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Low-energy magnetic excitations are investigated in SeCuOj; using temperature-, field-, and angle-dependent
Raman scattering. We observe the coexistence of a sharp magnon mode and a broad spinon continuum, reflecting
the interplay between long-range magnetic order and low-dimensional quantum fluctuations. Upon cooling,
spectral weight is progressively transferred from the continuum to the magnon mode. In addition, both excitations
exhibit an identical angular dependence governed by the same Raman scattering symmetry, indicating a common
coupling to the underlying exchange geometry. Under an applied magnetic field, deviations from fourfold
symmetry in the crossed polarization channel reveal the emergence of anisotropic spin correlations. These results
suggest that coherent magnons develop from fractionalized spinon excitations in a low-dimensional quantum

magnet.
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I. INTRODUCTION

Quantum spin systems composed of multiple magnetic
sublattices, each with different spin topologies, dimensional-
ities, and competing interactions, provide a fertile platform
for exploring exotic magnetic phases and an exceptionally
rich spectrum of quasiparticle excitations. In such complex
magnetic geometries, a hierarchy of energy scales natu-
rally emerges: dominant exchange interactions dictate the
high-energy excitations, while weaker residual couplings de-
termine the magnetic ground state and shape the low-energy
dynamics.

In conventional magnetic systems, a single dominant type
of excitation typically reflects the underlying ground state.
Concretely, long-range ordered magnets support magnons
(collective spin-wave modes), whereas spin dimers or
valence-bond solid systems host triplon excitations. In con-
trast, quantum spin liquids and one-dimensional antiferro-
magnetic chains exhibit fractionalized spinon excitations that
form broad continua rather than sharp coherent modes [1-10].
These excitations are usually mutually exclusive as they stem
from fundamentally different magnetic correlations.

However, this standard description is no longer valid in
magnets with multiple inequivalent sublattices and compet-
ing interactions. In such systems, different sublattices with
disparate local magnetic correlations enable the simultaneous
occurrence of diverse quasiparticle excitations within a single
material. A prototypical example is SeCuQOs (space group
P2, /n) with two inequivalent Cu sites [11-17]. The Cul ions
form strongly coupled dimers harboring triplon excitations,
while the Cu2 ions form antiferromagnetic (AFM) spin chains
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featuring spinon continua. Similar phenomena have been ob-
served in other systems. For instance, the layered copper
hydroxides Cu,(OH)3;X (X = halide, nitrate) realize chains
of corner-sharing triangles with alternating AFM and ferro-
magnetic (FM) interactions [18-22]. By varying the inserted
species X, one can tune the in-plane and interplane interac-
tions to enable the coexistence of FM chains (magnons) and
AFM chains (spinon continua). In the anisotropic triangular
antiferromagnet CazReOsCl,, exchange anisotropy and effec-
tive dimensional reduction lead to the simultaneous presence
of one- and two-spinon continua alongside triplon excitations
[23-28]. These examples highlight the importance of sys-
tematically exploring how quasiparticle excitations emerge,
coexist, and evolve in complex magnetic systems.

In this work, we investigate the landscape of low-lying
magnetic excitations in SeCuQOj using inelastic light (Ra-
man) scattering. The primary magnetic structure is built from
tetramer units, in which a strong AFM exchange J; = 270 —
308 K couples the central Cul-Cul dimer via edge-sharing
CuOy plaquettes [11-17]. This dimer is further connected to
Cu2 spins through a substantial coupling J, ~ 160 K. Weak
intertetramer interactions give rise to quasi-one-dimensional
tetramer chains along the a axis [upper panel of Fig. 1(a)].
In addition, alternating Js—J5 chains run along the a axis
within the ab plane, which are coupled through J; inter-
action [see the lower panel of Fig. 1(a)]. Here, we note
that the intrachain interaction of J4; ~ 39 K is consider-
ably weaker than the exchange interactions that define the
tetramer units, resulting in a well-defined energy separa-
tion between high-energy tetramer excitations and low-energy
spin-chain behavior. Residual couplings eventually stabilize
the three-dimensional AFM order below the Néel temperature
v = 8 K.

