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Multiple charge density waves compete in ternary rare-earth nickel carbides,
RNiC,(R: Y, Dy, Ho, and Er)
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Single-crystal x-ray-diffraction experiments and electrical resistivity measurements were performed on
intermetallic compounds of formula RNiC, [rare earth (R): Y, Dy, Ho, and Er]. In the series of diffraction studies,
we found three kinds of satellite reflections that had different wave vectors [incommensurate q,;.:(0.5, 0.5 +
n, 0) and commensurate q;.:(0.5, 0.5, 0) and q,.:(0.5, 0.5, 0.5)] at temperatures where their resistivities show
anomalies, such as a hump, a sharp increase, or a dent. Satellite reflections with nearly identical wave vectors
have also been reported in RNiC, composed of earlier lanthanide atoms (GdNiC, and TbNiC,). These results
indicate the formation of a charge density wave (CDW) also in RNiC, studied in this paper. We found strong
competition between the q;;. and the q;. CDWs in DyNiC, and YNiC,, and that only the q,. CDW existed in
HoNiC, and ErNiC,. Based on the results obtained in the present paper and those of SmNiC,, GANiC,, and
TbNiC, reported before, we discuss the CDW transitions in the RNiC, family.
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I. INTRODUCTION

Since the synthesis of ternary rare-earth nickel carbides
RNiC, [rare earth (R)] [1], their various magnetic properties
had been intensively studied. These compounds possess a
CeNiC,-type crystal structure with an orthorhombic lattice
and Amm?2 space group without inversion symmetry. Since
LaNiC, and YNiC, show conventional Pauli paramagnetism
[2], the nickel atom and nonmagnetic carbon atoms are sup-
posed to have no contribution to the magnetic properties
of RNiC,. Thus, only the rare-earth atoms contribute to its
magnetic properties, and various magnetic orders are exhib-
ited at low temperatures based on their Ruderman-Kittel-
Kasuya-Yosida (RKKY) interactions. Except for SmNiC,,
which shows ferromagnetic properties, and PrNiC,, which has
no magnetic order down to 1.5 K [3], RNiC, are antiferro-
magnets with characteristic magnetic orders and phenomena,
such as simple collinear commensurate order (R: Nd, Er, and
Tm) [4-6], noncollinear commensurate order (R: Gd and Tb)
[7-11] and commensurate order with an incommensurate-
commensurate (IC-C) transition (R:Ce, Dy, and Ho)
[6,12-15].

Subsequently, a charge density wave (CDW) transition
and remarkable interplay between the CDW and its fer-
romagnetic order on the constituent rare-earth atoms were
discovered in one member of the RNiC, family SmNiC,
[16,17]. A CDW transition is one representative phenomenon
that can be realized in low-dimensional electronic systems
[18], and the quasi-one-dimensional (1D) electronic nature of
RNiC, was soon confirmed using first-principles calculations
[19]. In SmNiC,, an incommensurate CDW (IC CDW) with
the reduced wave vector (0.5, 0.5 4 n, 0), which forms at
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148 K, is completely destroyed at the ferromagnetic order
temperature 18 K. After this discovery, various other exper-
imental results involving CDWs in RNiC, have been reported
[20], such as the crystal structure of SmNiC, with the IC CDW
[21], interplay between CDWs and antiferromagnetic orders
[22-25], and interplay between the IC CDW and a ferromag-
netic order induced by an external magnetic field [26,27].
Thus, the RNiC, family, which has various magnetic orders
at low temperatures, has become the standard material for
investigating the interplay between CDW and magnetic order.
Despite the unclear understanding of the interplay mechanism
in the RNiC, family materials, the reason why these materials
are the standard for studying relationships between CDW and
magnetic order is that such clear interplay phenomena have
yet to be observed in any other materials thus far [28-30].

As the studies of materials in the RNiC, family have
developed, various phenomena concerning CDWs have been
discovered. For example, another long-range CDW was dis-
covered in RNiC, formed from the middle lanthanides. This
commensurate CDW (C CDW), the reduced wave vector of
which is (0.5,0.5,0.5), was first recognized in SmNiC, as dif-
fuse spots without long-range order [16], and then it appears
in TbNiC, as sharp reflections with long-range order [31].
An IC-C transition from (0.5, 0.5 + n, 0) to (0.5,0.5,0) was
also discovered in GdNiC, and TbNiC, [31]. Based on these
structural studies and transport measurements, CDW phase
diagrams of the RNiC, family were proposed by Shimomura
et al. [31] and Roman et al. [32] and Kolincio [33], respec-
tively. However, their phase diagrams were a little incomplete
because the former diagram was only for RNiC, (R: La—Tb),
and only two out of the above three CDWs, IC CDW and C
CDW resulted from the IC-C transition, were considered in
the latter one.

