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Inelastic neutron scattering on Ce pyrochlores: Signatures of electric monopoles
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We revisit the pyrochlore spin liquid materials Ce,Sn,O; and Ce,Zr,O; by examining the existing experi-
ments. We continue to rely on the special properties of the dipole-octupole nature of the Ce** moment. The
inelastic neutron scattering (INS) measurement in the octupolar U(1) spin liquid selects the (gapped) spinon
continuum, and thus has suppressed spectral weights below the energy threshold of two spinon gaps. This
measurement, however, includes all other emergent excitations at lower energies in the dipolar U(1) spin liquid,
in particular, the gapless photon and the continuum of the electric monopoles . Although the electric monopole
continuum is weakly gapped (compared to the larger spinon gap), the energy scale is actually close to the gauge
photons, and the spectrum largely overlaps with the photons. Due to the background dual 7 flux for the electric
monopoles, the density of states is enhanced at lower energies, creating peak structures. This can be contrasted
with the linearly suppressed spectral weight of the gauge photons at low energies. We propose that the electric
monopole continuum should be mostly responsible for the low-energy spectrum in the INS measurement in the
dipolar U(1) spin liquid. With these understanding and calculation, we discuss the available experimental results

and predict further experiments for Ce,Sn,O; and Ce,Zr,0;.
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There has been a continuous interest in the pyrochlore
quantum spin liquid [1,2]. It is an exotic quantum state that
is understood quite well theoretically and at the same time has
a strong experimental connection with the pyrochlore quan-
tum spin ice materials [3—6]. After the intensive exploration
of the Tb-pyrochlores, Yb-pyrochlores, and Pr-pyrochlore
[1,2], the recent activities were about the Ce-based pyrochlore
magnets, where the Ce®' local moments were identified
as the dipole-octupole (DO) doublets and related to dis-
tinct symmetry-enriched spin liquids [7,8]. There are now
three different Ce-based pyrochlore compounds: Ce,Sn;0O7,
Ce,Zr,07, and Ce,Hf,0; [9-19]. Most experiments were
performed on the first two compounds so far. In this work, we
review some of the existing experiments, mostly the inelastic
neutron scattering (INS) results, and aim to provide some
insights from the theoretical perspective to the understanding
of the experiments.

Since our major point is about an important corner of the
low-energy excitation spectra that distinguishes the dipolar
U(1) spin liquid and the octupolar U(1) spin liquid, we simply
state the results here. The U(1) spin liquid on the pyrochlore
lattice is effectively described by the compact quantum elec-
trodynamics, which hosts three different excitations. Spinons
are sources of the emergent magnetic field, while electric
monopoles are sources of the emergent electric field. The
dynamics of the electrodynamics field manifests as photons.
The INS measurement could detect all the emergent excita-
tions for the dipolar U(1) spin liquid. In particular, due to
the intrinsic = dual U(1) gauge flux, the electric monopole
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continuum stands out at low energies and creates the peak
structures on top of the suppressed photon intensity. In reality,
the whole INS spectrum contains the peaks from the electric
monopole continuum at low energies and the peaks from the
spinon continuum at higher energies, in addition to the lin-
early suppressed photon modes [20,21] at low energies. The
presence of the electric monopole continuum for the dipolar
U(1) spin liquid for the DO doublets in the INS measurement
were actually claimed in our previous work [22,23]. Because
many results were scattered in different parts in the previous
works, the relation with the later experimental results has not
yet been fully synthesized and clearly made. To better serve
the community, we fulfill this task by reviewing the existing
experiments and performing expanded calculations based on
the existing experimental progress. Arriving at these results
requires the combination of the microscopic nature of the
DO doublet, the effective spin model, and the experimental
measurement. To make the presentation of this work self-
contained, we will start from the basics before embarking on
detailed outcomes.

