other by 90° around the ¢ axis.

It is well known that the level scheme of the low-lying °E
states depends on the competition of spin-orbit coupling, the
Jahn-Teller effect, and, in the case of magnetically ordered
systems, on the internal magnetic exchange fields at the Fe?*
sites [32-35].

For the calculation of the Fe>*-ions energy levels we used
the effective Hamiltonian [36,37]

Heff = _é { [3SZ2 - S(S + 1)]U9 + %g(si + S%)Us}

+ (8,58 + 8,S.S, + S.S,S, + 5.8, S,
+5:8,S; + 8,8:S) Uy + V p[Up cos(¢) + U, sin(¢h)]

45 201
+ > ke S(S)) + (gs = X);LBBS ~ A =

x{(3S.B. — BS)Uy + v/3(B,S, — B,S,)U.}. )

The first two terms account for the spin-spin and spin-
orbit interactions with & = pg + A2/A +2A3/A? and ¢ =
313/ A?. The parameter A denotes the crystal-field split-
ting between the exited °7> and ground JE, states, and
X is the spin-orbit coupling constant. The Pauli-like ma-
trices Uy = |e)(e] — |0)(0] and U, = |e)(0] + |0){e], Uy, =
i(|60)(e| — |e)(6]) describe the E-orbital ground state within
the orbital doublet states |#) and |e). The third term takes
into account a possible distortion of the FeSi_ tetrahedra at
low temperatures due to a linear Jahn-Teller coupling of the
E-orbital states. The last three terms in Eq. (4) describe the
exchange interaction between Fe ions and surrounding Cr and
Fe ions and the interaction with an external magnetic field,
respectively.

The effective operator of the interaction of the Fe?* ion
with an electric field, which takes into account the mixing
of states with opposite parity, i.e., 3d® and 3d°4p as well as
3d%8%~ and 3d7S'~, where S refers to the electronic shell of
the sulfur ions, is written as follows [38]:

Hee Y (EOU©)Y

pit
k=24

x S dMPRHY-1CD W 0) )
J

The curly brackets denote the Kronecker product of
the spherical tensor of the electric field (Eél) =F, Eill) =

F(E £iE))/ /2) with the unit irreducible tensor operator
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acting on the 3d electronic states. The spherical coordinates
Rj, ¥}, ¢; denote the positions of the lattice ions (as in crys-
tal ﬁeld theory), and C,(p)(ﬁj, @) = /A /Cp+ DYu (¥}, ¢;)
are the components of the spherical tensors. The quantities
d™P(R;) are calculated in the local coordinate system with
the ¢ axis along the 3d-ion-ligand direction. For iron ions in
an undistorted tetrahedral environment p = 3, and, therefore,
there are only two intrinsic parameters [38]: d'?3 and d43,
which we will try to extract based on relative intensities of
transitions in the absorption spectra. (Note that % includes
a Lorentz local-field correction factor.)

The effective coupling operator of Fe** with an °E-state in
an applied electric field is then written as [39]

4 2 5
Hy=—— 242" — \/jd“‘“3 ESU,.  (6)
3A 3

Considering the results of the Mossbauer studies in the
orbitally ordered ground state for T < Tpo the orbital degen-
eracy of the lowest-lying Fe states is lifted [4]. The measured
electric field gradient V,, has a negative sign and the associated
asymmetry parameter is about 0.2, i.e., that the ground state
of the iron ion is mainly a spin multiplet > Ej.

Within the states of the > E, multiplet, the effective operator
Eq. (6) is supplemented by the following expression:

A2 1 /5
“ia 5{"“2” - zxfgd(“”}'@“@'

E[Ske x (S)) + 87 + 85 + 8]
—E,[Sre x (S0 + 8% + s<3) s‘4 )
—E,[Ske x (Sé}) + ng) S(” S<4>)
+E,[Sre x (S0 + 87 — 8 “) s

H, =

X

k NG
I,

Here we have used the notations Sg) = Jg(1 )cf/ A)Scr,

S = > Uy e/ A)Scx, ete.

The operator H, describing the coupling of Cr and Fe spins
with an electric field (Eq. (7)) was obtained by combining
Eq. (5) with the operator of exchange and spin-orbital in-
teractions in the third order of perturbation theory, similar
to the approach described in Ref. [38]. The upper index at
the parameters of the exchange interaction corresponds to the
numbering of the sulfur ions in Fig. 8, through which the
superexchange interaction of the excited state of the Fe ions
with the nearest three Cr ions is taking place. Variables with
an upper prime refer to the local coordinate system with the x’
axis directed parallel to the edge of the tetrahedron.

