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Condensed matter magneto-optical investigations can be a powerful probe of a material’s mi-
croscopic magneto-electric properties. This is because subtle interactions between electric and
magnetic multipoles on a crystal lattice show up in predictable and testable ways in a material’s
optical response tensor, which dictates the polarization state and absorption spectrum of propa-
gating electro-magnetic waves. Magneto-optical techniques are therefore strong complements to
probes such as neutron scattering, particularly when spin-lattice coupling effects are present. Here
we perform a magneto-optical investigation of vibronic spin-lattice coupling in the magnetically
frustrated pyrochlore Tbh2TisO7. Coupling of this nature involving quadrupolar mixing between
the Th3" electronic levels and phonons in TboTisO7, has been a topic of debate for some time.
This is particularly due to its implication for describing the exotic spin-liquid phase diagram of this
highly debated system. A manifestation of this vibronic effect is observed as splitting of the ground
and first excited crystal field doublets of the Th®* electronic levels, providing a fine structure to
the absorption spectra in the terahertz (THz) frequency range. In this investigation, we apply a
static magnetic field along the cubic [111] direction while probing with linearly polarized THz radi-
ation. Through the Zeeman effect, the magnetic field enhances the splitting within the low-energy
crystal field transitions revealing new details in our THz spectra. Complementary magneto-optical
quantum calculations including quadrupolar terms show that indeed vibronic effects are required to
describe our observations at 3 K. A further prediction of our theoretical model is the presence of
a novel magneto-optical birefringence as a result of this vibronic process. Essentially, spin-lattice
coupling within Tbh2Ti2O7 may break the optical isotropy of the cubic system, supporting two
different electromagnetic wave propagations within the crystal. Together our results reveal the sig-
nificance of considering quadrupolar spin-lattice effects when describing the spin-liquid ground state
of TbaTisO7. They also highlight the potential for future magneto-optical investigations to probe
complex materials where spin-lattice coupling is present and reveal new magneto-optical activity in
the THz range.
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I. INTRODUCTION

ferroelectric phase as a result of concomitant structural
deformations [2]. Spin-lattice effects are also present in

Interplay between spin and lattice degrees of freedom
is the premise behind a range of intriguing phenomena in
condensed matter systems. When we consider the fun-
damental role lattice geometry plays in the formation of
conventional periodic magnetic order, this notion is per-
haps unsurprising. Nevertheless, when energetically fa-
vorable compensations between these degrees of freedom
occur, we often find novel and potentially functional ma-
terial properties emerge. A case in point is found in the
spin-Peirls transition of antiferromagnetic quantum spin
chains where — in order to lower the total energy of
the system — the lattice periodically contracts or dimer-
izes, thus favoring the formation of spin singlets, along
with a global energy gap of their excitations [1]. An-
other example is that of type II multiferroics, where the
lattice reacts to a low-symmetry magnetic ordering by
breaking its inversion symmetry and inducing a polar

magnetically frustrated systems where relaxations in the
elastic degrees of freedom can lift the degeneracy of mag-
netic configurations promoting a long-range Néel order
[3, 4]. On the other hand, a dynamic interplay between
the spins and lattice of a frustrated system can be perpet-
ually destabilizing, inhibiting any type of order [5]. In-
deed, this scenario seems to be the case in magnetically
frustrated TbyTisO7, which fails to develop any long-
range magnetic order or static frustrated configuration.
Rather, a fluctuating spin liquid behavior is observed,
persisting down to temperatures as low as 50mK [6]. A
precise description of this peculiar magnetic ground state
remains a hotly debated topic, although it is believed that
spin-lattice effects play an important role [7—10].

