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The identification of fractionalized excitations in quantum spin liquids (QSLs) remains a central
challenge in condensed matter physics. In dipolar-octupolar (DO) pyrochlores, such as Ce2Zr2O7, the
candidate π-flux quantum spin ice (QSI) state is predicted to host both gapless emergent photons and a
continuum of spinons. However, resolving these modes at zero field is complicated by their spectral overlap
and the presence of nonmagnetic scattering near zero energy. Here, we report neutron scattering
experiments on Ce2Zr2O7 under a magnetic field along the [1, 1, 1] direction. In contrast to previous
unpolarized studies at zero field that relied on high-temperature subtraction, we use a same-temperature
high-field subtraction protocol to isolate the photon and spinon modes. Leveraging the selective coupling
of the magnetic field to the dipolar degrees of freedom, we demonstrate the spectroscopic demarcation of
these excitations. We observe that weak fields (≈0.15 T) suppress the low-energy photon weight while
leaving the high-energy spinon continuum robust, albeit hardened. Our results, supported by gauge mean-
field theory and exact diagonalization calculations, provide strong evidence for the π-flux QSI state and
introduce a powerful field-tuning protocol for investigating DO-QSLs.

DOI: 10.1103/svt2-m3pp

Introduction—Quantum spin liquids (QSLs) are long-
range entangled quantum phases of matter that support
fractionalized excitations and emergent gauge structure
[1–6]. Within this landscape, quantum spin ice (QSI) on
the pyrochlore lattice is a three-dimensional quantum spin
liquid that hosts an emergent U(1) lattice quantum electro-
dynamics with gapped bosonic spinons and linearly dispers-
ing emergent photons [7–9]. The identification of a QSI in
frustrated magnets has been an important goal in quantum
spin liquid physics and frustrated magnets.
The cerium-based dipolar-octupolar (DO) pyrochlores,

Ce2T2O7 (T ¼ Sn;Zr;Hf), have recently emerged as
leading candidate materials for realizing a U(1) quantum
spin-ice (QSI) state [10–19]. These compounds exhibit no
long-range magnetic order or spin-glass freezing down to
tens of millikelvin, while inelastic neutron scattering (INS)
reveals broad continua of spin excitations consistent with
fractionalized dynamics despite comparatively weak struc-
tural disorder [10,12,14,15]. Their low-energy physics is

governed by a well-isolated Ce3þ Kramers doublet, which
can be described by pseudospin-1=2 operators τx;y;z [20,21]
on the sites of the pyrochlore lattice. Under the D3d point-
group symmetry of the pyrochlore lattice, τx and τz transform
as magnetic dipoles, whereas τy transforms as a magnetic
octupole. In the corresponding gauge-theory description,
the pseudospin component selected by the dominant
exchange coupling plays the role of the emergent electric
field, while the remaining pseudospin components generate
dynamics of the conjugate gauge field.Microscopic analyses
place Ce2Zr2O7 specifically in the π-flux QSI regime, where
the emergent gauge flux through hexagonal loops is π
[14,19,22,23]. In this regime, the spinons display distinctive
signatures, including a characteristic three-peak structure in
the dynamical response [24,25], which has been extensively
compared with INS measurements [8,12,19]. Moreover,
additional quasielastic signals in the polarized neutron
scattering and T3 specific heat were interpreted as evidence
for the emergent photons [26].
The central experimental challenge in separating the

magnetic signal from the emergent photons at E ¼ ℏω ≈
0 meV [7,8,27] is the overlapping contributions from
the strong nonmagnetic background scattering near the
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elastic line. Previous unpolarized neutron studies relied on
high-temperature background subtraction to isolate mag-
netic signals, which assumes a temperature-independent
background and nonmagnetic scattering [10–19]. While
neutron polarization analysis can conclusively separate
magnetic and nonmagnetic scattering [26], it suffers from
poor statistics and is not readily compatible with the finite-
field measurements, which is another way to investigate the
magnetic field dependence of different degrees of freedom.
These limitations motivate an alternative strategy for field-
dependent INS spectroscopy.
In this Letter, we use a weak magnetic field along the [1,

