Studies of charge density wave and crystalline electric field effects in TmNiC,
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Single crystals of TmNiCy were grown by the optical floating-zone technique and were investi-
gated by x-ray diffraction (XRD), thermal expansion, electrical resistivity, specific heat, and mag-
netic susceptibility measurements. Single-crystal XRD reveals the formation of a commensurate
charge density wave (CDW) characterized by a CDW modulation vector qz2c = (0.5,0.5,0.5), which
is accompanied by a symmetry change from the orthorhombic space group Amm2 to the monoclinic
space group C'm, i.e. to a CDW superstructure which is isostructural with that of LuNiC,. For all
transport and thermodynamic properties, anomalies related to a second order-type thermodynamic
CDW phase transition are observed at around Tcpw =~ 375 K. The large specific heat anomaly at
Tcow, AC ~ 6.2 J/mol-K, together with noticeable changes in entropy and enthalpy related to the
CDW transition suggests that this point group symmetry breaking CDW phase transition affects
more significant parts of the Fermi surface as compared to the incommensurate CDW transition of
e.g. SmNiCz with no change in point group symmetry. The results on the antiferromagnetic and
paramagnetic state of TmNiCsy obtained by the above macroscopic techniques were complemented
by microscopic studies via inelastic neutron scattering. A crystalline electric field modelling of
macroscopic susceptibility and magnetic specific heat and entropy contributions as well as micro-
scopic neutron scattering data, reveal crystal field eigenstates and eigenvalues with a ground state
doublet of the Tm-4f electrons, which is well separated by about 25 meV from exited states of the

J = 6 ground state multiplet. *

I. INTRODUCTION

Rare earth transition metal carbides are a unique class
of intermetallic compounds where the p-element enters
into the lattice in form of sub-molecules, i.e. carbon
dimers, trimers or even higher multimers, rather than
as individual atoms (see e.g. Ref. [1] for a review). As
a consequence of this specific crystal chemistry, quite a
few of these compounds exhibit features of an effectively
reduced electronic dimensionality (see e.g. Refs. [2—4]).
Among those with quasi-one-dimensional features of their
electronic structure, recent interest has focused on RNiCsy
compounds with the non-centrosymmetric orthorhombic
CeNiCy-type structure [5, 6], because various outstand-
ing features have been reported: LaNiCs exhibits un-
conventional superconductivity [7, 8], several others, e.g.
GdNiCy and TbNiCy, exhibit even multiple charge den-
sity wave (CDW) instabilities [9-12] and, most recently,
the whole family of non-centrosymmetric rare earth tran-
sition metal dicarbides has been highlighted for manifold
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topological features of their electronic structure [13]. The
diversity of interesting features is further boosted by the
mutual interplay of CDW features with the RKKY medi-
ated rare earth magnetism of RNiCy compounds [14, 15]
and, of course, by their potential for tuning certain topo-
logical states with external magnetic field control on the
magnetic state of some of these compounds [13]. It ap-
pears, thus, relevant to further investigate the magnetic
ground states of RNiCy compounds where details of crys-
talline electric field (CEF) eigenstates were so far pro-
vided only for CeNiCy [16].

Two distinctly different primary types of CDW su-
perstructures of RNiCy compounds have been reported,
each with its characteristic CDW modulation wave vec-
tor. Light-lanthanide compounds, RNiC, with R =
Pr—Sm, display an incommensurately modulated ground
state superstructure with a modulation wave vector
qiic = (0.5,0.5 + 4,0) [17] and, for SmNiCs, it was
shown that the incommensurate CDW state maintains
the orthorhombic point group symmetry [18]. Heavy-
lanthanide compounds, RNiCs with R =Y, Ho, Er, and
Lu, display a commensurate CDW ground state super-
structure with modulation vector qzc = (0.5,0.5,0.5)
[12], which implies a reduction of the point group sym-
metry. For LuNiCq, a detailed model of the commensu-
rate CDW superstructure with a monoclinic space group
symmetry has been reported [19].

In the case of TmNiCs, CDW formation was reported
on the basis of characteristic CDW anomalies of the



electrical resistivity and Hall effect at Tecpw ~ 394K
[10], however, a direct investigation of the CDW super-
structure, e.g. by single-crystal diffraction studies, re-
mained pending. The magnetic properties and mag-
netic structure of TmNiCs were initially investigated by
means of magnetic susceptibility [21, 22] and powder neu-
tron diffraction [23-25]. These studies revealed a strong
uni-axial anisotropy along the a-axis [22] and a sim-
ple collinear antiferromagnetic (AF) ground state with
a Néel temperature Ty = 5.5K [23]. Recent magneto-
transport and Hall effect measurements by Kolincio et
al. [26] suggested a coexistence of CDW order with a field
polarized, saturated magnetic state in TmNiCsy, which
stands in contrast to the effect of spontaneous ferromag-
netic order in SmNiC,; where Shimomura et al. reported
an abrupt suppression of CDW superstructure reflections
at temperatures right below T¢ [14].

In this paper, we report on single-crystal studies of
TmNiCy with a special focus on charge density wave and
magnetic ground state features. In order to reveal the
CDW state and to determine the CDW superstructure
of TmNiC,, we performed single crystal x-ray diffraction
studies as well thermodynamic and transport measure-
ments. Details of the crystalline electric field acting on
the Tm-4f states are analysed by a modelling of spe-
cific heat, entropy, magnetic susceptibility and inelastic
neutron scattering data.

II. EXPERIMENTAL

Polycrystalline samples of TmNiC, were synthesized
by arc melting of pure elements, i.e. Tm (3N) and Ni
(4N) metals, and carbon (graphite, 5N), in a high-purity
argon atmosphere. An excess of about 3% of Tm and
C was used to compensate losses during the arc melting
procedure. In a next step, feed and seed rods of polycrys-
talline TmNiCy were prepared by radio-frequency induc-
tion heating under argon atmosphere (6N) and these rods
were finally used to grow large volume single crystals of
TmNiCs via the floating zone technique in an optical mir-
ror furnace (Crystal Systems Corporation, Japan). Ob-
tained single crystals were oriented by means of the Laue
method and cut along the orthorhombic a, b, and ¢ ori-
entations for specific measurements.

The initial characterization of the TmNiCy crystals
was performed by means of scanning electron microscopy
(SEM) using a Philips XL30 ESEM with EDAX XL-
30 EDX detector as well as by powder X-ray diffrac-
tion (pXRD) studies with an Aeris powder diffractome-
ter by Malvern Panalytical. Electron microprobe studies
confirmed within error bars a homogeneous 1-1-2 stoi-
chiometry with no relevant inclusions of impurities, fur-
ther corroborated by pXRD where no secondary phase
was resolved. The room temperature lattice parameters
were determined from a Le Bail profile refinement of the
pXRD pattern with the FULLPROF software. The result-
ing values of lattice parameters are a = 3.48644(4) A,

b = 4.48828(5) A, and ¢ = 6.00272(7) A, in close agree-
ment with previous reports [6, 10].

