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We report the successful growth of CeCuSi single crystals using a metallic flux method and
the physical properties using structural, magnetic, electrical transport, optical, and heat capacity
measurements. CeCuSi crystallizes in a hexagonal-bar shape, and single crystal x-ray diffraction
confirms the ZrBeSi-type structure (space group P63/mmc). CeCuSi orders ferromagnetically below
Tc = 15.5K with easy magnetization direction within the basal plane. The Ce3" ions are situated
within a triangular lattice with a point group of Dsq. We perform a detailed crystalline electric field
(CEF) analysis of the anisotropic magnetic susceptibility, the Schottky anomaly in heat capacity,
and the Raman-active excitations. The results indicate a ground state doublet with magnetic
moment primarily in the basal plane, and a ferromagnetic interaction along both directions. The
exponential behavior in resistivity and in heat capacity below Tc can also be well explained by the
ferromagnetic magnon model. We found that CeCuSi does not exhibit the CEF hard axis ordering
observed in many ferromagnetic Kondo lattice (FM-KL) compounds. Our CEF analysis suggests
that the exchange interactions along both axes are ferromagnetic, potentially explaining the absence

of hard-axis ordering.

I. INTRODUCTION

RTX (R = rare earths, T = d-electron transition metal,
and X = p-electron elements) series is a large family of in-
termetallic compounds that exhibit a wide range of inter-
esting physical properties such as heavy fermion behav-
ior, Kondo effect, electride catalyst, superconductivity,
and a variety of magnetic orderings [1, 2]. In particular,
those of cerium (CeTX) have attracted broad interests
with respect to their magnetic properties and two dif-
ferent cerium valence states. The CeTX family demon-
strates a wide variety of interesting phenomena such as
valence fluctuation, magnetic orderings, superconductiv-
ity, or non-Fermi liquid systems, depending on the va-
lence state of the Ce ion [3-6]. Among them, CeCuSi
is one of the rare Ce compounds that exhibits a fer-
romagnetic (FM) ordering with a Curie temperature of
Tc = 15.5 K, the highest in the CeTX family.

More interestingly, the Ce3T ions are situated within a
triangular lattice with a point group of D3y that is geo-
metrically frustrated. Geometrically frustrated magnetic
systems have attracted significant interest due to the ex-
otic ground states, such as spin liquid [7], spin ice [, 9],
and spin glass [10]. While the majority of studies on tri-
angular lattices focus on antiferromagnetic compounds,
where geometrical frustration is evident [9, 11, 12], here
we report on a ferromagnetically ordered Ce compound
with a triangular lattice.

So far, studies of CeCuSi were limited to polycrys-
talline samples. In previous studies with polycrystalline
samples, the structure was reported to be either a disor-
dered AlBy-type (P6/mmm, 191) structure [13], or an or-
dered phase. For the former, the disorder comes from the
interchange of Cu and Si atoms, whereas for the latter,

either ZrBeSi-type or NigIn-type (P635/mmc, 194) struc-
tures were present [ ], or a mixture of both ordered
and disordered secondary CeCug gSi; 2 phases [17]. The
neutron diffraction on the polycrystalline sample suggests
a collinear FM ordering along an easy magnetization
plane, with a magnetic moment of 1.25 upg [14]. Magneti-
zation measurements under pressure showed an increase
of the Curie temperature reaching 30 K at 10 GPa sug-
gesting an increased hybridization of Ce-4f with Ce-5d
and Cu-3d electrons [18]. The decrease of the magnetiza-
tion combined with XANES and its dichroism (XMCD)
at the Ce L3-edge indicate a pressure induced delocaliza-
tion of the 4f electron [18].

In this study, we successfully grew single crystals of
CeCuSi for the first time using a self-flux solution growth.
We confirm the ZrBeSi-type structure with a P63/mmc
space group [15]. We observe the exponential magnon be-
havior at low temperatures both in resistivity and heat
capacity measurements. We also perform a detailed crys-
talline electric field (CEF) analysis on the magnetic sus-
ceptibility data along both axes and the heat capacity
data. The curvature behavior in inverse magnetic sus-
ceptibility data and the Schottky anomaly in heat ca-
pacity measurement can be well explained by the CEF
model. Similarly, with polarised Raman spectroscopy,
we observe CEF excitations that are consistent with the
CEF model. The results from the CEF analysis indicate
that the ab plane serves as the easy magnetization di-
rection. However, many of the Ce- and Yb-based Kondo
lattice (KL) ferromagnets order along the magnetically
CEF hard direction [19]. Our CEF analysis suggests that
the interactions parallel and perpendicular to the c-axis
are ferromagnetic, potentially explaining the absence of
hard-axis ordering.



