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The single ion physics of HoaTioO~7 is well-understood to produce strong Ising anisotropy, which
is an essential ingredient to its low-temperature spin ice state. We present inelastic neutron
scattering measurements on HoaTioO7 that reveal a clear inconsistency with its established single ion
Hamiltonian. Specifically, we show that a crystal field doublet near 60 meV is split by approximately
3 meV. Furthermore, this crystal field splitting is not isolated to Ho2Ti2O7 but can also be found
in its chemical pressure analogs, HooGe2Or and Ho2Sn2O7. We demonstrate that the origin of
this effect is a vibronic bound state, resulting from the entanglement of a phonon and crystal field
excitation. We derive the microscopic Hamiltonian that describes the magneto-elastic coupling and

provides a quantitative description of the inelastic neutron spectra.

The pyrochlore oxide Ho;TisO7 is a quintessential dipo-
lar spin ice material [1]. In this system, the Ho** moments
sit on the vertices of a corner-sharing tetrahedral network.
Each Ho?*t moment possesses strong local Ising anisotropy
such that each spin is constrained to point either towards
(“in”) or away from (“out”) the center of their respective
tetrahedra [2, 3]. At low temperatures, below fcy = 2 K,
the Ho?* moments adopt a two-in/two-out arrangement,
a spin structure that exactly maps onto the proton config-
uration in water ice [2, 4]. In addition to moments with
local Ising anisotropy decorating the pyrochlore lattice,
the other key ingredient for the dipolar spin ice state
is an effective ferromagnetic coupling between the Ho?*
moments, which originates from long-range dipolar inter-
actions [5]. A decade after the initial discovery of the
dipolar spin ice state in HoaTisO7 [2], a host of studies
revealed that the elementary spin excitations in this state
are emergent magnetic monopoles [6-11].

Although Ising anisotropy is a key ingredient to the spin
ice state, it has been the subject of relatively few investi-
gations [3, 12, 13]. Naturally, most studies on Ho2TizO7
have focused on the collective spin behavior within the ice
state. Here, taking advantage of recent advances in the
instrumentation of time-of-flight neutron spectroscopy,
we take a closer and more comprehensive look at the
crystal electric field (CEF) scheme of HoyTizO7 and two
of its sister spin ice materials, HosSnoO7 [14, 15] and
HoyGeoO7 [16, 17]. In doing so, we observe a splitting
of a high energy CEF excitation, a feature that could
not be observed in previous neutron scattering works
due to their lower energy resolution. We show that this
split excitation cannot be accounted for by either a pure
CEF excitation or by a pure phonon excitation. We con-
clude that its origin is a magneto-elastic coupling induced

vibronic bound state, a hybridized excitation resulting
from the entanglement of a phonon and a crystal field
excitation.

The vibronic bound state is a quantum phenomena
that is challenging to unambiguously identify because it
requires a detailed independent knowledge of a material’s
phonon dispersion and CEF scheme [18]. Consequently,
there have been few definitive examples of materials with
this phenomenology and these have generally been lim-
ited to materials with uncomplicated CEF spectra. For
example, the landmark observation of a vibronic bound
state in CeAly [19, 20] was aided by the fact that only
a single excited CEF level is expected in this material.
Another notable example is the high T superconductor
NdBayCu3zO7_s, where isotopic substitution of oxygen
was used to shift the phonon energy, thereby altering the
nature of the bound state [21]. Our work expands the
notion of vibronic bound states to the pyrochlore magnet
Ho,;TisO7, a material with a considerably more com-
plex CEF scheme. We propose that in addition to being
prototypical spin ice materials, HosTisO7 and its sister
holmium pyrochlores are also quintessential examples of
materials that exhibit a vibronic bound state.