Our magnetic Raman scattering measurements reveal an
excitation spectrum comprising a broad spinon continuum
below 9 meV and a magnonlike mode below 4 meV. Notably,
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FIG. 1. (a) Magnetic structure of SeCuO;. The top illustrates
weakly coupled Cul-Cu?2 tetramers, where exchange interactions J,
and J, define the intratetramer couplings and J5 represents the interte-
tramer interaction. The bottom depicts an alternating J,-Js5 spin-chain
network within the ab plane. J; corresponds to the interchain cou-
pling. (b) Temperature dependence of the magnetic susceptibility
x(T) measured under a magnetic field uoH = 0.5 T applied par-
allel to [101]*. (c) Field dependence of the magnetization M (H)
measured at 7 = 2 K for the same orientation.

both excitations exhibit an identical angular dependence of
their scattering intensity, indicating that the magnon mode
results from the confinement of spinons.

II. EXPERIMENTAL DETAILS

Polycrystalline SeCuO; was synthesized via a conven-
tional solid-state reaction method. Stoichiometric amounts of
CuO and SeO, powders (3CuO : 3SeO,) were thoroughly
mixed and ground using an agate mortar to ensure homogene-
ity. The mixture was placed in an alumina crucible, sealed in
an evacuated quartz tube under a vacuum of approximately
10~2 Torr, and heated in a box furnace at 400 °C. To obtain a
phase-pure product, the grinding and heating processes were
repeated twice under the same conditions.

The resulting phase-pure SeCuO; powder was subse-
quently used as a precursor for single-crystal growth via the
chemical vapor transport (CVT) method. The powder, to-
gether with SeCly as the transport agent, was sealed in an
evacuated quartz tube under a vacuum of approximately 102
Torr. The sealed quartz ampoule was then placed in a two-zone
furnace. Crystal growth was carried out under a tempera-
ture gradient, with the source zone maintained at 610 °C and
the growth zone at 540 °C. The system was kept under these
conditions for two weeks to enable efficient transport and
growth of SeCuOj single crystals.

To confirm the sample quality, we performed magnetic
susceptibility measurements. The temperature dependence of
the magnetic susceptibility x ("), shown in Fig. 1(b), exhibits
a broad hump around 100 K, followed by a pronounced max-
imum near 19 K, and a rapid decrease toward zero at lower
temperatures. This behavior is consistent with the develop-
ment of short-range spin correlations within the tetramer units
and along the effective spin chains. The strong suppression

of x(T) at low temperatures indicates the magnetic easy
axis along the [101]* direction, which is further supported
by the spin-flop-like transition observed in the magnetiza-
tion at T =2 K [see Fig. 1(c)]. Notably, the small spin-flop
field, uoHs =~ 1.8 T, alludes to the weak Ising anisotropy and
therefore implies a magnon gap that is much smaller than the
dominant exchange energy scale [16]. Overall, our x(7') and
M (H) data are in good agreement with earlier reports.
Polarization- and temperature-dependent low frequency
(8-500 cm~!) Raman spectra were recorded using a 561 nm
laser (Oxxius) focused onto the sample surface with a
spot diameter of about 50 micrometers and a laser power
below P = 1.5 mW. The sample was mounted into a closed-
cycle magneto-optical cryostat (Oxford SpectroMag PT).
Raman-scattered signals were dispersed through a Princeton
Instruments TriVista777 spectrometer onto a PyLoN eX-
celon CCD detector. Raman spectra were acquired from the
crystallographic ab plane, with both the incident and scat-
tered light polarizations lying within the ab plane. For the
field-dependent Raman measurements, the magnetic field was
applied approximately along the crystallographic ¢ axis.

