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We report on magnetotransport and thermoelectric properties of two ternary carbides HoNiC,
and ErNiCs hosting both charge density wave and long range magnetic order. In the charge density
wave state, both compounds show relatively large magnetoresistance MR =~ 150 % in HoNiC, and
~ 70 % in ErNiCs at a magnetic field of 9 T and temperature as low as 2 K. This positive field-
linear magnetoresistance shows no signatures of saturation. Our combined analysis of diagonal and
off-diagonal transport responses reveals electronic mobility values at the order of 10% cm? V=! s7!
at 2 K. Both the elevated mobility and related enhanced magnetoresistance persist in the zero field
antiferromagnetic ground state and survive the field-induced crossovers through metamagnetic to
field-aligned ferromagnetic states. The robustness of the high-mobility Fermi surface pockets across
the magnetically ordered states suggest that, the charge density wave is not suppressed but coexists

with long range magnetism in the entire dome of the magnetically ordered states.

I. INTRODUCTION

The charge density wave (CDW) is a periodical mod-
ulation of the electron density, coupled to a periodical
lattice distortion and induced by a Peierls instability of a
low dimensional electron gas [1, 2]. One of the character-
istic features represented by materials showing a Peierls
transition is a nesting of the Fermi surface (FS). A theo-
retical model, based on an ideal one-dimensional metallic
chain predicts the formation of a CDW gap, and thus a
removal of the entire F'S [2]. This is closely followed in
some of the CDW materials such as (TaSey4 )21, [3] molyb-
denum bronzes [4-6], or organic conductors [7, 8] show-
ing pronounced metal-semiconductor transitions. How-
ever, in a vast majority of materials undergoing a Peierls
transition, the nesting is not complete and a metal-metal
transition is observed at the onset of the CDW state [9—
11], as seen in canonical CDW systems such as NbSes
[12, 13]. In the latter case, the remaining pockets of the
Fermi surface can become a source of low effective mass
electronic carriers with an enhanced mobility leading to
improved thermoelectric performance [14, 15] and pro-
nounced magnetotransport responses [16-18].

Even a broader horizon of potential applications opens
if the high mobility of conduction carriers can be com-
bined with long-range magnetism [19, 20]. A broadly
explored route to maintain both of them in a solid leads
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through the presence of peculiarities such as Dirac cones,
Weyl nodes or other sharp features in the electronic struc-
ture [21], yet the number of materials exhibiting both of
them is limited [22]. Another path leads through the co-
existence of CDW and magnetism. A limitation of this
route, is a tendency to competition between these or-
derings often leading to the suppression of one of them
[23-25] with a particularly strong destructive interac-
tion between charge density wave and ferromagnetism.
Nonetheless, there are several systems in which both en-
tities - CDW and long range magnetic order - do coexist
[26-29].

The realization of such a scenario has been reported
for the family of ternary carbides represented by a gen-
eral formula RNiCy, where R stands for a rare earth
ion. Charge density wave-related structure modulation
observed in the early lanthanide-based RNiCs is rep-
resented by the commensurate or nearly commensurate
wavevector ¢1 = (0.5, 0.5+, 0) [30]. In NdNiCs and
GdNiCs, despite of a partial CDW suppression, it coex-
ists with antiferromagnetic (AFM) order, but it is de-
stroyed by a field-aligned ferromagnetic state [31-33].
This suppression effect is also relevant for SmNiCsy, where
the ground state is of a purely ferromagnetic character
[34, 35]. In RNiCy consisting of heavier R ions, the
charge density wave state evolves to the commensurate
state with g2 = (0.5, 0.5, 0.5) [36, 37], appearing al-
ready at and above room temperature [38]. In contrast
to the ¢; state, which only breaks the translation symme-
try, ¢o inflicts more pronounced structural implications,
with the reduction of the point symmetry from mm2 to
m [37, 39]. Large differences are also visible in the nest-
ing properties, as the go state has been found to unveil
the high-mobility pockets, not seen in RNiCq exhibit-
ing a q;-CDW state. The resulting strong magnetore-
sistive features have been observed both in non-magnetic
YNiCy and LuNiCs [40] as well as in TmNiCy [41], which
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additionally shows AFM order at low temperature [42].
Moreover, the go-type charge density wave in TmNiCs,
together with high-mobility pockets, have been suggested
not only to coexist with antiferromagnetism, but also to
be robust against the field-induced metamagnetic and
field-aligned ferromagnetic transitions [41]. This finding
inspired us to investigate the galvanomagnetic and ther-
moelectric properties of HoNiCy, and ErNiCs, to verify
the relevance of the same scenario in these compounds,
in which the common modulation vector ¢, heralds the
close similarities in their electronic structure and Fermi
surface nesting conditions.