In the holmium pyrochlores, the local spin anisotropy
depends only on the composition of the CEF ground state,
which in turn depends on the symmetry and strength of
the CEF at the Ho?* site. In the case of D34 point group
symmetry, which is appropriate for the rare earth site
in the pyrochlore lattice, the CEF Hamiltonian can be
expressed as follows [22-25]:

Hepr = AWJ( 2)08 + A8, (r")Of +
Br(rt)03 + ARy ()08 +

A67J< %)05 + Ags(r®) 05, (1)



(a) 100 - (b) 100 1 (© ,r
...... Singlet 2 ° HOzSnZO7
~~ .
gop - 3 ® Ho,Ti,0,
~ T ~ g s * Ho,Ge,0
g @ — 1
£ £ = 8
gy 40r 2 %’_ S 1
N el
B | e e 5 ° 3
=] —— — =) 5 N
M 20+ Semmeenee e m = =
2 g 0.5
—
of —— — 2
0 LL
0 C 1 1 1 Il 1
Ref. [3] Ref. [13] This Work 50 55 60 65 70
Energy (meV)
(d) Ho,Ti,O It esK ‘ (e) ®  Experiment Ho,Ti,O (f) ®  Experiment Ho,Ti,O
250 27277 0sF @200k & 1+ 27277 1+ 272
’ 8 = Calculation — = CEF /\
—— CEF +e-ph | \
—~ 200 - —~ 08} I
= =] =
< < . I
~ 150+ 55 60 65 — = o6l |
fy Energy (meV) 2 2 |
100
- —
S0F —— RO
O 625 meV
o ® 59.0meV
| | | !
3 4 5 6 20 40 60 80
0] (A Energy (meV) Energy (meV)

FIG. 1. (a) The CEF energy scheme for HooTi2O7 deduced by Rosenkranz et al. [3], Ruminy et al. [13] and our current work.
This scheme was determined via inelastic neutron scattering measurements, such as the one shown in (b), a spectrum that was
collected with F; = 150 meV at 7' =5 K. (c) Integrated scattering from 3 to 4 A™!, reveals a splitting of the CEF level near 60
meV in each of HoaGe207, Ho2Ti2O7, and Ho2Sn2O7. (d) Both of the excitations near 60 meV follow the magnetic form factor
for Ho®T, where the intensities were extracted by fitting to the sum of two Gaussians, as depicted in (c). The temperature
dependence is also consistent with a magnetic origin, as shown in the inset. (e) Our refined CEF Hamiltonian for HoTi2O7 gives
a good description of the experimental data, but does not capture the splitting near 60 meV. (f) The splitting can be modeled
by including a magneto-elastic term in our Hamiltonian, which describes the hybridization of the CEF level with a phonon.

where the OAZ1 are Stevens operators [26]. The «z, 8; and
~s are reduced matrix elements calculated in Ref. [26].
The terms (r™) are the expected value of the distance
between the nucleus and the 4f electron shell taken to
the nth power, and are tabulated in Ref. [27]. According
to the symmetry of the CEF Hamiltonian, the 2J 4+ 1 =
17 states of the spin-orbit ground state are split into 6
doublets and 5 singlets. The energy configuration and
composition of these CEF states are controlled by the
CEF parameters A}, which can be estimated from point-
charge calculations [22] or experimentally determined by
inelastic neutron spectroscopy [28].

The single ion properties of HosTioO7 have been
previously studied with inelastic neutron scattering by
Rosenkranz et al. [3] and Ruminy et al. [13]. In Fig. 1(a),
we reproduce the CEF energy scheme of HoyTioO7 based
on these earlier works. In both cases, the ground state
is a well-isolated non-Kramers doublet. The first set of
excited crystal field levels, which are located between 20
and 30 meV, is made up of two singlets and two dou-
blets, followed by an isolated doublet at 60 meV and,
finally, two doublets and three singlets between 70 and

90 meV. The four closely spaced doublet/singlet pairs
are the products of a distorted cubic oxygen environment,
where in a precisely cubic environment, these would form
four triplets [29]. The most important result for the low
temperature magnetism is that the ground state doublet
consists of two states with dominant |m; = +8), resulting
in a strong local Ising anisotropy.

We have carried out inelastic neutron scattering
measurements to investigate the CEF schemes of
three holmium pyrochlores: HosGesO7, Hoo TioO7 and
HooSn507. In each of these three materials the magnetism
originates from Ho3T and the variation from non-magnetic
Ge to Ti to Sn primarily modifies the cubic lattice pa-
rameter. HooGesO7 and HosSnyO7 can be considered
as positive and negative chemical pressure analogs of
HosTizO7, respectively. The inelastic neutron scattering
measurements were performed using a next generation
chopper spectrometer, SEQUOIA, at the Spallation Neu-
tron Source at Oak Ridge National Laboratory [30]. The
full inelastic spectra for each of these three materials can
be found in the Supplemental Material as well as further
experimental details.