In TbyTisO7, magnetic Th3t ions are arranged in a
network of corner-sharing tetrahedra, forming the so-
called pyrochlore lattice shown in Fig. 1. Among rare-
earth pyrochlores, ThoTisO7 is possibly the least under-
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FIG. 1. TbeTi2O7 cubic structure with the Th3" network.
Upper part: Cross-section viewed along the [111] direction
showing the connection between tetrahedra. lower part: one
single tetrahedron. Two orthogonal linear polarizations of
the incident light beam with k || [111] are shown in the up-
per corners, where the electric field vector E* and magnetic
field vector H oscillate parallel to [112] or [110]. The static
magnetic field H, shown in black, is applied perpendicular to
the THz polarization plane, along one of the diagonals of the
cube, the [111] direction.

stood, despite having been studied for over two decades.
It certainly exhibits noticeable spin-lattice coupling ef-
fects. These are observable in X-ray diffraction experi-
ments [11] and manifest as giant magnetostriction [12],
elastic softening [7], and pressure-induced magnetic or-
dering [13]. More recently, inelastic neutron scattering
[9, 14, 15] and THz spectroscopy [16] measurements have
highlighted the presence of vibronic coupling as a result
of symmetry-allowed hybridization between phonons and
the Th3T crystal electric field (CF) states both within
the ground and first excited doublets. In particular,
these couplings involve quadrupolar operators that de-
pend on the phonon mode inducing the local dynam-
ical strains. Additionally, it is now well established
that the phase diagram of TbhyTisO7 is extremely sen-
sitive to off-stoichiometry compositions [17] and that
Tboy,Tis—»O74y enters a quadrupolar ordered phase be-
low 500 mK for x> —0.0025 [17]. Evidently, quadrupo-
lar and spin-lattice effects play an important role in the
ground state of ThyTisO7 and should be considered in
any attempt to understand the spin-liquid behavior of

this compound.

In this study we focus on transitions between the low
energy Th3t CF excitations in TbyTisO7, performing
magneto-optical observations of their modulation by an
applied magnetic field. The first excited CF doublet is
separated from the ground state doublet by A ~ 1.5 meV
(0.37 THz,12 cm~1!) [18-20], and several other higher
energy CF excitations also fall within the THz energy
range [21]. To the best of our knowledge, no extensive
magnetic-field dependence of the CF levels in ThyTisO7
has been previously performed. Our experimental re-
sults are compared to quantitative theoretical magneto-
optical calculations incorporating a quantum mechanical
vibronic coupling model. Magneto-optical studies of vi-
bronic processes in magnetic molecules have a long his-
tory within the physical chemistry community [22-24].
Within condensed matter physics, magneto-optical in-
vestigations are routinely applied to the study of coupled
dielectric and magnetic order parameters of multiferroics
[25-27]. Yet the combination of these ideas to probe novel
spin-lattice effects in frustrated magnets has so far re-
mained largely unexplored. The aim of this article is to
provide better insight into the magnetoelastic couplings
and emerging hybrid excitations in frustrated TheTisO7
using magneto-optical and quantitative theoretical tech-
niques. Hence, we aim at broadening our knowledge on
the microscopic mechanisms responsible for the spin lig-
uid and quadrupolar phases it exhibits while highlighting
the potential for further magneto-optical investigations of
complex magnetic materials.

II. EXPERIMENTAL DETAILS

A large single crystal of ThyTi;O7 was grown by the
floating zone method using similar experimental param-
eters as in [28]. A plaquette, 220 ym thick and 4 mm
in diameter, was shaped with the [111] direction of the
cubic pyrochlore lattice normal to the sample surface.
A wedge with an angle of ~ 2° was used to avoid in-
terference fringes in the spectra. Another piece of the
single crystal cut in close proximity to the plaquette was
used for specific heat measurements. The specific heat
data revealed a behavior similar to results published for
a Thay,Tiz—,O7 composition with = = 0.0025 [17] —
quite close to the spin liquid phase, but with a quadrupo-
lar ordering temperature of 400 mK.

Terahertz transmission magneto-optical measurements
were performed by Fourier transform spectroscopy using
a Martin-Puplett interferometer based at the National
Institute of Chemical Physics and Biophysics in Tallinn.
The TbyTisO; sample was mounted inside of a super-
conducting magnet within a liquid helium bath cryostat.
The transmitted THz signal was detected by a sensitive Si
bolometer cooled to 300 mK using pumped 3He in a sep-
arate cryogenic closed circuit. The spectral bandwidth of
the setup is 3 — 200 cm ™! (0.4 — 25 meV). The bandwidth
was further limited to 80 cm™! due to strong sample ab-



sorption at high energies.