We begin with the dipole-octupole (DO) doublet on the
pyrochlore lattice. Each state of this doublet is a one-
dimensional irreducible representation of the D3, point group,
and is transformed into the other by the time reversal operation
[7]. Thus, they are a special type of Kramers’ doublet whose
degeneracy is protected by the time reversal symmetry. More
specially, their wavefunctions are linear superpositions of the
local J* = 3m/2 (with m an odd integer) where the z direction
is along the local 111 direction at each magnetic ion. As it is
demanded by the point group symmetry, this doublet generally
occurs among the crystal field states of all spin-orbit-coupled
local-J moments with J > 1. If the local moment J happens
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TABLE I. List of different U(1) QSLs for their inelastic neutron scattering properties. Here “usual Kramers doublet” refers to the Kramers
doublet that differs from a DO doublet. This is an improved version of Table I in Ref. [8] by incorporating the understanding of Refs. [22,23].
The electric monopole was referred as “magnetic monopole” in Refs. [3,22,24]. The point at * is what we emphasize and distinguish from the

interpretation in Ref. [25].

Different U(1) QSLs

Inelastic neutron scattering measurement

Octupolar U(1) QSL for DO doublets
Dipolar U(1) QSL for DO doublets

Dipolar U(1) QSL for non-Kramers doublets
Dipolar U(1) QSL for usual Kramers doublets

Gapped spinon continuum

Gapless gauge photon, gapped electric monopole continuum®*, and gapped spinon
continuum

Gapless gauge photon, gapped electric monopole continuum

Gapless gauge photon, gapped electric monopole continuum, and gapped spinon
continuum

to be an odd multiplier of 3/2 such as J = 9/2 for Nd** in
Nd,Zr,07 [26,27] and Nd;Sn,0O7 [28,29], and J = 15/2 for
Dyt in Dy,Ti,O7 [7], an easy-axis anisotropy would favor
the DO doublet as the crystal field ground state. For others J’s,
this way to obtain the DO doublet as the crystal field ground
state does not seem to apply.

We are particularly interested in the Ce pyrochlores with
J =5/2. The possible spin liquid was first experimentally
proposed for Ce,Sn, 07 [9]. The DO doublet nature of ground
state doublet for the Ce®" ion was clarified in the theo-
retical work of Ref. [8], as well as the connection to the
pyrochlore ice U(1) spin liquids. The key insight of the se-
lective spectroscopic measurements for the spinon continuum
in the octupolar U(1) spin liquid by the INS spectroscopy was
also made over there [8]. Later developments were achieved
for both Ce,Zr,0O7 and Ce,Sn;07, especially Ce,Zr,O; due
to the single-crystal samples [9-18,30]. The relevance of
the w-flux U(1) spin liquid [or U(1), spin liquid] was then
raised, and the translational symmetry enrichment on top of
the point-group symmetry enrichment, and the symmetry frac-
tionalization were discussed [23].

Later theoretical works have also made progress to ex-
amine the distinction between different symmetry enriched
U(1) spin liquids [31-35]. The recent thermodynamics and
model calculation were even able to extract the parameters of
the exchange couplings [17,36]. The results are different for
Ce,Zr,07 and Ce,Sn, 07 that are likely located in different
U(1) spin liquid ground states of the underlying XYZ spin
model. More recent INS measurements indeed found different
excitation spectra for Ce,Zr,07 and Ce,;Sn, 07 [25,30]. Since
very low-temperature thermodynamics may contain some un-
certainty in the measurements and fitting, we rely mostly on
the neutron scattering measurements for the major reasoning.
To understand the INS experiments, we start from the spin
model for the Ce pyrochlores [7,8]

H = Z [Jxrixrj)-‘ + Tt + sz(rl-xr_f + tftj‘)
(ij)

AT = ) - 2k, M

where 7* and t° transform as a magnetic dipole mo-
ment, 7 transforms a magnetic octupole moment, ki is
the external magnetic field that only couples to 7° lin-
early, and Z; is the local z direction. The crossing J,, term
can be eliminated by a rotation around the y direction in

the pseudospin-t space with S} = 7 cosé — 7sinf, S; =
7 sinf + 17 cos6, S) = 77, and the resulting spin model is
of the XYZ form [7,8],

Hyyz = Y J.SiS}+ IS)S) + .S
(i)

— ) (A~ 2)h(cos6S; — sin6S;), 2

where J’s are related to the J’s via the pseudospin rotation.