We begin by considering the F; = 150 meV spectra
for HoaTi2O7, which is shown in Fig. 1(b). This data
set was collected at T" = 5 K, which is well below the
threshold for thermally populating excited crystal field
states. Thus, at this temperature, all CEF excitations
must originate from the ground state. A handful of CEF
excitations (at approximately 22, 26, 60, 71 and 78 meV)
can be immediately identified based on their lack of dis-
persion and intensity that decreases as a function of |Q].
By comparing Fig. 1(a) and Fig. 1(b), we see that the
energies of these excitations are in good agreement with
the predicted energy schemes of the previous CEF studies
on HoyTi2O7 [3, 13]. However, a closer examination of the
scattering spectra near 60 meV reveals a striking incon-
sistency: there are two distinct excitations near 60 meV
in our new experimental data instead of the single well
isolated CEF excitation predicted by the Hamiltonians of
both Rosenkranz et al. [3] and Ruminy et al. [13]. This
can be better appreciated by performing an integration
over the energy interval in question, which is shown in Fig.
1(c). A similar structure is observed for the equivalent
excitations in HooGesO7 and HooSns O, which occur at
respectively slightly higher and lower energy transfers. In
each case, the lower energy excitation has less than half
the intensity of the higher energy one. In the paragraphs
that follow, we will address the plausible origins for these
two excitations and ultimately show that their origin is a
magneto-elastic coupling induced vibronic bound state.

We will first demonstrate that a pure phonon excitation
is not the origin of either of the excitations near 60 meV.
This can be verified by analyzing the |Q| dependence of
their scattered intensity, which is presented in Fig. 1(d)
for HopTioO7. The intensities of the two excitations were
extracted by taking integrations of the data set shown in
Fig. 1(b) in 0.2 A~! intervals, which were then fit to the
sum of two Gaussian functions. Examples of such fits for
each of the three holmium pyrochlores is given in Fig. 1(c).
In all three samples, the intensities of both excitations are
observed to decrease monotonically with |Q|, a behavior
that is unmistakably inconsistent with the Q2 dependence
expected for a pure phonon excitation [31]. Instead, as
shown in Fig. 1(d), the |Q| dependence of both excitations
agrees well with the magnetic form factor for Ho3T, which
is the expected behavior for a CEF excitation. Further-
more, as seen in the inset of Fig. 1(d), the intensities of
both excitations decrease when the temperature is raised
from 5 to 200 K, a temperature dependence that is also
inconsistent with the behavior of a phonon excitation.

Given that the 60 meV excitations have intensities
that follow the magnetic form factor for Ho?t, we next
considered the possibility that they are both pure CEF
excitations. Thus, we attempted to refine a new CEF
Hamiltonian for HosTisO7 that includes two or more
CEF levels around 60 meV. We followed the same method
used in Ref. [3, 32], which consists of varying the set of
CEF parameters, A in Eqn. 1, until a minimum value

of x? is reached between the computed and experimental
CEF spectrum. However, this search did not yield any
satisfactory result; over an extensive range of parameter
space all solutions with multiple transitions near 60 meV
contained glaring inconsistencies with other features in
the experimental spectrum. Furthermore, having two
CEF transitions near 60 meV for HosTisO7 is also incon-
sistent with point-charge calculations [28, 33]. Starting
from a robust, highly constrained determination of the
CEF Hamiltonian for the erbium pyrochlore ErsTisO7,
we apply a scaling procedure to approximate the CEF
Hamiltonians of other titanate pyrochlores [32]. Using
this scaling argument, the calculated CEF scheme for
Ho,TizO7, aside from containing only a single isolated
excitation near 60 meV, is in excellent qualitative agree-
ment with our experimental data and the previous reports
by Rosenkranz et al. [3] and Ruminy et al. [13]. More-
over, when this scaling procedure is performed in reverse,
starting from a CEF Hamiltonian for Ho;TisO7 that con-
tains two excitations near 60 meV, the scaling gives results
which are wholly inconsistent with the known CEF spectra
for Tb2T1207 [13, 34], Er2T1207 [32} and Yb2T1207 [35]
Thus, we conclude that the two excitations near 60 meV
cannot be pure CEF excitations and must originate from
the degeneracy breaking of the CEF doublet.