Additional pXRD patterns were collected in an ex-
tended temperature interval from 300K to 450 K using
Cu K, radiation on a Panalytical X’Pert Pro diffrac-
tometer system equipped with an Anton-Paar HTK-1200
high temperature chamber under He atmosphere and
were used to extract thermal expansion data. The lat-
ter are extended towards low temperatures (in the range
between 4.3 K and 315 K) via capacitive dilatometry em-
ploying a tilted plate geometry [27] on a cuboid shape
single crystal of TmNiCy which was cut along its or-
thorhombic orientations a x bx ¢ ~ 1.23 x 2.54 x 1.9 mm?.

Diffraction data of a plate shape crystal fragments of
TmNiCy were collected on a STOE STADIVARI diffrac-
tometer system using Mo K, radiation in a dry stream of
nitrogen at 400 and 280 K. Data were reduced to inten-
sity values using X-Area and scaled using the multi-scan
approach implemented in LANA [28]. The 280K data set
was treated as a twin of index 2 (‘HKLF5’ style reflection
data with overlap information). Coordinates for the ini-
tial models were adopted from the isotypic LuNiCy struc-
tures [19]. The structures were refined with SHELXL [29].
In the 280 K structure, the atomic displacement param-
eters of the two independent C atoms were constrained
to the same value. Data collection and refinement details
are compiled in Table I. Further details on the crystal
structure analyses can be obtained from the Inorganic
Crystal Structure Database - ICSD [30] on quoting the
depository listed at the end of Table I. Complementary
data of a different crystal fragment was collected at 100
K and results of refinements are available at ICSD (CSD-
2221972). The reliability factors of the latter refinements
were inferior to the those of data collected at 280 K and
the resulting model is, thus, not discussed here in detail.

The electrical resistivity was measured with a regular
four-probe technique in a commercial Quantum Design,
Physical Properties Measurement System (PPMS) sys-
tem with thin (¢ = 50um) gold wires serving as elec-
trical contacts which were spark welded to the polished
surface of bar-shaped samples with typical dimensions
~3x1x0.5mm?

Heat capacity data were collected with a Quantum De-
sign PPMS using a relaxation-type method in the tem-
perature range 2 to 400 K and additionally with a home-
made calorimeter employing an adiabatic step-heating
technique in the temperature interval 2 to 20 K. Apiezon-
N grease was used as thermal contact medium for temper-
atures below 300 K, while Apiezon-H grease was applied
for measurements above 300 K.

Field dependent (0-9 T) isothermal magnetization and
temperature dependent (2-400K) dc magnetic suscepti-
bility studies were performed with a Quantum Design
PPMS vibrating sample magnetometer (VSM) for the
principal orthorhombic orientations of single-crystalline
TmNiC, using the above specified cuboid-shape crystal.

Inelastic neutron scattering studies were conducted for
TmNiCy and LuNiCsy, each about 10 g coarse powder of
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FIG. 1. a) The high-temperature phase of TmNiC; at 400 K viewed down [100]. Tm (yellow), Ni (blue) and C (gray) atoms
are represented by ellipsoids drawn at the 75% probability levels. Symmetry operations of the Amm?2 space group are indicated
using the usual graphical symbols [33]. A gray backdrop indicates the unit cell of the low-temperature superstructure. b) The
low-temperature phase of TmNiC; at 280 K viewed down [001] (corresponding to the [011] direction of the high-temperature
phase). The indicated unit-cell corresponds to the conventional setting of the low-temperature phase. A p-subscript indicates
a vector pointing out of the drawing plane. The lattice basis vector a of the aristotype is indicated. ¢) h = 0 and d) h = %
sections of reciprocal space of a TmNiC; crystal at 280 K reconstructed from single crystal XRD frame data. The reciprocal
basis of the basic structure and the modulation vectors of both twin domains are indicated. A subscript ‘p’ designates a vector

projected onto the drawing plane.

well annealed polycrystalline material, using the direct III. RESULTS
geometry time-of-flight chopper spectrometer MAPS lo-
cated at the ISIS spallation neutron source at the Ruther-
ford Appleton Laboratory, UK [32]. Powder samples
were wrapped in a hollow cylinder made from thin Al-
foil and mounted inside an Al-can with 40 mm diameter
and 40 mm height in an annular form. The experimen-
tal temperature range down to 5K was provided by a
closed cycle refrigerator with He-exchange gas. The data
were calibrated to absolute units (mbarn/sr/meV/f.u.)
by means of a standard vanadium reference sample mea-
sured in identical conditions. The scattering intensities
were collected in an angular range from 3.3° to 60° with
an incident neutron energy of 50 meV (with a Fermi chop-
per frequency of 400 Hz) at four temperatures, T' ~ 16 K,
75K, 150K and 293 K. The estimated elastic resolution

A. Crystal Structure Determination from Single
Crystal XRD Data

At 400 K, TmNiC, adopts the Amm?2 aristotype struc-
ture of the CeNiCy family (see Fig. 1a). Tm, Ni and
the Co dumbbells are all located on positions with mm?2
site symmetry [Ni and Cy: Wyckoff position 2a (z = 0);
Tm: 2b (z = 3)]. Owing to the a translation, the Tm
and Ni atoms are located on lines parallel to [100] with
interatomic distances of a = 3.4891(4) A between neigh-
bouring atoms.

On cooling to 280 K, the crystals transform to a phase
isotypic with the C'm low-temperature phase of LuNiC,

was 1.49 meV and it was 1.1 meV at an energy transfer
of 25 meV.

(see Fig. 1b). The volume of the primitive cell is dou-
bled (ignoring metric deformations), which leads to su-
perstructure reflections at q = a/2 + b/2 + ¢/2 with
respect to the basis of the orthorhombic A-centred aris-



TABLE I. Single crystal data collection and structure refine-
ment details of TmNiC,. Molar mass M = 251.66 g/mol.