II. EXPERIMENTAL PROCEDURE

Single crystals of CeCuSi were synthesized via the
self-flux method. In order to identify a flux compo-
sition, we first prepared several mixtures of Ce-Cu-Si
using an arc-melter, and identified the crystallographic
phases using powder x-ray diffraction. Further opti-
mization of the temperature profile led to the following
procedure. The materials [Ce pieces (Ames Lab), Cu
pieces (5N), Si pieces (7N)], with a starting composition
of CeyqoCuysSitg, were arc-melted and sealed in a tanta-
lum crucible with a tantalum strainer [20], then sealed
in a fused silica ampoule in a partial pressure of argon.
The sealed ampoule was placed in a furnace where it
was held at 1150 °C for 10 hours, slowly cooled to 750 °C
in two weeks, and then the ampoule was removed from
the furnace and quickly centrifuged to separate the sin-
gle crystals from the molten flux. The crystals formed
hexagonal bar shapes with shining surfaces, as shown
in the inset of Fig. 1. We noticed that 1-2 days after
the synthesis, some crystals started to form cracks and
break into smaller pieces on their own. However, this
does not seem to be due to the sample decomposing into
different structures or different phases, nor that the sam-
ples are air/moisture sensitive under ambient conditions.
After a few days, the samples no longer formed cracks
and remained as one solid piece with a shiny surface.
The PXRD pattern has no significant difference after 10
days, which rules out a structural change. The single
crystal X-ray diffraction was performed after this period
and confirms that the structure remains in the hexago-
nal P63/mmc ordered structure. We suspect that the
cracks in the samples are due to defects formed during
the solution growth process, or due to the thermal stress
during cooling after centrifuging at 750 °C. Remaining
stress/and or defects in the single crystals will be evi-
dent in the electrical resistivity and Raman spectroscopy
measurements presented in this article.

Single-crystal X-ray diffraction (SCXRD) data were
collected at 90 K using a sealed-tube Mo X-ray source on
a Bruker APEX-IT CCD. The refinement results, confirm-
ing that our single crystals adopt an ordered P63/mmc
structure, will be discussed in the next section.

The phase identification of the samples was also carried
out by powder X-ray diffraction (PXRD) on a Rigaku
Miniflex 600 diffractometer with Cu Ko (A = 1.54178 A)
radiation at room temperature as shown in Fig. 1. The
PXRD pattern collected from crushed single crystals
shows a clear peak at 260 = 26.42°, which is unique to the
space group 194 compared to the space group 191, further
confirming that our single crystals have the hexagonal
P63 /mme (194) ordered structure. Rietveld refinements
of the PXRD pattern were performed using the pro-
gram GSAS TI [21]. The lattice parameters a = 4.238 A,

¢ =7.990A, and unit cell volume V = 124.306 A® were
then obtained, in good agreement with the previous re-
ports [14-16, 22] and our SCXRD results.

A polycrystalline sample of LaCuSi was prepared by
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FIG. 1: X-ray powder diffraction pattern of CeCuSi
with the inset photo of the single crystal on a millimeter
grid. The arrowed peak is unique to the space group
P63 /mmc (194) compared to P6/mmm (191).

arc-melting the constituents under an argon atmosphere.
The alloyed-pellet was flipped over four times on remelt-
ing for proper homogenization. It was annealed at 800 °C
for two weeks. Similarly, the PXRD of our polycrystalline
LaCuSi also shows the unique peak from the space group
194.

Magnetic properties were measured using a SQUID
magnetometer (Quantum Design MPMS XL) with 7T
magnetic field, in the temperature range of 2 K to 300 K.
The bar-shaped sample was sandwiched between two
cocktail straws when measuring along the c-axis, to en-
sure it was well-centered radially [23]. For measurements
with the field in the ab plane, the sample was sandwiched
in the gap between two cut straws. This method avoids
the use of grease, which reduces the background suscep-
tibility (xo) in the measurements, thereby allowing for a
more accurate CEF analysis.