III. RESULTS AND DISCUSSION

To map out the landscape of low-lying excitations, we
performed temperature- and angle-dependent Raman scatter-
ing measurements. We did not observe triplon excitations
expected in the range of /iw = 30-35 meV, possibly due to
their overlap with highly intense phonon modes. In the fol-
lowing, we focus on magnetic excitations originating from the
spin-chain subsystems. A detailed discussion of the phonon
modes is provided in the Appendix.

Figure 2(a) presents the temperature evolution of the Ra-
man response in SeCuQOs, measured in parallel polarization
within the ab plane (see Fig. 5 for the full spectral range).
The low-energy spectra reveal two distinct magnetic features:
a sharp M mode at 3.65 meV and a broad continuum S
extending up to 9 meV. We assign the sharp M mode to a
magnon-related collective excitation, inferred from its sharp
linewidth, its emergence in the magnetically ordered phase,
and its energy scale, which closely matches the maximum
of the magnon dispersion (~4 meV) reported by inelastic
neutron scattering (INS) [16]. Although one-magnon Raman
scattering is generally weak in collinear antiferromagnets,
anisotropic exchange interactions, such as Dzyaloshinskii-
Moriya terms, are known to enable a finite one-magnon
Raman intensity [29]. Similar one-magnon Raman signals
have been reported in related Cu-based antiferromagnets
[22,30].

As an alternative assignment, a two-magnon interpreta-
tion appears unlikely because the observed mode is relatively
sharp, whereas two-magnon excitations typically manifest as
broad spectral features due to the large phase space of two-
particle states. Likewise, a crystal-field origin is improbable
because Cu’" ions possess a largely quenched orbital de-
gree of freedom, and crystal-field excitations are generally
expected at substantially higher energies. Nonetheless, given
the small energy scale associated with the spin-flop field
[see Fig. 1(c)], the M peak cannot be treated simply as a
conventional transverse magnon. Instead, its energy closely
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FIG. 2. (a) Temperature-dependent Raman spectra of SeCuOs,
focusing on low-energy magnetic excitations. The peak labeled M
corresponds to a magnon mode, while S denotes a spinon continuum.
(b) Color map of the Raman intensity as a function of temperature
and Raman shift. The dashed horizontal line marks the Néel tem-
perature Ty =~ 8 K. (c) Temperature dependence of the integrated
Raman intensity in two energy windows, iiw = 3.0-4.1 meV and
4.1-8.0 meV. (d) Comparison between the dynamic susceptibility
x ", extracted from the Raman response, and the static magnetic
susceptibility x** obtained from bulk magnetization measurements.

matches the maximum of the magnon dispersion (~4 meV)
[16]. Taken together, these observations suggest that a simple
transverse-magnon picture is insufficient. We therefore can-
not exclude a more complex collective magnetic response,
in particular a longitudinal magnon mode, which can arise
in weakly coupled spin-chain systems due to interchain
coupling.

The thermal evolution of the magnetic Raman response is
further illustrated by the false-color intensity map in Fig. 2(b).
In contrast to the sharp M mode, which emerges only in the
magnetically ordered phase, a broad low-energy continuum
is already present well above 7y. The continuum intensity
increases upon cooling below approximately 50 K and reaches
a maximum near the broad peak in the magnetic susceptibility
around 19 K, indicating its close connection to the devel-
opment of short-range spin-spin correlations. Upon entering
the magnetically ordered phase, the continuum becomes par-
tially gapped and weakly structured, while the sharp M mode
emerges at an energy close to the gap scale. This suggests
a redistribution of spectral weight from a broad continuum
in the paramagnetic regime to a more well-defined collective
excitation in the ordered state.

In weakly coupled spin-chain systems, a broad magnetic
continuum can often be interpreted either as multimagnon
excitations or as confined fractionalized spinons. Notably, an
INS study revealed that the magnetic continuum observed
above the single-magnon band at energies around 4 meV
favors a spinon-excitation scenario [16]. Within this spinon-
confinement framework, the magnonlike mode at 3.65 meV
can be understood as a bound state formed below the spinon
continuum. We recall that exchange-mediated magnetic

Raman scattering can create pairs of spinon excitations with
opposite momenta and thus samples a momentum-integrated
magnetic response weighted by the Raman form factor [33].