In this article, we present the electrical and structural
properties of nonmagnetic YNiC, and the antiferromagnets,
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DyNiC,, HoNiC,, and ErNiC; as obtained from single-crystal
samples. These compounds were synthesized because we
considered that according to the proposed phase diagram by
Shimomura et al. [31], these two CDWs, IC CDW [the wave
vector of which is about (0.5, 0.5 4+ 1, 0)] and C CDW [the
wave vector of which is (0.5,0.5,0.5)], seemed to appear at
almost the same temperatures and were expected to compete
strongly when R: Dy—Er. We have found strong competition
between the IC CDW and the C CDW in YNiC, and DyNiC,
in a narrow temperature range, and that only the C CDW exists
in HoNiC, and ErNiC,. Furthermore, we discuss the CDW
transitions of RNiC, with the middle lanthanides (R:Y, Sm,
Gd, Tb, Dy, Ho, and Er). We also discuss the interplay be-
tween CDWs and magnetism in antiferromagnetic compounds
(DyNiC,, HoNiC,, and ErNiC;) based on the temperature
dependence of the resistivity and the CDW satellite reflection
intensities below and above their magnetic transition temper-
atures.

II. EXPERIMENTAL PROCEDURE

All compounds were synthesized using the conventional
argon-arc technique. The purities of the ingredients were
99.9% pure for Y, Dy, Ho, and Er, and 99.99% pure for Ni
and C. In the arc-melting process, each ingot was melted and
turned over several times to improve homogeneity. As a result
of this process, many small platelike crystals were found on
the surface of each ingot. These crystals were removed for
further analysis.

Before every electrical and structural measurement, the
samples were verified by lattice constant measurements using
a conventional four-circle x-ray diffractometer for single-
crystal structure analysis, AFC7R (Rigaku Co.) with Mo K«
radiation. This measurement revealed that most of the as-
grown crystals on the surface of an ingot had a twin structure:
The a axis is completely parallel in a crystal, but the b-c
plane stacks in two diagonal lines (b + ¢ and b-c). A typical
crystal size was 0.3 x 0.7(]|b + cor b-¢) x 0.2 (]la) mm?>. In
the case of poor sample quality, the samples were wrapped in
tantalum foil, sealed in an evacuated quartz tube, and annealed
at 1100 °C for a week to improve sample quality.

Electrical resistivity was measured using the conventional
four-probe method along the longest direction (||b 4 c or b-c).
Temperature dependences of the resistance of each sample
were measured using a commercial physical property mea-
surement system, (Quantum Design) from room temperature
to 2 K.

X-ray satellite reflections were studied in the follow-
ing procedures: First, rough positions of satellite reflections
were investigated by the photographic method using imaging
plate (IP), and next, their precise positions were determined
employing a unique four-axis design x-ray diffractometer
equipped with a scintillation detector [34].

In the case of YNiC,, HoNiC,, and ErNiC,, which have
resistance anomalies above 100 K, a commercial x-ray-
diffraction measurement system with a large-area curved IP
and Cu Ko radiation from a rotating anode source with a
confocal multilayer x-ray mirror, R-AXIS RAPIDII (Rigaku
Co.), was employed. This system was equipped with a gas-
blowing-type temperature controller (measurement range =

400-90 K). The typical voltage and current of the x-ray
generator were 40 kV and 30 mA, respectively. In the case
of DyNiC,, which shows a resistance anomaly below 100 K,
the so-called fixed-sample fixed-film monochromatic Laue
method was employed using Mo K« radiation monochroma-
tized and focused by a singly bent graphite, generated from
a rotating anode source. This system was equipped with a
Gifford-McMahon refrigerator, and its measurement range
was from 300 to 10 K. To avoid generating a A /2 component,
the typical voltage and current of the x-ray generator were
34 kV and 135 mA, respectively.

For the determination of precise wave vectors of observed
satellite reflections, a unique four-axis design x-ray diffrac-
tometer with monochromatized Mo K« radiation from an x-
ray tube and a scintillation detector was employed [34]. This
diffractometer was also used for collecting the intensity varia-
tions of CDW satellite reflections between above and below
the magnetic ordering temperature, down to 4 K. To avoid
generating a A/2 component, the typical voltage and current
of the x-ray generator were 34 kV and 30 mA, respectively.