1, 1] direction as a selective spectroscopic handle that
enables a direct extraction of the emergent-photon signal.
The key ingredient is the DO character of the Ce3þ Kramers
doublet [20,28–30]. Since the projected magnetic moment
within this doublet is carried solely by τz, a uniform
magnetic field couples only linearly to τz, HZeeman ¼
−μBgz

P
iðH · ẑiÞτzi , whereas the transverse sector is com-

paratively insensitive at linear order (equivalently, g⊥ ≈ 0).
This separation allows us to implement a same-temperature
high-field background subtraction (STHFBS) protocol, in
which the high-field spectrum at the base temperature
serves as an internal reference. This contrasts with previous
field-dependent INS studies for fields along the ½1; 1̄; 0� and
[0, 0, 1] directions, which primarily tracked the suppression
of the broad spinonlike continuum under strong polariza-
tion and did not directly resolve the gapless photon
response [15,19]. In Ce2Zr2O7, the predominantly Ising
character of the ground-state doublet further suppresses
conventional transverse fluctuations and thereby avoids
field-induced ferromagnetic spin-wave branches, making
the high-field state a clean reference for isolating intrinsic
low-energy spin excitations. Applying STHFBS, we show
that a modest [1, 1, 1] field efficiently suppresses the low-
energy photon window while leaving the higher-energy
continuum largely intact; subtracting the internal reference
therefore isolates the fragile photon contribution from the
robust spinon background. Combined with gauge mean-
field theory (GMFT) and exact diagonalization (ED), this
protocol provides independent and complementary spectro-
scopic evidence for the π-flux quantum spin-ice state [26].
Experimental methods—INS experiments were per-

formed using the cold neutron chopper spectrometer
(CNCS) at the Spallation Neutron Source (SNS). A large
single crystal of Ce2Zr2O7 (mass ≈2 g) was mounted on an
oxygen-free copper holder (Supplemental Material, Fig. S1
[31]). The sample was cooled to a base temperature of T ≈
50 mK using a dilution refrigerator equipped with a
vertical-field cryomagnet, providing a magnetic field along
the ½1; 1; 1� direction. Data were collected at incident
neutron energy Ei ¼ 3.32 meV under five distinct mag-
netic fields: μ0H ¼ 0, 0.1, 0.15, 0.2, and 3.0 T. All
experimental results presented in this work are shown after
subtracting the 3.0 T dataset as a background, effectively

removing the field-independent nonmagnetic scattering.
Full experimental details are provided in Supplemental
Material (Figs. S2–S6) [31].
Theoretical calculations—We consider the most

general nearest-neighbor model for DO pyrochlores
[20,21], H ¼ P

hi;ji;α J̃αταi τ
α
j þ P

hi;ji J̃xzðτxi τzj þ τzi τ
x
jÞ−

gzzμB
P

i ðH · ẑiÞτzi , with α∈ fx; y; zg. A rotation of the
pseudospins about the local y axis by an angle θ, τyi ¼ Syi ,
τxi ¼ cos θSxi − sin θSzi , τzi ¼ sin θSxi þ cos θSzi , diagonal-
izes the ðx; zÞ sector, with tanð2θÞ ¼ ð2J̃xz=J̃x − J̃zÞ,
thereby eliminating the mixed τxi τ

z
j terms and yielding an

XYZ Hamiltonian

H ¼
X

hi;ji;α
JαSαi S

α
j þHZeeman; ð1Þ

where HZeeman ¼ −μB
P

i gzzðH · ẑiÞðcos θSzi þ sin θSxi Þ.
Crucially, θ has direct physical content. When J̃xz ≠ 0,
the exchange eigenmodes ðSx; SzÞ are rotated relative to this
dipole axis, so the physical magnetization operator is
τz ¼ cos θSz þ sin θSx. Thus, θ controls how experimental
probes partition spectral weight between Sz and Sx chan-
nels. In this sense, θ quantifies the dipole-octupole hybridi-
zation and sets the degree of channel mixing visible in
field-dependent spectroscopy.
For Ce2Zr2O7, we adopt the experimentally motivated

parameters ðJxx; Jyy; Jzz; θÞ ¼ ð0.063 meV; 0.062 meV;
0.011 meV; 0.2πÞ [14,19]. Here, we choose a larger θ
compared with the best fit parameters from experiments
for reasons discussed in Supplemental Material [31]. With
these parameters, the model lies in the QSI regime
[3,7,8,24,25,27,38–47]. In direct analogy with U(1) gauge
theory, Sx ∼ E is the emergent electric field, while the
transverse operators S� ∼ Sy � iSz ∼Φ†e�iAΦ implement
spinon Φ hopping in the background gauge field A
[1,25,45,48–52].
As neutron spins couple only to the dipolar component