II. EXPERIMENTAL

The polycrystalline samples were synthesized using a
two-step approach: firstly, pure elements (Ho, Er and
Ni 99.99%, C 99.999%) in appropriate proportions were
melted in a radio frequency induction furnace under pro-
tective 99.9999 % Ar atmosphere and then annealed in
evacuated quartz ampules at 900°C' for one week. The
sample composition and purity has been confirmed with
powder x-ray diffraction using Aeris powder diffractome-
ter from Malvern Panalytical. A commercial Quan-
tum Design Physical Properties Measurement System
(PPMS) was used for magnetization and transport ex-
periments. Magnetization measurements were conducted
using the vibrating sample magnetometer (VSM) option.
A conventional four-probe technique was used for elec-
trical resistivity measurements. Thin gold wires, serving
as electrical contacts were attached to the polished sam-
ple surface using 4922N DuPont silver paint. The mag-
netic field for Hall effect and magnetoresistance measure-
ments was applied perpendicularly to the electric current.
The measured transverse voltage in the Hall experiment
was collected with reversal orientation of applied field
and antisymmetrized to remove the spurious remainder
of the longitudinal signal. The demagnetization correc-
tion, based on sample shape [44] has been applied to
the values of magnetic fields. For low temperatures, the
Seebeck coefficient was measured in a helium-bath cryo-
stat; employing the seesaw heating method as described
in ref. [45]. For every measurement point, the sample
is heated on both sides alternatingly to cancel out spu-
rious voltage contributions. The temperature difference
is measured using two chromel-constantan thermocou-
ples, which are thermally and electrically connected to
the sample. Above room temperature, the thermopower
was measured applying the slope method, as described
in Refs [46, 47]. Type R thermocouples were used and
were electrically and thermally connected to the sample
to measure dS(T')/dT applying a dynamic temperature
gradient for each measurement point.

III. RESULTS AND DISCUSSION
A. Resistivity and thermopower

Figure 1(a)-(d) depicts the temperature dependent
transport and thermopower properties of HoNiC, and
ErNiC,. Resistivity p,, measured under a zero field con-
dition and under an applied external magnetic field of 9
T is displayed in panels (a) and (b), while thermopower
is displayed in panels (c) and (d).

Both compounds share a qualitatively similar behav-
ior. The pronounced anomalies associated with Peierls
transitions are simultaneously observed by both tech-
niques at Tp = 325 K and 358 K for HoNiC,y and ErNiCs,
respectively. In the resistivity curves, they are imposed
on a generally metallic course with p,, decreasing as the
temperature is lowered. Peierls transitions are also man-
ifested by the significant increase of the thermopower
S(T) at Tp, contrasting the weak temperature depen-
dence at higher temperatures. The anomalies seen in
pzz(T) and S(T') indicate a decrease of carrier concentra-
tion due to opening of a CDW gap in a part of the Fermi
surface. Thermopower remains positive in the entire tem-
perature range, indicating a majority of holes, and shows
a broad maximum in the charge ordered states, attain-
ing values up to 30 uVK ™!, characteristic for semimetals
such as Sb [48], Bi [49] or TaAs [50]. While the character
of S(T') curves resembles the behavior seen in SmNiCs,
also showing a broad maximum below Tp [51], the mag-
nitude of the thermopower peak in this compound (=
7 VK1) is significantly weaker than in HoNiCy and
ErNiCs. The positive sign of thermopower indicates that
incorrect sign convention has been used to describe the
Hall effect in previous reports [38, 41, 52, 53] on RNiC,.

The transition temperatures are in a measurable agree-
ment with a previous report on polycrystalline samples
[38], yet Tp found here is significantly higher than in a
HoNiC; single crystal (Tp =305 K) [36]. As shown in
Fig. 1 (a), at T3 = 291 K, the resistivity of this com-
pound exhibits additional inflections. The anomaly at
this temperature was previously attributed to a lock-in
transition [38]. Interestingly, while this feature is seen
in polycrystalline samples synthesized by different tech-
niques, it was not observed in the recent report based
on a single crystal, where only a single transition has
been reported [36]. This contrast between our polycrys-
talline samples and single crystals, which were extracted
by Maeda et al. [36] from the surface of arc-melted ingots
and reported to be twinned, suggests the presence of an-
other degree of freedom. Mechanical strain may therefore
play a role in the subtle interplay between the electronic
structure and crystallographic lattice.

In both materials, the antiferromagnetic transitions (at
Néel temperatures Ty =~ 2.8 K and 8.5 K for HoNiCs and
ErNiCy, respectively [54-56]) are reflected in both resis-
tivity and thermopower curves. The S(T') curves, on the
way from a broad maximum located below Tp and near-
zero thermopower value observed at 2 K, show visible
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FIG. 1. (a), (b): Temperature dependence of resistivity for HoNiCz (a) and ErNiCy (b) measured under zero field condition

(black) and under an external magnetic field of 9 T (bule and red curves, respectively). (c), (d):

Temperature dependent

thermopower for HoNiC; (c¢) and ErNiCy (d). The inflections marked with asterisks are attributed to the measurement setup
artifact observed previously in Ref. [43]. (e),(f): Magnetoresistance at poH = 9 T as a function of temperature for HoNiCy (e)
and ErNiC; (f). The specific temperatures Tp, T and n are marked with dashed vertical lines. No demagnetization correction

has been applied here.

inflections at Tx. Simultaneously, the resistivity drop is
seen at the onset of the magnetically ordered state. This
decrease is quantified as the ratio of resistivity above and
below Ty, given by Eq. 1:

RD = pon(T = 2K)

(1)

The values of RD = 0.37 in HoNiCy, and 0.27 in
ErNiCy, are smaller than the corresponding quantity
RD = 0.50, 0.72 and 0.90 for NdNiC,, GdNiCsy, and
SmNiCy ([32, 34, 57]. In these early lanthanide based
compounds the CDW has been found to be either par-
tially suppressed at the onset of AFM state in NdNiCy
and GdNiCy [31], or completely destroyed in the ferro-
magnetic state of SmNiCsq [34, 35]. The relatively small
RD in HoNiCy and ErNiCs, is similar to the value found
in TmNiCy (0.43) [41], where CDW was suggested to
coexist with long range magnetism. Our result also cor-
roborates the recent report based on X-Ray diffraction
[36], confirming the robustness of the g>-CDW against
the antiferromagnetic ordering in HoNiCs and ErNiCs.