III. EXPERIMENTAL RESULTS

Table I shows the lattice parameters and magnetic prop-
erties of the target compounds: YNiC,, DyNiC,, HoNiC,,
and ErNiC,. Those of SmNiC,, GdNiC,, and TbNiC, are
also listed for discussion [16,31]. Our discussion will start
with the nonmagnetic compound YNiC, and then move to
the three magnetic compounds in order of their volume
DyNiC,, HoNiC,, and ErNiC,. This is because the proposed
phase diagram suggested that the CDW transition tempera-
tures of the RNiC, family have close relationships with their
volumes. In a previous report [16,31], three CDWs having
different wave vectors have been reported. This was also
observed in our paper: IC CDW with q;;.:(0.5,0.5 4+ n, 0); C
CDW with q,.:(0.5, 0.5, 0); C CDW with qy.:(0.5, 0.5, 0.5).
In the following part, these notations will be added to avoid
confusion.

A. YNiIC,

Figure 1 shows the temperature dependence of the elec-
trical resistivity of nonmagnetic YNiC, and the integrated
intensities of the satellite reflections: qu.:(—1.5, —0.5, 0.5);
qoc:(1.5,3.5,2.5); and q;:(1.5,3.5 4+ 1n,3.0). A humplike
resistivity anomaly, suggestive of possible CDW formation, is
observed from 305 to 275 K. The resistivity increases steeply
from 305 to 285 K and then sharply drops to 275 K. Below
that, the resistivity behaves like a conventional metal and
decreases gently down to low temperatures.

X-ray-diffraction measurements were performed to in-
vestigate the possibility of CDW formation at the resis-
tance anomaly. The x-ray studies revealed that two kinds of
CDWs qi;c and q;. compete in the narrow temperature range.
Figure 2 shows the oscillation photographs of YNiC, from
310 to 250 K. The satellite reflections are indexed based on
their 26 value and indices of main Bragg spots neighboring
them. At 280 K, clear satellite reflections qp;.:(1.5,3.5 +
n,3.0) and qq;:(1.5,3.5+ 7n,2.0) are observed. The faint
traces of these satellite reflections have already been observed
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TABLE I. Lattice constants, unit-cell volume, magnetic properties, wave vector, and transition temperature of CDW for RNiC, (R: Y, Sm,
Gd, Tb, Dy, Ho, and Er) having the CeNiC,-type crystal structure with an orthorhombic lattice and Amm?2 space group. The compounds are
sorted by atomic number.

Lattice parameter [1,35] Magnetic Property CDW Property
a(A) b(A) c(A) V(A3) Wave vector and transition temperature
YNiC, 3.571509)  4.507(1) 6.034(1) 97.13 q2:(0.5,0.5,0.5): <280K
3.589 4.505 6.036 97.6 Nonmagnetic [2] q1,.:(0.5,0.5 4+ 1, 0):260-300 K
3.562(2) 4.509(1) 6.039(2) 97.0 Present paper
SmNiC, 3.7051(7) 4.5256(7) 6.096(1) 102.22 T.=17.5K qi;:(0.5,0.5 4+ 1,0):17.5-148 K [16]
3.711(2) 4.524(1) 6.107(4) 102.5 Ferromagnetic [3]
GdNiC,  3.6492(6) 4.5178(5) 6.0726(7) 100.12 Ty =22.3K qi1:(0.5,0.5,0): <83K[31]
3.651(2) 4.518(1) 6.077(3) 100.2 Noncollinear, commensurate [7,8] q1::(0.5,0.5 + 1, 0): ~83-205K
TbNiC,  3.6019(6) 4.5133(6) 6.0570(9) 98.47 Ty =25K q:1:(0.5,0.5,0): <160K [31]

3.608(2) 4.514(1) 6.056(3) 98.6 Noncollinear, commensurate [9-11] q1::(0.5,0.5 + 7, 0): ~160-243K
q2.:(0.5,0.5,0.5):25-128 K

DyNiC, 3.5707(6) 4.5075(6) 6.0410(9) 97.23 Ty =7.6K q1.:(0.5,0.5,0):
3.561(1) 4.509(1) 6.040(2) 97.0 Noncollinear [12,14] < 60K (cooling)/ < 70K (heating)
<3.3K:C q2:(0.5,0.5,0.5): < 225K
3.3-5 K:mixture of C and IC q1;:(0.5,0.5 4+ 1n,0): <180-275K
5-7.6 K:IC Present paper
HoNiC,  3.5469(5) 4.5008(7) 6.0273(9) 96.22 Ty =4.0K q2.:(0.5,0.5,0.5): <305K
3.549(2) 4.507(1) 6.033(3) 96.5 Noncollinear [6,12] Present paper

<2.9 K:commensurate
2.9-4.0 K:incommensurate and
sinusoidal moment modulation

ErNiC, 3.5171(7)  4.4924(9) 6.015(1) 95.04 Ty = 8.5K q2:(0.5,0.5,0.5): <345K
3.518(1) 4.495(1) 6.021(3) 95.2 Collinear, commensurate [5,6] Present paper
at 300 K, which is just below the temperature where the elec- the qy. satellite reflections increase whereas those of the qq;.