τz, the neutron-scattering cross section is proportional to
the hτzτzi correlation function. In the Sα basis,
hτzτzi ¼ sin2 θhSxSxi þ cos2 θhSzSzi þ sinð2θÞRehSxSzi.
These three terms correspond, respectively, to the photon,
spinon, and photon-spinon mixing channel. We can evalu-
ate the corresponding dynamical correlations using ED on a
16-site conventional cubic pyrochlore cluster with periodic
boundary conditions [53–57].
Results and spectral demarcation—(i) Photon sector

ðE < 0.05 meVÞ:At zero field, this window is dominated
by a gapless, linearly dispersing photon mode [7,8,58].
Upon applying Hk½1; 1; 1�, the intensity in this window
is rapidly depleted [59] and is nearly extinguished by
kμ0Hk ¼ 0.15 T. Since GMFT places the confinement
transition at larger fields [60], we attribute this apparent
“gapping” not to photon confinement, but to a field-
induced redistribution of photon-dominated weight: the
field introduces a mixing channel that strongly suppresses
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the spectral weight of the quasielastic window. We elabo-
rate on these mechanisms below.
A uniform ½1; 1; 1� field couples differently to the four

pyrochlore sublattices because their local axes ẑi are
inequivalent. The Zeeman term HZeeman therefore naturally
decomposes the lattice into alternating kagome and tri-
angular layers [Fig. 1(b)]. As shown in Ref. [61], this

lowered symmetry splits the photon dispersion into two
branches already at leading order, producing a broader
low-energy response. Consistent with this expectation, our
ED results show that the sharp quasielastic photon peak at
H ¼ 0 [Fig. 1(e)] evolves into a broadened low-energy
structure at kμ0Hk ¼ 0.2 T (still below the critical field)
[Fig. 1(f)].

(a)

(b)

(c)

(d)

(e) (f)

FIG. 1. (a) Pyrochlore network of Ce3þ ions (corner-sharing tetrahedra) viewed along a cubic axis. (b) Spinon and photon sectors
under a ½1; 1; 1� field. A gapped bosonic spinon Φ propagates on the dual diamond lattice formed by tetrahedron centers, with Φ† and Φ
denoting creation and annihilation of gauge charges (orange circles) on opposite sublattices. The emergent photon E corresponds to
transverse fluctuations of the U(1) gauge field on the six bonds of a pyrochlore hexagon; in the rotated local DO basis this is represented
by the bond operator product Sþ1 S

−
2 S

þ
3 S

−
4 S

þ
5 S

−
6 , whose two circulation senses (red and blue arrows) give �E excitations.

