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CesSis exhibits geometrical frustration in its crystal structure and possesses a Schottky-type anomaly, imply-
ing dimer formation based on specific heat measurements. We performed inelastic neutron scattering experiments
on polycrystalline samples to observe microscopical evidence of dimer formation. Crystalline electric field
excitations were observed at 17, 27, 39, and 63 meV, and magnetic excitation caused by spin-dimer formation
with dispersion was observed at approximately 0.6 meV. The magnetic excitation observed at low energies
may originate from spin-dimer formation, which exhibits large dispersion that cannot be explained using the
conventional Shastry—Sutherland lattice model, implying that the excited-state pseudotriplet may split.

DOLI: 10.1103/PhysRevB.109.205127

I. INTRODUCTION

Geometrical frustration in crystal structures can help de-
rive typical physical properties and has been an interesting
in condensed matter researchers. Recently, quantum spin lig-
uids (QSLs) and magnetic skyrmions have attracted attention
in such systems. In f-electron systems, typical properties
originating from geometrical frustration, such as spin dimer
[1,2], partial order [3.,4], and spin liquid/ice [5—11], have been
reported. One of the main features of f-electron systems is
the interaction between f electrons via conduction electrons.
A relatively large value of the electronic specific heat coef-
ficient has been reported for many cerium compounds, such
as CesSi3 [12], suggesting that the f electrons contribute to
the conduction. Therefore, the combination of nonlocalized
4f electrons and frustration may help explore the new phe-
nomena of physical properties.

Frustration in square lattices was considered by Shastry
and Sutherland [13]. They realized a frustrated system in a
square lattice (Shastry—Sutherland lattice: SSL) by treating
the intersquare lattice interaction as nearest-neighbor J and
the intrasquare lattice interaction as next-nearest-neighbor J'.
Using the two-dimensional quantum Heisenberg model, it
has been calculated theoretically that the spin-dimer state is
stable for « = J'/J < 0.677 and the plaquette-singlet state is
stable for 0.677 < o < 0.86(0.77) [14,15]. More recently, it
has been reported that a QSL appears between the plaquette-
singlet phase and the antiferromagnetic phase near o =
0.86(0.77) in a SSL model [16]. In a three-dimensional sys-
tem stacked with SSL layers, it is suggested that in-plane
dimers can be formed roughly under the 0.75J —J' —J" > 0
condition [17], where J” denotes the interaction between the
SSL layers.
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SrCu,(BO3); is the only compound for which SSL has
been realized with S = 1/2 and has been studied by a variety
of methods [18]. A Schottky-type anomaly suggesting spin-
dimer formation was observed at 7 = 7.5 K in the specific
heat measurement [19], and dimer excitation with small dis-
persion below 0.2 meV was observed in a neutron experiment
[20]. In addition, excitations suggesting a plaquette-singlet
state due to pressure effects have been observed in neutron
experiments [21]. More recent nuclear magnetic resonance
studies have observed gapless behavior between the plaquette-
singlet phase and the antiferromagnetic phase that could be
connected to a QSL [22].

CesSij3 is another candidate for an SSL model. Figure 1(a)
shows the crystal structure of tetragonal CesSi3 with a CrsB3-
type structure [23]. In this structure, cerium atoms responsible
for magnetism occupy two sites shown as blue and brown
balls, with an existence ratio of Ce(1):Ce(2) = 1:4. In par-
ticular, the Ce(2) site, shown as brown balls, forms an SSL.
Figure 1(b) shows an extract of the adjacent Ce(2) sites and
viewed from the ¢ axis. The darker colors depict the upper lay-
ers, and the lighter colors depict the lower layers. In the SSL
model, spin dimers can form between the nearest-neighbor
atoms shown by the green broken line at the Ce(2) site in
Fig. 1(b). Although the SSL model represents a frustrated
lattice in a two-dimensional plane, CesSis exhibits a bilayer
system of the SSL layers with Ce(2), and a Ce(2) layer may in-
teract with the neighboring Ce(1) layer. In other words, CesSis
is considered to form dimers, even though the interactions are
three dimensional. However, dimer formation in 4 f-electron
systems has been reported for isolated dimers of YbAI;C;
[1,2], and the origin of dimer formation in 4 f-electron sys-
tems with very weak direct interactions is yet to be explored.