Resistivity measurements were carried out in a Quan-
tum Design Physical Property Measurement System
(PPMS) from 1.8K to 300K. The resistivity was mea-
sured by the standard four-probe method using Pt wires
(0.001 inch diameter) applied with silver-filled epoxy
(EPO-TEK® H20E) using the ac method (f = 17Hz,
I=1mA).

The PPMS was also used to obtain heat capacity data
using the relaxation technique down to 1.8 K. Due to the
small mass of the single crystals (ranging from about
3.5mg to 7.5 mg), the thermal coupling falls at high tem-
peratures. The polycrystalline pellet of 22.4 mg was pre-
pared by directly grinding selected single crystals from
the same batch into a powder and pressing into a pellet
without any other operation. This allowed to maintain a
thermal coupling near 99.5% throughout the entire tem-
perature range, providing a more accurate result above
the transition temperature. The presented heat capacity
data combines single-crystal data below 20 K, preserving
the sharp feature at the transition, with polycrystalline



data above 20 K, providing more accurate data in the
region of the Schottky anomaly.

The polarised Raman measurements used a 532nm
solid-state laser with an incident laser power of ei-
ther 1 or 5mW. Measurements were performed at
room-temperature and 2K base temperature. A Triv-
ista 777 spectrometer equipped with ultra-low noise,
cryogenically-cooled PyLon CCDs was used in triple-
stage subtractive mode. The sample was orientated such
that the incident laser light was perpendicular to the ac-
plane.

III. RESULTS AND DISCUSSION
A. Crystal Structure

The single crystal X-ray structure refinement results
are shown in Table I, and the refined atomic positional
and displacement parameters are shown in Table II. The
refined lattice parameters a = 4.239 A, ¢ = 7.972 A, and

unit cell volume V' = 124.083 A? were obtained, and the
values are very close to the refined values from PXRD
mentioned previously. The final refinement residual is
below 2% and the results show no evidence of mixed oc-
cupancy between Cu and Si, with each site refining to
100% of the initial composition. If any mixed occupancy
is present, it is likely below 1%, which is undetectable
using SCXRD data.

B. Magnetic properties

Magnetic susceptibility as a function of temperature
with an applied field of 1T along the ¢ axis and the ab
plane from 2 K to 300 K are shown in Fig. 2(a). The high-
temperature susceptibility data along both axes from
100K to 300 K were fit to the Curie-Weiss law, as shown
in Fig. 2(b).

The effective paramagnetic moments p., are 2.67 ug
and 2.56 up along the c axis and ab plane respectively,
which is close to the theoretical Ce3* value (2.54 up).
The Curie-Weiss temperatures along the ¢ axis and ab

plane are ng = —52.6K and Héw = 5.67K, respec-
tively. The significant difference and negative Curie-
Weiss temperatures are not attributed to an antiferro-
magnetic interaction, but rather to the CEF effect. The
detailed analysis of the CEF effect is presented in the
next section.

The isothermal magnetization curves along the ¢ axis
and ab plane are shown in the inset of Fig. 2(a). The ab
plane is the easy magnetization plane with a quick satura-
tion moment of 1.25 ug at 0.2 T, and a smaller saturation
moment of 0.18 ug at 0.9T along the ¢ axis. The small
ferromagnetic component in the c-direction is not due to
a misalignment of the sample, although the sample does
indeed experience strong torque to rotate back to the ab

TABLE I: Crystal structure refinement results of

CeCuSi

Refined items Values
Chemical formula CeCuSi
Chemical formula weight 231.75 g/mol
Temperature 90(2) K
Wavelength 0.71073 A
Crystal system Hexagonal
Space group P63/mmc

Unit Cell dimensions

Cell volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Crystal color and shape
Diffractometer

Theta range

Index ranges

Reflections collected
Independent reflections
Observed reflections (I > 20(I))
Completeness to § = 25.242°
Absorption correction

Max. and min. transmission
Solution method

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 20(I)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

a = 4.23940(14) A, a = 90°
b = 4.23940(14) A, 8 = 90°
c="79721(4) A, v = 120°
124.083(10) A®
2
6.203 g/cm®
26.740 mm~?
202
0.132 x 0.063 x 0.045 mm?
Silver Platelet
Bruker APEX-II CCD
5.115 to 30.195°
—-6<h<6
—-6<k<6
—11<1<11
1312
94 [R(int) = 0.0411]
86
100%
Semi-empirical from equivalents
0.2451 and 0.1016
SHELXT (Sheldrick, 2014)