(c) Decomposition of the pyrochlore lattice into kagome planes (green) and triangular planes (magenta) stacked along the global
[1, 1, 1] direction (black arrow). (d) Energy dependence of the momentum-integrated intensity in the first Brillouin zone of Ce2Zr2O7 at
T ≈ 50 mK, after subtracting the same-temperature 3.0 T dataset as a high-field background. Curves show data for jjμ0Hjj ¼ 0, 0.10,
0.15, 0.20 T (blue, cyan, magenta, red), integrated over the full ð½H;−H; 0�; ½H;H;−2H�Þ plane excluding a region near the Γ point. At
zero field, a pronounced low-energy peak below ∼0.05 meV reflects the emergent photon mode; with increasing field, this peak is
rapidly suppressed, while the higher-energy tail above ∼0.10 meV remains comparatively unchanged. Inset: ED results for Sðq ¼ X;ωÞ
of the DO U(1) QSL convolved with a Gaussian filter to emulate experimental resolution for the same set of fields, demonstrating
convincing qualitative agreement. (e) ED calculation of the dynamical structure factor at the X point, Sðq ¼ X;ωÞ, in zero field H ¼ 0
for a representative mixing angle θ ¼ 0.2π. The total neutron response (black dashed) is decomposed into contributions from the
emergent photon mode (purple), gapped spinon excitations (gold), and the photon-spinon mixing hSxSzi (blue). The dominant low-
energy peak arises from the photon, while the spinon continuum lies at higher energy. (f) Same as (e) but in a finite ½1; 1; 1� field
H ¼ 0.2 T. The inset illustrates the corresponding GMFT vertex of the mixed correlator hSxSzi. This vertex hybridizes the photon and
spinon sectors, enabling a field-tunable redistribution of spectral weight between photon and spinon channels that underlies our
experimental disentanglement scheme.
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A key consequence of Hk½1; 1; 1� is that it turns on a
spinon-photon mixing channel that selectively modifies the
quasielastic response. At H ¼ 0, the mixed correlator
hSxSzi vanishes, enforced by Z2 symmetries corresponding
to independent π rotations that flip Sx or Sz. For θ ≠ 0, the
Zeeman term couples to a linear combination of Sx and Sz,
explicitly breaking these Z2 symmetries and permitting
hSxSzi ≠ 0. The resulting hybridization strongly suppresses
photon-dominated spectral weight for E≲ 0.05 meV
[Fig. 1(f)], producing an apparent low-energy “gap” in
the neutron response even when the applied field remains
below the true confinement transition expected from
GMFT [60]. With this mechanism included, the ED
spectrum [Fig. 1(d)] quantitatively reproduces the exper-
imental line shape. For comparison to experiment, we use
Sðq ¼ X;ωÞ as a practical proxy for the momentum-
integrated inelastic response. Empirically, all wave vectors
away from Γ and the magnetic Bragg positions exhibit a

rapid depletion of the quasielastic photon-window inten-
sity. We therefore take X as a representative point. This
choice is also directly validated by the data: restricting the
analysis to the CNCS-accessible X-equivalent patch yields
the same qualitative agreement between ED and experi-
ment (Fig. S4 of Supplemental Material [31]).
The integrated-intensity analysis [Fig. 1(d)], together

with the momentum-resolved spectra (Fig. 2), indicates a
reorganization of low-energy spectral weight under field
rather than a uniform attenuation. As kμ0Hk increases, the
inelastic intensity in the photon window, integrated over the
first Brillouin zone but excluding a small region around Γ,
is strongly depleted. Within this restricted ðQ;ωÞ window,
the suppressed weight is not recovered in the measured
inelastic response away from Γ, implying a transfer into
channels not included in the integral. In particular, con-
sistency with neutron-scattering sum rules suggests that the
missing low-energy weight is redistributed primarily into

FIG. 2. Field and energy evolution of low-energy neutron scattering in Ce2Zr2O7. Constant-energy slices of SðQ;ωÞ in the
ð½H;−H; 0�; ½H;H;−2H�Þ plane at T ≃ 50 mK, shown for H ¼ 0, 0.10, 0.15, and 0.20 T (rows). For each field, the same-temperature
3.0 T dataset is subtracted to reduce field-independent nonmagnetic background. Columns correspond to the energy-integration
windows E∈ ½−0.05; 0�, [0, 0.05], and [0.05, 0.10] meV (left to right). Hexagons indicate the boundary of the Brillouin zone of the
pyrochlore lattice in these reciprocal-lattice units. To avoid a known instrumental feature identified from a vanadium measurement, data
are displayed only within an elliptical region of interest corresponding to jQj < 1.25 Å−1 (see Fig. S6 of Supplemental Material for the
full Q map [31]). The first two columns (near-elastic window) emphasize the low-energy response discussed in the text as photon
dominated, which is rapidly suppressed with field, while the 0.05–0.10 meV window highlights residual continuum spectral weight that
persists to higher fields.
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(i) the excluded near-Γ region and/or (ii) the elastic
(Bragg) channel at reciprocal-lattice vectors as field-
induced static correlations grow (and possibly into
energies outside the plotted photon window). This inter-
pretation is supported by the observed enhancement of
quasielastic-elastic intensity near the magnetic Bragg
position ð2;−2; 0Þ (Fig. S5 of Supplemental Material [31])
and by the ED results (Fig. S8 of Supplemental Material),
which likewise show increased low-energy weight at these
momenta at finite fields.
(ii) Spinon sector ð0.05 meV < E < 0.10 meVÞ:In this