CesSij is suggested to form spin dimers at the Ce(2) site
[12]. From the specific heat measurements, A-type (Iny =
12 K) and Schottky-type (7; = 2.5 K) anomalies were ob-
served, and the magnetic entropy at 20 K is reported to
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FIG. 1. (a) Crystal structure of CesSis illustrated using VESTA
[23]. Blue and brown balls exhibit the cerium atoms, and silver balls
exhibit the silicon atoms. (b) SSL cerium layers at the ab plane.
The green broken line connects the nearest-neighbor atoms in the
SSL. (c) CEF splitting in Ce>* ions and splitting of the ground-state
doublet due to spin-dimer formation at the Ce(2) site.

reach 4.5RIn2/mol [12,24]. The magnetic entropy exceeds
2RIn2/mol between T; and Ty. These results indicate that
the anomaly observed in 7; originate from the magnetic
moment of the Ce(2) site with four cerium atoms in the
unit cell. Other than magnetic susceptibility and electrical
resistivity, no anomalies due to magnetic transition at zero
magnetic field have been observed [12,24,25]. In addition, a
decrease in the magnetic susceptibility with H // [100] was
not observed below Ty [24-26]. These results suggest that the
magnetic moment of the Ce(2) site is not magnetically or-
dered. Therefore, the magnetic moments at the Ce(2) site can
form spin dimers in the SSL model, splitting the ground-state
doublet into a ground-state pseudosinglet and excited-state
pseudotriplet [Fig. 1(c)], which leads to the Schottky-type
anomaly observed in the specific heat measurements. By con-
trast, the anomaly at Ty suggests a magnetic transition, with
a released entropy of approximately RIn2/mol. The magnetic
susceptibility with H // [001] decreases below Ty [24-26],
suggesting that the magnetic moments of the Ce(1) site exhibit
antiferromagnetic ordering along the c axis.

In neutron experiments, dispersionless magnetic excitation
with a gap of A; ~8 K (A; =3.27;) can be observed,
such as excitations in the well-known SSL system, i.e.,
SrCu,(BOs3), [13,20]. Therefore, in this work we attempted
to observe magnetic excitations by performing inelastic neu-
tron scattering (INS) experiments to determine the crystalline
electric field (CEF) level schemes and to obtain microscopic
evidence of the formation of spin dimers at the Ce(2) sites
of CesSis. In this paper, after describing the details of the
experimental procedures, we report the CEF level schemes
and low-energy excitation obtained in the INS experiments

and discuss low-energy magnetic excitation due to spin-dimer
formation.

II. EXPERIMENTAL PROCEDURE

Single-crystal samples of CesSiz and LasSi; were grown
using a self-flux method [26]. Constituent elements Ce/La
(3N), whose oxide film had been removed, and Si (5N) were
placed in a silica tube along with an appropriate amount of
cerium as a flux. Subsequently, the sealed silica ampoule was
heated in a box furnace up to 1100 °C and then slowly cooled
to 750 °C. After cooling, the excess flux was removed using
a centrifuge, and the flux that remained on the surface of the
samples was removed by oxidation in air. As Ce-rich com-
pounds can ignite when ground in air, the obtained samples
were evaluated using a single-crystal x-ray diffractometer and
were found to be single-crystal samples of CesSis.

INS experiments were performed using the High Res-
olution Chopper spectrometer (HRC) installed at BL12 in
J-PARC MLF [27]. After wrapping approximately 10 g of a
single-crystal sample with a typical size of 5 x 5 x 2 mm3
with 10 mg in aluminum foil, it was enclosed in an aluminum
cell with helium exchange gas and cooled to 0.3 K using a
one-shot-type 3He refrigerator. Single-crystal samples were
treated as a polycrystalline sample by using them without
orientation, because polycrystalline samples prepared by arc
melting can form a separate phase via incongruent melting
and, as mentioned above, there is a risk of ignition owing to
the grinding of the single-crystal samples. To observe CEF
excitations and spin-dimer excitation, the incident neutron
energy was set to E; = 153.5 and 3 meV. Nonmagnetic and
isostructural LasSi3 was used to estimate the phonon contri-
bution to scattering. The acquired data were normalized based
on the number of protons injected into the neutron production
target, which is proportional to the measuring time, and the
contribution of the aluminum cell was subtracted. The data
were normalized with consistent nonmagnetic backgrounds,
and the magnetic component was extracted.