Putting aside the origin of the split doublet for a mo-
ment, we will first describe the results of our conventional
CEF analysis on the three holmium pyrochlores. For
this analysis, we disregarded the splitting of the 60 meV
doublet and assigned its energy as the average value,
60.8 meV for HoyTisO7, and assigned its intensity as the
total value for both excitations. The CEF Hamiltoni-
ans obtained for all three holmium pyrochlores are given
in Table 1. The calculated energies and intensities for
HoyGesO7, HosTisO7, and HosSnoO7 are tabulated in
the Supplemental Material and result in x? values of 1.5,
1.0, and 1.1, respectively. In Fig. 1(a), we schematically
present the energy scheme for HoyTisO7 based on our
parameterization side-by-side with those of the previous
studies [3, 13], showing that they are entirely consistent
with one another. The computed inelastic neutron scatter-
ing spectra for HopTisO7 at T = 5 K is shown in Fig. 1(e),
and provides an excellent description of the experimental
data aside from the obvious discrepancy near 60 meV.
The ground state CEF doublet is, as expected, highly
anisotropic. The component of the local g-tensor perpen-
dicular to the Ising axis is strictly zero. In fact, this is
provided by symmetry for a non-Kramers doublet since,
under time reversal, J, transforms like a magnetic dipole
while J,,J, transform like an electric quadrupole [36].
The component parallel to the local Ising axis (g.) as
well as the effective moment of the CEF ground state
doublet are listed in Table 1. Neither of these quantities
is observed to significantly vary with chemical pressure.
Thus, as it relates to their spin ice physics, the holmium
pyrochlores are effectively identical in terms of their CEF



TABLE I. Tabulated results of the CEF analysis for HooGe2O7, HoxTi2O7 and Ho2Sn2O7 including the CEF parameters A},
(in meV), the Ising component of the local g-tensor, g., and the effective moment of the ground state doublet, ucer (in ug).
We then give the calculated and experimental values of the splitting energy, AE (in meV), and intensity ratio, I"***°, of the split
CEF level at 60 meV. The final two columns give the refined magneto-elastic constant, go, and phonon energy, hiwo (in meV).

Ay A AT AT AT AS (orr DBy ABeaie 1e0° L g9 hapo
Ho.Ge;O7 649 273 185 1.05 —169 240 194 9.7 3.1(2) 28 25(1) 25 0.04(1) 65(1)
Ho,Ti;O; 503 261 185 1.05 —156 20.0 19.6 9.8 3.5(2) 3.6 25(1) 24 0.04(1) 61(1)
HooSnpO7  59.7 227 191 093 —147 190 196 98 24(2) 26 21(1) 21 0.04(1) 55(1)

properties.

We return now to the degeneracy breaking of the CEF
doublet near 60 meV. One possibility is that a symmetry
reducing structural distortion could be responsible for
lifting the degeneracy of this doublet. However, highly
sensitive neutron Larmor diffraction measurements have
shown that no such transition occurs in HosTioO7 down
to 0.5 K [37]. Exchange interactions could also produce a
degeneracy breaking, but the energy scale of the exchange
interactions in rare earth pyrochlores is of order 1 meV [8],
whereas the splitting of the CEF doublet is observed
to persist up to at least 200 K (kgT = 17 meV), as
shown in the inset of Fig. 1(d). A final possible origin
for the CEF splitting is an electron-phonon or magneto-
elastic coupling, and here we have finally arrived at an
explanation which, as we now show, is fully compatible
with our experimental results.