The effective operator H, contains a vector product of Fe
and Cr spin operators and, therefore, turns to zero in the case
of a collinear order of spins. Experimentally, the presence
of noncollinearity between spin orientations in FeCr,S, was
found in Ref. [17]. The exact spin configuration and, thus,
the canting angle between Fe and Cr spins angles is not yet
known.

Therefore, we determine the magnitude and direction of the
exchange field of the Cr ions based on the observed relative
intensities and positions of the absorptions E»—E; in the spec-
trum. The direction of the Fe spin is calculated on the basis

FIG. 8. Fragment of the FeCr,S, crystal structure illustrating the
dominant superexchange coupling (black arrow) of the Fe(1) excited
state &’ to a neighboring Cr ions via the p-state of the sulfur ligand
with number 2.

of the ground state wave function of the Hamiltonian Eq. (4),
while the direction of the Cr spins is assumed to be coinciding
with the direction of the effective exchange field. The angle
between Cr and Fe spins obtained by this procedure is 170°.

Finally, there is another effective onsite interaction of the
Fe spin with the electric field, which in our case is described
by the following operator:

Hy=FE,——

Az3\/71“”3(55 + 8,8:)10) (6. ®)

This operator Hj is also derived in the third order of perturba-
tion theory, when we take into account the virtual excitation
processes caused by the spin-orbital interaction and the action
of an induced electric field within the excited > T»-states of the
Fe?* ions.

)\'2

B. Extracting d'»3 /d? ratio from optical
conductivity spectrum

To gain more information on the parameters of the Hamil-
tonian Hg given by Eq. (5), we start with the discussion of
the optical d — d transitions between the E and T multi-
plets, which were observed in Ref. [40] at T = 300K. At this
temperature the Fe’" tetrahedron is not distorted and there
is no internal (molecular) exchange field due to the absence
of orbital and magnetic ordering at room temperature. The
splitting of the ground °E multiplet due to the second order of
spin-orbit coupling and spin-spin interaction is much smaller
than the energy interval between E and >T states and the
splitting of the >T multiplet is caused by the first order in spin-
orbit coupling. According to Ref. [40] the optical conductivity
spectrum can be approximated as follows:

o =

>
J J
where w; and y; correspond to the eigenfrequencies and
damping constants for the excitations between the ground

AV
Siw w;y;

—? +y}) oty

€))
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FIG. 9. Optical conductivity spectrum at 7 = 300 K: black
curve, experimental data taken from [40]; red cruve, our simulation
using Eq. (9); blue curve, calculated superfine structure for y; ~ 0.

multiplet and the 3T -states split by the spin-orbit interaction
with ¢ ~ 596 cm™! [40]. We expanded the suggested model
by taking into account a superfine structure caused by the
mixing of >E and 7T states due to spin-orbit coupling. This
mixing leads to a violation of the Lande interval rule for
exited states and actually increases the number of possible
transition frequencies w;. We calculated the transitions with
wave functions in a basis of states [°D, M;, M) by numerical
diagonalization of the 25 x 25 matrix. Using the pure operator
of interaction with an electric field Eq. (5) we expressed the

oscillator strength §; using the two parameters d'?? and
4093,

1, 5 _E . "2
Sjocz(e 7 — e ' )| (jIHE ), (10)

where Z is the partition function summing over all 25 states.
Our results are presented in Fig. 9. We assumed the same
¥; > 230 ecm™! for all oscillators. The obtained superfine
structure is shown as blue spikes in Fig. 9 denoting underlying
transitions.

By varying the positions of the excitations we obtained the
parameter A >~ 2300 cm~!, which is somewhat smaller than
the value reported in Ref. [40]. The relative intensities of the
broadened lines allowed us to fix the ratio d123 /g3 ~ 4,

C. Simulation of absorption spectra and estimation
of the resulting polarization

Having discussed the relevant coupling terms, we simu-
lated the absorption spectra corresponding to the presented
Hamiltonians.