Specific heat and magnetization measurements were per-
formed using a physical property measurement system
(PPMS; Quantum Design, Inc.) and magnetic property
measurement system (MPMS; Quantum Design, Inc.), re-
spectively. The specific heat measurement using the thermal
relaxation method was performed with a 3He cooling option
at 0.5-15 K. For magnetization measurements, the sample in-
stalled in the MPMS was cooled to 1.8 K under zero magnetic
field, and magnetization was measured up to 300 K when the
temperature was increased by applying 1 kOe of magnetic
field.

III. RESULTS AND DISCUSSION

A. Crystalline electric field excitations

Before observing the magnetic excitation caused by dimer
formation, it is necessary to determine other magnetic excita-
tions. In tetragonal and lower symmetry, Ce>* ion splits into
three doublets owing to the CEF effect. In other words, four
CEF excitations are expected to be observed in CesSi3, where
two sites are occupied by cerium atoms. To determine the
CEF level scheme, the INS experiments were performed at
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FIG. 2. Color-coded plots of INS intensities measured on the HRC with E; = 153 meV for (a) CesSi3, (b) LasSi3, and (c) magnetic
scattering of CesSiz at 15.3 K. The insets show the data above 50 meV with the color scale changed to clarify the excitation. (d) A section of
magnetic scattering integrated over |Q| from 2.0 to 3.0 A~'. The black solid line shows the fitting results, and the dashed lines represent the
fitting components of the elastic scattering and CEF excitations, respectively. The vertical bars represent the statistical errors. The CEF level
scheme of CesSis at (e) Ce(1) and (f) Ce(2) sites evaluated based on the analysis of the INS data.

15.3 K, which is higher than the magnetic transition temper-
ature (Ty =~ 12 K [24]), with the incident neutron energy of
E; = 153.5 meV and a Fermi chopper frequency of 500 Hz.
Figures 2(a) and 2(b) show the color-coded plots of INS
intensities of CesSi; and nonmagnetic isostructural LasSis.
The vertical axis represents the energy transfer E, and the
horizontal axis represents the scattering vector |Q|. The insets
show the plots for 50 < E < 80 meV, with the color scale
changed to clarify the excitation. Figure 2(c) shows the re-
sults of subtracting the LasSi3 data from the CesSis data to
clarify the magnetic scattering contribution. Strong magnetic
scattering intensities are evident at approximately 17, 27, 39,
and 63 meV (black arrows). The one-dimensional cutout of
2 < |Q| < 3 A~ is depicted by the red circles in Fig. 2(d),
which also indicates four peaks in the figure. Figure 3(a)
shows the Q dependence of the observed magnetic scattering,
and these behaviors are well explained by the magnetic form
factor of the Ce>* ions. Therefore, we focused on these four

peaks and performed CEF model calculations to determine the
CEEF level scheme of CesSis.

The CEF Hamiltonian for Ce>* ions with J = 5/2 tetrago-
nal point symmetry is described as follows:

Hegr = BSOS + B0 + B304, (D

TABLE I. Temperature dependence of the CEF parameters and
CEF levels on CesSis. Bf" represent the CEF parameters [28], and
A and A, represent the energy difference from the ground state to
the first and second excited states, respectively.

Temperature [K] B9 [K] BY [K] B} [K] A; [meV] A, [meV]

Ce(1) 153 -36.14 1.10 1.86 17.1 62.9
1.0 -3551 1.06 2.88 19.9 63.1
Ce(2) 15.3 22.10 -0.63 1.63 26.5 38.8
1.0 22.16 -0.67 1.95 27.0 39.7
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FIG. 3. (a) |Q| dependence of magnetic scatterings observed at
around £ = 17.1 (red), 26.5 (blue), 38.8 (green), and 62.9 (purple)
meV and behavior of magnetic form factor of Ce** ions. (b) Energy
dependence of magnetic scattering intensity of CesSiz at 15.3 K (red
circles) and 1.0 K (blue circles). The black solid line and the black
broken lines show the fitting results at 15.3 K and 1.0 K, respectively.
The CEF parameters and levels obtained from this fitting are listed
in Table I. The vertical bars in (a) and (b) represent the statistical
errors.

