PHYSICAL REVIEW B 104, 075125 (2021)

Importance of dynamic lattice effects for crystal field excitations in
the quantum spin ice candidate Pr,Zr,0,

Yuanyuan Xu®,' Huiyuan Man,"? Nan Tang,"?> Santu Baidya,> Hongbing Zhang,? Satoru Nakatsuji

1,2,4,5,6
9

David Vanderbilt®,? and Natalia Drichko!"*
VInstitute for Quantum Matter and Department of Physics and Astrononty,
Johns Hopkins University, Baltimore, Maryland 21218, USA
2[nstitute for Solid State Physics, University of Tokyo, Kashiwa, Chiba 277-8581, Japan
3Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854-8019, USA

4CREST, Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan
3Department of Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan
Trans-scale Quantum Science Institute, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

® (Received 16 February 2021; revised 21 July 2021; accepted 26 July 2021; published 16 August 2021)

We explore dynamic interactions between the crystal lattice and magnetic degrees of freedom in a frustrated
magnetic system using the example of a pyrochlore quantum spin-ice candidate Pr,Zr,O;. Using Raman
scattering spectroscopy we demonstrate that crystal electric field excitations of Pr3+, which define the magnetic
properties of Pr,Zr, 07, cannot be understood within a model of a static lattice. We identify vibronic interactions
with a phonon which lead to a splitting of a doublet crystal field excitation at around 55 meV. We also observe an
unconventional behavior of a splitting of the non-Kramers ground state doublet of Pr**, revealed by observing
excitations to the first excited singlet state Eg — Ay, at around 10 meV. The splitting has a strong temperature
dependence, where the doublet structure is most prominent between 50 and 100 K, and the weight of one of the
components strongly decreases on cooling contrary to simple thermal population tendency. We suggest a static
or dynamic deviation of Pr** from the position in the ideal crystal structure can be the origin of the effect, with

the deviation strongly decreasing at low temperatures.
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I. INTRODUCTION

Much of condensed matter research is currently focused
on a search for an experimental realization of a quantum spin
liquid (QSL) state. This is a magnetic state where spins do
not order despite strong interactions, but nevertheless their
behavior is determined by strong nonlocal correlations [1,2].
It is already understood that this state can be brought about
by a presence of a strong geometric frustration or competing
interactions. In addition, many candidate systems show some
levels of structural disorder. It is still a question, if the disorder
prevents quantum phenomena and mocks them experimen-
tally, or if it can be a factor leading to a QSL state [2]. Another
important question is how to experimentally distinguish the
effects of structural disorder from the effects produced by
dynamics of the lattice. In this paper on a quantum spin ice
candidate Pr,Zr,O; [3-5] we show that Raman scattering
spectroscopy is able to separate dynamic effects from the
effects of structural disorder. In the case of Pr,Zr,O; our
study finds evidence of dynamic lattice effects and shows their
importance for the magnetic state of this material.

PryZr,O; is a pyrochlore material, where the crys-
tal structure provides a three-dimensional frustrated lattice.
Pyrochlores are known to host classical spin ice [6-9] and
quantum spin ice, where quantum fluctuations are no longer
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negligible [10,11]. The magnetic properties of Pr,Zr,O; are
defined by the magnetic moment of Pr’*. In a crystal, the
3H, level of 4f atomic orbitals of Pr** which carry a J = 4
magnetic moment are split under the influence of the elec-
tric field related to the local Ds; crystal symmetry [12,13]
into 2A, + A, + 3E,; multiplets. This splitting determines
the magnetic properties of the system. The ground state of
the system is an E, non-Kramers doublet. The non-Kramers
doublet ground state makes the magnetic system sensitive to
the lattice degree of freedom, since a small deviation from
D34 local symmetry can bring about a splitting of the ground
state. This is the basis of suggestions that local disorder is an
important factor in the formation of a quantum spin ice ground
state in PryZr,O7 [4,14], as well as a possibility of studies of
quantum spin ice by magnetostriction, which were applied to
PI'QZI'207 [15]