The polarization of the incident THz radiation is con-
trolled by an aluminum wire-grid polarizer in front of the
sample. The spectra were measured in the Faraday con-
figuration with a static magnetic field up to 15 T applied
along the [111] axis and the wave vector k parallel to the
magnetic field vector H.

At each field value, the spectrum was measured with
two orthogonal polarizations, where the oscillating elec-
tric and magnetic fields {E¥,H“} were either along
{[112], [110]} or {[110], [112]}, as shown in Fig. L.

The spectral absorption « of a sample with thickness d
is determined by o = —(1/d) In[(1—R)~21/I,] where I is
the incident light intensity, I is the transmitted intensity
at the detector, and R is the reflection coefficient at the
sample surface. To reveal excitations that have magnetic-
field dependent energies and/or intensities, a differential
absorption is calculated by a; — ayer = —(1/d) In(Z; / Lrer).
Here I, and I, are the transmitted light intensities
detected at two different values of the magnetic field
strength. Here, for s we use a reference spectrum mea-
sured at 0'T. The primary contribution to the reflection
coefficient is the dielectric response of the phonon spec-
trum in the infrared range (100-1000cm-1) [16]. We can
then safely assume that the reflection coefficient is inde-
pendent of the magnetic field strength. Therefore, the
reflectivity in the differential absorption a; — qyef natu-
rally cancels out in the THz range for Tb2Ti207. To deal
with negative values in a; — aer generated by spectral
features in the reference spectrum (ayef) that disappear
under magnetic field, we subtract a statistically calcu-
lated baseline from all of the measured spectra. The
baseline is created by taking the lowest value intensity at
each frequency point from the set of measured spectra.
Performing the baseline subtraction then corrects for any
negative artifacts. The collection of baseline-corrected
spectra together with the reference spectrum is what we
define as the differential absorption Aa(H) that depends
on the magnetic field strength.

IIT. THZ SPECTROSCOPY RESULTS

The magnetic-field dependence of the differential ab-
sorption spectrum of ThyTisO7 is shown in Fig. 2 at two
different temperatures, 3K and 60 K. The two different
THz polarizations do not show any significant differences
and are only plotted at 3 K. A wide absorption band (des-
ignated 1) is observed centered at 14 cm™!, in agree-
ment with previous THz studies [16, 21]. It corresponds
to the transition between the Th?t ground state doublet
and the first excited CF doublet. When the magnetic
field is increased above 5T, the absorption band appears
to broaden with a slight decrease in amplitude and a shift
to higher energy. At approximately the same field value,
weaker excitations emerge. Two of them (3 above 20
em~! and vy around 10 em~!) harden with increasing
magnetic field, while another one (v5) softens and dis-
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FIG. 2. H || [111] magnetic-field dependence of the differen-
tial absorption Aa(H) in ThaTizO7 measured at (a) 3K and
(b) 60K, with the reference absorption measured in zero field
for two different THz polarizations (blue : H* along [112],
red: H* along [110]). The spectra are offset vertically in pro-
portion to H. Shaded areas below the curves are included as
a guide to the eye to highlight the different absorption bands.

appears below 5 cm™!. Another broad absorption band
(12) is seen at 75 cm™! at fields below 6 T, which most
likely corresponds to a transition from the ground-state
level to the second excited CF level.

At 60K, vy is still present but with a lower intensity
due to thermal depopulation of the ground state. It splits
into two different branches in high fields. On the other
hand, v3, v4 and v5 are no longer observed at 60 K, while
vo has a new component (v4) that softens with magnetic
field.

Combined intensity maps of the field dependence of
the differential absorption are shown in Figs. 3a,b for the
measurements at 3K and 60K, respectively. Together
the results demonstrate a high degree of modulation in
the CF energy-level scheme of Th3* ions in ThyTizOr
within a magnetic field. In order to better understand
this modulation and to determine the contribution from
spin-lattice effects, we now turn to a comparison with
theoretically calculated spectra.