B. Magnetoresistance

Similarly to Y, Lu or Tm based RNiCs compounds,
the application of an external magnetic field significantly
increases the electric resistivity in the CDW state of
HoNiCy and ErNiC,, as shown in panels (a) and (b) of
Fig. 1, respectively. This effect is more pronounced in
HoNiCs than in the case of ErNiC,. For clarity, in panels

(e) and (f) of Fig. 1, we show the thermal dependence
of the magnetoresistance (MR) which is defined as the
ratio of the field-induced change of the resistivity to its
zero-field value, expressed in percent:

Pzz(B) — pua(B =0)
Paza(B =0)

MR = -100%. (2)

In HoNiC,, and to a lesser extent also in ErNiCs,
a small yet finite magnetoresistance is observed in the
high temperature state. In both compounds, the pos-
itive MR becomes visibly enhanced upon entering the
charge ordered state and keeps increasing upon lower-
ing the temperature. This trend is locally interrupted
by a sharp minimum located at the vicinity of Ty, sig-
naling the emergence of a negative MR component. At
the lowest temperature, the positive term prevails again,
and the overall MR reaches 150 % for HoNiCy and 70
% for ErNiCs at T = 2 K and pgH = 9 T. From the
coincidence of the positive MR enhancement with the
Peierls transition, one can conclude that this transport
response is related to the reconstruction of the Fermi sur-
face caused by g2-CDW. Similar mechanisms are known
to be realized in canonical CDW systems such as tran-
sition metal chalcogenides [58—60], molybdenum [61-64]
and tungsten bronzes [16, 65-67] with imperfect nest-
ing and small pockets containing high mobility electrons
or holes as elements of the reconstructed Fermi surface.
This scenario has also been proposed for other RNiC,
[40, 41] with go-type CDW, showing comparable magne-
toresistance responses.
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The presence of a negative MR term is a common fea-
ture of magnetic materials. When accompanying the
transition toward the magnetically ordered state, it is
typically related to the rapid quenching of spin disor-
der scattering by the application of magnetic field. The
prime example of this effect is the case of manganese ox-
ide materials [68, 69] with magnetic field changing the
conduction character from semiconductor-type to metal-
lic. In the early lanthanide-based RNiCs, however, the
negative MR has been found to be significantly enhanced
due to partial or complete suppression of CDW. In such
a case, restoring of the high temperature Fermi surface,
previously decomposed by CDW gap formation, increases
the number of conduction carriers and thus decreases the
resistivity. This avalanche effect is, however, neither ob-
served in HoNiCs nor in ErNiCs.

To obtain a more detailed picture and to distinguish
the roles played by subsequent magnetoresistance terms,
we have analyzed the magnetic field dependence of re-
sistivity. MR(B) for HoNiCy and ErNiCsy are shown in
panels (a) and (b) of Fig. 2. The overall behavior of
magnetoresistance in both compounds exhibit qualita-
tive similarities. In the paramagnetic state, the low field
limit of MR(B) shows a quasi-parabolic character, which
evolves into a linear field dependence at elevated B. A
negative term develops as the temperature approaches
Tn, and within the dome of the ordered state, inflec-
tions are observed at fields corresponding to magnetic
crossovers. At high B, in the field-aligned state, the neg-
ative magnetoresistance is overcome by the positive term.
In this limit, the overall MR(B) regains the linear charac-
ter with no saturation up to poH =9 T. While this stands
in contrast to NdNiCs and GdNiCsy, where the field in-
duced metamagnetic and ferromagnetic transitions lead
to a strong negative MR, the result found in HoNiCs and
ErNiCs is similar to the case of TmNiCy, where the per-
sistence of large positive MR, across the magnetic states
has been proposed to result from the robustness of the
CDW within the entire dome of the magnetically ordered
state [41].

While discussing the high field limit of the magnetore-
sistance, it is worth to notice that the linear MR char-
acter is often observed in metallic CDW systems. Two
mechanisms have been proposed as a possible origin. One
is based on sharp turns taken by charge carriers, due
to a rough curvature of the partially nested Fermi sur-
face [70]. The second model anticipates a large enhance-
ment of electron scattering from CDW order parameter
fluctuations in specific ’hot spot’ parts of the Fermi sur-
face [71]. Because of the lack of significant disorder and
relatively large carrier concentration even in the nested
state, one can directly exclude the two most general lin-
ear magnetoresistance models - classical [72] and quan-
tum [73, 74], respectively. However, one cannot entirely
exclude the most simplistic scenario, in which the linear
MR term stems form the mixing of the saturating and
non-saturating signals from Fermi surface fragments of
closed and open k-space geometry, respectively [75].