where B}' denotes the CEF parameters and O} denotes
Stevens’ equivalent operators [28]. The sixth-order parame-
ters in the CEF Hamiltonian are zero-valued for Ce®" ions
and therefore omitted in the calculation. The point symmetry
of the Ce(2) site is lower than that of the tetragonal symmetry,
and the B% and Bﬁ terms are added to the CEF Hamiltonian.
Although B3 is responsible for hybridization T's and I'7, the
contribution of this term reported in previous studies is small
[25], and the observed neutron intensities discussed below can
be explained without this term. The Bﬁ term is responsible
for in-plane anisotropy; however, no in-plane anisotropy has
been reported in CesSis [25]. Therefore, the tetragonal CEF
Hamiltonian described above is used for this analysis. By
diagonalizing this Hamiltonian, three doublets with different
energies and corresponding wave functions can be obtained.

In the INS experiment, the transition from one level to another
was observed as neutron energy transfer and the transition
probability was considered as the scattering intensity, repre-
sented by the dynamical susceptibility x”:

ey
1" E .
X'(E) o — Zf: l;Zufm |i)|>F(E)

Z = X exp(A;/ksT)
&

exp (—kz—T) —exp (—kB—fT)
Ef — &

LCeer(i, f)
X 9
{E - (Sf - 81’)}2 + F%Ep(iv f)

where Z is the partition function and A is the energy differ-
ence from the ground state of the corresponding wave function
[(=1,2,...,6). ¢ and & are the respective energy eigenval-
ues of the initial and final states, |i) and |f), J. (L= x,y,2)
is the magnetization component perpendicular to the scatter-
ing vector Q, and I' is the width of the function. In CesSis
there are two cerium sites; thus, fitting was performed with a
function using the existence ratios.

F(E) =

(@)

I(E)=G(E) + ACEFXé/e(l)(E) + 4ACEFX&,(2)(E)

E \2
G(E):AGexp{—ln2<FG/2> } 3)

where A is a scale factor of the function corresponding to
the respective subscripts and G(E) is a Gaussian function
representing elastic scattering.

The black solid line in Fig. 2(d) shows the fitting results.
The fitting results indicate the presence of CEF excitations of
CesSis centered at 17.1 and 62.9 meV on the Ce(1) site with
CEF parameters of Bg = -36.14(55) K, Bg = 1.10(3) K, and
Bﬁ = 1.86(36) K, and at 26.5 and 38.8 meV on Ce(2) site
with CEF parameters of BY = 22.10(32) K, B? = —0.63(1)
K, and Bj = 1.63(12) K. We considered other combinations
of peaks; however, there was only one solution that could
address the existence ratio of 1:4 and the behavior of the
magnetic susceptibility described below. The resulting CEF
level schemes of cerium sites in CesSi3 are shown in Figs. 2(e)
and 2(f).

Figure 3(b) shows the temperature evolution of the mag-
netic scattering intensity for a one-dimensional cutout of 2
< 10| <3 A1, Although the ground state may split at 15.3 K
due to spin-dimer formation, it was well analyzed by the CEF
model because the excited-state pseudotriplet is thermally oc-
cupied, and the ground state of the Ce(2) site can be regarded
as a doublet. By contrast, the intensity at 1.0 K (blue circles)
decreased compared with that at 15.3 K (red circles), and
this decrease in intensity cannot be explained by the ground-
state doublet. The pseudotriplet is not considered thermally
occupied at 1.0 K. Therefore, in Eq. (2) we assume that one
of the ground doublets shown in Fig. 2(f) is the ground state
(A1 = 0) and the other is the excited state (A, # 0). This is
in agreement with the assumption that the Ce(2) sites share a
ground-state pseudosinglet with two atoms, and accordingly,
we changed the factor from 4 to 2 in Eq. (3). With these
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FIG. 4. (a) Temperature dependence of the reciprocal magnetic
susceptibility of CesSis. The red circles and blue triangles denote
the measurement data for H // [110] and [001], respectively, and
the black solid lines were calculated using the CEF model. (b) Tem-
perature dependence of the reciprocal magnetic susceptibility of the
Ce(1) site (solid lines) and Ce(2) site (broken lines). The red and
blue lines show the calculation results of H // [110] and H // [001],
respectively.

assumptions, the fitting result described the experimental
results well [black broken line in Fig. 3(b)]; the parameters
obtained based on this fitting are listed in Table I. At the
aforementioned temperatures, the CEF parameters did not
change considerably, and the CEF level schemes were almost
the same. The largest change was evident in Bj at the Ce(1)
site, where the increase indicates enhanced hybridization of
|£5/2) and |£3/2) of I'7, probably due to changes in CEF
effects in the ordered state. Our assumptions strongly support
the splitting of the ground-state doublet due to spin-dimer
formation.