INS spectroscopy. Based on the qualitative and powerful
symmetry reasoning, we know that, the model in Eq. (2)
without the field has two symmetry-enriched U(1) spin liquids
from the perspective of the point group. For a dominant and
antiferromagnetic J, or J;, a (conventional) dipolar U(1) spin
liquid is realized. In contrast, for a dominant and antiferro-
magnetic fy, an octupolar U(1) spin liquid is realized. It was
observed that [8], because the magnetic field or the neutron
spin only couples to the transverse components relative to
$Y in the octupolar U(1) spin liquid, the inelastic neutron
scattering only measures the spinon continuum (see Table I).
An energy threshold of two-spinon gap [37] is needed in
order to observe the spinon continuum in the neutron scat-
tering measurement. With this insight, the spinon continuum
spectroscopy for both 0-flux and m-flux octupolar U(1) spin
liquids were studied [8,23]. Moreover, due to this selective
linear coupling for the dipolar spin components, a regular
unpolarized INS may already function as a polarized INS, and
a polarized INS can be a unnecessary luxury.

Let us re-examine the dipolar U(1) spin liquid for a domi-
nant and antiferromagnetic J. If J,. is weak (or equivalently, 6
is small), the behaviors in the neutron scattering measurement
in this limit should not be very different from the octupolar
U(1) spin liquid. In this regime, the coupling to the neutron
spin is primarily via S component, and the coupling to S*
is suppressed by sin 6. The intensity of the $*-S* correlation,
that includes the electric monopole continuum and the gauge
photon, is suppressed by sin’ 6. The INS measurement can-
not differentiate this dipolar U(1) spin liquid in this regime
from the octupolar U(1) spin liquid, regardless of whether
further translational symmetry enrichment with 0 or 7 flux
for the spinons is considered. From the perspective of the S°
component, the hidden S* and S components actually have
the same effect. This can be understood via a rotation of the
spin S; around the z direction by 7 /2 that switches $* and
S%. For the same reason, thermodynamics like specific heat
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and magnetic susceptibility cannot differentiate them. Thus,
in the above mentioned measurements, the dipolar U(1) spin
liquid for a dominant and antiferromagnetic J, is not very
different from the octupolar U(1) spin liquid. We note that, in
Ref. [36], a finite linear Zeeman coupling to t* is introduced
in Eq. (1), and this would be more or less equivalent to a finite
6. The presence of this extra coupling could in principle make
the experimental behaviors of the above two phases different.
Our understanding here is restricted to the regime with the
vanishing t* Zeeman coupling of Eq. (1).

About Ce,SnyO7. The recent INS measurement in the pow-
der sample of Ce,Sn,07 actually observed a large spectral
weight at ~0.045 meV, and the spectral weights are gradually
suppressed below this peak energy. From the above explana-
tion, this is either consistent with the expectation from the
octupolar U(1) spin liquid, or compatible with the dipolar
U(1) spin liquid for a dominant and antiferromagnetic J, and
a small 6. On the positive side, the measured excitation con-
tinuum for both cases is interpreted as the spinon continuum
for the former, and the predominantly spinon continuum for
the latter. The further structures in the momentum and/or
energy domain of the spinon continuum could differentiate
the distinct translation symmetry enrichments, i.e., the 0 or
gauge flux for the spinons [8,23,34]. It is tempting to mention
that, recent experiments of Ref. [17] on both single-crystal
and powder Ce,Sn,O; samples with a different preparation
condition concluded with a dominant and antiferromagnetic
J. and an intermediate  (=0.197). The authors suggested
that, Ce,Sn, 07 is located in the dipolar spin ice regime, but
the ground state is ordered in the all-in all-out state. Even if
the ground state is not ordered, an intermediate 6 (=0.197)
for a dipolar U(1) spin liquid with a dominant and antifer-
romagnetic J, would imply a significant spectral weight due
to the electric monopole continuum and the gauge photon at
energies below the two-spinon gap. This is clearly different
from the inelastic neutron scattering result in Ref. [30]. The
discrepancy between Refs. [17] and [30] might arise from the
sample preparation [17] and remains to be resolved.