trical resistivity begins to increase. Subsequently, new clear satellite reflections decrease and vanish by 250 K.
satellite reflections qo.:(1.5,3.5,2.5) and q.:(1.5, 3.5,3.5)
begin to appear at 280 K. Both satellite reflections coexist

down to 265 K. Below that temperature, the intensities of (15.35 3’g)
3.0x10° fyNiC, | ' T 610’
LAl =
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FIG. 1. Temperature dependence of the resistivity and the in-
tegrated intensity of satellite reflections of YNiCZ:ql,«c:(.l.S, 3..5.+ 82 ggiga gg;__)
7, 3.0), q2.:(1.5, 3.5, 2.5), and q.:(—1.5, —0.5, 0.5). The intensities 280 K
of qi;.:(1.5,3.5 4+ 1n,3.0) and qy.:(1.5, 3.5, 2.5) were obtained using r
a commercial x-ray-diffraction measurement system whereas that of
q2.:(—1.5, —0.5,0.5) was collected employing a four-axis diffrac- FIG. 2. Oscillation photographs of YNiC, near the resistance
tometer. See also Figs. 2 and 3, respectively. anomaly from 310 to 250 K. Arrows indicate satellite reflections.
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FIG. 3. Temperature dependence of the diffuse scattering profiles
of YNiC, measured along the b* axis at several temperatures:
(a) quic:(—0.5, 1.5+ 1, 0) and (b) qo.:(—1.5, —0.5,0.5).

In order to obtain the precise wave vectors of these
observed satellite reflections, the scattering profiles were
measured. Figures 3(a) and 3(b) show the profiles of
qiic:(—0.5,1.54+1n,0) and qp.:(—1.5,—-0.5,0.5), respec-
tively. The precise wave vector of qi; is (0.5,0.513 £
0.002, 0), and that of q,. is confirmed to be commensurate
(0.5,0.5,0.5). Based on the oscillation photographs and the
scattering profiles, the temperature dependence of the inte-
grated intensities of the satellite reflections are displayed in
Fig. 1. In the humplike anomaly, the resistivity increases down
to the temperature where the (. satellite reflections start to
appear and rapidly decreases down to the temperature where
the intensity of the q;. satellite reflection starts to decrease.

These results indicate that: (I) the appearance of (.
and qq, satellite reflections have close relationships with the
humplike resistance anomaly, suggesting the formation of qy;.
CDW and q,. CDW: (II) in YNiC,, these CDWs compete
strongly in the narrow temperature range near 270 K, and the
stability of the g, CDW is superior to that of the q;;, CDW
below that temperature.

B. DyNiC,

Figure 4 shows the temperature dependence of the elec-
trical resistivity of DyNiC, and the integrated intensities
of the three kinds of satellite reflections: q;.:(0.5,1.5 +
n,0), qi1:(0.5, 1.5,0), and qp.:(—1.5, —0.5,0.5). The tem-
perature dependence of the resistivity has two remarkable
anomalies: A humplike anomaly in the 275-180 K temper-
ature range and a sharp increase below 60 K. A small dent
is also observed near 225 K. The lower-temperature anomaly
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FIG. 4. Temperature dependence of the resistivity and the inte-
grated intensity of satellite reflections for DyNiC,:q;;:(0.5, 1.5 +
n,0), q1:(0.5,1.5,0), and qp.:(—1.5,—0.5,0.5). A black down-
arrow indicates a dent in the temperature dependence of the resis-
tivity. (See the text.) The intensities were collected employing a
four-axis diffractometer. See also Fig. 5.

has clear hysteresis between decreasing and increasing tem-
peratures.

X-ray-diffraction measurements were performed to inves-
tigate the possibility of CDW formation at each resistance
anomaly. The x-ray studies revealed that the two kinds of
CDWs, qi;c CDW and q;. CDW, compete in the humplike
resistance anomaly. Figure 5 shows the scattering profiles of
the satellite reflections near (0.5,1.5,0) and (—1.5, —0.5, 0.5).
Near 270 K, where the resistivity starts to increase in the
higher-temperature anomaly, the incommensurate satellite re-
flection qi;.:(0.5, 1.5 4+ n, 0) appears first. Subsequently, the
commensurate satellite reflection q.:(—1.5, —0.5,0.5) ap-
pears near 225 K. The appearance of this q,. satellite reflec-
tions is detected as a small dent in the temperature dependence
of the resistivity as pointed out above. Below that temperature,
the intensity of qp.:(—1.5, —0.5, 0.5) increases whereas that
of qq;.:(0.5,1.54 n,0) decreases rapidly and vanishes by
180 K. Below 60 K, where the lower-temperature anomaly
appears, the commensurate satellite reflection q;.:(0.5, 1.5, 0)
appears suddenly and grows. Simultaneously, the intensity of
q2c:(—1.5, —0.5, 0.5) starts to decrease but remains meaning-
ful even at the lowest temperature measured. The tempera-
ture dependence of the integrated intensity of q;.:(0.5, 1.5 +
n,0), q1.:(0.5,1.5,0), and qp.:(—1.5, —0.5,0.5), based on
the scattering profiles, are shown in Fig. 4. These results
indicate that both resistance anomalies, the humplike anomaly
from 275 to 180 K and the sharp increase below 60 K,
should be interpreted as the formation of IC CDW and
C CDW.