IV. THEORETICAL ABSORPTION
CALCULATIONS

In order to understand the ThyTioO7 absorption spec-
tra, we use linear response theory, where the sample re-
sponse to the THz wave of angular frequency w is de-
scribed by the complex magnetic susceptibility tensor
[x(w)]. Here only the magnetic part of the THz wave
is considered. Omitting possible electric effects is valid
here since all the relevant CF transitions occur within the
first multiplet i.e. between states of same parity. With-
out vibronic coupling, the compound remains in the cubic
symmetry and the susceptibility tensor is diagonal. The
absorption of a propagating THz wave with wavevector
k is then written [29]

Aa(w) = 2K () =X () (1)

as derived by solving Maxwell equations in an isotropic
medium with weak dissipation. Here ¢ is the speed of
light in vacuum, n is the refractive index of the medium
and k is the wavenumber. Here and further, the nota-
tions prime and double prime refer respectively to the
real and imaginary part of a quantity. The wavevector
can be written as k = ku where u is a vector perpen-
dicular to the wavefront. In the isotropic case that in-
cludes the cubic symmetry relevant to pyrochlore com-
pounds, the Poynting vector of the electromagnetic wave
S =Re [E‘” X m is collinear with k outside and inside

the material. Here H stands for the complex conjugate of
H®“. The refractive index n is considered constant since
the main contribution comes from optical phonons that
are at energies higher than the measured THz range (see
Ref. [16] and supplementary material therein). This is
generally the case in oxides below 80 cm~! where ab-
sorption is low and very few phonons are present. In
our calculations we used n = 7.7 as deduced from the
dielectric constant of ThyTiaO7 at 6 K [16].

We now introduce vibronic couplings, which arise from
dynamical strains that break the local symmetry. Thus,
the four Th3T sites of a tetrahedron become inequiva-
lent and the whole tetrahedron has to be considered. At
this scale, the magnetic susceptibility tensor remains di-
agonal but becomes slightly anisotropic, quite similarly
to birefringent crystals in optics. When a static mag-
netic field is applied along the [111] cubic direction, non-
diagonal components appear in the susceptibility tensor.
Two normal modes (indexed by a = {1,2} with dif-
ferent absorption are then derived from the Maxwell’s
equations. They are characterized by their wavevec-
tors ko and their Poynting vectors S, = Re [E2 x HY]
that are no longer collinear. The THz wave polarisation
in the material characterized by the magnetic induction
B¥ = pp (1 + [x(w)]) H¥ is no longer collinear with H*.
This is illustrated in Fig. 4. A similar effect has been pre-
dicted by considering electric quadrupole and magnetic
dipole mixing in antiferromagnets [30]. To our knowl-

edge, this example involving vibronic processes in a frus-
trated magnet has not been previously reported.

The total absorption in the crystal will then contain
contributions of these two modes. The transmitted in-
tensity is given by

I =e 2" Resy] + e 22 Re [s22]

+ e—(lc’l’+k’2’)lRe[eiAk/lslz + e—iAk/lSZI], (2)
where AR = k{ — kb and s;; o< EY x HY. The last term
in Eq. 2 is similar to an interference term when the two
normal modes are not orthogonal. The case of orthogonal
modes has been developed in Ref. [31] and the associated
absorption is written as:

2K} (w) Re[s11] + 2kY (w) Re [sa2]
Aa (w) = =2 Re[s11] + Re2[522}

- (3

When ki = ko = k, the isotropic case (equation 1) is
recovered.

Equation 3 allows us to calculate the differential ab-
sorption for the wavevector of the two normal modes k;.
These are functions of the complex magnetic susceptibil-
ity tensor components x;; which are given by:

xis () = 10 (g‘iﬂB) Z

P, — P,
“~ (B — B, —hw)> +T2 (4)
[il + (E,, — Ep — hw)] J2, J?

mn?