A magneto-elastic interaction can be modeled by in-
troducing a linear coupling between the phonon displace-
ments of the system and the quadrupolar operator of the
Ho3* ion. Including the non-interacting phonon coupling,
the system can be described by the following Hamilto-
nian [19, 20]:

g1 oA
Hior = Hepr + ) hwu(aa +5) = 9,0.0: (2)
H 22

where U = (du—i—d;a) is the phonon displacement operator.
The operators a,, and &L correspond to the annihilation
and creation of a phonon with displacement p and en-
ergy hw,. The magneto-elastic constant is given by g,,
while O; corresponds to quadrupolar operators that can
be written in terms of total angular momentum opera-
tors. For the D3y point group symmetry, there are five
quadrupolar operators with three different symmetries:
O1=3J2—J(J+1), O23 =J2 = J2, JoJy+ J,J, and
OA475 = JoJ, + JJy, JyJ. + J.Jy. Magneto-elastic cou-
pling between two CEF states is only allowed if the sym-
metry of the quadrupolar operator and the phonon eigen-
vector are identical [38]. The symmetry of the phonon
displacements in HooTioO7 were characterized in Ref. [39]
and thus, symmetry analysis can be used to predict which
CEF states are candidates for magneto-elastic coupling.
Only the CEF states at 26 meV, 60 meV and 78 meV have
quadrupolar and displacement operators of the correct
symmetry to couple with the ground state [40]. Further-

more, we find that the matrix element involving the state
at 60 meV is an order of magnitude larger than the state
at 26 meV and three orders of magnitude larger than the
state at 78 meV. This provides a natural explanation for
why we only observe a splitting of the 60 meV CEF state.

In order to quantify the magneto-elastic coupling, we ex-
tracted the eigenvectors associated with the ground state
(v1,v2) and the 60 meV excited state (vs,vs) obtained
from our CEF analysis. The non-interacting phonon
contribution was approximated by a single phonon of
energy hwp. Then, the Hamiltonian shown in Eqn. 2
was diagonalized using the following states: |vees, vpn) =
|v17 O>7 |U27 O>7 ‘Uh hw0>7 |U27 hw0>7 ‘U37 O>a ‘U47 O> A Split'
ting of the 60 meV CEF level is observed whenever the
magneto-elastic constant, gg, is non-zero and the energy
of the phonon, hwg, is close to that of the CEF level.
To determine the precise values of gg and hwg, we per-
formed a least squares refinement of the energy difference
(AE) and the intensity ratio (I"**°) of the split CEF
level. The refined values of gy and fiwy are tabulated in
Tab. 1, along with a comparison of the experimental and
calculated values of AE and I"**°. The resulting CEF
spectra for HopTioO7 is presented in Fig. 1(f), showing
good agreement with the measured data. In each of the
three holmium pyrochlores, the splitting does not produce
two peaks of equal intensity, but rather the higher energy
excitation is roughly twice the intensity of the lower en-
ergy excitation. This originates from the fact that the
phonon involved in the coupling is located at slightly
higher energy than the CEF excitation. The phonon
involved in this coupling corresponds to an oxygen dis-
placement [39], which may favor magneto-elastic coupling
because the oxygen ions provide the dominant contribu-
tion to the CEF. The composition of the eigenstates for
the split CEF levels, which are given in the Supplemental
Material, consists of a linear combination of a pure CEF
excitation (Juz,0),|vs,0)) and a pure phonon excitation
(Jv1, hwo),|v2, Awo)).

We have demonstrated the existence of strong magneto-
elastic coupling in the holmium pyrochlores. This coupling
is a quantum phenomena that can be termed a vibronic
bound state, the coherent propagation of a bound CEF
and a phonon excitation. This effect is analogous to the
exciton excitation observed in semiconductors where an
electron and a hole particle are bound together. Vibronic
bound states are rare [18] and have been most frequently



observed in cerium based intermetallics, such as CeAls
and CeCuAlj [19, 41-43]. Within the pyrochlore family
of materials, magneto-elastic coupling has been argued as
relevant in the spin liquid behavior of TbhyTisO7, where
vibronic excitations were also observed [13, 44, 45]. How-
ever, in the case of ThyTisO7, where the coupling occurs
at 1 meV, a quantitative description has not yet been
achieved due to the complex influence of exchange interac-
tions. Magneto-elastic coupling has also been investigated
in the context of spin ice, where the monopole dynamics
has been shown to depend on the spin-lattice interac-
tion [40, 46, 47]. Considering the body of work including
our new findings, it is clear that magneto-elastic coupling
is an important interaction in the rare-earth pyrochlores
and that it will play a major role in the discovery of new
quantum phenomena.
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Appendix A:Experimental methods