A powerful tool for the discussion of magnetoresistance
is given by the semi-classical Kohler’s scaling. Provided
that the material possesses a single conduction channel,
together with field independent and isotropic scattering
rates, this model predicts all the plots:

wR=sun) =1 ( gy ) @

where w, is cyclotron frequency and 7 is relaxation
time, to collapse into a single curve. Thus, this scaling
is a sensitive probe of the evolution of both the elec-
tronic structure and the scattering processes. Either of
these factors violate the Kohler’s rule conditions and thus
generate the deviation from the common MR(m)
trend. A partial limitation of the usability of this model
in magnetic systems stems from the fact that the mag-
netic moments, fluctuating or long range ordered, re-
spond to an external field, resulting in the field depen-
dence of spin-dependent scattering rate. In the materi-
als under study however, the magnetic order develops at
relatively low temperatures, which together with para-
magnetic Curie-Weiss temperatures being at the order
of |[fcw| ~ 10 K for HoNiCy and =~ 50 K for ErNiCy
[55], opens the possibility to use the Kohler’s approach
at least in the limit of high and moderate temperatures,
where the magnetic correlations are weak and have an
negligible impact on the scattering.

The Kohler’s scaling of magnetoresistance for HoNiCsq
and ErNiCj is presented in Fig. 2 (c) and (d), respec-
tively. Two features are visible already at a first glance in
both compounds - the plots show similar courses, yet with
pronounced deviations at certain temperatures. Panels
(e) and (f) of Fig. 2 detail the high temperature limit
and the vicinity of Tp with an expanded view. At ele-
vated temperatures, above the charge ordering point, the
magnetoresistance curves are sub-linear and tend to sat-
urate at high magnetic fields. A gray shading is added
in these plots to emphasize this tendency. The magne-
toresistance character changes below Tp; where it evolves
into non-saturating behavior, quadratic in the low field
limit and linear at higher B. This is a first violation of
the Kohler’s rule, which is followed by another, yet less
pronounced one: the subsequent plots obtained at lower
temperature move higher and higher in the vertical axis.
While these plots share qualitatively similar character,
they do not overlap. Finally, at temperatures below =
50 K, the plots start to deviate in the opposite direc-
tion, due to the emergence of the negative magnetoresis-
tance term that is the most pronounced in the vicinity
and within the magnetically ordered state. Interestingly,
when the magnetic field quenches spin disorder, overcom-
ing the negative MR in the field-induced ferromagnetic
state, the high B magnetoresistance regains the charac-
ter from moderate temperatures. The curves in the high
field limit become parallel to the general trend, indicating
that the same mechanism responsible for positive mag-
netoresistance is present both in the paramagnetic-CDW
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FIG. 2. (a),(b): Field dependence of magnetoresistance measured at constant temperatures in HoNiCz (a) and ErNiC, (b).
Arrows mark the field induced phase transitions towards metamagnetic and field induced ferromagnetic state, reported in Ref.
[65]. (c)-(f): Kohler scaling of magnetoresistance. Panels (¢) and (d) show the entire temperature range for HoNiCsy and
ErNiC,, respectively, while panels (e) and (f) depict the expanded view of the plots corresponding to temperatures from the
vicinity of Tp. Gray line serving as a guide to the eye is the extension of the plots at temperatures above charge density wave
transition. Identical temperature-color scheme, with colors varying from yellow for 7" = 390 K to dark blue for T" = 2 K, is

maintained across all the panels.

and the magnetic states. Because this non-saturating,
linear MR term appears to be related to the charge den-
sity wave as it onsets at the Peierls transition, this result
suggests that the CDW coexists not only with antifer-
romagnetism, but also with field-induced metamagnetic
and ferromagnetic states.

We note that the presence of CDW-independent elec-
tronic structure peculiarities such as Weyl nodes has been
predicted to be located close to Fermi energy in GANiCs,
being a member of RNiCs family, and NdRhCy, GACoCsy
with the same crystal structure [76]. If such features oc-
curred also in HoNiCy and ErNiCy, they could partially
contribute to the enhanced mobility and magnetoresis-
tance response [77], in addition to its amplification in the
CDW state. This possibility however, even if relevant,
does not obstruct tracking of the charge density wave
across the magnetic phase diagram. The magnetoresis-
tance behavior of the compounds studied here differs sig-
nificantly from the one observed in GdNiCsy, for which
the Weyl-type features have been forecast, and which
yet shows no positive MR in the CDW state, as other
RNiCs with ¢;-type CDW. This suggests that the large
responses seen in HoNiCs and ErNiC, are likely not as-
sociated to the topology of the pristine, unnested Fermi
surface, but are rooted at the pockets unveiled by imper-
fect nesting. Furthermore, our analysis shows that it is
not only the magnitude, but also the character of the high
field magnetoresistance that reflects the presence of the
CDW state. The Peierls transition changes the magne-
toresistance from weak and saturating as seen at T' > Tp,
to non-saturating with exponent 1 in MR~ B" close to

unity as observed at T < Tp (see Supplemental Mate-
rial [78] for more details). Therefore, the presence of the
latter linear term marks the existence of Fermi surface
nesting and thus of CDW.

C. Hall effect

The charge density wave state is intimately related to
the electronic structure; the gap opened at the Fermi
level results in a significant reduction of free electronic
carriers concentration. If the related decomposition of
the Fermi surface is not complete, high mobility electron
and/or hole pockets remain, giving rise to an enhanced
MR response. Therefore, exploring the carrier concentra-
tion and mobility via the Hall effect not only supports the
analysis of elevated magnetoresistance, but also provides
an (indirect) probe of the CDW state and its relation to
magnetism.