Specifically, for one-dimensional S = 1/2 Heisenberg an-
tiferromagnets, Raman scattering probes two-spinon continua
with intensity I(w) o< ), fid(w — 2w;(k)), bounded by the
des Cloizeaux-Pearson dispersions w; (k) = wJ/2| sin(k)| and
wy(k) = mJ|sin(k/2)|. Here, f; is a filtering factor that re-
stricts Raman contributions to a high-energy cutoff at E; =
2w (k = /2) = wJ [31,32]. Using the observed high-energy
cutoff of approximately 9 meV, we estimate the dominant
intrachain exchange interaction as J ~ 2.86 meV (= 33 K),
which is comparable to J4 ~ 39 K.

To quantify these trends, we integrate the Raman intensity
L (T ) over two energy ranges: % in the lower-energy range
(hw = 3.0-4.1 meV) and Iit:lgh in the higher-energy win-
dow (fiw = 4.1-8.0 meV). As compared in Fig. 2(c), Iilr‘l)tW(T)
exhibits a steeper increase than Iﬂgh(T) with decreasing
temperature through 7y, suggesting that the spinon excita-
tions become less confined above the one-magnon energy
scale. We further estimate the dynamic Raman susceptibility
from the Bose-factor-corrected Raman response, I(w, T')

[1 4+ n(w, T)1x"(w, T), as

10 meV 7

, T

Xdyn(T) N/ de_ (1)
1 meV w

Here, the integration range corresponds to the magnetic-
excitation window displayed in Fig. 2(b). Compared to
BT, x¥™(T) shows a pronounced enhancement below
30 K [see circles in Fig. 2(d)]. This discrepancy arises because
the Raman-derived dynamic susceptibility selectively probes
spin fluctuations associated with the spin-chain subsystem,
whereas the uniform static susceptibility also includes con-
tributions from tetramer singlets, which suppress the overall
magnetic response.

To gain further insight into the nature of the magnetic
excitations, we investigated their angular dependence. Before
analyzing the angular dependence, the strong phonon mode
near 8.6 meV was fitted by a Gaussian lineshape and sub-
tracted from the raw spectra shown in Fig. 2(a) and Fig. 5.
Figure 3(a) shows the resulting magnetic Raman spectra at
selected rotation angles 6 and at T =2 K. The angle 6 is
measured with respect to the a axis within the ab plane.
As evident from the color and polar plots of Figs. 3(b) and
3(c), both the magnon mode M and the spinon excitation S
display a pronounced twofold symmetry in the (xx) scattering
geometry. In the crossed (xy) polarization, the angular vari-
ation of the Raman spectra and the corresponding intensity
map reveal a characteristic fourfold pattern for the spinon and
magnon excitations [see Figs. 3(d)-3(f)]. This correspondence
indicates that both excitations share the same symmetry char-
acter, possibly due to their common microscopic origins. Such
behavior further suggests that the underlying Raman coupling
mechanism is governed by the same symmetry-allowed scat-
tering channel.

Within the Loudon-Fleury framework, the magnetic
Raman operator is given by [34,35]

R = (€ #ij)(€ou /)i S, 0]

(i.J)
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FIG. 3. Angle-dependent Raman response of SeCuO3 measured at 7 = 2 K and uoH = 0 T. (a) Magnetic Raman spectra measured in the
parallel (xx) polarization configuration at rotation angles 6 within the ab plane. The peak labeled M corresponds to a magnon excitation, while
S denotes a spinon continuum. (b) Color map of the Raman intensity in the (xx) configuration as a function of 8 and Raman shift. (c) Polar plots
of the normalized Raman intensities for the spinon (S; black circles) and magnon (M; yellow squares) excitations in the (xx) configuration.
Solid lines are fits as described in the main text. (d) Raman spectra measured in the crossed (xy) polarization for different 6. (e) Corresponding
false-color map of the Raman intensity in the (xy) configuration. (f) Polar plots of the normalized Raman intensities for S and M, together with

fits based on the Loudon-Fleury theory.

