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We report the dependence of antiferromagnetism on Zn-doping concentration in the newly synthesized
CeRh(In;,Zn,)s single crystal with x < 0.023. X-ray-diffraction measurements showed a smooth decrease
of lattice parameters with an increasing Zn concentration, indicating a positive chemical pressure effect. The

electrical resistivity, specific heat, and magnetic susceptibility measurements revealed that the antiferromagnetic
transition temperature 7y initially decreases from 3.8 K for pure CeRhlns to 3.1 K atx = 0.012; then, it becomes
flat, remaining at approximately 3.1 K between Zn concentrations of 0.012 and 0.017, and finally, it increases
to 3.3 K at 0.023 Zn concentration. These results suggest that the change in the electronic structure induced
by Zn doping is more important than the chemical pressure effects with regard to tuning the magnetic order.
A study on the electronic structure and pressure tuning of the newly synthesized heavy-fermion compound
CeRh(In;.,Zn,)s, which does not include a toxic element, is expected to further enhance our understanding of
the competing ground states emerging in heavy-fermion systems.
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I. INTRODUCTION

The interplay of superconductivity, magnetism, and quan-
tum criticality has been an important issue in condensed-
matter physics because it could lead to various emergent
quantum states near 7 = 0 K. For example, magnetic fluctu-
ations are believed to play a crucial role in the formation of
unconventional superconductivity that is often observed in the
proximity of a quantum critical point at which the magnetic
order is suppressed to zero temperature by nonthermal param-
eters such as pressure, chemical substitution, and magnetic
field [1,2]. Emphasizing the importance of quantum criticality,
non-Fermi liquid behavior is observed in the normal state of
unconventional superconductors [3,4].

Heavy-fermion compounds provide an excellent platform
to study the consequence of the aforementioned interplay as
their various ground states can be easily tuned via competition
between the Ruderman-Kittel-Kasuya-Yosida (RKKY) and
Kondo interactions [5]. In fact, continuous tuning between
the different ground states has been observed via a series
of studies on various substitutions for the In sites in the
CeTIns family (T = Co, Rh, and Ir). Sn substitution for In,
as electron doping, monotonically suppresses the supercon-
ductivity (SC) and antiferromagnetism (AFM) in CeColns
[6,7] and CeRhlns [8], respectively. The expected competing
phases (AFM and SC) are not induced by the Sn doping.
However, continuous tuning between the two competing states
is achieved in hole-doped CeCo(In;_M,)s (M = Zn, Cd, and
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Hg) [9-12]. Being analogous with the results observed in
systematic studies of isoelectronic substitution of Co or Ir
for Rh sites [13—15], AFM in hole-doped compounds initially
appears near the critical concentration where SC is com-
pletely suppressed. By increasing the doping concentration,
two magnetic phases that correspond to incommensurate and
commensurate magnetic structures have been suggested in
CeRh(In;. Hg,)s [10,16] and CeRh(In;..Cd,)s [9,10]. Nu-
clear magnetic resonance (NMR) measurements [17], nu-
clear quadrupole resonance measurements [18], and soft x-
ray-absorption spectroscopy measurements [19] suggest that
the different local electronic environments around the doped
atoms, i.e., the effects of inhomogeneous (Cd doping) versus
homogeneous (Sn doping) on the electronic structure, could
explain the different responses to electron and hole doping in
these isostructural compounds. However, the origin of doping
effects on ground states is still being debated [10,19]. To
further explore the doping effects and elucidate the interplay
between magnetism and superconductivity, in this study we
synthesized single crystals of hole-doped CeRh(In;.,Zn,)s,
and characterized their physical properties via electrical resis-
tivity, specific heat, and magnetic susceptibility for different
field orientations, especially in comparison with those of
electron-doped CeRh(In;_,Sn,)s

II. EXPERIMENT METHODS

Single crystals of CeRh(In; ,Zn,)s were synthesized by
the standard In flux method [7,8,10-12,16]. The high-quality
starting materials, i.e., Ce (rod, 99.9%), Rh (powder, 99.99%),
In (ingot, 99.999%), and Zn (shot, 99.99%), in the molar ratio
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1:1:F(1-x) : F(x), with F =20, were sealed in a quartz
tube under vacuum. The tube was heated from room temper-
ature to 1100 °C at a rate of 180 °C/h and maintained at this
temperature for 12 h to obtain a homogeneous mixture. The
tube was then cooled slowly at ~5 °C/h to 600 °C. Most of the
excess In flux was removed by spinning the (inverted) tube in
a centrifuge at 600 °C and ~2300 rpm. For CeRh(In;_,Sn,)s,
the same method was used with molar ratio 1:1:20:y
[8]. Single crystals with three-dimensional tetragonal blocks
and well-defined facets (typical dimension 6 x 6 x 2 mm?)
were obtained for both CeRh(In;_,Zn,)s and CeRh(In;_,Sn,)s
compounds.