where gy is the Landé factor, V is the sample volume,
E,,.n is the energy of the different electronic levels, P,
and P,, are the thermal populations of initial and final
states, and J¢, is the matrix element between electronic
states |n) and |m) of their angular momentum in the 4
direction. One single linewidth T' is used for simplicity.
The energy levels are determined by diagonalizing the
corresponding Hamiltonian. We will consider only those
levels that fall within the THz energy range at low tem-
peratures — i.e. the ground, first and second levels. The
Hamiltonian consists of several terms. The first one, the
CF Hamiltonian, describes the effects of the charges sur-
rounding each Th3* ion on its electronic states in its local
D34 symmetry. These ions generate four Bravais lattices
from each of the four vertices of an initial Tb tetrahe-
dron, the basic element of the pyrochlore structure. The
axis of the 3-fold symmetry for each ion is parallel to a
distinct member of the family of (111) diagonals of the
cubic structure characterizing the global symmetry of the
material. By selecting this local 3-fold axis as the quanti-
zation z axis and the local 2-fold axis as the x- axis which
gives rise to the point group D34, the CF Hamiltonian is
written for each ion in the same form

Heop = BIOY + BYOY + B3O3 + BIOY + B3O + BSOE,

(5)
where the expansion in Stevens operators (quadrupolar
09, hexadecapolar O}, O3, and hexacontatetrapolar O,
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FIG. 3. Experimental and calculated THz absorption as a function of magnetic field applied along the [111] direction of
Th2TizO7. The panels show the experimental results for 3K (a) and 60K (b), and the theoretical calculations for 3K (c)
and 60K (d). The four Th*" sites on the tetrahedron (one with the field along its 3-fold axis shown in black and the three
remaining sites shown in red) and the corresponding field-dependence of the calculated energy of their absorption branches at
3K are presented in the middle panels (e). The different observed branches are labeled v1 to vs.

FIG. 4.

THz wave propagation in an anisotropic medium.
The wave, linearly polarized along B (blue), is decomposed
into the two — orthogonal and linearly polarized for simplicity
of the picture — normal modes polarized along BY and B%
(green). Inside the crystal the two waves are normal modes,
and the rays propagate independently in the direction of their
Poynting vector S1 and Sz (green) with wavevector ky and
k2 respectively, which have the same direction (orange). At
the output face, in vacuum, the Poynting vectors are collinear
again.

(52) terms is given by the local D34 symmetry of the Th3+
ions. For correspondence with Wybourne and angular
momentum operators, see Appendix A and B.

When a static magnetic field H is applied along the
[111] direction of the pyrochlore cubic lattice, one Th3*

ion out of four has its 3-fold axis along the magnetic field,
while the three remaining sites have their 3-fold axes at
the same colatitude (polar angle) from the magnetic field
and behave similarly. The corresponding Zeeman Hamil-
tonian is given by

(6)
where gju 5J is the Th3* ion’s total magnetic moment
(J =6).

Finally, the total Hamiltonian for non interacting
tetrahedra is given by

Hy = —gruppoH - T,

A= S Akt
k=1,4

(7)

As shown in Eq. 5, the CF Hamiltonian is described in
a local frame for each Tb ion, while the Zeeman term is
better described in the global cubic frame. Therefore, the
Stevens operators must be rotated from the local frame
associated to each Tb ion, to the global cubic frame.

The results of the calculations using the Hamiltonian
of Eq. 4 (without vibronic coupling) are shown in Fig. 3.
The CF parameters were chosen from the literature [15]
except for BY and Bj, which were slightly adjusted to
match the 14 cm™! transition observed at 3K and 0T
(see table IV and Appendix B). The wave function for the



ground and first excited doublets are given in Appendix
C. An effective Landé factor g; ~ 1.4 is deduced from
the magnetic-field dependence of the measured spectra.
The obtained value is slightly lower than g; = 1.5 ex-
pected for a pure Th3* ion ground multiplet and reveals
the J—mixing effects seen in the intermediate coupling
regime [15]. A single line width of 2.4 cm™! is used, in
agreement with the zero field data. We find no signifi-
cant dependence on the polarization of the THz radiation
in the calculated spectra, consistent with experiment.
The calculated absorption has two contributions when
the applied static magnetic field is varied (see panel(e)
in Fig. 3): one from the Th3* site (1) that has its local
3-fold axis along the magnetic field direction, the other
one from the 3 others sites (2-4) on the tetrahedron that
have their local 3-fold axes at 109.5 degrees relative to
the applied magnetic field. When the magnetic field is
increased, the ground and first excited CF levels — both
of which are doublets — split into two branches: a lower
(and a higher) frequency branch that decreases (respec-
tively increases) in energy with increased magnetic field.
The second CF level is a singlet and its energy increases
with the magnetic field.