The field dependence of Hall resistivity py.(B) in
HoNiC; and ErNiCs, is plotted in panels (a) and (b)
of Fig. 3, respectively. At high temperatures, the Hall
resistivity is an almost linear function of magnetic field.
Upon cooling across the Peierls transition, its B depen-
dence gradually becomes steeper, simultaneously devel-
oping a more and more pronounced non-linearity. While
the non-linear behavior of Hall resistivity is a typical fea-
ture of a multiband material comprising multiple conduc-
tion channels with different effective masses and mobili-
ties, both HoNiCs; and ErNiCs exhibit long range mag-
netic ordering, which can also partially account for such
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a,b): Field dependence of Hall resistivity in HoNiCs (a) and ErNiCs (b). For clarity, the plots corresponding to

temperatures higher than 2 K have been shifted vertically. The temperature-color scheme, with colors varying from yellow for
T = 390 K to dark blue for T' = 2 K, is identical in panels (a) and (b). (c,d): Temperature dependence of effective carrier
concentration neg, obtained from high field limit of p(B), using Eq. 6 (circles), high-mobility pocket carrier concentration
nu obtained using Eq. 10 (squares) in HoNiCs (c¢) and ErNiCy (d). Shaded circles represent the values of neg obtained at
temperatures close to the magentic ordering, where Hall resistivity may contain a significant anomalous contribution. Dashed
vertical lines mark the subsequent charge density wave and magnetic transitions.

a transport response. In magnetic materials, one has to
consider two terms contributing to the Hall resistivity
[79]:

pay = P2, (B) + pity (M) (4)

First one, pgy is the ordinary Hall counterpart associ-
ated to the cyclotron motion of conduction carriers. This
term depends solely on the magnetic field; in single band
systems pEOy is a linear function of B with a slope that is
inversely proportional to the carrier concentration, while
in multiband systems it becomes sensitive also to the
carrier mobilities. In a two-band conduction picture, the
field dependence of the ordinary Hall coefficient is de-
scribed by the formula containing both hole and electron
concentrations and mobilities, ny, ne, pn, e respectively
[80]:

1 Mg — Neple + (N — ne) g i B
e (nupin + Nepte)? + (nh — ne)?pi p2 B

()

o _
pyx*

When contributions from both carrier types are signif-
icant, the Hall resistivity is non-linear with B. Under
sufficiently strong magnetic fields however, the B-linear
character is restored, with Eq. 5 reduced to:

o 1 1

11
Pyz = =7

- - B=
e np — Ne € Neft

(6)

with neg = ny — ne being the effective carrier con-
centration. The second term in Eq. 4, pﬁy(M ) is the
anomalous component observed in magnetic materials. It
may stem from side jump, skew scattering effects or from
the intrinsic Karplus-Luttinger mechanism involving the
Berry curvature of the electronic bands [81]. Regardless
of the underlying mechanism, this term is directly related
to the sample magnetization.

In the temperature range far above Ty, where magneti-
zation is not yet significant (see [78]), and pQ, > p2,, Eq.
6 provides a first insight to the evolution of the carrier
concentration. Fig. 3(c,d) depicts the thermal variation
of neg obtained from the high field limit of p,,(B). Be-
cause as T — T, the high field magnetization becomes
more significant, in the vicinity of the magnetic ordering
temperature the Eq. 6 provides a less definitive measure
of neg. Despite of this limitation, the corresponding data,
marked with shaded points in Fig. 3(c) and (d) can still
be regarded as an useful guide.

In both compounds, neg exhibits a similar behavior; af-
ter a significant decrease, due to the opening of the CDW
gap upon crossing the Peierls temperature, at approxi-
mately %, it becomes almost temperature-independent.
This state remains until T" starts to approach Ty, causing
the continuous increase of the effective carrier concentra-
tion, which both in HoNiCy and ErNiCy reaches a maxi-
mum close to the magnetic ordering point and decreases
again at the lowest temperature.

While the upturn in nes(7T") may be partially, or even
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FIG. 4. (a,b): Magnetic field dependence of Hall conductivity for HoNiCs (a) and ErNiCs (b). The temperature-color scheme,
with colors varying from yellow for T = 390 K to dark blue for T" = 2 K, is identical in panels (a) and (b). (c,d): Temperature
dependence of carrier mobility obtained with different methods for HoNiCs (c¢) and ErNiCy (d). prest is obtained directly from
the extremum position in o(B) curves, while umg is estimated from the low field magnetoresistance limit using Eq. 9 (see
text and Supplemental Material [78] for details). Vertical dashed lines in panels (c) and (d) mark the charge density wave and

magnetic transition temperatures.

entirely caused by the finite anomalous Hall contribution
as in Eq. 4, a conclusion can be drawn already from
the fact that in both compounds n.g(T = 2 K) attains a
value lower than those observed at T" > Tp. This effect
is more pronounced in ErNiCs, where neg never returns
close to the levels measured at the highest temperatures,
in the simple metallic state with no charge ordering. In
HoNiCs, the extremum of nes(T") is more pronounced,
yet after crossing Ty, its value sharply decreases and,
similarly to the case of ErNiCs, becomes significantly
lower than in the high temperature state. Even neglect-
ing the anomalous Hall contribution and attributing this
behavior directly to the evolution of the carrier concen-
tration, the fact that neg(T > Tp) > ng(T = 2K)
indicates that the previously condensed carriers, or at
least the majority of them, are not released when crossing
Tn, but they remain gapped. According to the magnetic
phase diagrams of HoNiCy and ErNiCy [55], neg probed
at T'= 2 K and applied field ugH —9 T corresponds al-
ready to the field aligned ferromagnetic state. Therefore,
this result not only confirms the coexistence of CDW and
AFM order, as reported by Maeda et al. [36], but sug-
gests that CDW survives in the entire magnetic domes
of both compounds.