About Ce,Zr,07. In contrast, the recent INS measurement
in the single-crystal sample of Ce,Zr,O; observed enhanced
spectral weights at low energies, and the large spectral in-
tensity extends down to zero energy within the experimental
reach [25]. Without invoking any other features from the
experiments, we think this piece of experimental information
alone can be understood from the following three possibilities.

The first possibility is that the low-energy spectral weights
arise from the spinon continuum with a small gap, and the
system is either in the octupolar U(1) spin liquid or in the
dipolar U(1) spin liquid for a dominant and antiferromagnetic
J, and a small 6. If the fitted exchange parameters in Table I
are used, however, the system is clearly not in the regime with
weakly gapped spinon excitations. Given the thermodynamic
results were used in the fitting, this possibility may be ruled
out.

The second possibility is that the system is in a dipolar
U(1) spin liquid with an intermediate 6 such that sin’# and
cos? 6 are of the same order. This can allow for a dominant and
antiferromagnetic J;, or a dominant and antiferromagnetic J,,
or both. The third possibility is that the system is in a dipolar
U(1) spin liquid with a dominant and antiferromagnetic .J, and

TABLE II. The fitted exchange parameters from different works.
In Ref. [12], the authors only obtained J* /Jiv ~ —0.015 where J*
is defined with respect to the y component with J* = —(J, + J,)/4.
Likewise, Ref. [30] obtained Ji/fy ~ —0.11. In Ref. [16], an equal
fitting is obtained when the values of J, and J~v are switched. In Ref.
[36], a weak but finite linear coupling to 7;* was introduced in Eq. (1).
In Ref. [25], the authors only obtained J*/J, ~ —0.28 where J* is
defined with respect to the x component with J* = —(Jfv +J7.)/4.
The energy unit is given in meV.

Material Jy Jy J, 0 Reference
Ce,Sny 04 0.05 0 Ref. [12]
Ce,Sn, 04 0.048 0 Ref. [30]
Ce,Sn, 07 0.045 —0.001  —0.012  0.197  Ref. [17]
CeyZr,0;  0.063 0.064 0.011 0 Ref. [16]
Ce,Zr,0;  0.0385 0.088 0.020 0 Ref. [36]
Ce,Zr,0;  0.076 0.12r  Ref. [25]

a small 6. For the third possibility, the spinon continuum at
high energies should be suppressed from sin’ 6.

For the second and third possibilities, the low-energy spec-
tral weights below the two-spinon gap arise from the electric
monopole continuum and the gauge photon. However, since
the spectral weight of the gauge photon is intrinsically sup-
pressed at low energies, thus the low-energy spectral weights
for these two possibilities are mostly given by the electric
monopole continuum. This is the fundamental difference of
our interpretation from Ref. [25].

Electric monopole continuum. We here focus on and work
out the details for the low-energy electric monopole con-
tinuum that is shared by these two possibilities. Unlike the
spinons that hop on the diamond lattice formed by the tetrahe-
dral centers of the pyrochlore lattice, the electric monopoles
reside on the dual diamond lattice whose bonds penetrate
through the hexagonal plaquette centers of the diamond lattice
for the spinons. If one sticks to the context of quantum spin
ice, the spinons are excitations out of the ice manifold, while
the photon and the electric monopoles are excitations that are
built up from the ice manifold and occur in a much lower
energy scale than the spinons (see Fig. 1). The spinon has
a classical analog as the classical magnetic monopole, the
photon and the electric monopoles are purely of quantum
origin and have no classical analog. Moreover, the electric
monopoles experience a w dual U(1) gauge flux on the dual
diamond lattice. Thus, the translation symmetry is fractional-
ized for the electric monopoles.