T=400K T =280K

Space group Amm?2 Cm
a (A) 3.4891(4)  7.4976(9)
b (A) 4.4898(6) 6.9675(8)
c (A) 6.0033(8)  3.7441(5)
B (deg.) 90 106.411(9)
V (A3?) 94.04(2) 187.62(4)
Z 2 4
Absorp. coeff. p (mm™') 56.342 56.482
Deated (g cm™) 8.887 8.909
Omax (°) 36.46 36.84
Reflections

measured 884 4171

unique 253 716

observed 253 683

(I >20(1))
Parameters 16 30
Rint 0.0327 0.0452
R (I > 20(1)) 0.0184 0.0446
wR2 (all) 0.0436 0.1342
GooF 1.163 1.149
Extinction (SHELX) 0.037(4) -

Diff. el. density
min, max (e A~%)
CSD-Number

-1.778, 2.789 -2.663, 4.441
2221970 2221971

totype phase. In the conventional setting, the basis
of the low-temperature superstructure is (as, bs,cs) =
(b + c,2a, (b — ¢)/2). Unless noted otherwise, all direc-
tions are given with respect to the aristotype structure,
even when discussing the low-temperature phase.

The point symmetry is reduced by an index of 2 (mm2
tom). The lost point symmetry is retained as twin opera-
tion. In fact all crystals under investigation formed twins
on cooling as it has already been observed for LuNiC,
[19]. Whereas the basic structure reflections of both
twin domains overlap perfectly (Fig. 1c), the satellite re-
flections of both domains appear at distinct positions as
shown for the (%, k,1) plane in Fig. 1d.

Of the (non-translation) symmetry elements only the
myipo) reflections planes are retained in the superstruc-
ture. Half of the planes are still realized as proper reflec-
tion planes, whereas the other half is turned into glide
reflection planes (Fig. 1b). The Tm atoms split in two
positions, both located on the reflection plane (Wyckoff
position 2a) and deviate only slightly from the position in
the aristotype structure [Tm—Tm distance of 3.4853(4)
A] In contrast, there is only a single Ni-position whose
site symmetry is reduced to the general position. The
Ni atom is displaced significantly in the [100] direction,
forming distinct pairs of Ni atoms. Adjacent atoms are
related by the reflection plane, which means that the

4

Ni—Ni pairs are perfectly parallel to [100], i.e. featur-
ing a Peierls dimerization of the Ni atoms along the or-
thorhombic a-axis. The short and long Ni—Ni distances
at T = 280K are 3.295(3) and 3.673(3) A, respectively.
This represents a deviation of 5.4% from the averaged
Ni—Ni distance. Thus, the Peierls dimerization is less
pronounced than in the case of LuNiCy at 100 K (6.9%)
[19]. Further cooling of TmNiCs to 100 K did not in-
crease the effect. The symmetry of the Co dumbbell is
likewise reduced to 1, i.e. there are now two distinct C
positions.

B. Thermal expansion studies

Temperature dependent thermal expansion data were
obtained by two different experimental techniques, below
315K by capacitive dilatometry of an oriented TmNiCq
single crystal and above 300 K by pXRD. These data,
presented in Fig. 2a, reveal a significantly anisotropic lat-
tice expansion which, above 50 K, is by far largest along
the orthorhombic a-axis and relatively small, partly even
negative, along the b- and c-axis. Distinct anomalies are
observed: (i) the AF ordering at Ty = 5.4 K, which is
highlighted in the inset of Fig. 2a, and (ii) in the main
panel, a structural CDW transition is pinpointed by a
distinct change of the slope of each Al/I(T) curve at
Tepw ~ 375K. Both transitions, AF and CDW, are
manifested by kink-like features of the thermal expansion
which are indicative of a second order type of these phase
transitions. AF order (i) causes a contraction, as com-
pared to the paramagnetic state, along the a-axis and a
minor expansion along the b- and c-axis, such that overall
the AF-volume coupling results in a small volume reduc-
tion. Kink-like CDW transition anomalies (ii) are more
pronounced and opposite along the orthorhombic b- and
c-axis.

Temperature dependent thermal expansion coefficients
a(T), i.e. the temperature derivatives of Al/l (smoothed
over four data points), together with the resulting volume
expansion coefficient, 8(T) = (1) 4+ au(T) + a(T), are
presented in Fig. 2b. Here, CDW anomalies are visible
as step-like features and overall, the volume expansion
coefficient displays a step-like drop AS ~ 8.0 x 1076 K1
which refers to an increase of Tcpw with increasing ex-
ternal hydrostatic pressure (see discussion in section IV B
for further details).

C. Electrical resistivity studies

The electrical resistivity, p(T), measured for current
parallel to the orthorhombic a-, b- and c-axis of TmNiCsq
single-crystal bars is depicted in Fig.3. The onset of
CDW order at Tcpw =~ 375K is indicated for all three
principal orientations by a distinct anomaly of the tem-
perature dependent electrical resistivity showing, upon
cooling, a marked increase which refers to the opening of
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FIG. 2. a) Temperature dependent thermal expansion along
orthorhombic a (green), b (red) and ¢ (blue) orientations of
TmNiCs. Inset zooms towards the AF transition. Both,
CDW and AF transition temperatures are indicated by dotted
lines; b) thermal expansion coefficients and volume expansion
coefficient vs. temperature. Solid lines are a guide to the eye.

additional energy gaps due to new Brillouin zone bound-
aries caused by the symmetry reducing CDW modulation
of the crystal lattice. No thermal hysteresis has been
observed near Tcpw suggesting a second-order rather
than first-order character of this phase transition. For
TmNiC, single-crystal samples studied in the present
work, the temperature assigned to the CDW transition,
which is determined from the local minimum of dp/dT,
is found to be slightly lower than the value reported
earlier for a polycrystalline sample [10]. The resistive
anomalies of polycrystalline RNiCs samples seem slightly
broadened which is possibly the consequence of thermal
strain effects caused by anisotropic thermal expansion
(see above).

At high temperatures, a strong anisotropy of electrical
resistivity is evident with the lowest resistivity observed
for current I||a-axis and the highest for the I||c-axis. The
anisotropy regime at T' > Tcpw, i.e. pc > pp > Pa,
matches with the previously reported anisotropies of the
electrical resistivity of SmNiCy [14], TbNiCy [9], and

400
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FIG. 3. Temperature dependent electrical resistivity mea-
sured with applied current along orthorhombic a (green), b
(red) and ¢ (blue) orientations of TmNiCy single crystal bars;
solid lines are guides to the eye. Inset zooms towards the AF
transition. Both CDW and AF transitions are indicated by
the black arrows and dotted lines.

LuNiCy [19]. Below Tepw, the anisotropy of the electri-
cal resistivity of TmNiCs decreases and finally displays
an almost isotropic character for temperatures lower than
50 K. This behaviour is analogous to that observed for
LuNiCy [19], thus, indicating that the commensurate
CDW transition with reduction of the space group sym-
metry from the orthorhombic to monoclinic one tends to
alter the effective dimensionality of the electronic struc-
ture (see discussion in Ref. [19]).