where e;, and e, are the polarization vectors of the incident
and scattered light, and 7;; is the unit vector connecting the
sites i and j. For parallel polarization, we take ey, = e,y =
(cos 8, sin@). Considering an alternating chain along the a
axis and interchain coupling along the b axis [see the bottom
of Fig. 1(a)], the Raman operator is expressed as

Rer®) = (-2 Sij - Siprj+ (€9 Y SijSijsi
i J

x acos® 6 + bsin20,

3

where the constants a and b parametrize the intrachain and
interchain contributions, respectively. In the crossed polariza-
tion with e;, = (cos#, sinf) and ey, = (—sinf, cosH), we
obtain

Ruy(0) o (—a + b)cos @ sinb. 4)

The magnetic Raman intensity /(6, ) o (R(t)R(0)), can
thus be written as

L(0, w) = [acos® O + bsin® 0]*S(w), (3)

Ly(0, ®) = (a — b)* cos” 0 sin® 0 S(w), (6)

where S(w) = ZLJ.((S[ “Sit+1)@)(S; - S;41)(0)) denotes the
spin-spin correlation function. At zero magnetic field, assum-
ing isotropic correlations, 1(6, w) becomes independent of
S(w), yielding purely geometric intensity variations. We note
that the angular dependence of the magnetic Raman intensities

in the parallel and crossed polarization transforms according
to the A, and B, Raman tensors, respectively.

For the polar plots in Figs. 3(c) and 3(f), a constant offset
¢ was included to account for the residual background. In the
parallel channel, the data were fitted by

1.(8) = [acos® 0 + bsin® 6] + c. (7)

The best fits yielded b = 0, with (a, ¢) = (0.662, 0.125) for
the M mode and (0.849, 0.257) for the S continuum. In the
crossed channel,

Ly(0) = (a — b)* cos* O sin? 0 + c, 8)
giving (a — b, ¢) = (0.645,0.060) for the M mode and
(0.854, 0.127) for the S excitation.

Figures 4(a) and 4(d) exhibit the angular dependence of
the magnetic Raman spectra at uoH =7 T and T =2 K.
In the (xx) configuration, the angular patterns remain essen-
tially unchanged compared to the zero-field case. At 7 T, the
parallel-channel data were fitted using the same form, yielding
b = 0, with (a, ¢) = (0.721, 0.104) for M and (0.890, 0.201)
for S. In sharp contrast, the (xy) polarization spectra show
deviations from the simple fourfold symmetry. The finite-field
Raman response can be decomposed into a zero-field-
like fourfold term and an additional field-induced twofold
contribution,

L,(0, B) = a*sin*(20) + b* cos*(0 — 6p). 9)
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FIG. 4. Angular variation of the magnetic Raman spectra measured at 7 = 2 K under an applied magnetic field uoH = 7 T. (a) Magnetic
Raman spectra measured in the (xx) polarization configuration. The M peak corresponds to a magnon excitation, while S denotes a spinon
continuum. (b) Color map of the Raman intensity in the (xx) configuration as a function of 6 and Raman shift. (c) Polar plots of the normalized
Raman intensity for the spinon (S) and magnon (M) contributions in the (xx) configuration. Solid lines are fits based on the Loudon-Fleury
framework. (d) Raman spectra measured in the (xy) polarization configuration at different rotation angles 6. (e) Corresponding color map of
the magnetic Raman intensity. (f) Polar plots of the normalized Raman intensity for the spinon (§) and magnon (M) contributions in the (xy)

configuration, together with theoretical fits.