SHELXL-2018/3 (Sheldrick, 2018)

Full-matrix least-squares on F2
94/0/8
1.168
R1 = 0.0183, wR2 = 0.0467
Ri= 0.0195, wR2 = 0.0474
1.74(13)
1.341/ — 1.442 (e.A®)

TABLE II: Atomic coordinates and equivalent (x10%)

isotropic displacement parameters (A2 x 10%) for
CeCuSi. Ugq is defined as one-third of the trace of the

orthogonalized U% tensor.

Wyckoff x y zZ Ueq
Cel 2a 0 0 0 6(1)
Cul 2c 6667 3333 2500 8(1)
Sil 2d 3333 -3333 2500 7(1)

Anisotropic displacement parameters (AQ X 103) for CeCuSi.

Atom Ull U22 U33 U23 U13 U12

Cel  8(1) 8(1) 4(1) 0 0 (1)
Cul  8(1) 8(1) 7(1) 0 0 4(1)
Sil 9(1)  9(1)  2(2) 0 0 4(1)

plane. However, this can be well explained by our CEF
model. The isothermal magnetization curves shown in
the inset of Fig. 2(a) include both field-raising and field-
lowering measurements and the data overlap with each
other. The hysteresis loops are almost invisible along
both axes indicating that single crystals lack defects able
to pin the magnetic domain walls. This provides some
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FIG. 2: (a) Magnetic susceptibility vs temperature of
CeCuSi along the ¢ axis and perpendicular to ¢ axis (ab
plane). The inset is the field-dependent magnetization
along both axes. (b) Inverse susceptibility for both axes
were fitted to Curie-Weiss law and the CEF model, and
inset shows the proposed CEF scheme with A; = 112K
and Ay = 122 K.

evidence of the relatively good quality of the samples,
despite the sample cracking noticed earlier, and the rela-
tively high residual resistivity that will be discussed later.

C. Crystalline Electric Field from Magnetic
Susceptibility

CEF analysis in a Ce-based system is crucial because it
prevents misinterpretations of magnetic properties aris-
ing from the CEF effects, which can otherwise lead to
incorrect conclusions about the nature of exchange inter-
actions based on Curie-Weiss temperatures fits of suscep-
tibility data [24]. In CeCuSi, the Ce atoms have a point
group of D3y, and the corresponding theoretical mag-
netic susceptibility expressions were obtained by solving
the CEF Hamiltonian. The details can be found in the
Appendix A.

The inverse magnetic susceptibility is fit to the experi-
mental data for both orientations simultaneously, and the
fitted curves are shown in Fig. 2(b). The CEF param-
eters are listed in Table III. The corresponding ground
state is T'{") = 0.257[4+5/2) — 0.967|F1/2), the first ex-
cited state is T'\?) = —0.967|+5/2) — 0.257|F1/2) with
a splitting energy of A; = 112K, and the second ex-
cited state is I's & I's = |£3/2) with Ay = 122K. Our
CEF model effectively explains the curvature behavior in
the inverse magnetic susceptibility. However, it does not
account for magnetic ordering or for the Kondo effect,
which may contribute to the deviation observed at low
temperatures.

The expected saturation magnetization parallel and
perpendicular to the ¢ axis from the ground state are
given by:

sat __ <1—\511) ‘Jz

lle

asat = (1|1,

Fz(ll)> gsps = 0.26 up/Ce™",

I‘S)> grps = 1.20 ug/Ce*T.

These calculated values agree well with our experimental
data, where we see a quick saturation with a moment of
0.18 up along the ¢ axis, and a moment of 1.25 ug along
the ab plane.

TABLE III: Fitting parameters to the inverse magnetic
susceptibility data based on the Eq. (A6):

BY = 4.42K X0 =5.63 x 1077 (e.m.u./mol)
B} = —0.293K Xe = —8.21 x 107° (e.m.u./mol)
B} =2.93K A =9.0 (mol/e.m.u.)

AL = 5.2 (mol/e.m.u.)