As seen in Fig. 3, the agreement with the experimen-
tal data is already remarkable. The field dependence of
the main excitations vy and v5 is well reproduced at 3 K.
The first one originates entirely from sites 2-4 and cor-
responds to the transition to their first CF level. The
second one has contributions from all sites and is the
transition to the second CF level. Weaker features in the
absorption maps are also reasonably well reproduced: v
for the transition to the first CF level (upper branch for
sites 2-4 and lower branch for site 1) and v4 for the transi-
tion within the initial ground doublet for sites 2-4. Also
note the peculiar magnetic field dependence of vs: for
a field lower than 3T it is the equivalent of v4 for site
(1), but above 3T, the transition to the first excited CF
level occurs, producing the only excitation decreasing in
energy with the magnetic field. A third branch starting
at 14 cm~! and increasing more rapidly under magnetic
field than the other branches (visible in Fig. 3e) is cal-
culated to be very weak in intensity. It is not visible
in either of the calculated or measured absorption maps
(Fig. 3c,a).

With our theoretical basis for the field dependence of
the CF energy scheme we also reproduce the 60 K results:
the main branches, v, at 14 cm™' and v at 70 cm™?,
as well as a new branch decreasing from 75 cm™! (1).
Noticeably, two additional weak and rather flat branches
are calculated around 65 cm™! and 14 cm™! but are not
observed in the THz absorption spectra.

As the next step we have performed calculations in-
cluding spin-lattice effects through vibronic couplings be-
tween the Th3t crystal field excitations and transverse
phonon modes. It has been shown that there are two
vibronic processes present: one that couples the first
excited Th3T CF level with a silent optical phonon of
Ts,, symmetry, and another one that involves an acoustic

B} meV K

BY —0.26 -3.0
B 4.5-1073 5.2-1072
B3} —4.1-1072 —4.8-1071
B —4.5-1076 —5.2-1075
B -1.2-1074 —1.4-1073
B —1.4-10714 —1.6-1073

TABLE I. CF parameters used in the CF Hamiltonian.

phonon coupled to both the ground and first excited CF
levels [16]. In particular, these spin-lattice couplings were
shown to involve the Th3t quadrupolar degrees of free-
dom, and give rise to the following symmetry-constrained
vibronic Hamiltonian

Hoip = DIOY + D} ((5; + (52‘1) + D3 (@3 + (52‘2) (8)

when the vibronic coupling is assumed isotropic in the
plane perpendicular to the 3-fold axis. Note that the
quadrupolar operator @g is already present in the CF
Hamiltonian. It accounts for the coupling to the silent
optical phonon and will not change the symmetry of the
system, but will simply renormalize its energy eigenval-
ues. On the other hand, (7)\’2” operators with m = £1, +2,
associated with the acoustic phonons, are not present
in the CF Hamiltonian. They induce a splitting of the
ground and first excited CF doublets as described in [16].
The associated wave functions are given in Appendix C.
The resulting susceptibility tensor is no longer diagonal
and the crystal becomes slightly birefringent.

The influence of both terms (D3 and D2) of the acous-
tical vibronic coupling on the calculated absorption spec-
tra is presented in Fig. 5. A smaller line width of 0.5
ecm~! was used in the calculation to better distinguish
the different branches that appear due to the vibronic
coupling. The Th3* sites 2-4 are no longer equivalent
and the associated branches are split into two or three
components that are more or less distinguishable. This
is particularly true for the lower-energy branch at 3K
just below v, where two groups of lines are now clearly
observed in agreement with the experimental data for
vy. At 60K absorption branches are more spread out
and therefore less intense. We suspect this could be an
explanation for the absence of the flatter bands in the
experimental data. Their combination of weak intensity
and moderate field dependence would cancel them out in
our background subtraction analysis method. Further-
more, we also note the slight polarization dependence
that shows up at both temperatures.