In the top part of Fig. 5(a), the peak position of
qi;c moves strangely from k= 1.494+0.02 to 1.504 &+
0.02, which occurs simultaneously with the appearance of
q2c:(—1.5, —0.5, 0.5) around 225 K. This peak position shift
clearly indicates that q;;, CDW and . CDW coexist intrin-
sically in the same lattice, not like a phase separation. This
peculiar peak shift is likely caused by the rearrangement of
constituent atoms to allow the q;;. and o, CDWs to coexist.
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FIG. 5. Temperature dependence of the diffuse scattering profiles
of the satellite reflections for DyNiC, measured along the b* axis
at several temperatures: (a) (0.5,1.5,0) and (b) (—1.5, —0.5,0.5). In
(a), the measurement of (0.5,1.5,0) was performed in 600 s of the
integrated time above 180 K and 300 s below 180 K.

X-ray-diffraction measurements were also performed from
15 to 4 K to investigate the relationships between magnetic
ordering and CDWs. Figure 6 shows the temperature depen-
dence of the resistivity and the intensities of the satellite
reflections q;.:(0.5, 1.5,0) and qa.:(—1.5, —0.5, 0.5) below
15 K. The intensities of both satellite reflections remain nearly
constant, despite the resistance anomalies induced by the
formation of magnetic orders, indicating that the interplay
between CDWs and magnetic ordering seems to be weak in
DyNiC,.

C. HoNiC,

Figure 7 shows the temperature dependence of the electri-
cal resistivity of HoNiC, and the integrated intensities of the
satellite reflection qy.:(—1.5, 2.5, 2.5). A humplike resistance
anomaly, suggestive of the formation of CDW, is observed
near 295 K. The resistivity starts to increase sharply at 305 K
and reaches a maximum near 287 K. Below that temperature,
it gently decreases down to 10 K. In the low-temperature
region below 8 K, the resistivity decreases somewhat steeply
and increases rapidly at 2.9 K as shown in the upper
inset.

Previous studies reported that an incommensurate antifer-
romagnetic transition occurs at 4.0 K and a magnetic IC-C
transition occurs at 2.9 K [12], indicating that the observed
resistance anomaly is caused by the magnetic IC-C transition.
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FIG. 6. Low-temperature region of the resistivity for DyNiC,
and the integrated intensity of the satellite reflections around
the magnetic transition temperatures: q;.:(0.5,1.5,0) and
q2.:(—1.5,—0.5,0.5). The intensities were collected employing
a four-axis diffractometer. See also Fig. 5. IC and C indicate
incommensurate magnetic structure and commensurate magnetic
structure, respectively.

No anomaly has been observed in our measurements at
the incommensurate antiferromagnetic transition temperature
4.0 K. Similar experimental results were reported in the
measurement of the magnetic property [6]. They reported that,
in the temperature dependence of the magnetic susceptibility,
a clear cusp was observed at 2.9 K and no anomaly was
observed at 4.0 K and suggested that such behavior should
be ascribed to a sinusoidal magnetic moment modulation in
the IC phase.

4x10" Tt . ‘ ‘ ‘
HoNiC, I\ s
\ 11.5x10
3 92c:(-1.5,2.5,2.5 ! =
~ — ' =g
o
g 5 N
G — X10° ] o
g 2 19 e g ] VooqlLog
o 18-\ Tyic=4.0K] e
S| Wiy \0sK | 5
. —+
2 1 L0 5 10 15 . o
4 1.2x10 [ T ™ h =
, .
[ b%l.l e : .32
0+— 3~ . —
g él.o . o
=i (0.5, k,-0.5) v £
0.9 L 1 s = —
! — 052 -0.50 -0.48 40.0

|
0 100 200 300
Temperature (K)

FIG. 7. Temperature dependence of the resistivity and the in-
tegrated intensity of the satellite reflection qy.:(—1.5,2.5,2.5) of
HoNiC,. The upper inset shows the low-temperature region of the
resistivity near the magnetic transition temperature 4.0 K and mag-
netic IC-C transition temperature 2.9 K. The lower inset shows the
diffuse scattering profiles of q,.:(0.5, —0.5, —0.5) measured along
the b* axis at 4 and 13 K. Each temperature is below and above 8§ K
where the resistivity starts to decrease steeply.
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FIG. 8. Oscillation photographs of HoNiC, at 285 and 315 K.
Each temperature is below and above the resistance anomaly at
295 K. Arrows indicate satellite reflections.