Powder samples of HosTisO7, HooSnsO7, and
LusTisO7 of approximately 10 g each, were prepared by
conventional solid state synthesis. The 1.8 g sample of
HosGesO7 was synthesized using high pressure techniques
following the same protocol as Ref. [48]. The samples
of HoyTisO7 and HooSn,O; were loaded in helium
atmosphere between flat aluminum plates and sealed with
indium. The samples of HooGe;O7 and LusTioO7 were
sealed in the same manner, but in an annular aluminum
can. Inelastic neutron scattering measurements were
performed on all three holmium pyrochlores as well
as the non-magnetic LusTioO7 with the time-of-flight
spectrometer SEQUOIA at the Spallation Neutron
Source at Oak Ridge National Laboratory [30]. The
measurements for HosTioO7, HooSnsO7 and LusTis Or
were performed in a closed cycle refrigerator, giving a
base temperature of 5 K, while Ho,GeoO; was measured
in an orange ILL liquid helium cryostat, giving a base
temperature of 2 K. Data sets were collected for each
sample with a lower incident energy (either 45 meV
or 50 meV) and a higher incident energy (120 meV or
150 meV). The fine Fermi chopper was used to give the
maximum energy resolution for each incident energy,
approximately 1 meV for the lower energy data sets and
3 meV for the higher energy data sets at the elastic line.
An empty flat plate was also measured under an identical
configuration, and was subtracted from the data. The

data was reduced using Mantid [49] and analyzed with
DAVE [50].

Appendix B:Determination of the CEF
Hamiltonians

Inelastic neutron scattering measurements with
E; = 120 or 150 meV (Fig. 1(a-c)) and E; = 45 or
50 meV (Fig. 1(d-f)) were performed in order to deter-
mine the CEF Hamiltonians of HosTisO7, HooSn,Or
and HozGe2O7. As can be seen by comparing Fig. 1(a,d)
with Fig. 1(b,e) and Fig. 1(c,f), the CEF schemes of the
three holmium pyrochlores are qualitatively similar. A
quantitative analysis of the CEF excitations was achieved
by integrating over momentum transfer, |Q|, between 4
and 5 A~ for FE; =120 or 150 meV and between 2 and
3 A-! for E; = 45 or 50 meV. The resultant integrated
intensities are shown for HooTioO7 in Fig. 2. Each CEF
transition was fit with a Lorentzian function in order to
extract its energy and scattered intensity. The resulting
fit for HooTioO7 is shown in Fig. 2. Note that the first
excited CEF level is located at 20 meV (E/kp = 230 K)
and is thus not thermally populated at 5 K. Therefore
all observed CEF levels correspond to excitations out of
the ground state. The CEF transition near 20 meV was
clearly resolved in both the low (E; = 45 or 50 meV)
and high (E; = 120 or 150 meV) energy spectra and
was used to normalize the two data sets. The energy
of the CEF transition near 60 meV was taken as the
average energy of the split CEF excitation. The observed
energies (Ep5) and scattered intensities (Iops) fitted
for all three compounds are presented in Tab. 1. The
CEF Hamiltonians were refined following the same
x? minimization method used in Ref. [32]. The CEF
parameters of HoaTizO7 obtained in Ref. [3] were used
as the starting solution and the x? minimization leads
to the refined CEF parameters, A}, shown in Tab. 1 of
the main manuscript. The calculated CEF transition
energies and scattered intensities are given in Tab. 1.