The previous inelastic neutron scattering data [16]
at 100K found that BY = 243K, B} = -0.28K,
and Bf = 5.43K. Thus the derived ground state is
T = 0.497 [+5/2) — 0.868 |F1/2), the first excited state
is T = —0.868|+5/2) — 0.497|F1/2) with a splitting
energy of A; = 119K, and the second excited state is
|£3/2) with Ay = 128 K. These previous results from
polycrystalline samples agree with our single crystal data
and CEF analysis.

A list of Ce compounds with a trigonal site symmetry
and a detailed CEF analysis is shown in Table IV. The
majority of the compounds studied are either AFM or
show no ordering at low temperatures and are quantum
spin ice or quantum spin liquid candidates. By compari-
son, CeCuSi has the lowest CEF splitting energy and the
highest ordering temperature.

The positive molecular field contributions in both axes
(see Table III) are consistent with the ferromagnetic or-
dering of the compound. The negative Curie-Weiss tem-
perature along the ¢ axis is mainly due to the strong CEF
effect, which leads to anisotropic behavior, rather than
being explained as an antiferromagnetic interaction. The
small negative residual susceptibility in the ab plane (x7")



that have a CEF analysis with CEF parameters Bf, assuming the J = 7/2 states are accessible.

TABLE IV: List of Ce compounds with a trigonal site symmetry that has a detailed CEF analysis. * = compounds

Compound Ordering Ce Ground State BY (K)[BY (K)[B] (K)[A1 (K) [A2 (K) [Mixing
point Angle a in
group the ground

state

CeCuSi [This work] |[Te = 155K |Dsq  |TSD, favor ab plane |4.42 |-0.293 [2.93 [112  |122 |-75.1°

CeAuSn [25] Ty =44K D3q I‘fll), favor ab plane [11.0 -0.58 [19.64 [344 445 —61.6°

CelrsGer [26, 27] |Tn = 0.63K |Se 'Y, favor ab plane |34.4 [0.82 |67.3 |374  |1398 |-57°

CeCdsAsg [11, 28] |Tx = 042K |Dsg |, favor ab plane |18.55 |-0.08 [23.02 [242  [553  |—63.9°

CeCdsPs [11, 29]  |no ordering | D3q PELI), favor ab plane |20.9 -0.03 |26 257 621 —63.7°

down to 0.48 K

CeZnsPs [17] Tn = 08K  |Dsg |T$V, favor ab plane |7.78 |-0.784 [16.5 |364.7 |370.7 |—63.7°

CePtAl,Ges [30]  |Ty =23K  |Dsg [T\, favor ab plane |13.26 |-0.302 |~0 170|257  [N/A

CeqZr207 [31, 32] |no ordering | Dsq I's ® s -14.7 |37 21.6 639 1276 |N/A

down to 0.06 K
CegHf,07%* [33] no ordering | D3q I's ® s -9.5 2.59 20.56 650 1299 [N/A
down to 0.08 K

CezSna0O7* [9] no ordering | Dsq T's d s - - - 580 870 N/A

down to 0.02K

could be due to the gap created when using straw sand-
wiching mounting methods while the bar-shaped sample
is placed horizontally.

Unlike many Kondo Lattice ferromagnets that exhibit
peculiar magnetic ordering along the CEF hard axis [19],
CeCuSi does not display hard-axis ordering. This might
be because the molecular field contributions along both
directions are positive in CeCuSi, unlike in the hard-axis
ordering KL ferromagnets CeAgSbs, where there is a sig-
nificant in-plane AFM exchange interaction [19].

D. Heat Capacity Measurement

The specific heat of single crystal CeCuSi pellet, poly-
crystalline LaCuSi (blue), and their difference (green)
that represents the 4f contribution to the heat capacity
Cyy of CeCuSi from 2K to 200 K are shown in Fig. 3(a).

The magnetic ordering temperature is characterized by
the A-like anomaly, with a sharp peak at 14.9 K. The heat
capacity data below T can be fitted to the FM spin wave
gap expression [34, 35]:

Cyup =T + §(A2/NT + 3AVT + 5VT3)e /T (2)

The first term is the usual electronic term and the second
term describes the contribution due to an FM spin-wave
excitation spectrum with an energy gap A. The low-
temperature heat capacity was first fit to the linear term
~T', and it has a good fit up to 3.57 K, with v,y = 41.2 mJ
mol~! K—2. By fixing the value of v, Eq. 2 gives a good
fit up to 14K as shown as the blue line in Fig. 3(b).
This yields § = 77.7mJ mol~! K=5/2, and a magnon gap
of A = 25.3K. Similar exponential gap-like behavior is
observed in the electrical resistivity discussed below.