The crystal electric field (CEF) description takes into ac-
count the lattice degrees of freedom as static, and decoupled
from the electronic and magnetic degrees of freedom. This
is not always a good approximation. For rare-earth materials
in particular, the presence of vibronic states, where phonons
modulate crystal field levels, is possible, due to the overlap-
ping energy ranges of these excitations. In case of interactions
at energies close to the ground state, dynamics of the lattice
can be a driving force for a spin liquid state, as was proposed
for Tb2TigO7 [16—18]

Here we present our findings on the crystal field levels
of Pr*t in PryZr,0; and their coupling to the lattice. High
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FIG. 1. Temperature dependence of the Raman scattering spectra
of PryZr,07 in the temperature range from 6 to 300 K in a parallel
polarization configuration (x, x) in the spectral region of the CEF.
The spectra are shifted along the y axis for clarity. CEF excitations
are marked by green triangles. The full measured spectral range up
to 125 meV can be found in SM [20].

spectral resolution and symmetry selectivity of Raman scatter-
ing spectroscopy allows a different look at the importance of
interactions with the lattice, going beyond simple crystal field
splitting and the static approximation. We observe a splitting
of the doubly degenerate crystal field levels with the nature
of the splitting being different for the E, levels of different
energies. We demonstrate that the E, level at 55 meV shows
a splitting of 2.3 meV due to vibronic interactions missed in
the previous studies [3,14,19]. We also probe the E, ground
state splitting and its evolution with temperature through the
analysis of transitions to the lowest excited A;, state. Our
results suggest that the splitting is present prominently at
temperatures around 100 K, and decreases on cooling. We
discuss the possible static and dynamic origins of this effect.

II. RESULTS

The temperature dependence of the Raman spectra of
Pr,Zr,O; in the spectral range from 3.7 to 70 meV
(30-565 cm™! at temperatures between 6 and 300 K) is pre-
sented in Fig. 1. Raman spectra in the range up to 125 meV
can be found in the Supplemental Material (SM) [20]. In the
Raman spectra of Pr,Zr,O; we observe two types of exci-
tations: (i) Raman-active phonons, and (ii) CEF excitations
of Pr**. Phonons were identified by polarization-resolved
Raman measurements on the (100) surface [21] and a
comparison to the density functional theory (DFT) phonon
calculations, while CEF excitations were assigned based on
neutron scattering results [3,19,22].

In this paper we focus our attention on the CEF exci-
tations in the spectra of Pr,Zr,O;. Raman scattering can
detect spectral lines of CEF excitations with a much higher-
energy resolution (0.125 meV for our experiments) than that
of the neutron scattering measurements, which can typically
go down only to 1 meV in the high-resolution measurements
for low signals [23]. CEF excitations show a much stronger
temperature dependence of the linewidth than phonons [24]

TABLE 1. Frequencies and widths of Pr** CEF levels obtained
from the Raman scattering spectra at 7 = 14 K. For the A}, excita-
tion at 9.5 meV, the second component has below 10% of the spectral
weight and is not included in the table. For the CEF excitations
around 55 meV, v; and v, are magnetoelastically induced vibronic
states which possess A, and E, symmetry, respectively.

Level Frequency (meV) Linewidth (meV)
Ay, 109.0 1.5
E, 94.4 2.8
Ajg 82.1 1.5
vy (Ep) 57.1 1.2
vy (Aig) 54.8 0.6
Ajg 9.5 1.0

(see Fig. 1), which allows us to observe most of them only at
low temperatures.

The energies of Pr’t CEF excitations observed in the
Raman spectra of Pr,Zr,O7 (see Table I) correspond well to
that observed by neutron scattering [3,19]. However, the line
shapes measured with the higher spectral resolution provided
a lot of information. We present the spectra of CEF at 14 K
with phonons subtracted in Fig. 2(a). The main result is the
Raman observation of splitting of the lower-energy doublet
levels, and the evidence for the different physical origins of
the splitting of different excitations.