At Ty ~ 5.4K, clear anomalies of the electrical resis-
tivity are observed for all three orientations (see inset of
Fig. 3), which refer to the disappearance of spin-disorder
scattering in the state of long range magnetic order.
The resistivity drop, App, = p(In) — p(2K), is highly
anisotropic, larger for I||b- and I||c-axis (App, =~ 12
and 14 pQcm, respectively) and smaller for I||a-axis
(Apr, = 5 pfdem), ie. spin scattering is large for cur-
rent perpendicular and small for current parallel to the
easy orientation of 4f magnetic moments (compare the
magnetic structure reported in Ref. [23]). Above Ty, con-
duction electron spin-scattering with localized magnetic
moments relates to the scattering channels of the two-fold
degenerate CEF ground state of the Tm 4 f orbitals which
is well separated from higher energy CEF states (see de-
tails of CEF in section IV C). It is, thus, interesting to
see a peak-like shape of the magnetic anomalies in p(T),
which hints at an enhancement of spin-disorder scatter-
ing due to short range magnetic correlations, which are
strongest right above Tx. When probing spin-disorder
scattering at the local minimum of p(7"), which is located
at about 15K, e.g. for I||c-axis which shows the strongest
effect, we obtain Ap = p(Tn) — p(15K) ~ 7 puflcm, i.e.
the enhancement of scatting right at Ty is half as large
as the above given figure of Apry.

The residual resistivity at 2K is determined to: pg, ~
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FIG. 4. a) Temperature dependent specific heat of TmNiCy
(blue) and LuNiC; (pink) where lines connecting data points
are just guides to the eye; the inset zooms in on the AF tran-
sition; b) AC) in the vicinity of the CDW transition where
the straight solid line serves to extrapolate the CEF Schot-
tky anomaly; the inset shows our estimate of the contribution
Ccpw /T (see text); ¢) temperature dependent magnetic spe-
cific heat and entropy contributions where red dotted lines
mark S = RIn(2J + 1) for J =1/2 and J = 6, respectively.

Poe = 26 uflem and pop ~ 18.5 udem. These values are
similar to that determined for polycrystalline TmNiCq
[26] and slightly lower than the numbers obtained from
LuNiCs single crystals (poo ~ poc ~ 48 uQcm and pgp ~
32 pufdem) [19)].

D. Specific heat results and analysis of entropy
contributions

The temperature dependent specific heat of single-
crystalline TmNiC, and its non-magnetic reference
LuNiCy (see Ref. [19] for sample details) is depicted in
Fig. 4a. Close to the upper experimental temperature
limit, the specific heat of TmNiCs reveals a pronounced

second-order-type phase transition at Tepw ~ 375 K (for
a close up, see Fig. 4b) related to the lattice symmetry
breaking charge density wave formation. The ordering
temperature is in good agreement with that ones iden-
tified from thermal expansion and electrical resistivity
data (see above). The specific heat jump at the CDW
transition was roughly estimated as AC), ~ 6.2 J/mol-K
(see Fig. 4b) and, thus, yields a significant relative change
AC,/Cp(Tcpw) =~ 6.1%. In order to determine the Tm
4f magnetic specific heat contribution Ci,ag, the heat
capacity of LuNiC; was subtracted from the TmNiCq
data, however, resulting in AC,(T') (see Fig. 4c), which
still includes a rather prominent contribution originating
from the CDW phase transition. The latter is tentatively
separated by a linear interpolation of the CEF Schottky
anomaly in the temperature interval from 250 to 400 K
(see solid blue line in Fig. 4b,c).

From the heat capacity in excess of this linear extrap-
olation line, we evaluate a rough estimate of the CDW
related gain in entropy, Scpw, and gain in enthalpy,
Hcpw, by integrating the shaded area (Cepw/T)dT in
the inset of Fig. 4b and by integrating a corresponding
area as CopwdT, respectively. The obtained values are
Scpw ~ 0.6 J/mol-K and Hepw ~ 210 J/mol.

At low temperatures, a clear anomaly associated with
the AF transition is visible at Ty = 5.4 K (see inset of
Fig. 4a) where the specific heat peaks at a value of 18.3
J/mol-K. In Fig. 4c, the broad maximum of the magnetic
specific heat contribution Cihag(T), centred at around
125 K, manifests a Schottky anomaly due to CEF ex-
citations within the 4 f'2 Hund’s rules ground multiplet.
The related 4 f magnetic entropy gain Smag(7) is shown
in Fig. 4c as green symbols. The entropy gain associated
with a quasi-doublet ground state S = RIn2 (R is the
gas constant) is released slightly above the Néel temper-
ature and is followed by a wide plateau of almost zero
entropy gain up to approximately 50 K, above which the
magnetic entropy further increases as determined by the
Schottky anomaly in Crag(T). The latter reveals the
thermal population of CEF eigenstates. Near the exper-
imental temperature limit of 400 K, Spag(T") approaches
the maximum entropy gain expected for Tm3* with its
Hund’s rule ground state J = 6 yielding S = RIn13 =
21.33 J/mol-K.

E. Magnetic susceptibility studies

Temperature dependent magnetic susceptibility and
field dependent isothermal magnetization studies of sin-
gle crystalline TmNiCy were reported by Koshikawa at
al. [22]. Our present results of dc magnetic susceptibility
measurements in Fig. 5 as well as our re-investigation of
isothermal magnetization data (not shown) are in close
agreement with these earlier reported data revealing a
large anisotropy with the orthorhombic a-axis being the
easy axis of the Tm 4f moments. The only relevant dis-
crepancy, we noticed when comparing inverse suscepti-
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FIG. 5. a) The temperature dependent dc magnetic suscep-
tibility of single-crystalline TmNiCz; measured along the or-
thorhombic a-axis orientation with an applied magnetic field
of 63mT and along the b- and c-orientations with a field of
0.1T; b) corresponding inverse dc susceptibility, 1/x, shown
for principal orientations, all measured at 1T. The original
data are shown as symbols and data of 1/xs and 1/x. cor-
rected with respect to an obvious misalignment of the mea-
sured crystal (see text) are presented as dashed lines.

bility data measured with H||b and H||c, where data
of Ref. [22] display peak-like maxima of 1/x,(7T) and
1/xc(T) at around 50 to 60 K, while corresponding fea-
tures of our present data in Fig. 5b display a slightly
different shape as compared to the former. Consider-
ing that x4 >> X, X¢, it is obvious that any small mis-
alignment angle 6 of the crystal orientation away from
H 1 a must result in an artefact of measured x;. =
Xb.c €082(6) + Xa sin(#). Accordingly, even when just re-
mounting the same cuboid shape crystal for VSM mea-
surements, we observed some variation of our x;(7") and
Xe(T) results due to a limited precision and reproducibil-
ity of the crystal orientation alignment, typically varying
within about 3°.