Appendix C:Phonon excitations in LusTi207

The neutron scattering spectra of non-magnetic
LuyTisO7 was also measured in order to characterize
the phonon spectra. In particular, we expect that the
phonon spectrum for LuyTis O7 should be almost identical
to that of HooTizO7, given their structural similarities
and comparable cation masses. The F; = 150 meV spec-
trum of LusTisO7 is shown in Fig. 3(a). All of the features
observed in this spectrum have intensities that increase
as a function of momentum transfer, |Q|, characteristic
of phonon excitations. We performed an integration in Q
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FIG. 2. Neutron scattering spectra obtained for an incident energy of 120 or 150 meV for (a) HozTi2O7, (b) HozSn2O7 and (c)
Ho2Ge207 and for an incident energy of 45 or 50 meV for (e) Ho2Ti2O7, (f) Ho2Sn2O7 and (g) HoaGe2O7. These data sets
were collected at 5 K for Ho2Ti2O7 and Ho2Sn2O7 and 2 K for HoaGe2O7.
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FIG. 3. Integrated scattering spectrum for HooTi2O7 at 5 K,
obtained by integrating the E; = 45 meV data set from 2 to
3 A=! and the FE; = 120 meV data set from 4 to 5 A='. The
energies and intensities of the CEF transitions were obtained
by fitting to a series of Lorentzian functions, given by the
shaded peaks, and their sum is represented by the gray line.

between 4 and 5 A~! and a second integration between 6
and 7 A=, the results of which are shown in Fig. 3(b).
We can see that LusTisO7 has phonon excitations cen-
tered just below 10 meV, multiple bands of phonon from

20 to 50 meV and finally, bands of phonon excitations cen-
tered around 60 and 75 meV. As mentioned in the main
manuscript, the phonon spectrum of HooTisO7 has been
previously characterized using density functional theory
and resonant inelastic x-ray scattering. This study showed
that the low energy phonons are dominated by Ho?* and
Ti*t displacements and the high energy phonons are
mostly dominated by the displacements of the O%~ ions.
In particular for the magneto-elastic coupling, the phonon
involved in the vibronic bound state of HoyTis O is cen-
tered around 60 meV and known to originate from the
displacement of the O?~ ions. It is interesting to note
that in the oxide pyrochlores, the largest contribution to
the CEF comes from the oxygen ions. One can speculate
that phonons involving oxygen ions are more effective
in coupling with a CEF excitation to induce a vibronic
bound state.

Appendix D:Diagonalization of the magneto-elastic
interaction in the holmium pyrochlores

The Hamiltonian describing the single-ion properties
of the holmium ions in Hoy B3O7 is given by:

ha 1 A
Hiot = Hoer + E h‘*’u(“L“u + 5) — g 9,U,0; (3)
W Mt
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FIG. 4. (a) Inelastic neutron scattering spectra of LupsTioO7
measured with F; = 150 meV at 5 K showing the phonon
excitation spectrum. (b) Integrations of the scattering spectra
between 4 and 5 A~! and between 6 and 7 A~! revealing
several bands of phonon excitations.

where the first term is the CEF contribution, the second
term is the phonon contribution and the third term is
the magneto-elastic coupling. The operators a, and dL
correspond to the annihilation and creation of a phonon
with displacement 1 and energy hw,, while O; corresponds
to quadrupolar operators (ex: O; = 3J2—J(J+1)). Since
we are only interested in the coupling between the CEF
ground state doublet (v1,v3) and the CEF excited states
near 60 meV (vs,v4), we can construct a Hamiltonian
that is appropriate only for the vy, vs, v3, v4 subspace of
the CEF term. Furthermore, we assumed the magneto-
elastic coupling involves only a single phonon of energy
hwg. Within such formalism, the Hamiltonian can be
simplified as:

MHior = Y Eilvi)(vi| + hwoddao — > 90U00; (4)
i=1,2,3,4 i

where E; is the energy of the CEF eigenstate v;. To
diagonalize the magneto-elastic interaction, we use the
six following eigenstates: |v1,0), |ve,0), |v3,0), |vg,0),
|v1, fug) and |vg, hwy) where for example, |v1, Aiwg) de-
scribes the system with an active phonon of energy hwg
and the holmium ion being in its CEF ground state v.
Assuming a non-zero value for gg and the phonon energy
Fuwg that is close to the energy of the CEF states vz and vy,
we observe a degeneracy breaking of the vz and vy CEF
states. In order to determine the values of go and fwg, we
performed a x? refinement of the energy difference (AE)
and the intensity ratio (I"**%) of the split CEF level. The
refined values of AE and I"*% are given in Tab. 1 of the
main manuscript. Furthermore, the new eigenstates of
the system are given in Tab. 2.
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