For higher-energy CEF states, we observe a difference
in the linewidth between singlet and doublet excitations. At
14 K the spectral line corresponding to the excitation of the
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FIG. 2. (a) Raman spectra of CEF excitation of Pr,Zr,0; at
14 K. (b) A scheme of the CEF levels of Pr’*t in Pr,Zr,0,.
(c) Diagram of the vibronic coupling between the phonons and CEF
states. (d) Pr,Zr,O; phonon dispersion obtained by DFT calcula-
tions. The energy range close to the vibronic features is shown.
Dashed blue lines mark the experimentally observed CEF vibronic
excitations. The vibronic coupling is expected to occur at the inter-
section point of the nonsplit CEF doublet (solid blue line) and the
T>, phonon branch (red curve). (¢) Atomic displacements of the 75,
phonon mode. Upper panel: View of the unit cell. Lower panel: PrOg
octahedron site viewed from the [111] direction.
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FIG. 3. (a) Temperature dependence of the Raman scattering
spectra in the energy range of the lowest-lying CEF excitation E;,) —
Aj,. (b) Upper panel: Positions of the two components of the transi-
tion (w, and wj,). Middle panel: Linewidths of the two components
of the excitations (w, and w,). Lower panel: The ratio of the spectral
weight of w, to w,. (c) The scheme of the excitation E; — Ay,
illustrates that the shape of the electronic density distribution p of
the E;,) level, such as splitting, can define the shape of the observed
spectral excitation line. Histograms demonstrate the density of the
ground state splitting p(w) obtained by the deconvolution of the
Raman scattring spectra at 14, 40, and 80 K.

doublet E, at 94 meV (762 cm™!) shows a width of 2.8 meV,
which is about two times larger than the width of the spec-
tral lines of singlet Aj, and A,, excitations (1.5 meV) [see
Table I, Fig. 2(a)].

The line of a doublet E, at about 55 meV (460 cm™ 1) is
split into two components (v; and v;) separated by 2.3 meV.
The v; and v, components of the excitation show different
symmetries, with the low-frequency component v; following
the properties of the xx + yy basis functions (A, scattering
channel), and the higher-frequency one (v;) following x2— y?
basis functions (E, scattering channel) [see Fig. 2(a)].

On increasing the temperature, the excitation lines broaden
(for details, see SM Fig. S3 [20]). All the lines of the
CEF excitations harden by about 1 meV on an increase
of temperature.

At temperatures below about 20 K, the line of the CEF
excitation to the lowest excited singlet Ay, level at 9.5 meV
(Fig. 3) shows an asymmetric shape. It can be well described
by two symmetric Gaussian-Lorentzian line shapes with the
higher-frequency component of approximately 10% of the
total spectral weight of the excitation line. On an increase
of the temperature, the spectral weight of the high-energy
component increases, and the line develops into a well-defined
doublet line with overlapping components at about 9.5 and

10.4 meV. The energy difference between the two components
of the doublet increases, and lines broaden on temperature
increase [see Fig. 3(b)], until the components cannot be distin-
guished above 110 K. The doublet is identified most distinctly
in the temperature range between 50 and 100 K. The compo-
nents of the doublet do not show any polarization dependence.
The slight asymmetry is also present in the line shapes of the
higher-frequency A;, CEF excitations, however, at all tem-
peratures they are much broader than the energy difference
between the two components of the excitation at 9.5 meV.

III. DISCUSSION

According to the average crystal structure [13], the 4 f level
of Pr3t in Pr,Zr, O is split by the crystal field of D3, symme-
try into 2A, + Ay, + 3E, multiplets. In the Raman scattering
spectra we observe excitations from the ground state doublet
to all higher-energy components of this multiplet [3]. How-
ever, neither the symmetry-dependent splitting of the E, level
at 55 meV, nor the splitting of the A, level at 9.5 meV, can
be understood within the simple picture of the crystal field
splitting according to D3, symmetry.