Considering the above presented temperature depen-
dent evolution of the magnetic entropy gain, Smag(T')
(see Fig. 4c), i.e. a CEF ground state doublet well sepa-

rated from excited states, and the analysis in terms of a
CEF model as presented in Sect. IV C, it became obvious
that the intrinsic 1/x,(T) and 1/x.(T) shall not pass a
maximum, because at least up to about 50K, i.e. in the
regime of negligible magnetic entropy gain, 1/x,(7T) and
1/xc(T) should be essentially temperature independent.
The latter is also seen for the above presented thermal ex-
pansion (see Fig. 2a) which is almost negligible within the
temperature interval ranging from Tx up to about 50 K.
Accordingly, we estimate the misalignment angle 6 by
finding the appropriate correction of x; or x. for achiev-
ing a realistic intrinsic result as indicated by dashed lines
in Fig. 5b.

In Fig. 5b, an orientation average of the single crys-
tal magnetic susceptibility data is plotted as 1/x(7T)
(black symbols) together with a Curie-Weiss fit (yel-
low dashed line), x(T) = C/(T — 6,), on the tem-
perature interval 240—370K, yielding the Curie con-
stant C' = 7.34 emu-K/mol and the paramagnetic Weiss
temperature 6, = —18.0 K of TmNiCy;. The Curie
constant is related to the effective magnetic moment
i = (3Ckp/up2Na)%® = 7.66 ug/f.u., which is in
close match with the theoretical effective moment pog =
gipsy/J(J + 1) = 7.56 up of the free Tm3*-ion.

F. Inelastic neutron scattering studies

In order to obtain microscopic information on CEF
eigenstates and their excitation energies in TmNiCs,
we performed inelastic neutron scattering (INS) stud-
ies as outlined in section II. Exemplary data of wave
vector- and energy-transfer dependent scattering intensi-
ties (neutron energy loss part) are presented in Fig. 6 for
TmNiCy (a) and LuNiCsy (b), both measured at 16 K, i.e.
well above the AF transition of TmNiCy at Ty = 5.4 K.
TmNiC, data, as compared to the corresponding intensi-
ties collected for LuNiCs, reveal a very prominent weakly
Q-dependent intensity at around 28 meV, which obvi-
ously refers to the predominant CEF excitations when ex-
citing the ground state doublet as revealed by the above
presented magnetic entropy data. For separating CEF
and phonon contributions, we evaluate the magnetic scat-
tering intensity Imag(Q,w) of TmNiCy by subtracting a
properly scaled total scattering function of LuNiCs from
that of TmNiCy. For our fitting analysis of the inelas-
tic CEF response of TmNiCs (see section IV C), we Q-
integrated the I1as (@, w) data in an interval of scattering
angles 260 ranging from 7° to 26°, thus, yielding magnetic
scattering functions Imag(w) at given experimental tem-
peratures. The close match of the total scattering cross
sections of TmNiCy and LuNiCs suggests that a scaling
correction of the scattering function of LuNiCy shall be
dispensable. Due to the certainly imperfectly even sam-
ple thickness distribution in our hollow cylinder sample
geometry, we however noticed that, within the chosen
low-@) angular integration interval, most convincing re-
sults of phonon subtraction as well as most reasonable
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FIG. 6. Colour-coded INS intensity, I(Q,w), i.e. depending on wave vector @ and energy fiw transfer, measured at 7' ~ 16 K
for (a) TmNiC; and (b) LuNiCs. For the sake of better visibility of phonon intensities, high intensities are cut-off in the colour
coding, i.e. the actual CEF intensity of TmNiCs at around 28 meV reaches about 120 mbarn/sr/meV /f.u. at low-Q.

quasi-elastic magnetic intensity of TmNiCsy is achieved
by scaling the LuNiCj inelastic data with a factor of 1.6.
We emphasize, that, except for the quasi-elastic line in-
tensity, this scaling correction of the LuNiC, reference
data barely changes the obtained magnetic scattering
functions, which peaks at about one order of magnitude
higher intensity levels.

IV. DISCUSSION

A. Characteristic features the electrical resistivity
of TmNiC,

As pointed out in section ITI C, all available single crys-
tal resistivity data of RNiCs compounds, when measured
at temperatures T' > Tcpw, share the same characteris-
tic of their orientation dependence, p. > pp > po. The
latter is concordant with the quasi-one-dimensional fea-
tures of the electronic structure of RNiCy compounds
in their CeNiCsy-type parent state, which are manifested
by quasi-planar, open Fermi surface sheets oriented per-
pendicular to the orthorhombic a-axis [19, 34, 35]. At
T < Tcpw, resistivity data of RNiCy crystals feature
some distinctly different characteristics for those with
an incommensurate qiic = (0.5,0.5 4+ §,0) and those
with a commensurate gz = (0.5,0.5,0.5) CDW super-
structure. For TmNiCsy as well as LuNiCs, both with a
commensurate monoclinic qac-superstructure, the most
pronounced resistivity anomaly at Tcpw is observed for
pa(T), whereas at the transition to the incommensurate
CDW state in e.g. GANiCy, SmNiCs and TbNiCs, p.(T)
exhibits the strongest anomaly, while that of p,(T) is
much weaker [9, 14]. Another noteworthy difference be-

tween features of the electrical resistivity in the com-
mensurate gz and the incommensurate qi;c modulated
states concerns the significant change of the effective elec-
tronic dimensionality, which was pointed out earlier for
LuNiCy [19], where p. > pp > po at T > Tepw trans-
forms into a more isotropic behaviour, pg. ~ 1.5pgp ~
Poa, at lowest temperatures. The latter was attributed
to a fragmentation of the quasi-one-dimensional, open
Fermi surface sheets of the orthorhombic parent state,
which transform in the monoclinic CDW state into closed
electron and hole pockets [19]. The change of the
anisotropy of the electrical resistivity of LuNiC, is al-
most perfectly well reproduced by the present data of
isostructural TmNiCsy, whereas earlier single crystal re-
sistivity studies of e.g. SmNiCy with the incommensurate
CDW state [14, 18] did not reveal any significant change
of the anisotropy of the electrical resistivity, neither when
passing Tcpw nor when passing the ferromagnetic Curie
temperature, T¢.

Another important aspect of the electrical resistivity
concerns the interplay of magnetic and CDW order. As
shown in section III C, only a gentle decrease in the resis-
tivity of TmNiCs is observed below T, which is in good
accordance with the result obtained earlier on polycrys-
talline TmNiCs. For the latter, it has been assigned to
a quenching of the spin disorder and a coexistence of
CDW and magnetic order has been suggested [26]. On
the contrary, for RNiCs (R = Nd, Sm, Gd, Tb) much
larger, as compared to TmNiCs, resistivity drops related
to the magnetic transitions were reported. The abrupt
decrease of the resistivity of the latter was attributed to
a change of the spin scattering rate in the magnetically
ordered state as well as to a partial (for NANiCy, GANiCs
[9, 17, 36, 37]) or to a complete destruction of the CDW



state by long range magnetic order as e.g. demonstrated
for SmNiCsy [14].