X-ray-diffraction measurements were performed to inves-
tigate the possibility of CDW formation. Figure 8 shows
the oscillation photographs of HoNiC, at 285 and 315 K.
Diffuse streaks at 315 K condense into commensurate satel-
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FIG. 9. Temperature dependence of the resistivity and the inte-
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ErNiC,. The upper inset shows the low-temperature region of the
resistivity, and the lower inset shows the diffuse scattering profiles
of qp.:(—0.5,1.5,—0.5) measured along the b* axis at 4.5 and
14.5 K. Each temperature is below and above the magnetic transition
temperature.
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FIG. 10. Oscillation photographs of ErNiC, at 330 and 350 K.
Each temperature is below and above the resistivity anomaly at
345 K. Arrows indicate satellite reflections.

lite reflections q.:(—1.5,2.5,1.5) and (—1.5,2.5,2.5) at
285 K. Based on the intensities of the oscillation photographs,
the temperature dependence of the integrated intensity of
qoc:(—1.5,2.5,2.5) is displayed in Fig. 7. These results in-
dicate that the appearance of q. satellite reflections have
close relationships with the humplike anomaly, indicating the
formation of q,. CDW.

Scattering profiles of the satellite reflections were mea-
sured in the 13 to 4 K to investigate the relationships between
the resistance decrease below 8 K and q,. CDW. The lower
inset of Fig. 7 shows the scattering profiles of the satellite
reflections q.:(0.5, —0.5, —0.5). The intensity is relatively
constant in this temperature range. Although it is unclear
why the resistivity decreases rapidly below 8 K, one possible
explanation could be a decrease in the antiferromagnetic fluc-
tuation toward the ordering temperature. A similar decrease
in the resistivity was seen in PrNiC, having no magnetic
transition down to 1.5 K [22].

D. ErNiC,

Figure 9 shows the temperature dependence of the electri-
cal resistivity of ErNiC, and the integrated intensities of the
satellite reflection qp.:(—1.5, 2.5, —2.5). In this compound, a
humplike resistance anomaly suggestive of CDW formation is
observed near 330 K. The resistivity starts to increase at 345 K
and reaches a maximum near 330 K. Below that temperature,
the resistivity decreases gently. In the low-temperature region
below 15 K, the temperature dependence of the electrical re-
sistivity has a peak structure at the antiferromagnetic ordering
temperature 8.6 K as shown in the upper inset.

X-ray-diffraction measurements were performed to con-
firm C CDW formation. Figure 10 shows the oscillation pho-
tographs for ErNiC, at 330 and 350 K. The satellite reflections
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FIG. 11. Phase diagram of the CDW transition temperatures for
RNiC; (R:Er, Ho, Y, Dy, Tb, Gd, and Sm). Transitions of qi;c, qic,
and q. CDWs, the antiferromagnetic transition 7y, and the ferro-
magnetic transition 7¢ are plotted. The data for SmNiC,, GANiC,,
and TbNiC, were obtained from Refs. [16,31]. Temperature ranges
where each satellite reflection is observed are indicated by vertical
thick bars and hystereses observed in transport measurements are
shown by thick horizontal bars.

are indexed based on their 26 value and indices of main Bragg
spots neighboring them. In this compound, diffuse streaks, the
intensity of which was 1072 as high as that of main Bragg
peaks around the satellite reflections, have not been observed.
This point is clearly different from the CDW transition of
HoNiC,. The temperature dependence of the integrated in-
tensity of qp.:(—1.5,2.5, —2.5) based on the results of the
oscillation photographs is displayed in Fig. 9. These results
indicate that the appearance of (. satellite reflections have
close relationships with the humplike anomaly, indicating the
formation of C CDW.

The scattering profiles of satellite reflections were mea-
sured in the temperature region from 14.5 to 4.5 K to investi-
gate the relationships between the magnetic ordering at 8.6 K
and the qo. CDW. The lower inset of Fig. 9 shows the scatter-
ing profiles of the satellite reflections q,.:(—0.5, 1.5, —0.5).
The intensity is near constant in this temperature range, indi-
cating that the interplay between CDW and magnetic ordering
seems to be weak in ErNiC,, such as in the case of DyNiC,.