A. Vibronic state for E, excitation at 55 meV

First, we discuss the origin of the splitting of the E, level at
55 meV. The splitting between the resulting lines (2.3 meV)
is larger that the splitting of the ground state doublet (1 meV),
the latter estimated according to our data and to previously
published neutron scattering data [4,14].

The well-defined symmetry of the components shows that
the splitting cannot be understood in terms of structural disor-
der leading to a relief of the double degeneracy of the level,
contrary to the previous interpretation [14]. Such a symmetry-
defined splitting can occur on mixing with another excitation
of E symmetry, with E  E = E + A + A, where the re-
sulting A; and E excitations will be observed in (x,y) and
(x, x) scattering channels, as detected in our experiment. Thus
the candidate excitation should have E symmetry and energy
close to the 55 meV of the crystal field level. In Pr,Zr,07,
similar to other rare-earth based crystals, a good candidate for
such an excitation is a phonon.

Theory describing this vibronic process was first developed
by Thalmeier et al. [25]. Typically, this mixing occurs when a
CEF state and a phonon have the same symmetry and are close
in frequency. The system can be described by the following
Hamiltonian [25],

H =Ho+ Hints (1

with the noninteracting part,

1
Mo =Y €al TNl + ey Y (a;aM + 5>, )
an I
and the interacting part,

Hine = —80 Y Uy Oy 3)
"

The noninteracting part of the Hamiltonian [Eq. (2)] is com-
posed of a CEF level |I'y) of a rare-earth ion with degeneracy
index n and a coupled phonon with energy /iwy. In the interact-
ing part [Eq. 3)], U, = a,, + a; is the phonon displacement
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operator and O, is the quadrupolar operator transforming
as the symmetry of the phonon [26,27]. The magnetoelastic
coupling constant is given by go. Importantly, this process is
not restricted to any particular part of the Brillouin zone.

In the case of Pr,Zr,0O7, we can identify the phonon which
produces the vibronic state. The calculated phonon dispersion
in the relevant energy range is presented in Fig. 2(d). At the
I" point of the Brillouin zone (BZ), the calculations are in good
agreement with the experimentally determined frequencies of
the Raman-active phonons [21], and both show an absence
of a doubly degenerate phonon in the region of 55 meV.
However, mixing is possible at the other parts of the BZ,
which also puts less restrictions on the phonon symmetry.
A simple assumption is that the energy of an unperturbed
E, crystal field excitation would be found between the two
split components at 56 meV, as marked with a dashed line in
Fig. 2. There are two phonon candidates that are very close in
energy to this CEF excitation in the X to W part of the BZ.
The most probable phonon candidate is a phonon which is
observed at 64.6 meV (63.5 meV is the calculated frequency)
at the I" point (73,). The calculated dispersion of this phonon is
plotted as a red line in Fig. 2(d). The eigenvector involves the
movement of O1 oxygens, which modulate the Pr** oxygen
environment [see Fig. 2(e)]. We observe this vibronic effect in
the Raman spectra at the I" point, because the CEF excitations
do not show dispersion, and the splitting which results from
interactions in a certain part of BZ leads to the splitting of the
CEF levels observed over the whole BZ [23].

Our high-resolution measurements of CEF excitations al-
low us to refine the crystal field parameters [19] and obtain
values of magnetoelastic coupling constants, as shown in
detail in the SM [20].

Rare-earth atoms show CEF excitations in the energy
range of the lattice phonons in many materials, and the
vibronic effect involving the CEF excitations can be relatively
common [23,25,28], though not broadly studied. Among
pyrochlore rare-earth based compounds, vibronic states are
found, for example, in Ho, Ti,O7 [23] and Tb,Ti,O7 [16]. The
latter is an especially interesting case, because a mixing of the
very-low-lying first excited state with a phonon might be an
origin of a spin liquid state in this material [11].