To reduce the number of unknown parameters, we consid-
ered . ~ —70 cm™! according to the estimates in Ref. [30] for
the related system FeSc,S4 and JE(’I,)Cr ~ 17 cm™~! (see discus-
sion in Ref. [39]). The energy intervals between the electronic
levels are mainly determined by the value of the exchange
molecular field. The wave functions of the energy levels are
labeled by the spin quantum numbers (S, Myg). The spin-orbit
interaction destroys the equidistant level spacing and leads to
the mixing of states with different quantum numbers My. To
describe the transition from the ground state (Mg = —2) to the

— Total Subtracted -

800 -
— El.-dip Ha background
600 — El-dipHs ,
€
< 400 1
o]
200 - — Mag.-dip. |
— Exp.
0 = . . ‘ ;
0 20 40 60 80 100

wave number (cm™)

FIG. 10. Absorption THz spectrum at 7 = 2K. Black curve, ex-
perimental data; blue, calculation using Eq. (6); cyan, subtracted
background; magenta, Eq. (9); green, contribution of magnetic-
dipole transitions; red, simultaneously taken into account magnetic
and electrodipole transitions.

excited state (Mg = 0), which corresponds to the most intense
spectral line E3, the presence of a sufficiently large component
of the exchange field at the site of the Fe?* ions in the ab plane
must be assumed.

The observed absorptions of the £ band where simulated
as excitations from the ground state |0) to the excited states
|m), using

(@) oc Y [(O1Hy +Hy + Hs + Hym)|* x o g(wom — ),

(1D

where Hy = ngs|ub|S[¥ x E“] describes the interaction of
the effective spin S =2 with the magnetic field H” of the
incident THz radiation, giving rise to magnetic-dipole transi-
tions. The refractive index n sets the relation between E“ and
H® in Gaussian units. The sum (H; + H, + Hz) represents
the effective interaction between the spin and the electric
field component E“ of the radiation. Note that Boltzmann
occupation factors were omitted in Eq. (11), since the energies
of the exited states of the effective Hamiltonian Eq. (4) are
all above 10 cm™!. To simulate the experimental spectrum
the shape function g(Aw) Eq. (11) was treated as a Gaussian
lineshape with the same width for all transitions. The calcu-
lated contributions to the absorbtion spectrum of the E-band
in zero magnetic field is shown in Fig. 10. A very strong
interference between the different contributions to the total
intensity of the absorption was observed. For example, con-
sidering only H3 and neglecting the contributions of H; and
Hy, in Eq. (11) results in a strong increase in intensity in the
high-frequency absorptions as demonstrated by the magenta
curve in Fig. 10. The intensity of transitions caused by H, is
negligible compared to others, so it is not shown separately.
However, the operator Eq. (7) has a significant contribution to
the p., p, components of the electric polarization which will
be discussed below.

The background contribution to the absorption spectrum
due to infrared active phonons and possible magnon modes
was approximated by a straight cyan line.
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TABLE II. Calculated expectation values for the spin compo-
nents of the Fe ions and for the electric polarization vector p (in
1073 a.u.) per one Fe site. The angles refer to the exchange field
acting on Fe(1). The projections of spin and polarization onto the
c-axis are the same for the Fe(2) position, while the a and b compo-
nents change sign.

v g Sa) S S Apd pe) (pe)

106.5° 4> —185 —0.17 021 020 260 -3.77
106.5° 176>  1.85 —0.17 021 020 -2.60 3.77
106.5° 184> 185 0.7 021 —020 -2.60 -3.77
106.5° 356° —1.85 0.17 021 —020 260 377
735 4 —185 —0.17 —021 —020 -2.60 -3.77
7357 176° 185 —0.17 —021 —020 260 377
7350 184> 185 0.7 —021 020 260 -3.77
73.5°  356° —1.85 0.7 —021 020 -2.60 3.77

The obtained set of parameters is Vo ~ 150 cm~!, ¢ ~
11°, Jre ;(S;) =~ 12.8 em ™!, @123 ~ —5.563 a.u.

The set of angles determining the equivalent directions of
the exchange field are given in Table II as spherical angles
¥, ¢. The contribution due to electric-dipole transitions deter-
mined by Eq. (9) dominates the spectrum.

Now we turn to the discussion of the change in the absorp-
tion spectrum in the external magnetic field. Consequently,
the intensities of electric-dipole transitions defined by Egs. (6)
and (9) are roughly speaking proportional to the square of
the dielectric permittivity. According to Fig. 3, when the
magnetic field increases for E® || H, the dielectric constant
¢’ ~ n® increases and decreases for E® | H. Qualitatively,
this corresponds to the trend of changes in the absorption
intensity in Figs. 4(b)—(d) and agrees with the conclusion that
the absorption lines E,, E3, and E4 are mainly due to the
electric component of the electromagnetic wave.