The Hamiltonian describing the electric monopole hopping
on the dual diamond lattice is given as [22]

Hy=—t) e " ®ld, —uy ofd, 3)
(rr') r
where ®! (®,) represents the monopole creating (annihila-
tion) operator, and ¢ and p denote the hopping and chemical
potential of the monopoles, respectively. The position r spans
the dual diamond lattice, comprising the A and B sublattices.
The dual gauge link o, capturing the 7 dual U(1) gauge
flux due to the effective spin-1/2 nature of the moment, is
chosen as 2w oy e, = £,0 - r, where r € sublattice A and
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FIG. 1. (a) The schematic energy level diagram of electric
monopoles, photons, and spinons. (b) and (c) are the structure of
the two-monopole continuum along the high-symmetry line in the
magnetic Brillouin zone: I'-L-U-X-I"-K-W-U-I". The chemical po-
tential is set to u = —3t. (b) Lower edge (blue curve) and upper edge
(red curve) of the two-monopole continuum. (c) Normalized two-
monopole continuum density of states, p® (k, ), spanning from the
lower edge to half of the continuum width. The brightness indicates
the strength of the density of states.

t + e, < sublattice B. Here, e, (u = 0, 1, 2, 3) represents the
nearest-neighbor vectors connecting the two sublattices (See
the Supplemental Material [38]). To fix the gauge, we choose
(&0,£1,8,8)=1(0,1,1,0) and Q =27(1,0, 0). Diagonal-
izing Eq. (3), we obtain four monopole bands

1
Qf = 17[4+ 213+ C.C, — CC. + CGC ] — e (4)
where C,, = cosg, (W =x,y,2), { ==, and n = =£. Due to
the background 7 dual U(1) gauge flux, the monopole bands
are then defined over a “magnetic” Brillouin zone that is half
of the crystal Brillouin zone.

As previously discussed, the two-monopole continuum
predominantly contributes to the INS signal in the low-energy
regime. This signal is expected to correlate with the two-
monopole continuum density of states, p® (k, w), regardless
of a specific form factor. With the momentum and energy
conservation, the density of states is given by

PPk wyoc Y 3lo—Qfl@ -k —q-0)
q.81,62,11,1m2

where k and w represent the total momentum and energy of the
two monopoles, respectively. The offset Q originates from the
spatial periodicity of the gauge potential. Due to the period-
icity of p(z)(k, ), however, this offset does not influence the
spectrum. Specifically, at the I point, the momenta of the two
monopoles cancel out. Given the symmetry of the monopole

bands under reflection with respect to the 2 = —u plane and
inversion ¢ — —gq, the continuum spectrum features a flat
band near w = —2u. Consequently, a §-function-like peak is

observable in the two-monopole continuum density of states
at the I" point [see Fig. 2(a)].

In the following, we set ¢ as the energy unit and u = —3¢
to prevent the electric monopole condensation [24]. We nor-
malize p® (k, w) by its maximal value. Given the energy
overlapping between the four monopole bands, the two-
monopole continuum spans continuously from a lower to an
upper edge, with a spectrum width of 8+/2¢. Figure 1 il-
lustrates the edge shapes along the high-symmetry line (for
the definition of high-symmetry points, see the Supplemental
Material [38]). Additionally, Fig. 2(b) and 2(c) display the
density of states at two representative high-symmetry points.

Discussion. We discuss the fitted parameters for Ce,Zr, 0
from Table II. For the parameters in Ref. [16], since & ~ 0, as
we have discussed, one cannot distinguish the octupolar U(1)
spin liquid with a dominant J~\ and the dipolar U(1) spin liquid
with a dominant J,. For both phases, the INS measurement
can only probe the spinon continuum at high energies. Thus,
this set of parameters is inconsistent with the neutron results
in Ref. [25]. For the parameters in Ref. [36], even though
an additional linear Zeeman coupling to t* in Eq. (1) is
introduced, the parameters for the exchange simply favor an
octupolar U(1) spin liquid, for which the INS measurement
can only probe the spinon continuum at high energies. For
the parameters in Ref. [25], the system is in the dipolar U(1)
spin liquid. As @ = 0.127 is in the intermediate regime, all
excitations should show up in the INS measurement, where
the low energy part should be mostly contributed by the
electric monopole continuum. This is qualitatively compatible
with the expectation. On a bit more quantitative side, if one
uses the fitted couplings of Ref. [25], the energy scale for
the electric monopoles and photons is approximately set by
the ring exchange Jiing = 12(J*)3/J2 ~ 0.02 meV, while the