Powder x-ray-diffraction patterns, which were analyzed
using MDI JADE, showed that the tetragonal crystal struc-
ture is independent of Zn/Sn-doping levels. Energy-dispersive
X-ray-spectroscopy measurements on single crystals deter-
mined that all the elements are distributed homogeneously
and that the actual Zn and Sn concentration is approxi-
mately 16% of the nominal concentration and x = 0.08y,
respectively, which are analogous with previous reports on
CeRh(In;  Hg,)s [10] and CeRh(In;,Sn,)s [8]. Hereafter,
the actual concentrations will be used throughout this paper.
CeRh(In;_,Zn,)s crystals, with x =0, 0.001, 0.003, 0.008,
0.012, 0.017, and 0.023, and CeRh(In;_,Sn,)s crystals, with
x =0, 0.024, 0.044, 0.060, 0.069, and 0.084, were synthe-
sized successfully. Being similar to CeCo(In;_,Zn,)s [12], the
absence of a stable CeRhZns phase prevents the formation of
higher-doped CeRh(In;_,Zn,)s (x > 0.023).

The newly  synthesized Zn-doped compound
CeRh(In; ,Zn,)s was investigated by measuring its electrical
resistivity, specific heat, and magnetic susceptibility. For
comparison, magnetic susceptibility measurements were also
performed for CeRh(In;,Sn,)s. The standard four-probe
method was used in the electrical resistivity measurements
performed using the Physical Property Measurement System
(Quantum Design), in the temperature range of 1.8 to 300 K,
and using the *He cryostat (Heliox VL, Oxford Instruments) at
temperatures as low as 0.3 K. The specific heat was measured
using a homemade calorimetry by employing a thermal
relaxation method. A commercial superconducting quantum
interference device magnetometer (MPMS, Quantum Design)
with an external magnetic field of up to 5 T was used for the
dc magnetization measurements in the temperature range of
1.8 to 356 K.

III. RESULTS AND DISCUSSION
A. X-ray-diffraction patterns

The results of the x-ray-diffraction measurements on
CeRh(In;_,Zn,)s are displayed in Fig. 1, together with those
of CeRh(In;_,Sn,)s for comparison. Except for the three peaks
marked by red stars corresponding to the In flux, all other
Bragg peaks in the substituted (Zn and Sn) samples can be
indexed well based on the HoCoGas-type tetragonal structure.
The fitted lattice parameters a and c, and the unit-cell volume
V as a function of concentration are shown in Figs. 1(b),
1(c), and 1(d), respectively. These results show that the lattice
parameters a and ¢, and the unit-cell volume decrease con-
tinuously by 0.009 A, 0.013 A, and 0.54%, respectively, as

the Zn concentration increases from 0 to 0.023. In contrast,
the lattice parameters and unit-cell volume of the Sn-doped
CeRh(In;,Sn,)s gradually increase with an increasing Sn
concentration. The opposite responses observed for the Zn
and Sn substitutions can be ascribed to their relative ionic
radii.

B. Electrical resistivity and specific heat

The magnetic resistivity (omag) for CeRh(In;.Zn,)s, which
was obtained by subtracting the nonmagnetic analog LaRhlns,
is shown in Fig. 2(a). As the Zn concentration increases,
Pmag 18 enhanced over the whole measured temperature range
owing to enhanced impurity scatterings caused by the Zn
substitution. The temperature dependence of ppy,, for all
concentrations of Zn in CeRh(In;_,Zn,)s shows the typical
trend of Ce-based Kondo lattice systems. With a decreasing
temperature, Omag follows logarithmic dependence, as shown
by the fitting of pma, = a — BInT [red lines in Fig. 2(a)];
this dependence arises from the incoherent Kondo scatter-
ing between conduction electrons and the 4f spins of the
Ce®* state [20]. It is notable that the slope (B) of —InT
remains almost constant within the experimental errors with
respect to various Zn concentrations, as shown in the in-
set of Fig. 2(a), indicating that Kondo coupling does not
change significantly under Zn doping [20]. This is in sharp
contrast to the dependence on pressure, where the coupling
strength is enhanced notably by applied pressure [21,22]. In
the Doniach model, which captures the competition between
RKKY and Kondo interactions [23], the ground state of
heavy-fermion systems is determined by the product JN(0),
where J is the Kondo coupling coefficient that represents
the hybridization strength between conduction electrons and
localized spins (f electrons) and N(0) is the electronic density
of states at the Fermi level. The application of pressure
tunes the ground state as a global parameter by changing
the exchange coupling coefficient J. Being similar to other
Cd and Hg hole dopings, on the other hand, Zn doping is
expected to affect the local electronic environments to tune the
ground state. The local doping effect is also supported by the
high-pressure studies on CeRh(In;.,Hg,)s (x = 0.0045) [24],
where the pressure-induced SC dome in Hg-doped CeRhlns
is not shifted from that of the undoped compound except
for the suppression of superconducting transition tempera-
tures owing to the breaking of Cooper pairs via disorder
scattering.