A significant magnon gap, higher than the Curie
temperature (T¢), often indicates strong magnetic

anisotropy. For instance, in the well-studied ferromag-
netic compound CeAgSbs, it exhibits T = 9.6 K and a
magnon gap A = 24.4K [30].

The high temperature of the 4f contribution in the
specific heat measurement can be well characterized by
a broad Schottky anomaly resulting from excitations
to CEF levels. For a three-level system, the Schottky
anomaly can be expressed as follows [37]:

R o(B1+02)/kpT
(kpT)? (eA1/knT 4 eha/kpT 1 o(AitA2)/kpT)2

X[-2A8140 + AJ(1 4 e2/FT) 4 AT (1 4 eB2/keT))
(3)

Using the splitting energy of Ay = 112K and Ay = 122K
from our previously determined CEF parameters, the cal-
culated Schottky anomaly shown in Fig. 3(b) as the black
line is well aligned with the data at the higher tempera-
ture. This agreement again confirms the validity of our
CEF energy scheme deduced from the magnetic suscep-
tibility.

The entropy of the system S;; was obtained by inte-
grating Cys/T, and it reaches RIn2 at 20K, RIn4 at
60K, RIn6 at 200K, as shown in Fig. 3(c). The value at
Tc is 0.81R1In 2, slightly smaller than RIn2 suggesting
the presence of a weak Kondo effect.

Csch =

E. Raman Spectroscopy

Low-temperature polarised Raman spectroscopy en-
ables the simultaneous measurement of the energies of
the CEF excitations and their symmetries. For the CEF
scheme depicted in Fig. 2(b) and from group theory, we
expect an Aj,@A,BE, response from the lower-energy
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FIG. 3: (a) The specific heat of single crystal CeCuSi
pellet (red), polycrystalline LaCuSi (blue), and their
difference (green) from 2K to 200 K.(b) The 4f
contribution to the specific heat Cyf from 2K to 200K
in CeCuSi. The blue line shows the fit to ferromagnetic
magnon gap expression below T¢. The black line shows
the fit to Schottky heat capacity due to the CEF. (c)
Temperature dependence of Cyy/T (left) and of the
entropy Sas (right) of CeCuSi. The black dashed lines
represent the different expected entropy values Rin(n)
due to the CEF doublets.

transition and an E, response from the higher-energy

Porto notation| Degp D3y
Y(XX)Y E2g®Ai1g | EgPA1y
Y(ZZ)Y Ay Ay
Y(XZ)Y Ewg Eq
Y(ZX)Y Ewg Eqg

TABLE V: The observable symmetries for a given
scattering orientation of light with respect to the global
symmetry of the lattice (Dgp) and the local point
symmetry of the Ce3T ions (Dsg).

transition. Fig. 4 shows low-energy Raman spectra at 2 K
in various scattering geometries. Table V summarises the
symmetries observable in each geometry, since the global
and point groups differ, so do the E-based symmetries
for the phonons and CEF modes, respectively.

In Y(XX)Y and Y(XZ)Y, we see two strong responses
at approximately 65cm~' and 90cm™!, which corre-
spond to 94K and 129K. Not only do these energies
agree reasonably well with the values extracted from the
magnetic susceptibility for the CEF levels, but the sym-
metry dependence, shown in Table V, shows that these
responses are of E symmetry. Furthermore, the responses
respect the selection rules of the Dsg point group, not
those of the global symmetry, and hence are the expected
E, responses coming from the CEF excitations. For the
first CEF excitation, we also expected to see an Ay, re-
sponse in the Y(ZZ)Y channel, but we did not observe
any indication of it. Though group theory predicts that
the response exists, it is not always the case that the re-
sponse is visible, as the Raman matrix element can be
intrinsically weak. Generally, we then observe the CEF
excitations with the expected symmetry and in an en-
ergy range consistent with specific heat and magnetic
susceptibility measurements. However, as shown in the
Appendix B, we also measure an additional mode which
may be due to magnetoelastic coupling. We also discuss
the phonon modes observed by Raman spectroscopy and
in relation with the quality of the samples.