Figure 4(a) shows the temperature dependence of the re-
ciprocal magnetic susceptibility of CesSiz. The red circles
and blue triangles show the measurements along the H //
[110] and [001] directions, respectively, and the black solid
lines show the reciprocal magnetic susceptibility calculated
using the CEF parameters, which were obtained from the
INS experiments at 15.3 K, and these behaviors explained the
experimental data well. As the natural crystal growth planes
of the single-crystal sample of CesSi; are (110) and (001),

magnetic susceptibility measurements were performed at
H // [110] instead of H // [100]. When the atom re-
sponsible for magnetism occupied one site, the reciprocal
magnetic susceptibility was described as x ' = xcgp + A
and the molecular field parameters A“° were determined by
fitting using Eq. (4) because the cerium atoms responsible for
magnetism occupy two sites in this compound:
Ce(1) Ce(2)
XCEF XCEF (4)
Ce(l Ce2)
1 + ACe() XC]S;: ) 1 4 ACe XCE; )

X:

The fitting resulted in a molecular field of A*)) = 3.1 mol
emu~! and A“*® = 162.7molemu~! along H // [001]. By
contrast, the contribution of the molecular field was not con-
sidered along H // [110] because, as shown in Fig. 4(a), the
behavior of magnetic susceptibility can be explained without
the contribution of the molecular field. Figure 4(b) shows the
temperature dependence of the reciprocal magnetic suscepti-
bility of the Ce(1) (solid lines) and Ce(2) (broken lines) sites,
and the red and blue lines show the calculation results for
H //[110] and H // [001], respectively. At the Ce(1) site, the
reciprocal magnetic susceptibility in H // [110] was larger
than that in H // [001], and the easy axis caused by the
CEF ground state was in the out-of-plane direction. This
result explains the notable change in magnetic susceptibility
at xp01) compared with xpio0) at Iy =~ 12 K, where the
magnetic moment of the Ce(1) site was magnetically ordered
with an out-of-plane direction [24]. Although A“*? is larger
than A“*(D_ as shown in Fig. 4(b), magnetic anisotropy at the
Ce(2) site was unaffected, and the molecular field A¢® es-
timated using the fitting function was effective. Furthermore,
the Ce(2) site, in contrast to the Ce(1) site, exhibited an in-
plane magnetic easy axis. Therefore, spin dimers are formed
by magnetic moments oriented along the in-plane direction.
The CEF parameters were obtained for the INS experiments
at 1.0 K; the magnetic properties described above remained
consistent with these parameters. The CEF levels have been
reported in previous studies using magnetic susceptibility data
[25,26]. The signs of the CEF parameters obtained at this
study are consistent with the results of these previous studies.
However, the energy levels obtained in this study are signifi-
cantly different from those reported in these previous studies.
The present study, which uses INS and magnetic susceptibility
data, provides more accurate CEF levels of CesSis.

B. Spin-dimer excitation

To investigate the Schottky-type anomaly observed at
around 7; = 2.5 K in the specific heat measurement of
CesSi3, INS measurements were performed at an incident
energy of E; = 3 meV. Figure 5 shows the color-coded plots
of INS intensities of (a) CesSis, (b) nonmagnetic isostructural
LasSi3, and (c) magnetic components of CesSiz. In LasSis,
no anomaly was observed, whereas in CesSi3, magnetic ex-
citation was observed at around E = 0.6 meV. This gap of
approximately 0.6 meV agreed well with the size of the ex-
cited level (A; ~ 8 K = 0.69 meV) calculated from the peak
position of the Schottky-type anomaly observed in the specific
heat measurements [12]. As the CEF excitations were deter-
mined as in Sec. III A, this excitation was not caused by the
CEF effect. The excitation could be attributed to the magnetic
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FIG. 5. Color-coded plots of INS intensity measured on HRC with E; = 3 meV for (a) CesSi; and (b) LasSi3, and (c) magnetic scattering
of CesSi; at 0.3 K. (d) Temperature evolution of magnetic excitation at |Q| = 0.2 A~ (e) Energy dependence of magnetic peaks at |Q|.
The data were vertically shifted for clarity, and the dashed lines represent the origin of the vertical axis of the corresponding data. The solid
lines represent the results of fitting each data with a Gaussian function, and the solid black triangles indicate the respective peak positions.
The vertical bars in (d) and (e) represent statistical errors. (f) Temperature dependence of magnetic specific heat divided by temperature (red
circles; left axis) and magnetic entropy (green triangles; right axis). The blue broken line and black solid line show the calculation curve when
the excited pseudotriplet is assumed to be degenerate and not degenerate, respectively.