B. Probing the splitting of the ground state doublet

The splitting of the A;, CEF excitation at 9.5 meV has a
very different character. The doublet line of this excitation
does not show any polarization dependence. This symmetry
consideration, together with an absence of the Ag I'-point
phonons close to 9.5 meV, allows us to dismiss a vibronic state
interpretation [29].

A splitting of the spectral line corresponding to the E go —
Aj, excitation can reflect the doublet structure of the EQ
ground state level, as is schematically shown in Fig. 3. It
can be understood easily by considering the relevant Raman
intensity x”(w) at each frequency w;:

(o]

x"(wi, T) :Bnk/ p(o, T)L(w; — ', T)do'.  (4)

—00

Here, the natural width of the A;, singlet level is a Loren-
zian function L(w, T') determined by the lifetime of the level

©(T) [24], and p(w, T) is the density of the EJ level. By is a
probability of the £, — Ay, transition.

We can use a deconvolution procedure for experimental
Raman intensity x(w) to obtain p(w, T). The strong tem-
perature dependence of the shape of the Raman excitation
at around 9.5 meV reflects the change of p(w, T') with tem-
perature. We show p(w, T') for a number of temperatures in
Fig. 3(c). While the doublet structure is pronounced at temper-
atures between 100 and 40 K, the relative spectral weight of
the high-frequency component decreases on cooling, reaching
only 10% of the spectral weight of the lower-frequency com-
ponent below 30 K. This temperature dependence is reversed
to that expected due to the thermal population of the levels.
p(w;, T') is approaching that of a single nonsplit Eg level
as the temperature is reduced. The nonsmooth temperature
dependence of the parameters of the E ;,) components at around
30 K reflects the decrease of the low-energy weak compo-
nent down to below 10% of the total weight. Interestingly,
in this temperature range, a change of slope in magnetic
susceptibility is observed (see SM [20]) [3,19]. At tempera-
tures below about 30 K susceptibility is well described by a
nonsplit ground state CEF level only [19].

An observation of the Eg0 doublet in Raman scattering
was possible due the high spectral resolution, and presents a
more complicated picture than a single band Gaussian distri-
bution with width of 1 mW obtained from neutron scattering
data [4,14]. The latter was suggested to be a result of struc-
tural disorder [4], and in particular random strain [14]. The
presence of the two components of Eg separated by about 1
mW can explain a feature in the heat capacity of Pr,Zr,O;
observed at about 10 K [3].

While random disorder cannot be the origin of the well-
defined splitting, the split ground state doublet can be a result
of a deviation of the Pr’* environment from Ds;. Such a
deviation may be produced, for example, by a shift of the
Pr3* atom from the position in the average structure, and was
suggested by Trump et al. [30]. The temperature dependence
of the spectra corresponds to a decrease of a deviation of Pr’*
environment from Ds; on cooling, which can occur due to
changes of structure on thermal contraction of the crystals.

Alternatively, the splitting can originate from a dynamic
process. Such a process could be a phononlike “jump” of a
Pr atom between a central position and an off-center potential
minimum. Such a picture can explain the temperature depen-
dence of both intensities and width of the Eé(,) components
(Fig. 3). On cooling, this dynamic process slows down or
the phonon excitation gets depopulated, leading to the redis-
tribution of spectral weight and narrowing of the levels that
belong to the ground state E é(,) doublet. If such a phonon mode
exists, it would be a dipole-active excitation, observed in the
GHz regime.

IV. CONCLUSIONS

In this paper we perform a high-resolution symmetry-
resolved Raman scattering study of crystal field levels of Pr’*
in Pr,Zr,O7, and show that dynamic interactions with the
lattice are the dominant reason for the splitting of the doublet
crystal field levels. We show that a 2.3 meV splitting of an
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E;,) crystal field level at 55 meV originates from a vibronic
interaction with a phonon.

We detect a splitting of the ground state doublet by an-
alyzing a transition to the first excited state Eg — Ay, The
splitting has a strong temperature dependence. We suggest
possible interpretations in terms of a static or dynamic shift
of Pr3t from the Ds,.
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