In the Y(XZ)Y channel, shown in Fig. 4(b), we ob-
serve an excitation at 25 cm~! (36 K), which is compara-
ble in energy to the FM magnon gap observed in specific
heat. In accordance with Fleury-Loudon theory [38], the
magnon is observed in perpendicular polarisation and is
consistent with a single-magnon process originating from
the acoustic branches at the I'-point [39]. It is clearly not
expected for two-magnon scattering [39, 40].

F. Electrical Resistivity

Fig. 5(a) shows the temperature dependence of electri-
cal resistivity along the ¢ axis of CeCuSi (red curve) and
of LaCuSi polycrystalline sample (blue curve). The 4f
contribution to the resistivity is deduced as shown in the
green curve, and it is almost temperature-independent at
the higher temperature.
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FIG. 4: (a) Raman spectra of single-crystal CeCuSi
with the incident and scattered light parallel to one
another. (b) Raman spectrum with perpendicular
incident and scattered lights. Solid lines fit to the data.
The inset shows the crystal orientation with respect to
the optical axes.

The resistivity data below T can be fitted to the FM
spin wave gap expression [41]:

p(T) = po + AT? + BTA(1 + 2TA e ™ 2/T  (4)

where p, is the residual resistivity, A is the coefficient
for electron-electron scattering, B is the coefficient cor-
responding to electron-magnon scattering, and A is the
energy gap in the magnon excitation [41]. The low-
temperature resistivity was first fit to the quadratic
Fermi-liquid expression of p(T) = po + AT? from 1.8K
to 3K, with A = 0.01875 uQcmK~=2. The ratio of A
to the square of the electronic specific-heat coefficient
72 yields A/y% = 11.0 uQ cm mol? K2 J=2, using the two
values found previously from the low-temperature data.
This is very close to the universal Kadowaki-Woods ra-
tio of 10 4 cmmol? K2 J~2 in many heavy-fermion com-
pounds [42, 43].
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FIG. 5: (a) The temperature dependence of electrical
resistivity p(T") of a representative sample of CeCuSi
along the c axis, and of a polycrystal of LaCuSi. The
pay is also obtained. (b) The low-temperature p(T) of
CeCuSi. The blue line shows the fitting to the
ferromagnetic magnon contribution (Eq. 4).

By fixing the value of A, Eq. 4 gives a good fit up
to 14.2K as the blue curve shown in Fig 5(b). This
yields pg = 241 puQlem, B = 0.133 puQem K2, and a
magnon gap of A = 23.9K that is comparable to the
value of 25.3K derived from the heat capacity. Sur-
prisingly, the large residual resistivity and low RRR of
1.7 indicates that our single crystal has a lower quality
of electronic transport than the polycrystalline sample
(po = 9 pQcm and RRR= 6.4 [I41]). Similarly, our
polycrystalline LaCuSi sample has a py = 57 pQcm,
which also significantly higher than the py of the previ-
ous reported polycrystalline CeCuSi. Our result on sin-
gle crystals of CeCuSi is consistent over 5 samples from
two different batches. The higher residual resistivity and
lower RRR value might be due to the micro-cracks inside
the single crystals. These micro-cracks could result from
defects formed during solution growth or from thermal
stress during cooling after synthesis, as mentioned previ-
ously.



IV. CONCLUSION

In summary, we have successfully synthesized single
crystals of CeCuSi by the flux method for the first
time. We confirmed that the compound has an ordered
P63 /mme structure through single-crystal and powder
XRD. The magnetic susceptibility anisotropy, the Schot-
tky anomaly in heat capacity, and Raman spectra can
be well described by the CEF model, and the results
agree well with the previous inelastic neutron scattering
results. The ferromagnetic magnon behavior has been
observed in heat capacity, electrical resistivity, and Ra-
man measurements, further indicating the compound is
highly anisotropic.