Passing on to the description of the microscopic theory
of changes in the absorption spectrum when an external
magnetic field is applied, we note the following. From the
experimental spectra we can assume that the absorption spec-
trum of the E-band almost does not change its shape in an
applied magnetic field. Moreover, we determined with our
simulation that the line positions and relative intensities are
mainly determined by the internal molecular field.

We believe that the external magnetic field makes prefer-
ence to domains where the ¢ axis is parallel to the applied
field. The calculated spectra for such domains are shown in
Fig. 11. The tendency of the change in absorption in applied
external fields is in agreement with experiment.

It is important to emphasize that our model provides a
consistent description of reported Mossbauer data [4] regard-
ing the asymmetry parameter (7 = 0.23) and the sign of the
electric field gradient at the Fe nucleus (V,, < 0), which are
mainly determined by V and ¢. It is also interesting to note
the following. The minimum energy of the operator Eq. (4)
depends on the direction of the exchange (molecular) field
acting on iron spin. By adjusting the magnitude and direction
of the exchange field according to the observed absorption
spectrum, we were able to calculate the magnitude and direc-
tion of the iron spins as a result of the diagonalization of the
Hamiltonian Eq. (4). Performing such kind of calculations, we

1000} __ Ew H

— E||H
800 |
T 600
A
S 400/
200 |
0

0 20 40 60 80 100
wave number (cm')

FIG. 11. Calculated THz absorption spectrum at 2K for domains,
aligned along the ¢ axis. Blue curve, Faraday geometry H® || ¢, E® L
¢; red, Voigt configuration E“ || ¢, H* L c.

found that the angle between the directions of the molecular
field, which is presumably determined by the total direction
of the Cr spins, and the Fe spins is about ~170°. This is an
interesting mechanism for the formation of a noncollinear spin
arrangement of chromium and iron spins, which to the best of
our knowledge, has not been reported before.

As one can see from Table II, in the absence of an external
magnetic (electric) field, there are eight energetically equiv-
alent spin configurations differing in relative orientation of
iron, chromium spins and spontaneous electric polarization.
The absolute values of the spin-induced electric polarization
components along the ¢ axis are equal, but they differ in
sign. Therefore, we can speculate about two different types
of electrically polarized domains with opposite electric po-
larization in FeCr,Ss. When an external electric (magnetic)
field is switched on, the equivalence of these domains gets
broken. In this regard, we can understand why the evaluated
electric polarization along the c-axis for the monodomain case
(after averaging over Fe(1)S, and Fe(2)S, fragments) is about
P = 255 uC/m?, i.e., it is larger by the factor ~3.6 than the
value reported in Ref. [20].

In addition, we want to point out that the reported symme-
try lowering with a loss of inversion symmetry at the transition
to the orbitally ordered state 7 < 9 K as reported in Ref. [21]
can, in addition, lead to contributions of the electric polariza-
tion considered here, because the presence of a spontaneous
internal electric field will enhance the nonequivalence of dif-
ferent domains.

Moreover, we want to comment on the fact, that the
obtained value Jge ;(S;) =~ 12.8 cm™! is rather small. Com-
paring this value with the exchange field of chromium spins
12]5('1,Cr<SCr) one can conclude that the average projection of
Cr spins (Scr) along the direction of the Fe spin, perhaps, is
reduced due to the noncollinearity between Cr** spins. These
issues obviously require further investigation.

V. SUMMARY

We identified six low-frequency modes in the multiferroic
ground state of FeCr,S4 by THz-spectroscopy and studied
their behavior in magnetic fields up to 7 T. The intensity
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dependence of the three most intense modes E,—E4 on the
relative orientation of the light polarization and the external
magnetic field allowed to conclude that they are predomi-
nantly electric-dipole active. Modes M, and Ey, are active for
E® 1 H, while for M, and E;, no clear selection rules could
be determined. In addition, a theoretical model is introduced
to describe the excitations E|—F;, in terms of the low-energy
electronic excitations of the Fe?t ions (3d%, S =2) in an
tetrahedral S~ environment. Reproducing the eigenfrequen-
cies and relative intensities of these absorption lines gives
a good agreement for the strongly field-dependent modes
E>—E4, but overestimates the intensity of mode E;. The ob-
tained parameters and effective Hamiltonians also allow to
reproduce experimental parameters of previous Mossbauer

studies and the order of magnitude of the electric polarization
induced by orbital ordering and noncollinear spin ordering.
The additionally observed modes M, and M, are not described
within our theoretical approach. Hence, further theoretical
and experimental work on single crystals will be needed to
decide, whether they correspond to collective magnetoelectric
magnon modes of the ground state.
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