B. Characteristic thermodynamic features of the
CDW state of TmNiC,

Thermodynamic characteristics of CDW phase tran-
sitions were reviewed by Saint-Paul and Monceau [38].
They analysed literature data of various CDW materials
in the framework of a Landau approach for quasi-one-
dimensional CDW transitions by Allender et al. [39] and
by McMillan [40] which implies a linear relation between
the magnitude of a second order-type specific heat jump
ACp and Tcpw via ACp/Vmol = A -Tcpw. The lat-
ter relation can be associated with the microscopic re-
sults of a simplified BCS-type CDW model by McMil-
lan [41] which yields A ~ 10Ns N (Er)k3, where N(Er)
is the density of states at Fermi energy, and N4 is the
Avogadro number. These relations have been tested
for several CDW systems and it has been concluded
that some of these systems, e.g. quasi-one-dimensional
Ko3MoO3 and TTF-TCNQ, quasi-two-dimensional 2H-
NbSey as well as rare earth tellurides ThTes and ErTes,
conform reasonably well with the phenomenological rela-
tion AC,/Vimor = A-Tepw with A being typically of the
order of 200 J/K2-m? [38].

Experimental data of specific heat anomalies related
to second order type CDW phase transitions in RNiCq
compounds were so far presented in Refs. [11, 42], from
which we extract AC, ~ 1.0 J/mol-K at a thermody-
namic mean transition temperature Tcpw ~ 313K for
YNiCy and AC, ~ 0.6 J/mol'K at Tcpw =~ 152K
for SmNiCy. In both cases, these CDW phase transi-
tions are associated with a reduction of the translation
symmetry, from the orthorhombic CeNiCs-type parent
structure to the incommensurate CDW with modula-
tion qiic = (0.5,0.5 + §,0) and unchanged point group
symmetry. Following Ref. [38], we calculate the value
of the A factor, which yields A ~ 110J/K%m?® and
A ~ 130J/K2?m? for YNiCy and SmNiCy, respectively.
The close match of the A factors implies an approxi-
mately linear scaling of the specific heat jump AC, with
the CDW transition temperature for these identical types
of CDW phase transitions the RNiCy family. This con-
clusion is further corroborated by our data of e.g. PrNiCq
and GdNiCs [43], which display the same type of CDW
transition to the incommensurate qijc-superstructure.

In the following, we discuss the thermodynamic char-
acteristics of the point group symmetry breaking, second
order phase transition of TmNiCs, where the orthorhom-
bic CeNiCs high-temperature type transforms into the
commensurate, monoclinic CDW superstructure.

Our results of thermal expansion and specific heat
studies of TmNiC, presented in sections III B and IITD
reveal a continuous, second order phase transition and
yield a thermodynamic ratio AC,/TcowVime = A =~
580 J/K2m?, which markedly exceeds the above men-

tioned figures of the transitions to the incommensurate
CDW state in YNiCy and SmNiCs. As noted above,
a mean-field weak-coupling description of the Peierls
transition by McMillan [41], relates the magnitude of
the A factor to the electronic density of states at the
Fermi energy, N(Er). This model may, of course, re-
quire some additional factors to adapt for a specific
CDW scenario (see details in Ref. [41]) and a relation
AC, ~ 10N (Er)k3Tcpw is, thus, to be considered as a
crude approximation. Using the DFT calculated density
of states of the orthorhombic high-temperature struc-
ture of essentially isoelectronic LuNiCqs, N(Er) ~ 1.03
states/eV-f.u. [19] as an estimate for TmNiCz, we obtain
a theoretical estimate of the specific heat jump, AC, ~
7J/mol-K, which indeed yields the correct order of mag-
nitude of the experimental value of AC), ~ 6.2J/mol-K
of TmNiCy. For RNiC, with larger unit cell volume, e.g.
LaNiCy and YNiCy studied in Ref. [35], DFT calcula-
tions of N(Er) yield even slightly larger values than that
of LuNiCs and, accordingly, the above given specific heat
anomalies of YNiCs and SmNiCs are significantly smaller
than expected from the above McMillan relation, which
however appears to fit well for TmNiCs.

The Fermi surface of RNiCs compounds, of course,
combines quasi-one-dimensional features of open Fermi
surface sheets with three-dimensional features of closed
electron pockets and only parts of the open (quasi-
one-dimensional) Fermi surface sheets will be affected
by CDW gap formation. Our DFT calculation of the
electronic structure in the commensurate CDW state
of LuNiCs indicated the formation of a partial gap
at the Fermi energy that involves roughly about one
half of the density of states, N(Fg), of the parent
crystal structure [19]. Corresponding DFT results of
the incommensurate CDW state are still unavailable,
but our above discussion of experimentally observed
features with distinctly different transport characteris-
tics of the incommensurate CDW state and the above
discussion of markedly different thermodynamic ratios,
AC,/Tcow Vimor, indicate that the Fermi surface fraction
affected by CDW gap formation and related Fermi sur-
face reconstructions are very different for the incommen-
surate and commensurate CDW states. The reduction of
the space group symmetry which is associated with the
commensurate qz. = (0.5,0.5,0.5) CDW modulation ap-
pears to enforce the involvement of much larger parts of
the Fermi surface, as compared to the incommensurate
CDW transition, and certainly causes a significant Fermi
surface reconstruction (compare Ref. [19]).

Finally, we like to note that the magnitude of the spe-
cific heat anomaly of TmNiCs as compared to that of
its volume expansion coefficient, A3 ~ 8.0 x 1076 K1,
allows to calculate the initial response of the CDW transi-
tion temperature upon hydrostatic pressure via the ther-
modynamic Ehrenfest equation for second order phase
transitions [44], dTCDw/dp = Vmol . AIB . TCDw/AO ~
+14 K/GPa, i.e. it predicts an increase of Tepw when
applying hydrostatic pressure. According to the opposite



sign of Aa. as compared to that of AS (see Fig. 2b), an
application of uni-axial pressure along the c-axis, on the
contrary, should result in a reduction of Tcpw (compare
e.g. studies and discussion of CDW transitions in NbSb,
and SrsRhySn;; in Refs. [45, 46], respectively).