intermediate window, the intensity decreases with field but
does not vanish. This reduction is consistent with field-
induced reshaping of the low-energy spectrum: broadening
shifts part of the lower spectral edge toward E≲
0.05 meV (where it is further suppressed by the mixing
mechanism), while a robust residual signal persists up to
kμ0Hk ¼ 0.2 T, which we associate with the gapped
spinon continuum that remains dynamically active in this
field range [60,62].
(iii) High-energy background ðE > 0.15 meVÞ:This

region shows negligible magnetic intensity across all fields
after subtraction (see Fig. S6 of Supplemental Material for
details [31]), providing an internal consistency check for
the background-removal procedure.
Finally, we validate the subtraction protocol by compar-

ing our zero-field integrated intensity with the magnetic
[Fig. 1(d)] spectral weight isolated via polarized neutron
scattering in Ref. [26]. Both methods yield the same
characteristic energy dependence—a sharp low-energy
photon feature followed by a broader continuum—dem-
onstrating that same-temperature high-field subtraction
reliably recovers the intrinsic magnetic spectrum and
provides a practical alternative to polarized setups for
DO pyrochlores (Supplemental Material, Fig. S3).
Discussion—Previous unpolarized neutron-scattering

studies often attempted to extract the photon signal by
subtracting a high-temperature dataset (typicallyT ≈ 12 K),
assuming that the nonmagnetic background is essentially
temperature independent between base temperature and
12 K, while the magnetic response at elevated temperature
is diffuse and nearly energy independent. As discussed in
Ref. [26], this assumption breaks down in the low-energy
window relevant for the emergent photon. The Bose
population factor strongly enhances bosonic contributions
below ∼1 meV at 12 K, including phonons and other
quasielastic background scattering, whereas these contri-
butions are strongly suppressed at base temperature.
Consistently, the integrated intensity at the elastic line is
found to be larger at 12 K than at T ≈ 30 mK over much of
reciprocal space, indicating substantial thermally induced
quasielastic weight. As a result, high-temperature subtrac-
tion leads to systematic oversubtraction of the near-
elastic signal and can remove precisely the low-energy
magnetic response of interest. Recent polarized-neutron and

heat-capacity measurements on Ce2Zr2O7 circumvented
this difficulty and provided evidence consistent with an
emergent-photon contribution [26]. However, neutron
polarization analysis is not readily compatible with the
finite-field geometry required here: the external field at the
sample overwhelms the small guide field used to define the
neutron spin quantization axis, and the reduced flux of
polarized triple-axis measurements further limits systematic
field-dependent studies.
By contrast, our STHFBS protocol avoids these limi-

tations by using the base-temperature high-field spectrum
as an internal reference. The key observation is the sharply
different field evolution of the two low-energy components:
a fragile, photon-dominated quasielastic response that is
rapidly suppressed by field, and a higher-energy spinon
continuum that remains comparatively robust. This sepa-
ration in field response provides a direct fingerprint of the
composite QSI spectrum in which the photonic signature
can be reliably isolated. Such dichotomous behavior is
difficult to reconcile with a conventional magnon scenario,
but follows naturally from the fractionalized gauge–spinon
structure of the π-flux QSI state.
Conclusion—We show that a [1, 1, 1] magnetic field

provides a sensitive spectroscopic handle for dissecting the
excitation spectrum of the DO pyrochlore Ce2Zr2O7. The
field reshapes the low-energy response in a highly selective
manner, enabling us to distinguish a fragile photon-domi-
nated quasielastic contribution from a more robust, gapped
spinon continuum through their distinct energy and field
dependence. These observations provide strong spectro-
scopic support for a π-flux QSI interpretation and establish
same-temperature high-field subtraction as a practical,
broadly applicable route to isolating intrinsic magnetic
spectra in quantum spin-liquid candidates.
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