order of the Ce(l) site; however, the magnetic propagation
vector for this compound was ¢ = (001) = 0.465 A~! [29],
which was inconsistent with the excitation. A (1 1 1) magnetic
Bragg peak was observed in our INS experiment, and the
absence of the (0 0 1) peak may be due to the orientation factor
with the magnetic moment along the (0 O 1) direction. As the
excitation appeared to rise from |Q| = 0A~!, the possibility
of spin-wave excitation due to ferromagnetism was consid-
ered; however, there are no previous reports of anomalies in
specific heat or magnetic susceptibility associated with ferro-
magnetic transition or spontaneous magnetization [12,24,25].
In addition, the possibility of the ground-state splitting due
to internal magnetic fields affected by magnetically ordered
Ce(1l) sites was considered; however, the expected excita-
tion in this splitting must be flat like other CEF excitations.
Therefore, this excitation was attributed to the splitting of
the ground-state doublet of the Ce®" ions with J = 5/2 into

a ground-state pseudosinglet and excited-state pseudotriplet,
which was associated with spin-dimer formation. The isolated
dimer model exhibits a Q-dependent intensity with /(Q)
1 — sin QR/QOR peaked at Q corresponding to the distance R
between magnetic atoms forming the dimer [30]; however, the
magnetic excitation observed herein did not follow this behav-
ior. The same SSL material, i.e., SrCu, (BOj3),, did not exhibit
the intensity that followed the isolated dimer model and in-
dicated that the intensities of the singlet-to-triplet excitations
peaked at the reciprocal lattice and superlattice points [31].
Thus, the magnetic excitations of CesSiz and SrCu,(BO3),,
which cannot be explained by the isolated dimer model, may
feature dimer excitations from the SSL model. This micro-
scopic result suggests spin-dimer formation in the cerium
compounds.

Figure 5(d) shows the temperature evolution of mag-
netic excitation with 0.19 < |Q] < 0.21 A~! corrected using
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the Bose factor. The red, blue, green, and purple symbols
represent the measurement data at 0.3, 1.0, 5.2, and 10.3 K,
respectively. At 0.3 and 1.0 K, where only the ground state
was occupied, excitation from the ground state was observed
at around £ = 0.6 meV. By contrast, at 5.2 and 10.3 K,
the excited state at approximately 0.6 meV was thermally
occupied with increasing temperature, so that excitation was
observed even around £ = —0.6 meV, where the incident neu-
tron gained energy. This result suggests that the spin dimers
do not disappear even when the excited levels due to spin-
dimer formation were thermally occupied. The persistence of
this dimer state may be related to the splitting width of the
excited-state pseudotriplet, as discussed below.

The energy dependence of magnetic peaks at |Q| is shown
in Fig. 5(e). The red, blue, green, and purple symbols rep-
resent a one-dimensional cutout at |Q| = 0.2, 0.3, 0.4, and
0.5 A1, respectively, with a width of 0.02 A~'. The solid
lines represent the results of fitting each data with a Gaussian
function, and the solid black triangles indicate the respective
peak positions. To clearly observe the data, an equal offset has
been added with respect to |Q| = 0.2 A~'. This figure shows
that in CesSi3, the magnetic excitation associated with spin-
dimer formation exhibits a peak shift and dispersion from E =
0.55meVat|Q =02A"to E =09meVat|Q| =0.5A"".
Here, the in-plane Brillouin zone boundary in the reciprocal
lattice is approximately 0.5 A~', indicating that in CesSis,
the dispersion width of magnetic excitation is approximately
0.35 meV. Theoretical calculations show that as « increases,
the width of the dispersion increases and the gap size de-
creases [6]. In the limit for the dimer phase o = 0.677, the
spin-gap and nearest-neighbor interaction are expressed as
A/J ~ 0.23, where the width of dispersion is 0.09J. Apply-
ing the observed gap size of 0.55 meV to A/J ~ 0.23 gives
J = 2.4 meV and a dispersion width of 0.22 meV. Therefore
CesSis is potentially closer to the plaquette-singlet phase than
SrCu,(BO3);, and the spin dimers formed in CesSi; could
contribute to dispersion through the interactions between SSL
layers and interactions with magnetically ordered Ce(1) sites,
or both.