IV. DISCUSSION

We first discuss the CDW transitions of RNiC,. Figure 11
shows the CDW phase diagram for RNiC, (R:Er, Ho, Y,
Dy, Tb, Gd, and Sm). This phase diagram is relevant as an
extension of that proposed by Shimomura et al. [31]. Although
the unit-cell volume of YNiC, is almost the same as that
of DyNiC, as shown in Table I, we place YNiC, between
HoNiC, and DyNiC, in this phase diagram. It is because
YNiC, has two kinds of CDWs, q;; CDW in the narrow
temperature range from 260 to 290 K and q,. CDW, which

suppresses ;. CDW, whereas HoNiC, has only one CDW,
q2. CDW, and DyNiC, has three kinds of CDWs, q;; CDW,
qiic CDW, and qo. CDW. The results of SmNiC,, GANiC,,
and TbNiC, are also shown for discussion [16,31].

This phase diagram features interrelationships among the
three kinds of CDWs, q;; CDW, q;;c CDW, and q,, CDW.
This point clearly differs from that proposed by Roman et al.
[32] and Kolincio et al. [33], which contained only the
two CDWs qi;; CDW and its IC-C transition (q;;; CDW).
Only the qi;; CDW exists in SmNiC, and the q;;, CDW
and the q;. CDW resulted from the IC-C transition exist in
GdNiC, [16,31]. An IC-C transition is generally caused by
the commensurability effect and has been observed in several
CDW materials with wave vectors being nearly commensu-
rate with the underlying lattice, such as orthorhombic TaS;
and the quasi-onedimensional organic conductor TTF-TCNQ
(tetrathiafulvalene-tetracyanoquinodimethane) [36—41]. The
IC-C transition in GdNiC, is likely of this same type. In
TbNiC,, the qo. CDW appears to be coexisting with ;. CDW,
replaced by q;;, CDW through the IC-C transition [31]. In
this material, the stability of q;. CDW is superior to that
of gy, CDW because the CDW transition temperature of q;.
CDW is higher than that of qo. CDW, and the q,. CDW with
long-range order was first discovered in TbNiC, and only
diffuse spots without long-range order have been observed
in RNiC, composed of earlier lanthanide atoms SmNiC, and
GdNiC,; [16,31]. This might partially be supported by the fact
that only the q». CDW is suppressed at the antiferromagnetic
temperature in TbNiC,. In DyNiC,, the qo. CDW stabilizes
more than that in TbNiC, because the transition temperature
of @2 CDW in DyNiC, is about 100 K higher than that in
TbNiC,. The results of DyNiC, indicate that the stability of
the q,. CDW is superior to that of the q;;, CDW and almost
equal to that of the ;. CDW in this material. This is because
the appearance of the q;. CDW rapidly suppresses the ;.
CDW, and the q;. CDW appears in the low-temperature region
below 60 K, despite the existence of the g, CDW. In YNiC,,
the stability of the gy CDW must be superior to those of
the q;; and q;. CDWs, and this explains why the q;. CDW
does not appear in this material. In HoNiC, and ErNiC; in
which the q,;. and q;. CDWs do not appear, the stability of the
q2c CDW is much superior to those of the other two CDWs.
The competition among qi;c, qic, and gz, CDWs provides
the rich and complicated CDW phase diagram of the RNiC,
family.

We arrive at an important question regarding the formation
mechanism of the q;. CDW below 60 K in DyNiC,. The q;.
CDW does not appear through an IC-C transition but appears
independently in the presence of the ¢y, CDW. A similar
problem also exists in TbNiC, in which the q,. CDW appears
in the presence of the q;;, CDW. An electronic structure with
one CDW cannot be suitable for the Fermi-surface nesting
that causes another CDW, indicating that we cannot simply
adopt a general nesting scenario for a CDW formation for this
case and need to cope with coexistence of multiple CDWs
in a material. A crystal structure analysis in the presence of
multiple CDWs or a detailed structural study of precursory
phenomena of the secondary CDW transition will be needed.

Presently, why the qy. CDW stabilizes more than the
qic and q;;; CDWs with decreasing the unit-cell volume
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remains an unanswered question. In the RNiC, family, the
lanthanides contraction decreases the unit-cell volumes with
increasing constituent rare-earth atomic number. The compar-
ison between the lattice parameters of GANiC, and ErNiC,
in Table I indicates that the a-axis lattice parameter shrinks
the most —3.6% as compared with —0.6% and —0.8% for
the b axis and c axis, respectively. Since the a axis is along
the relative one-dimensional (1D) anisotropy of the electronic
structure, this comparison simply suggests that the 1D na-
ture of the electronic structure is enhanced. A recent first-
principles calculation of chemical and hydrostatic pressure
effects on RNiC, also could not clarify the reason why the
(2. CDW stabilizes more than the q;. and q;;, CDWs from
the viewpoint of a generalized susceptibility calculated from
an obtained electronic structure [42,43].