Fits yield (a, b, 6y) ~ (0.370, 0.495, 42.6°) for the magnon
mode and (0.469, 0.644,42.7°) for the spinon continuum.
Notably, both excitations exhibit a similar offset angle of ap-
proximately 42°. Since the B, phonons are not affected by the
applied magnetic field, this behavior should not be attributed
to a field-dependent modulation of the Raman tensor [see
Fig. 7(d) in the Appendix]. Rather, this behavior is associ-
ated with the development of anisotropic spin correlations
in the presence of a magnetic field. In general, an applied
field induces a finite magnetization, (S°) # 0, leading to a
disparity between longitudinal and transverse spin correla-
tions. As a result, the field breaks spin-rotational symmetry,
allowing additional symmetry components, such as a twofold
term cos® 6. In contrast to the crossed polarization, the par-
allel (xx) configuration predominantly probes bond-aligned
fluctuations, where the light polarization couples to a chain
direction. Consequently, there is no mixing between orthog-
onal components, and no additional angular harmonics are
generated.

Finally, we address the identical angular dependence ob-
served for the magnon mode and the spinon continuum.
Since one-magnon and two-magnon (or multispinon) Raman
processes originate from fundamentally different scattering
mechanisms, there is a priori no requirement that they
share the same angular dependence dictated by the under-
lying exchange geometry. We recall that first-order Raman

scattering processes predominantly probe excitations near
q ~ 0, whereas higher-order Raman processes involving two-
magnon or multiparticle spinon excitations effectively probe
an integral over the Brillouin zone, weighted by the cor-
responding two-particle (or multiparticle) density of states.
Consequently, the observed angular dependence reflects the
symmetry of the effective Raman vertex rather than a spe-
cific excitation momentum. Within a scenario in which the
3.65 meV magnon mode is interpreted as a bound state
emerging from the spinon continuum, the similar angular de-
pendence of the two responses can be naturally understood.
In this case, the bound-state nature of the excitation may
also account for its relatively sharp, resonancelike Raman re-
sponse. Consistent with this picture, Figs. 2(a) and 2(b) show
that, as the magnon becomes thermally destabilized, its spec-
tral weight is gradually transferred to the spinon continuum
without the formation of incoherent paramagnon excitations
(pronounced quasielastic scattering) at elevated temperatures.

IV. CONCLUSION

In summary, our temperature-, field-, and angle-dependent
Raman scattering study of SeCuO; enables mapping out
the landscape of low-energy magnetic excitations. We ob-
serve the coexistence of a sharp magnon mode at low
energies and a broad spinon continuum at higher energies,
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highlighting the dual character of magnetic excitations in this
quasi-one-dimensional system. The extracted energy scale of
the continuum is consistent with the dominant intrachain ex-
change interaction, supporting the presence of an effective
spin-chain subsystem, which is energetically well separated
from a tetramer subsystem.

The identical angular dependence of the magnon and
spinon excitations demonstrates that both couple to the
same symmetry-allowed Raman channel, governed by the
underlying exchange geometry. This common symmetry is
compatible with a confined-spinon scenario or, alternatively,
with a longitudinal magnon excitation associated with the
ordered phase, although Raman data alone cannot distinguish
unambiguously between these possibilities. Furthermore, the
field-induced symmetry breaking observed in the crossed po-
larization channel reveals the development of anisotropic spin
correlations, while the parallel channel remains symmetry
protected. These results establish SeCuO; as a promising plat-
form for exploring the crossover between fractionalized and
coherent magnetic excitations in low-dimensional quantum
magnets.

ACKNOWLEDGMENTS

The work at SKKU was supported by the National
Research Foundation (NRF) of Korea (Grants No. RS-2023-
00209121 and No. 2020R1A5A1016518). R.S. acknowledges
the financial support provided by the Ministry of Science
and Technology in Taiwan under Projects No. 115-2124-M-
001-004 and No. NSTC-113-2112M001-045-MY3, as well as
support from Academia Sinica for the budget of ASIMATE-
115-14. Y.C. acknowledges the support from the NRF of
Korea (Grant No. RS-2023-00214312). D.W. acknowledges
support from the Institute of Applied Physics of Seoul
National University, from the ITRC Program through the
IITP, and from the Global Research Development Center
(GRDC) Cooperative Hub Program through the NRF, funded
by the (MSIT) (Grants No. RS-2024-00437191 and No.
RS-2023-00258359).