The non-linearity of p,,(B) is however observed in a
broad temperature range, exceeding the limit of T — Tx.
Therefore, next to the possible magnetization-dependent
Hall resistivity contribution, this effect, and to some ex-
tent the increase of neg at low temperatures, suggest the
presence of two contributions from different bands, in-

cluding at least one of elevated mobility. The presence
of electron and hole pockets is also in agreement with
the maximum seen in the thermopower. Such a behavior
in S(T') can arise from bipolar flow of charged carriers,
with their contributions being strongly temperature de-
pendent.

Because of these visible signatures of charge compen-
sation in HoNiCs and ErNiCs,, and due to long range
magnetic order being a part of both compound’s phase
diagrams, it is favorable to use Hall conductivity oy =
7 f fpi - for further analysis instead of resistivity to prop-
erly separate and discuss the relevant Hall effect counter-
parts. In such multiband systems with magnetic order-
ing, the overall Hall conductivity can be expressed using
Eq. 7:

en;u?B

1+ 252 n MEBZ + R,so':xM

(7)

The ordinary Hall conductivity ng(B) is the sum
of the contributions stemming from ¢ bands [80], with
the carrier concentrations n; and mobilities p;. The
anomalous contribution, afy (M) is proportional to mag-
netization M and moderated by diagonal conductance

Oos = 2 ffp T with the exponent n, depending on the

underlying mechanism [81], and the coefficient Rg, being
constant.

Each i-th band’s contribution to the ordinary counter-
part of the Hall (off-diagonal) conductivity peaks when

O'xy(B) = Ua(cjy(B) + O-fy(M) = Z
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the magnetic field reaches the value equal to the inverse
of p1;. Each of the low temperature o,y (B) curves show
only a single maximum, thus the inverse of its position
Beyt provides a measure of the dominant mobility, de-
fined as [82]:

1
Hext = E~ (8)
A complementary insight into the average electronic
mobility puyg is provided also from the low field limit of
magnetoresistance [83], which can be derived directly by
fitting MR(B)|p—0 in Fig. 2 with:

Pae(B) — pea(B = 0)
Pzz(B = 0)

The temperature dependence of the mobility obtained
by both these approaches pexy and pyg, is compared
in Fig. 4 (c) and (d). Despite the differences in the
used models, the values of this quantity obtained with
Eq. 8 and 9 appear to be consistent with each other.
Both compounds share common character, with the mo-
bility being almost temperature independent at high T'
and gradually increasing as temperature is lowered. To
some extent, this behavior is reminiscent of the tempera-
ture dependence of both magnetoresistance and effective
concentration (at low temperatures) shown in Fig. 1(e,f),
and 3(c,d), suggesting that one band, presumably associ-
ated to a pocket generated by the imperfect Fermi surface
nesting is mainly responsible for the large magnetoresis-
tance responses.

To follow the concentration and mobility of the carri-
ers originating from this pocket, we use a model which
takes into account one high mobility band generating a
single extremum in o,,(B), and all the other bands, with
significantly lower mobility, contributing a field-linear in-
put [84]. In this model, we also include the anomalous
Hall counterpart. Considering the relatively high longi-
tudinal conductivity of the materials under study, being
at the order of o, ~10*Q tem™!, we conclude the in-
trinsic character of the Hall conductivity with n = 0 and
anomalous Hall conductivity depending solely on magne-
tization, not on the scattering rate [85-87].

These two assumptions allow us to rewrite the Eq. 7
as:

~ 1+ B (9)

1
_ 2

where ny and pp are the concentration and mobility
of the carriers representing the high-mobility band. The
bands with lower mobility contribute to the parameter C.
The anomalous Hall coefficient S 4 for both compounds is
obtained from a least-squares fit of the "= 20 K data and
used for fits at different temperatures. Choosing this par-
ticular curve allows to profit from the already pronounced

curvature of the field-dependent magnetization, which fa-
cilitates the fitting procedure, and from the fact that this
point lies outside of the dome of the magnetically or-
dered state. Therefore its possible impact on CDW and
related carrier concentration is precluded. The obtained
values of S4 yield 0.177 QA~! for HoNiCy and 0.131
QA1 for ErNiCs, leading to a maximum anomalous Hall
conductivity of o7}, ~1.4-103Q " cm ™! (HoNiC;) and 2.0
103Q tem ™! (ErNiCy), being consistent with the order
of magnitude expected for the intrinsic origin of Hall con-
ductivity [87].

The mobilities py obtained from the fit are added to
Fig. 4 (c) and (d). In both compounds, puy shares a sim-
ilar temperature dependence as pygr and fiez:, obtained
using different methods. The values of uy exceed pumg
and fiez¢ by less than & 20 %, underlining the consistency
of the results obtained by three complementary models.

The most detailed approach, given in Eq. 10, captures
also the local minimum in pg(T'), caused by the spin dis-
order scattering at the vicinity of T, locally decreasing
the overall charge carrier mobility [88], and reflected in
the temperature dependence of magnetoresistance (see
Fig. 1(e) and (f)).