C. Discussion of crystalline electric field effects

The CEF splitting of the 4f ground multiplet of rare
earth ions and their resulting CEF eigenstates impose ba-
sic constraints on the formation of long range magnetic
order, i.e. on the orientation of magnetic moments and
show impact also on the magnetic ordering temperature,
especially in case of non-Kramers rare earth ions with
integer values of the 4f total angular momentum J. An
initial discussion of interrelations between Néel tempera-
tures, magnetic moment orientations and the orthorhom-
bic CEF in RNiCs has been presented in Refs. [22, 47],
where CEF parameters with indices (I,m) = (2,0) and
(2,2) of several RNiCy compounds were determined from
the anisotropy of the high temperature magnetic suscep-
tibility as compared to randomly oriented powder data.
Thereby, Koshikawa et al. [22] proposed an unexpected
drastic change in the evolution of these leading CEF pa-
rameters, which appeared to be much smaller for lighter-
lanthanide RNiCy up to HoNiCy as compared to those
of ErNiCs and TmNiCy. In order to gain further infor-
mation on the factors which govern the magnetic ground
states of RNiCy compounds, we aim to analyse CEF ef-
fects in RNiCy with a detailed modelling of magnetic en-
tropy, inverse single crystal magnetic susceptibility and
inelastic neutron scattering data, which have recently
been collected for several RNiCs compounds and here, we
present our analysis of the experimental data of TmNiC,
introduced in section III.

The monoclinic CDW superstructure modulation of
TmNiC, alters the local site symmetry of the Tm-ions
and splits their crystallographic position into two in-
equivalent Tm(1)- and Tm(2)-sites and changes further
the lattice periodicity within the b-c—plane. The lat-
ter is accompanied by a twin-formation (see section
IIT A) which implies that for any macroscopic single crys-
tal measurement, the monoclinic orientations as and cg
(compare Fig.la) will be alternated and, thus, inter-
mixed. Accordingly, we use the only obviously acces-
sible, orthorhombic axis system for all macroscopic sin-
gle crystal studies, which appears still reasonable when
considering the large magnetic anisotropy with the or-
thorhombic a-axis (equal to bs in the monoclinic stetting
and unaffected by twinning) being the easy axis of CEF
anisotropy and, at low temperatures, thus, very small
magnetic susceptibility in orthorhombic b and ¢ as well
as monoclinic as; and cs orientations with large experi-
mental error bars (see discussion in section IIIE). The
actual changes in atom coordinates as compared to the
orthorhombic parent structure are rather small and ex-
pected to cause only minor changes of the CEF, as indi-
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cated by the experimental data of single crystal inverse
magnetic susceptibility data presented by Koshikawa et
al. [22] for temperatures up to about 470 K, which did
not reveal any visible trace of the CDW transition near
375 K. Accordingly, and for supporting the feasibility of
the analysis, we disregard the minor in-equivalence of the
two Tm-sites and analyse our experimental data in terms
of the orthorhombic axis system a, b, and ¢, where the
latter is serving as the axis of quantization, i.e. we use
same scheme as Refs. [22, 47]. Furthermore, we have not
observed two sets of CEF excitations originating from
two Tm sites and hence, the use of the orthorhombic
symmetry is justifiable.

The orthorhombic CEF acting on the 4f'2 orbital of
Tm3t with a 13-fold degenerate, J = 6, non-Kramers
ground multiplet 3Hg is described by the Hamilto-
nian [48]

Hepr = AP ()00 =Y BrOP. (1)
l,m

lm

where B]" are CEF parameters in Stevens notation and
Al = B[”/(rifwl are universal coefficients, i.e. CEF pa-
rameters which are independent of the rare earth ion, 6;
are Stevens factors, (rif> are radial expectation values
and O]" are the Stevens operators (for a review, see e.g.
Ref. [49]). The relevant shape factors of the Tm3*t 4f
orbital, i.e. (7“@)91 are the factors 6.8727 x 1073 x a3,

1.9165 x 107* x af and —2.4330 x 107° x af for 1 = 2, 4
and 6, respectively, with ag = 0.5292 A [48, 50].

Initial estimates of the CEF parameters BY and B3
are obtained from high-temperature magnetic suscepti-
bility data by the same procedure as already reported in
Ref. [22], i.e. from the anisotropy of the paramagnetic
Curie temperatures as compared to their orientation av-
erage [51]. In order to determine an extended set of CEF
parameters, we employ a simultaneous fitting procedure
of temperature dependent macroscopic single-crystal in-
verse magnetic susceptibility, heat capacity and entropy
data, and microscopic powder INS magnetic scattering
functions, Imag(w), as determined at several tempera-
tures (see section 6). Complementing the initially esti-
mated parameters BY and B2 with additional parameters
B2, B} and Bj, we performed random walk simulated an-
nealing fits of our combined macroscopic and microscopic
data employing the McPhase 5.3 software [52]. Finally,
we multiply tested the reproducibility of fitting results
by varying the initial parameters and fixing subsets of
Bi* and BJ" while including some of the Bg' parame-
ters. The significance of the latter remains limited, but
six out of nine parameters, BS to Bj as well as B reveal
reasonable reproducibility, while B2 to BS display minor
relevance when fitting the present set of data.

For the initial fitting of the INS data we applied a
Gaussian convolution of the calculated inelastic intensi-
ties with a constant width according to the resolution
function of the MAPS spectrometer. Thereby, we no-
ticed a temperature dependent mismatch of calculated
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FIG. 7. a) CEF fitting of alignment corrected inverse magnetic susceptibility data of single-crystalline TmNiCsz; b) of magnetic
heat capacity and magnetic entropy contributions (solid lines are fits) ; and c-f) of magnetic scattering functions Imag(w)
measured at four different temperatures, where error bars of data points representing the quasi-elastic line are artificially
enlarged by orders of magnitude in order to effectively exclude the quasi-elastic line from the fitting process; blue solid lines
are calculated Imag(w) functions obtained by Gaussian convolutions of the calculated magnetic scattering intensities (see text
for details of the temperature variation of the applied half widths); g) resulting CEF energy level splitting.

and experimental intensities, which revealed a significant
broadening of CEF intensities measured at higher tem-
peratures, in particular those measured at room temper-
ature, where peak height is significantly lowered in favor
of an enlarged, approximately doubled, peak width. We
attribute the line-broadening at elevated temperatures to
CEF-phonon interactions, which are not incorporated in
the presently applied model. Another aspect neglected in
our CEF model is the Tm-site splitting, which however,
should have its largest effect at lower temperatures and
may give rise just to a minor adjustment of the Gaussian
convolution function applied for data at 16 K to a width,
which is still reasonably close to the experimental reso-
lution of the instrument. The INS data of LuNiCy pre-
sented Fig. 6b reveal a distinct optical phonon intensity
at around 22 meV, which upon thermal population may
couple with CEF states centered at around 24 to 28 meV.
Indeed, we observe an initial broadening and maximum
peak intensity reduction for 150 K INS data, but a truly
strong effect on the peak width of Inae(w) data mea-
sured at room temperature. Accordingly, we obtained fits
with largely reduced residual deviations by phenomeno-
logically adjusting our Gaussian convolution functions to

variable to variable line-widths, i.e. FWHM = 1.4 meV,
1.5meV for 75K, 2.0meV for 150 K, and finally, 3.0 meV
for fitting the room temperature INS data. The resulting
fits together with the experimental I;yag(w) data are pre-
sented in Fig. 7a—f for inverse susceptibilities, magnetic
heat capacity and magnetic entropy, and INS spectra,
respectively.