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

APPENDIX A: TEMPERATURE DEPENDENCE
OF RAMAN SPECTRA AND PHONON MODES IN SeCuO3

Figure 5(a) presents the as-measured zero-field spectra,
allowing the evolution of both the magnetic continuum and
phonon modes to be tracked up to 80 K. The background
intensity level is indicated by dashed black lines for ref-
erence. As the temperature increases above Ty, the gapped
and weakly structured continuum extending up to 10 meV
becomes featureless and the gap closes. With further increase
in temperature, spectral weight is continuously transferred
toward lower energies, leading to a quasielastic response char-
acteristic of thermally driven spin fluctuations. At the highest

measured temperature (80 K, corresponding to approximately
10 Tx), the low-energy magnetic signal is largely suppressed
and merges with the background within our experimental
sensitivity.

Figure 5(b) shows the temperature-dependent Raman spec-
tra over a broader energy range, where several intense phonon
modes are clearly observed. To examine the temperature evo-
lution of the lattice response, we analyzed selected phonon
modes at 8.6, 30.8, and 56.3 meV. The extracted phonon fre-
quency, full width at half maximum (FWHM), and normalized
intensity are summarized in Fig. 5(c).

The temperature dependence of the phonon frequency and
linewidth was fitted using a conventional anharmonic phonon
model [36],

2
o(T) =g —A| 1+ ———— |, (A1)
[ exP(ziBUT) - 1:|
and
2
I(T) = Fo—i—B[l + T] (A2)
eXp(szT) —1

where wg and I'y are the zero-temperature phonon frequency
and linewidth, respectively, and A and B describe the strength
of anharmonic phonon decay.

As shown by the solid black lines in Fig. 5(c), the over-
all temperature evolution of the phonon frequencies and
linewidths is largely captured by the anharmonic model. How-
ever, small deviations from the anharmonic behavior become
visible below approximately 35 K, particularly in the phonon
frequency and linewidth. This temperature scale is well above
Tx and is close to the regime where short-range magnetic
correlations develop. Therefore, the deviations may reflect a
weak coupling between the phonon response and short-range
spin correlations. In contrast, no abrupt phonon anomaly is ob-
served at Ty, indicating that the onset of long-range magnetic
order does not induce a sizable lattice distortion detectable in
the Raman phonon response.

APPENDIX B: ANGULAR DEPENDENCE
OF PHONON MODES IN SeCuO;

To determine the symmetry of the phonon excitations in
SeCuOs, we performed angle-dependent polarized Raman
measurements. The crystal belongs to the monoclinic space
group P2,/n (No. 14), whose corresponding point group is
Cyp,. According to the factor-group analysis, the Raman-active
phonon modes are classified into A, and B, symmetries.

Within the semiclassical description, the Raman scattering
intensity is given by [34]

I oclein - R - eoul’, (B1)
where ej, and e, are the polarization vectors of the incident
and scattered light, and R is the Raman tensor. In an absorp-
tive medium, the tensor elements generally acquire complex
phases [34,37]. The Raman tensors for the A, and B, modes
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FIG. 5. (a) Low-energy spectral range measured at uoH = 0 T in the (xx) configuration. Individual spectra are vertically shifted for clarity,
and the dashed black lines mark the background for each spectrum. (b) Raman spectra over a broad spectral range measured under the
same conditions, showing intense phonon modes. (c) Temperature dependence of the frequency, full width at half maximum (FWHM), and
normalized intensity of selected phonon modes. Solid black lines denote fits to an anharmonic phonon model.