The thermal variation of high mobility carrier concen-
tration ny, plotted in Fig. 3 (c) and (d), is reminiscent to
neg(T), suggesting that the pronounced upturn in the lat-
ter one may be partially contributed by the high mobility
band, which does not vanish at the lowest temperature.
This finding further supports the scenario of charge order
remaining not suppressed inside the magnetic dome.

IV. DIFFERENT BEHAVIORS OF ¢;- AND
¢2-CDW STATES

We find that the magnetotransport transport HoNiCqy
and ErNiC,, both studied here, show close similarities
with YNiCs, LuNiCs and TmNiC, and remain in large
contrast with NdNiCs, GANiCy; and SmNiC,. This un-
derlines the major differences between these two groups,
of which a common thread is the CDW order, yet the
character of this state implies consequences, reaching far
beyond the crystallographic point of view. The specific
CDW order seen in these two parts of the family differ
not only by the modulation vector (¢; = (0.5, 0.5+, 0)
and g2 = (0.5, 0.5, 0.5), observed in early and late lan-
thanide based RNiCsy, respectively), point group sym-
metry breaking (g2) or conserving (g1), but also on the
electronic band modifications inflicted by them and by
the interactions with the long range magnetic order.

The high mobility, as revealed in HoNiCy and ErNiCs,
is typically rooted at the electronic structure, as the car-
rier effective mass is governed by the band dispersion
in the vicinity of the Fermi energy. The analysis of the
bandstructure is thus essential to explain the origin of
our experimental observations. The theoretical works on
RNiC, predict the presence of an hourglass-shaped fea-
ture with steep, almost linear dispersion, reminiscent to
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a Dirac cone to be present close to the Fermi energy [89].
Interestingly, the relevant entity has been predicted to
exist already in early-lanthanide based RNiCs [76, 89—
91], yet it is not continuously manifested in the evolution
of transport properties on the path from light to heavy
R element based RNiCq [76]. While the number of elec-
trons per formula unit remains constant, the decrease
of unit cell volume for heavier R based family members
leads to a gradual change in the position of this feature
in respect to the Fermi energy. A continuous increase
of carrier mobility is therefore anticipated on the path
from light to heavy lanthanide based RNiCs. The exper-
imental observations appear to be in contrast with this
picture, pointing at another degree of freedom playing a
crucial role in the magnetotransport response. Neither
of the early lanthanide based RNiCs, including those ex-
hibiting the ¢;-type CDW, shows any signatures of in-
creased positive magnetoresistance, being a footprint of
elevated mobility. This entity emerges suddenly and con-
comitantly with the transformation of ¢;-CDW into the
state represented by gs vector. Therefore, the presence of
pronounced transport observables appears to be strongly
related to the latter state. The comparison of the pristine
and nested Fermi surface of LuNiCs, exhibiting go-type
CDW [39] indicates that while the majority of FS is re-
moved upon the Peierls transition, the part containing
the Dirac-like feature is preserved and transforms into
an hourglass-shaped FS element. Thus, our experimen-
tal observations result from a significant Fermi surface
decomposition exposing the high mobility pocket, which
then dominates the transport picture. This mechanism
gives rise to the behavior characteristic to compensated
semimetals, with enhanced magnetotransport and ther-
moelectric responses, while simultaneously conserves the
high metallicity with residual resistivity at the order of
tens of ulem. While g1-type CDW also leads to nesting-
driven Fermi surface reconstruction, the lack of the high
mobility signatures in compounds showing this state sug-
gests that the portion gapped in this process is signifi-
cantly smaller than in the case of go-CDW.

The positive non-saturating magnetoresistance term,
appearing at the onset and accompanying only the g¢o-
CDW charge density wave becomes its footprint, pro-
viding an useful probe to follow this state through the
magnetic phase diagram. This finding exposes a cru-
cial discrepancy between the response of the g;- and g9
- CDW to the long range magnetism. While the for-
mer CDW type suffers a partial or complete suppression
at the onset of magnetic order, our analysis shows that
the latter one, appearing in HoNiCs and ErNiCs under
current study, shows no signatures of such a destructive
interaction with magnetism, including antiferromagnetic
ground state as well as the field induced metamagnetic
and field-aligned ferromagnetic states. Such a contrast-
ing response to long-range magnetism is visible across the
entire family, from the drop of resistivity at the onset of
magnetically ordered state, as illustrated in Fig. 5. The
values of RD observed in the RNiCy family exhibiting ¢;-

CDW, which is suppressed by magnetic ground state and
the previously gapped carriers returning to conduction
channels, are visibly larger than in the case of materials
which g2-CDW is more robust and the resistivity drop is
caused dominantly by the reduction of scattering rate.
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FIG. 5. Comparison of the resistivity drop RD, given by Eq.
1 at the onset of magnetic transition in all the RNiCy with
magnetic order or short range magnetic ordering, established
in the current study and in Refs. [31, 32, 34, 35, 41, 57].
Red color marks SmNiCs with ¢1-CDW entirely suppressed
by ferromagnetic order, yellow color is displayed for RNiC,
members with ¢1-type CDW partially suppressed by antifer-
romagnetism, blue color marks the RNiCs in which g2-CDW
is robust against long range magnetic order. Cases of CeNiCsy
and PrNiCs, showing no CDW (CeNiCs) and paramagnetic
(PM) ground state (PrNiCs) are displayed in gray colors and
serving as reference.