V. DISCUSSION

A comparison of the experimental and the simulated
magneto-optical THz spectra demonstrates that the low-
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FIG. 5. Calculated absorption as a function of magnetic field applied along [111] at 3K and 60K for two THz polarizations
with no vibron (a,b), with a vibron associated with O3 (c-f) and a vibron associated with O3 (g-j) quadrupolar operators.

energy dynamics of ThyTisOr7 is well captured by a sim-
ple Hamiltonian with only CF and Zeeman contributions.
However, our results also indicate that including spin-
lattice effects by way of vibronic coupling provides an im-
proved agreement between theory and experiment with
the addition of several weaker branches at both 3 K and
60 K. Although subtle, these features are clearly evident
in the experimental data, particularly for the transition
assigned v4. They provide strong evidence that spin-
lattice coupling is at play within the energy and time
scales relevant to the ground state of this quantum spin
liquid. In particular, the vibronic couplings of quadrupo-
lar origin will lower the symmetry of the dynamical sus-
ceptibility tensor, which, without external magnetic field,
becomes slightly orthorhombic. This implies a dynamic
modulation of the local CF environment that describes
the magnetic behavior including the potential for entan-
glement between the different CF levels.

Our results confirm that entanglement between the
ground and first excited CF states through the vibronic
process is of utmost importance in understating the phase
diagram of ThoTisO7 at lower temperatures, as was al-
ready suggested in Ref. [16]. It is difficult to unam-
biguously quantify the strength of the quadrupolar cou-
plings associated to O3 and O%. However, according to
the observed splittings of the different branches, the D3
and/or D3 terms fall within the energy range 0-2 meV.
Note that these operators, having E, symmetry in the
local D34 environment, have E;0T 40Tz, symmetry in
the global cubic environment. From a symmetry point

of view, they are equivalent to a combination of tetrag-
onal and trigonal stress. Nothing clearly distinguishes
one operator from the other, except for their strength.
As can be seen in Fig. 5(c,e,g and h), operator O3 has
a larger effect on the splitting of the different branches
than 0% does. As a matter of fact, the matrix elements
of O} between the ground and first excited states are
five times larger than those of O} at zero applied mag-
netic field, which would imply five times larger vibronic
effects for equal D} and D3 parameters. This is consis-
tent with the oscillator strength associated with each of
the quadrupolar operators, which depend on the struc-
ture of the ground and excited doublet states. Note that
all of these operators act on the transverse components
of the Th3* angular momentum. It is then possible that
these vibronic couplings have some role to play in the low
temperature phase diagram of Tho, ;Tis_,O74, below 1
K, where a spin liquid or a quadrupolar ordered phase is
observed [32].

Finally, due to the high magnetic fields used in this
study, we have been able to refine with greater precision
the crystal field parameters (see Table IV) and the Landé
factor gy &~ 1.4. Within the energy range probed, there is
no sign of spin waves down to 3K, which could be present
due to a possible ordered magnetic state as observed by
neutron diffraction at 40 mK [33]. Indeed our analysis is
in perfect agreement with the measured ”3-in /1-out, 3-
out/1-in” spin orientation per tetrahedron induced by the
magnetic field applied along [111] as well as the proposed
dynamical Jahn-Teller model [33]. Our results and anal-



ysis allow us to give a more precise description of these
spin-lattice couplings.

VI. CONCLUSION

Performing magneto-optical THz spectroscopy mea-
surements of ThoTisO7, we have shown the magnetic
field dependent evolution of the low energy CF level
scheme for Th3*. Using a simple model Hamiltonian
incorporating CF and Zeeman contributions, the over-
all field dependent trends observed in our experiments
are well reproduced by the theory, in particular show-
ing multiple excitation branches that can be attributed
to transitions between the different levels for each site in
the elementary tetrahedra. However, fFiner structure ob-
served in the experiment cannot be captured by the sim-
ple model and is only reproduced after the inclusion of a
vibronic spin-lattice coupling process where the ground
and first excited CF doublets are hybridized with acous-
tic phonons by way of quadrupolar Stevens operators.
The results add further support to the growing evidence
that spin-lattice coupling and quadrupolar terms are im-
portant when describing the frustrated ground state of
TboTisO7, a topic that is still under debate. Finally, we
also predict that under an external magnetic field, these
couplings induce a novel birefringent response of this oth-
erwise cubic pyrochlore. While this effect has not been
tested, a direct measurement would provide further sup-
port to the vibronic model. We suggest that this high-
lights the potential for future magneto-optical investiga-
tions aimed at probing complex magnetic phases where
spin and lattice degrees of freedom are present. It also
open new routes to design magneto-optically active ma-
terials.
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Appendix A: Stevens equivalent operators