Figure 5(f) shows the temperature dependence of magnetic
specific heat divided by temperature CT ! (red circles; left
axis) and magnetic entropy Sy, /Rin2 (green triangles; right
axis). The blue broken line shows the calculated curve assum-
ing that the excited-state pseudotriplet is degenerate due to
spin-dimer formation. At low temperatures below 1 K, the be-
havior observed in the specific heat measurements that cannot
be explained by the Schottky-type anomaly can be attributed
to c—f hybridization. According to the magnetic entropy,
the expected entropy is not released near the Schottky-type
anomaly, and the behavior of the specific heat with a tail on
the high-temperature side of the Schottky peak cannot be ex-
plained, suggesting the possible splitting of the excited-state
pseudotriplet. The black solid line shows the fitting results as-
suming the splitting of the excited-state pseudotriplet; Ay =
6.47(2) K, Az =16.21(15) K, and Ayz = 29.55(99) K. If
this fitting result is correct, the intermediate level of the
pseudotriplet should be observed at approximately 1.4 meV.
The intensity remains on the high-energy side in Fig. 5(e).
However, this intensity is not observed as a peak. The reason
for this is that the intermediate level may have a wave function

that cannot be excited much from the ground state. Therefore,
it is difficult to conclude that this intensity is an intermediate
level in this study. In addition, this fitting was performed in the
range below 4.5 K, where the effect on Ty is very weak, and
whether the excited-state pseudotriplet is actually splitting or
not needs to be directly observed in INS experiments using
single-crystal samples.

The behavior in spin-dimer systems with large split-
ting widths of excited states has not been reported for
SrCu,(BO3), (32.48, 34.8, and 37.12 K) [19,31] in the SSL
model and for YbAI;C;3 (14.15, 16.47, and 18.79 K) [2] in
the 4 f-electron system. Therefore, in CesSi3 the excited-state
pseudotriplet caused by the formation of spin dimer is sug-
gested to be split via the interactions between SSL layers
and interactions with magnetically ordered Ce(1) sites. To
investigate the effects of such interactions, it is considered to
grow isostructural materials in which the Ce(1) sites do not
magnetically order, or to replace elements by nonmagnetic
lanthanum. It is interesting to note the origin of the spin-dimer
formation of 4f! cerium atoms where the direct interaction
is very weak. In the future we aim to grow similar materials,
analyze the splitting pseudotriplet excitations suggested in this
study via INS, and investigate the change in dimer excitations
in a magnetic field. We expect that theoretical calculations in
such unusual states will be developed.

IV. CONCLUSION

We performed INS experiments using CesSi3 and observed
CEF excitations and dimer excitation. CEF excitations were
observed at 17 and 63 meV at the Ce(1) site and at 27 and
39 meV at the Ce(2) site. The results of the CEF model
calculations described well the behavior of magnetic suscepti-
bility. The magnetic easy axis at the Ce(1) site appeared in the
out-of-plane direction and was consistent with the behavior
at Ty ~ 12 K observed in the magnetic susceptibility. By
contrast, at the Ce(2) site, the magnetic easy axis appeared in
the in-plane direction, suggesting that in-plane-oriented mag-
netic moments form spin dimers. In the low-energy neutron
experiments, magnetic excitation was caused by spin-dimer
formation. The temperature evolution of magnetic excitation
revealed that the spin dimers did not disappear even when
the excited levels due to spin-dimer formation were ther-
mally occupied. This excitation exhibited large dispersion that
cannot be explained using the conventional SSL model [6],
and the |Ql|-dependent intensity cannot be explained using
the isolated dimer model [30]. This behavior may be a fea-
ture of the dimers formed by SSL and may be characteristic
of a 4f-electron system. A detailed analysis of the specific
heat data suggested the possible splitting of the excited-state
pseudotriplet. These behaviors cannot be explained using the
conventional SSL model, and interactions between the SSL
layers and with the Ce(1) site should be considered as possible
explanations.
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