are thus written as

|a|ei 0
R(A,) = 0 |b|ei?
|d|ei 0
0 le|ei?
R(B,) = | lele™ 0
0 | fles

In our experimental geometry, the incident and scattered
light polarizations lie within the ab plane, and the angle 6 is

d]ei®
0 1.
|C|et¢c

0
|fler
0

measured with respect to the a axis. The Raman intensities in
the parallel (xx) and crossed (xy) configurations are given by

(B2) I/ng (0) = [acos® O cos ¢ + bsin® 0] + a® cos* 0 sin® ¢,
(B4)
(B3) 15X (0) = ¢ sin*(20), (B5)
I{Y(0) = [(a — beos ) + b sin® ¢] cos* O sin* 6, (B6)
Iggy (0) = €* cos*(20), (B7)
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FIG. 6. Polarization- and angle-dependent Raman response of SeCuO; at poH = 0 T used for phonon symmetry analysis. (a) Raman
spectra (upper) and corresponding color map (lower) as a function of rotation angle 6 in the (xx) polarization configuration. (b) Polar plots
of the normalized Raman intensity for selected phonon modes A, (8.6 meV), A, (56.3 meV), and B, (30.8 meV) in the (xx) configuration.
Symbols represent experimental data and solid lines are fits based on the Raman tensors. (c) Raman spectra (upper) and corresponding color
map (lower) in the (xy) polarization configuration. (d) Polar plots of the normalized Raman intensity for the same phonon modes in the (xy)
configuration, together with Raman tensor fits.
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FIG. 7. Polarization- and angle-dependent Raman response of SeCuOj; at yoH = 7 T. (a) Color map of the Raman intensity as a function
of rotation angle 6 and Raman shift in the (xx) polarization configuration. (b) Polar plots of the normalized Raman intensity for selected
phonon modes A, (8.6 meV), A, (56.3 meV), and B, (30.8 meV) in the (xx) configuration. Symbols represent experimental data and solid
lines are fits based on the Raman tensors. (c) Color map of the Raman intensity in the (xy) polarization configuration. (d) Polar plots of the
normalized Raman intensity for the same phonon modes in the (xy) configuration, together with Raman tensor fits.
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where ¢ = ¢, — ¢ is the relative phase between the tensor
elements.

Figure 6 shows the angle-dependent Raman spectra mea-
sured at uoH = 0 T. The observed angular patterns are well
reproduced by the above expressions. In the (xx) configura-
tion, the extracted parameters for the A, modes are (a, b) ~
(0.987, 0.774) for the 8.6 meV mode and (0.393, 1.00) for the
56.3 meV mode, with phase differences ¢ &~ 85.2° and 83.8°,
respectively. The B, mode at 30.8 meV follows the expected
angular dependences, with e ~ 0.88 in the (xx) geometry and
e ~ 0.68 in the (xy) geometry.

Figure 7 presents the corresponding measurements under
an applied magnetic field of uoH =7 T. In the (xx) con-
figuration, the parameters for the A, modes remain nearly
unchanged compared to the zero-field case, with (a, b) =~
(1.005, 0.769) and (0.395, 0.998), and phase differences ¢ ~
93.9° and 96.9° for the 8.6 meV and 56.3 meV modes, re-
spectively. The B, mode also retains its characteristic angular
dependence.

In contrast, a pronounced modification is observed for the
A, modes in the (xy) configuration. The angular profiles de-
viate significantly from the zero-field sin® 6 cos? § form and
cannot be described by the same expression. Instead, the data
are well captured by an empirical form,

Ij‘j (0) = a*sin®(20) + b* cos*(0 — 6y), (B8)

which introduces an additional anisotropic contribution
beyond the zero-field symmetry constraints. The fitted
parameters are (a, b, 6y) ~ (0.810,0.611,39.9°) for the
8.6 meV mode and (0.539, 0.777, 42.9°) for the 56.3 meV
mode.

These results demonstrate that the magnetic field selec-
tively modifies the A, symmetry channel, primarily affecting
the crossed polarization response, while leaving the (xx) con-
figuration and the B, modes largely unchanged.
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