A plausible explanation of the divergent coupling be-
tween the electronic and magnetic degrees of freedom in
q1 and g2 - type systems is the difference in the mecha-
nism driving the respective CDW transitions. The theo-
retical work devoted to the calculation of the electronic
band structures of NdNiCy, SmNiCy and GdNiCs [92]
emphasizes the dominant role played by Fermi surface
nesting in the formation of the ¢; charge density wave.
This finding is supported by the the continuous charac-
ter and moderate specific heat anomaly accompanying
the the transition to this state in early lanthanide based
RNiCy [93], consistent with a mean-field weak electron-
phonon coupling scheme. In contrast to that, the band-
structure calculations performed for LuNiCsy, with g¢o-
type CDW, challenge the sole relevance the conventional
FS nesting for the charge density wave in this compound
[39]. Further support to the strong electron-phonon cou-
pling scenario proposed in Ref. [39] is provided by the
large, spike-shaped anomaly in the specific heat, accom-
panying the go-CDW transition in YNiCs and TmNiCy
[37, 40], suggestive of the strong phonon influence on
CDW formation. The strong Fermi surface reconstruc-
tion observed in these compounds, as well as HoNiCy and
ErNiCs; studied here, therefore appears to be a rather a
consequence than the origin of the CDW transition.

Since the ¢; - CDW in early lanthanide based RNiC,
relies mostly on the FS nesting, this state becomes vul-
nerable to the evolution of the electronic structure. The
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spin orbit interaction induced splitting of the conduc-
tion bands may then directly lead to the suppression of
nesting properties and a consequent destruction of the
charge density wave. Such a mechanism has been pro-
posed for the case of SmNiCy [89], in which the energy
scale of the band splitting in the ferromagnetic state sur-
passes even the magnitude of the charge density wave gap
[94]. In contrast to that, the g2 state which is presum-
ably stabilized by distinct mechanism, independent of the
minute details of the electronic structure, resists the spin-
splitting induced deterioration of the nesting properties
and survives in the entire dome of magnetically ordered
states.

V. CONCLUSIONS

We have examined the diagonal and off-diagonal com-
ponents of the transport responses in HoNiCs and
ErNiCs. Both compounds show large positive and lin-
ear magnetoresistance which neither saturates in the high
field limit, nor vanishes across the temperature and field
induced magnetic transitions. We find that this effect
originates from the compensated transport picture com-
prising at least two conduction bands, including one with
high mobility reaching 3- 103 ecm?V~!s~!. This effect is
attributed to the incomplete Fermi surface nesting giv-
ing rise to the high mobility pockets. This mechanism,
bringing both systems closer to compensated semimet-

10

als comprising both electron and hole conduction chan-
nels is responsible also for relatively high thermoelectric
output, observed within the boundary of a highly con-
ducting metallic state. The robustness of these pockets
in the magnetically ordered phase, as revealed by Hall
effect, persistence of a high field large linear magnetore-
sistance, together with the absence of other signatures of
CDW suppression, such as the avalanche negative mag-
netoresistance at the ferromagnetic transition, suggest
that the charge ordering coexists with all the magnetic
phases present in the phase diagrams of HoNiCy and
ErNiC, from antiferromagnetic to field induced ferro-
magnetic states.
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S1. HIGH FIELD MAGNETORESISTANCE EXPONENT

The high field magnetoresistance exponent, governing the MR field dependence as MR(B) = A - B” is determined
by the allometric fit to MR(B) as B — 9 T:

MR(B) = Cy + Cy - BY (1)

With C7, Cy and v being fit parameters. The thermal dependence of the exponent - is shown in Figures S1 and
S1.
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FIG. S1. Temperature dependence high field magnetoresistance exponent as MR(B) = A - B”, obtained from the allometric
fit with Eq. 1 for HoNiCz (blue color) and ErNiCs; (red color). Charge density wave transition temperatures are marked with
blue and red vertical dashed lines, respectively. Black, horizontal dashed line placed at v = 1 serves as a guide for the eye.

The values of v remain below unity at temperatures higher than Tpr. Upon crossing of the Peierls temperature
they increase and after reaching broad maximum, they saturate close to v = 1. When temperature approaches the
magnetic ordering point, v increases significantly, yet at lowest temperatures it returns close yo unity.
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S2. MAGNETIZATION

To determine the demagnetization correction for studied samples and to fit the magnetic field and magnetization
dependence of Hall conductivity og, with Eq. (7) of the main text, we have measured the field dependence of
magnetization M. The results are presented in Fig. S2. They are consistent with the previous report [55].
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FIG. S2. Field dependence of magnetization M for HoNiCy (a), and ErNiCy, measured at constant temperatures (b). The
temperature-color scheme in maintained in both panels. Demagnetization correction, corresponding to samples shape has been
applied.
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S3. HALL CONDUCTIVITY FITS

The parameter C' in Eq. (7) of the main text is determined dependently for each fitted curve. The temperature
dependence of this parameter is shown in Fig. S3.
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FIG. S3. Temperature dependence of parameter C' obtained with fitting of Hall conductivity with Eq. (7) of the main text.
The data corresponding ti HoNiC; is displayed in blue color, while the data for ErNiCs is represented by red points.

In the whole temperature range, C' remains smaller than unity, decreasing to the order of 10~2 at low temperatures,
where 0, (B) shows more pronounced curvature which allows more precise and unequivocal fitting, and where the
impact of high mobility band impact is the strongest.
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