At this stage, we consider Coulomb interaction in a crystal
as one possible answer for this question. A CDW phase is
microscopically regarded as a bundle of charge density waves
on atomic chains along a certain direction in a crystal, and
the Coulomb interaction works three dimensionally among
the charge density waves formed on the atomic chains. This
Coulomb effect, which is regarded as the interchain coupling
effect or three-dimensional effect in a low-dimensional elec-
tronic system, generally determines the phase relation among
charge density waves on neighboring atomic chains in a crys-
tal and plays an essential role for realizing a CDW phase [18].
This effect will naturally affect which CDW is most stabilized
in a real material in which multiple CDWs compete from
the viewpoint of a generalized susceptibility in a reciprocal
space. The crystal structure analysis of SmNiC, with qj;.
CDW clarified that, although the CDW should be considered
to be commensurate from a microscopic viewpoint, frustrated
interchain coupling compelled the commensurate CDW to be
macroscopically incommensurate [21]. If this understanding
applies to the whole RNiC, family, the Coulomb interac-
tion is a promising answer for the question why the q.
CDW stabilizes more than the ;. and ¢q;;, CDWs in RNiC,
materials having smaller volumes. It is because decreasing
unit-cell volumes makes interchain distances decrease and the
importance of the interchain coupling effect increase, which
compels a phase shift of 7 between neighboring microscopic
charge density waves to be fixed and makes a commensurate
CDW phase more stable. A crystal structure analysis of a
RNiC, compound with q,, CDW will be needed to solve this
important question.

This consideration could explain why diffuse streaks are
not observed in ErNiC, but in HoNiC,. The q». CDW in
ErNiC, stabilizes much more than that in HoNiC, because
the transition temperature of the ¢, CDW in ErNiC; is about
40 K higher than that in HoNiC,. Judging from the phase
diagram in Fig. 11, the higher stability of the q,, CDW
is clearly due to the lattice volume effect, and the smaller
lattice volume will lead to stronger Coulomb interaction,
which three dimensionally works among microscopic charge
density waves in a crystal as mentioned above. This three-
dimensional effect can be expected to make diffuse streaks

as the precursor of a phase transition in a low-dimensional
electronic system appear in a quite narrow temperature range
just above its transition temperature or change into diffuse
spots [18].

Lastly, we mention the possible existence of interplay
between CDW and magnetism in DyNiC,, HoNiC,, and
ErNiC,. The experimental results of DyNiC, and ErNiC; sug-
gest no clear interplay between CDWs and magnetic orderings
in these materials. In the previous studies of SmNiC, and
TbNiC, [16,31], a rapid resistance decrease just below a mag-
netic transition was observed, which means the destruction
of CDW and the existence of the interplay between CDWs
and magnetic orderings. Such resistance decreases were not
observed in the temperature dependence of the resistivity
for DyNiC, and ErNiC, during our experiments, indicating
that the interplay between CDWs and magnetism was weak
in them. Concerning HoNiC,, the resistivity measurement
should first be performed at a temperature sufficiently lower
than the commensurate magnetic ordering temperature 2.9 K
and investigate whether a rapid decrease in the resistance oc-
curs or not. This experiment is important from the viewpoint
whether the difference in the commensurate antiferromagnetic
order, collinear (ErNiC,), or noncollinear (HoNiC,) affects
interplay between CDWs and magnetism in RNiC; or not and
will be an urgent future work.

V. CONCLUSIONS

We performed single-crystal x-ray-diffraction experiments
and electrical resistivity measurements of RNiC, (R:Y, Dy,
Ho, and Er). At the temperatures where their resistivities
showed anomalies, we found structural changes accompanied
by the appearance of any one of three kinds of satellite
reflections having different wave vectors, incommensurate
q1::(0.5, 0.5 + n, 0) and commensurate q;.:(0.5, 0.5, 0) and
q2.:(0.5, 0.5, 0.5). We interpreted these resistance anomalies
as the formation of CDWs. We found strong competition
between the q;;,, CDW and the o, CDW in DyNiC, and
YNiC, and that only the q;. CDW existed in HoNiC, and
ErNiC,. Based on the experimental results, including those
of SmNiC,, GdNiC,, and TbNiC,, we discussed the CDW
transitions of the RNiC, family. We also found that the in-
terplay between CDWs and magnetism was weak in DyNiC,
and ErNiC,.
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