The results indicate a CEF ground state doublet with
magnetic moment primarily in the basal plane with a fer-
romagnetic interaction. CeCuSi does not exhibit hard-
axis ordering, unlike many other FM KL compounds.
The interactions along both axes are ferromagnetic, po-
tentially explaining the absence of hard-axis ordering.
This underscores the importance of detailed CEF analy-
sis on single crystals to disentangle the CEF contribution
from the exchange interaction contribution in the mag-
netic susceptibility data, thereby advancing our under-
standing of these materials.
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Appendix A: Trigonal CEF

For a Ce atom in a trigonal site symmetry, the CEF
Hamiltonian can be written as,

Hepr = B305 + BJO} + B{Oj, (A1)

where B}, and O], are the CEF parameters and the

Stevens operators, respectively [14, 45]. The theoretical
expression of the magnetic susceptibility with the Van

Vleck contribution is given by
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where 8 = 1/kpT, Z=73 e P2 i=1,z and n,m =
0,1,2 for the three doublets of Ce3* with J = 5/2. A
detailed derivation of the theoretical magnetic suscepti-
bility expression for the trigonal point symmetry of the
Ce atoms can be found in Ref. [20]. Following the same
calculation, the final paramagnetic and Van Vleck sus-
ceptibilities in both axes in the trigonal point symmetry
are given by:
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where A; and As represent the splitting energies. The
energy levels and the mixing angle a can be expressed
by CEF parameters, and the detailed expression for the
trigonal system can be found in Ref. [26].

Before doing the fitting to obtain the three CEF pa-

rameters, we can estimate the first CEF parameter BY

from the paramagnetic Curie-Weiss temperatures GQW

and 0%y, by the following expression [16, 17], which gives
the strength of the magnetocrystalline anisotropy:

0_ (gL gl 10kp
Bz = (Ocw 0CW)3(2J— 1)(2J +3)

(A5)

Thus the estimated BY is 4.35K, and using this value
as the starting point, the inverse magnetic susceptibility
including the molecular field contribution \; to account
the exchange interactions and the residual susceptibility
X4 is calculated as [18]:

-1
X‘1:< Xe (T +Xi>
’ L= Ax B (T) 0
Under the trigonal symmetry, the states will split into

a pure |£3/2) state, and two mixtures of |+1/2) and
|£5/2) states.

(A6)



Appendix B: Additional Raman Spectroscopy
Results

From the crystal structure and atomic coordinates, we
can predict the number of phonon modes and their sym-
metries: for CeCuSi, we expect 2E,, modes which should
be visible in the Y(XX)Y geometry. At high tempera-
tures, the phonon modes should be the only observable
excitations since the CEF levels would be thermally oc-
cupied. Figure 6(a) shows a high-temperature Raman
spectrum with 4E,; modes indicated, which is unex-
pected. Although we have synthesised a single-crystal of
CeCuSi and the SCXRD refinement shows no detectable
evidence of mixed occupancy between Cu and Si, it re-
mains conceivable that the similarly sized copper and sil-
icon could have partially interchanged during the growth
of the larger crystals used for Raman spectroscopy mea-
surements, producing twice as many phonons with differ-

ent energies.

Regarding the CEF levels, by reducing the power used
and thus the effective temperature of the sample, and in
the Y(XX)Y geometry shown in figure 6(a), we observe
a large increase in the intensity of the CEF response.
More notably, in the Y(ZX)Y configuration, figure 6(b),
we observe that a clear third peak appears at low power.
In the inset, higher resolution measurements alongside
fittings of the two spectra show that the 5mW data are
also consistent with three excitations. Within the ferro-
magnetic phase, a splitting of the ground state could lead
to the appearance of the third excitation. However, the
internal field is estimated to be 0.225 T with a 0.25 cm ™!
(0.36 K) splitting in CEF simulation, which is not suffi-
cient to cause the splitting observed. Due to the close
proximity of an Es, phonon, there is potentially mag-
netoelastic coupling between the phonon and the CEF
levels, which could give rise to a hybrid vibronic state, as
observed previously in some cerium compounds [49, 50].
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FIG. 6: (a) Wide energy range Raman spectra of
single-crystal CeCuSi with the incident and scattered
light parallel to one another at high and low cryostat
temperatures and different laser powers. Arrows mark
the location of phonon modes. (b) Wide energy range
Raman spectra with perpendicular incident and
scattered light at low temperatures with different laser
powers. Inset shows the higher resolution and lower
energy spectra at low temperature with different laser
powers. Solid lines show fits to the data at the two laser
powers. Translucent boxes show the approximate
energies of the CEF transitions across figures (a) and

(b).
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