®) spinon energy scale is set by J, and renormalized by J..
4 %10 T point ’ %10 X point 4 %107 K point
= | @ = | ® T | ©
8 S 8
= 3 = 3 = 3
g g g
8 8 8
2 £2 A2
3 3 3
1] S| 1
) B )
U 5SS QL
0 0 0
0 4 8 12 0 4 8 12 0 4 8 12
w/t w/t w/t

FIG. 2. Normalized two-monopole continuum density of states, p® (k, w), at three high-symmetry points: I', X, and K. (a) At the I point,
the density of states features a §-function-like peak at the spectrum center due to the energy-momentum matching of two monopoles. (b) At
the X point and (c) K point, the density of states exhibits a similar shape, albeit with weaker peaks at the spectrum center compared to the I'

point.
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Thus, we expect that, probably below about 0.05 meV, the
INS spectrum is contributed by photons and electric monopole
continuum, and mostly by the electric monopole continuum.
The detailed structures of the continuum require a high energy
resolution to resolve. Otherwise, the continuous excitations
are simply crowded up at low energies (see the Supplemental
Material [38]). Roughly above about 0.05meV, the INS spec-
trum is contributed by spinon continuum combined with other
low-energy excitations (photon, electric monopoles).

The above analysis, however, has one caveat. If a linear
Zeeman coupling to 7* is introduced in Eq. (1) as Ref. [36], a
dipolar U(1) spin liquid with a dominant J; or J, with 6 ~ 0
could not be simply ruled out. About the calculation, the
caveat is that we treat the electric monopole at the quadratic
level and the dual U(1) gauge field as a static background.
According to Ref. [39], the threshold spinon-pair production
could be abruptly enhanced due to the coupling to the dynamic
gauge field. Similar features would occur for the threshold
electric monopole production, giving rise to a large density
of states at low energies than our current treatment.

It is interesting to see the effect of a weak magnetic
field for a dipolar U(1) spin liquid if Ce,Zr,O; realizes it.
A weak magnetic field polarizes the effective Ising com-
ponent and modifies the dual gauge flux away from m for
the electric monopoles. This has two consequences. First,
the electric monopoles develop Hofstadter-like band struc-
tures, and the continuum will have more modulations in
the energy-momentum domain [24]. The abundance of the
electric monopole continuum at low energy should also be
accessible through the SR measurement at zero/weak field

[13]. Second, the electric monopole band will have a non-
trivial Berry curvature distribution, generating the monopole
thermal Hall effect at low temperatures [40]. If Ce;Sn,0O7
realizes the octupolar U(1) spin liquid, no such effect is ex-
pected. In general, the very low energy scale of the monopole
physics for the rare-earth magnets makes the detailed mea-
surement difficult, and this calls for the candidate d electron
systems with higher energy scales and the numerical calcula-
tions [41]. So far, one candidate d electron magnets for the
DO doublets is Cd,Os,07, but it is ordered [42].

In summary, we propose the low-energy continuous excita-
tions in the recent inelastic neutron scattering measurements
in Ce,Zr, 07 is mostly contributed from the electric monopole
continuum. Although the gapless gauge phonon is present,
its intensity should be suppressed at low energies. While the
fitted parameters in Ref. [25] are qualitatively compatible with
our expectation from the INS scattering measurement, our
interpretation is different from Ref. [25]. We further demon-
strate the structures of the electric monopole continuum in the
energy and momentum domains.
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