The Stevens equivalent operators @m used in equa-
tions 5 and 8 can be expressed as a functlon of the an-
gular momentum operators Jw e and J+ _ of the rare
earth ground multiplet. We give here their correspon-
dence together with the one for Stevens operators using
the x,y,z, notation. These operators are tabulated in ref-
erences [36, 37]. We will use :

X=JJ+1DIT
where T is the identity operator. It follows:
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Appendix B: Crystal field parameters litterature
review

In the pyrochlore literature, there exists mainly two
ways to write the crystal field (CF) hamiltonian of the
rare earth element: with Stevens equivalent operators
Or" as in this study and in references [38-40], and with
the Wybourne operators [41, 42] CA]}@, as in references [15,
18, 20, 43]. The Wybourne operators are defined as

N Ar  ~
=1/ Yy B1

where f/,f" are the spherical harmonics operators. The
CF hamiltonian for the D34 point group relevant for the
rare earth element in the pyrochlore compounds is then

ALY = WECE + WiCh + Wi (Cty - CF) + WO

+ W (56,3 —5§) + W (CA?G +5§)
(B2)

where W are the Wybourne crystal field parameters.
Note that, in the literature, these quantities are often de-
noted B!, the same way (except with an index exchange)
as the Stevens crystal field parameters B]". Here, we pre-
fer a different notation to avoid confusion.

The Stevens operators (’3,’{1 are then derived from the
Wybourne operators [44] :

Op =)~ (E (1" (B3

where the proportionality factors A" are reproduced in
Table II for those which are involved in the CF hamilto-
nian of the studied pyrochlore. Then, within the Hilbert
space restricted to the ground multiplet J, this Stevens
operator can be expressed as aAfunction of the associated
Stevens equivalent operators O] used in this study and
reproduced in Appendix A:

Om = 0,(J)Orr (B4)

where the matrix element 6,(J) are tabulated for the

ground multiplet of all trivalent 4f ions in references
[36, 37] and reproduced here for Th3* in Table III). The
relationship between the Stevens and Wybourne crystal
field parameters is then

Byt = A3 0.(J)W". (B5)

We can now compare the CF parameters obtained in
different studies for ThoTisO7 (Table IV).

One can be surprised that the sign of our B} and Bg
parameters are different from those of most of the lit-
erature. However, as pointed out by Bertin et al. [38],
when the sign of these two parameters are exchanged,
there is no effect on the hamiltonian eigenvalues. This

Ay A A3 A ¥ A
/2 1/8 —+/35/2 1/16 —/105/8 /231/16

TABLE II. Values of A" parameters involved in the CF hamil-
tonian of the studied pyrochlore.

02 04 O
~1/99 2/16335 —1/891891

TABLE TIII. Matrix element 6,,(J) for Th*" (J = 6).

property is only true without magnetic field, which is the
case for all the previous neutrons and optical studies, but
does not hold under an applied magnetic field. Indeed,
we find much better agreement between our experimen-
tal results and calculations with B < 0 and Bg > 0 ; the
eigenenergies at zero magnetic field are strictly identical
when changing the sign of this two parameters.

Appendix C: Wavefunctions for crystal-field states

In the included tables V, VI and VII are given the
wave functions for the ground and first excited doublets,
without and with the vibronic coupling.
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TABLE V. Wavefunction of the ground and first excited doublets, obtained by diagonalization of the CF hamiltonian (equation
5) without vibronic coupling (D3 = D3 = 0). The value in brakets following the wavefunction name is its associated eigenenergy.
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