Table IT shows the CEF parameters as obtained from
the above described fitting procedure in two most com-
mon notations and the resulting energy splitting of
the CEF eigenstates. The corresponding eigenfunctions
of the two-fold degenerate ground state, with the or-
thorhombic c-axis (the hard axis of CEF anisotropy)
serving as quantization axis, are: |¥g) ~ 0.033 |£6) +
0.18|£4) 4+ 0.49 |42) + 0.67|0) and |¥q) ~ 0.095 |£5) +
0.33 |£3) + 0.62|£1), where |+m ) stands for (|my) +
~ma)).

Within the typical variability of fitting results with
slightly modified initial parameters, there is a minor
variation of numerical factor in the above wave func-
tions, but specific form of the eigenfunctions forming
this doublet, |¥y) = a|£6) + c¢|£4) + e|£2) + ¢|0) and
|¥1) = b|+5) + d|£3) + f|£1) with an alphabetic se-



TABLE II. Results of CEF parameter fitting, B;" in Stevens
notation, universal coefficients A;" and the corresponding en-
ergy level scheme (see text for details).

CEF parameters
B 10 meV] A" [K/ab]

Eigenstates

energy levels [meV]

BY = 42199 A= 43712 AFEp1 ~0.0
B2 = —328.0 A%= —553.6 AE;3 ~25.3
BY = —1.047 A} = —63.5 AE, =274
Bi = +2.743 Aj = 4+166.0 AFEs =28.4
Bi= —10.01 A} = —605.9 AFEs 7~ 36.4
B§ = —0.0038 A = +1.812 AEs = 37.6
B = +0.0070 A% = —3.337  AFy10~404
B§ = —0.0005 Ag = 40.238 AFE1; ~ 434
B§ = —0.0029 A§ = +1.383 AFE1; = 44.2

quence of monotonously increasing factors is a well re-
producible result. Using a coordinate system with the
easy axis of CEF anisotropy (i.e. the orthorhombic a-
axis) as the axis of quantization, the CEF ground state
doublet basically reads (with leading components) as
|[Tg) ~ —0.7|£6) + 0.05|£4) and |¥;) ~ +0.7|4+6) —
0.05 |[+4) +0.05|—4) — 0.7 |—6), which manifests an Ising-
like magnetic ground state. It is in accordance with the
observed magnetic specific heat anomaly reaching a peak
value of 18.3 J/mol-K (see section IIID) which clearly
exceeds a simple mean field expectation for the specific
heat anomaly related to the ordering of magnetic mo-
ments with multiplicity of two, which is 1.5-R ~ 12.5
J/mol-K (compare e.g. Ref. [53]).

Earlier reported figures of the universal coefficients
AY = +1390K /a3 and A3 = —1760K /a2 by Koshikawa
et al. [22], appear to deviate significantly from the present
results. However, as the underlying high temperature
single crystal susceptibility data of Ref. [22] and those
of the present study are in reasonably close agreement,
we suspect the values of A" provided by the former are
given in units K/A? because a factor a3 = 0.2801 A2
would yield AY = +389.3K/a2 and A3 = —493.0K/a?
and restore a reasonably close agreement with the present
results.

V. CONCLUSIONS

Single crystals of TmNiCy were grown by the opti-
cal floating zone technique and studied by means of
single crystal XRD refinements revealing a commensu-
rate, qzc = (0.5,0.5,0.5) modulated CDW superstruc-
ture, which is isostructural with the monoclinic CDW
superstructure reported earlier for LuNiC,. The rela-
tive shortening/elongation of Ni-Ni distances, i.e. the ef-
fect of Peierls dimerization along the Ni-chains, is slightly
smaller than in the case of LuNiCs with a higher Tepw ~
450 K. For TmNiCy, our transport and thermodynamic
single crystal studies consistently reveal a second-order-
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type CDW phase transition at Tcpw =~ 375 K. Our elec-
trical resistivity data for the principal orthorhombic ori-
entations of TmNiCs crystals reveal an anisotropic char-
acter of the electrical resistivity in the CeNiCsy-type or-
thorhombic high temperature state, very similar to corre-
sponding data of other RNiCs compounds. At low tem-
peratures, however, the anisotropy of the electrical re-
sistivity is almost completely lost and, thus, indicates a
cross-over of the effective electronic dimensionality from
quasi-one-dimensional at T' > Topw to essentially three-
dimensional at low temperatures. The latter observation
matches with our earlier results of LuNiCsy, but is clearly
different from the features of the anisotropic resistiv-
ity of light-lanthanide-based RNiCy compounds, which
adopt the incommensurate CDW ground state where the
anisotropy of the electrical resistivity is rather preserved
down to lowest temperatures. Our specific heat study
of TmNiC; revealed a prominent specific heat anomaly
at the commensurate CDW transition, which, as com-
pared to available data of second-order-type specific heat
anomalies to the incommensurate CDW state of e.g.
YNiCs and SmNiCsy, appears largely enhanced, even with
respect to its normalized magnitude AC,/Tcow Vinor.
The latter indicates that the transition to the commen-
surate CDW superstructure, which is associated not only
with a change in translation symmetry but in addition
also with a reduction of the point group symmetry, in-
volves much more significant fractions of the Fermi sur-
face than the transition to the incommensurate CDW
state without a change of the point group symmetry.

From a modelling of CEF effects in TmNiCy which
combines a fitting of microscopic inelastic neutron scat-
tering data as well as macroscopic magnetic heat capac-
ity, entropy, inverse magnetic susceptibility data we de-
termined a set of crystalline electric parameters where
at least the five leading parameters BY to Bi as well
as BY revealed reasonable significance and corresponding
universal CEF coefficients, A", shall facilitate the initial
CEF modeling of neighboring heavy-lanthanides RNiCs.
For TmNiC,, our CEF model revealed a doublet ground
state of the Tm 4f electrons, which is well separated by
about 25 meV from excited states of the J = 6 ground
state multiplet. Our analysis of the inelastic neutron
data may hint towards a CEF-phonon coupling effect at
elevated temperatures, which deserves further attention
in future CEF studies of RNiCs.

Data of the ISIS neutron measurements are available
in Refs. [54, 55].
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