With a further decrease in temperature, the logarithmically
increasing resistivity reaches its maximum at 7T;,,x, marked
by arrows in Fig. 2(a). Below T, the local incoherent
scattering at each Kondo center (Ce** ions in this case)
becomes coherent due to the periodic array of Kondo centers,
and pmag rapidly decreases with temperature. With increasing
Zn concentration, T,y gradually decreases from ~53 K for
pure CeRhlns to ~25 K at 0.023 Zn. Another anomaly related
to the AFM transition is observed at lower temperatures.
The temperature dependence of pn, is amplified near Ty
in Fig. 2(b). The AFM transition temperature of 3.8 K in
CeRhln; initially decreases to 3.1 K for Zn-doping values up
to 0.012. It is then nearly constant between Zn concentrations
of 0.012 and 0.017, finally increasing to 3.3 K at 0.023 Zn,
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FIG. 1. (a) Powder x-ray-diffraction patterns for CeRh(In; ,Zn,)s (0 < x < 0.023) and CeRh(In;.,Sn,)s (0 < x < 0.060) collected at
various doping concentrations. Red stars represent the indium flux. (b)—(d) Doping concentration dependences of the lattice parameters a, ¢

and the unit-cell volume (V), respectively.

as shown in Fig. 2(d). The Zn concentration dependence of
Tx was also confirmed by specific-heat measurements. The
low-temperature Ce 4 f-electron contribution to specific heat
divided by the temperature, Cy4¢/T, is plotted as a function
of temperature for several representative Zn concentrations
in Fig. 2(c), which is obtained after subtracting that of non-
magnetic analog LaRhIns [25]. The phase transition from the
paramagnetic state to the AFM state is denoted by the lamb-
dalike anomaly that is shifted to lower temperatures as the Zn
concentration increases, and the anomaly remains sharp up to
a Zn concentration of 0.017 and then it starts to broaden at
0.023 Zn. Ty as a function of Zn concentration determined by
specific-heat measurements, as show in Fig. 2(d), is consistent
with the results obtained from resistivity measurements. The
4 f contribution to the entropy Sy is calculated by integrating
C47/T over T. The temperature dependence of entropy Sar
is shown in the inset of Fig. 2(c). The magnetic entropy of

Zn-doped CeRhlns series recovers to similar values above 5
K, suggesting that the strength of the hybridization does not
change over the whole doping range studied in this work.
The recovered entropy below Ty, however, increases with
increasing Zn concentration, indicating that the extra mag-
netic entropy comes from the increased concentration of the
unscreened Ce moments.

C. Magnetic susceptibility

The evolution of Ty with Zn doping (x) may be indicative
of a change in the magnetic structure at a critical concentration
between 0.012 and 0.017, where Ty becomes almost constant
with respect to Zn doping [26]. The kinklike feature in the
T-x phase diagram, as shown in Fig. 2(d), was also re-
ported for other hole-doped compounds, i.e., CeRh(In;_ M, )s
(M = Cd, Hg) [9,10,16]. The magnetic susceptibilities (x)
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FIG. 2. (a) Temperature dependence of the magnetic contribution to electrical resistivity (omag) of CeRh(In;.Zn,)s (0 < x < 0.023) for
the current applied within the Ce-In plane. The values are plotted on a semilogarithmic scale. Electrical resistivity of the nonmagnetic analog
LaRhlns is also plotted for comparison. The peak temperature of ppae (Tmax) is marked by the arrows. The red solid lines are the least-
squares fits of ppag = o — BInT in the high-T regime. The inset shows the Zn concentration dependence of the slope 8. (b) pmag near the
AFM transition region magnified on a linear scale, where the arrows indicate the AFM transition temperature (7y). (c) 4f contribution to
specific heat divided by temperature (C4;/T) plotted as a function of temperature in the vicinity of Ty for representative Zn-doping levels
in CeRh(In;.,Zn,)s. The specific heat, C/T, of LaRhlIns is shown as a function of temperature, which is adopted from Ref. [25]. Inset shows
the temperature dependence of recovered entropy due to 4f electrons. (d) Ty of CeRh(Iny M, )s (M = Zn, Cd, and Hg) and the resistivity
maximum temperature T,,x of CeRh(In;,Zn,)s plotted as a function of doping concentration x. For CeRh(In,,Zn,)s, the Ty values were
obtained from resistivity measurements (red squares), specific-heat measurements (red circles), and susceptibility measurements (red balls).
The data for CeRh(In;.,Cd,)s and CeRh(In; ,Hg,)s adopted from Ref. [10] are displayed by cyan circles and green diamonds, respectively.
AFM1 and AFM2 represent two possible antiferromagnetic phases that have different magnetic structures.

of CeRh(In;.,Zn,)s with 0 < x < 0.023 and CeRh(In;_,Sn, )s
with 0 < x < 0.084 are presented as functions of temperature
on a semilogarithmic scale in Figs. 3(a) and 3(b), respec-
tively, for a magnetic field (H = 1 kOe) applied parallel and
perpendicular to the crystallographic ¢ axis. In the high-T
regime, where Kondo impurities provide dominant scatter-
ings in the transport properties, both x, and . increase
with decreasing temperature owing to Ce4 f-spin paramag-
netism. The temperature dependence of the inverse magnetic
susceptibility (x ') is displayed in the insets of Figs. 3(a)
and 3(b). The linear temperature dependence of x~' (the
purple solid linear-fitting lines) indicates that neither Zn nor
Sn doping affect the Curie-Weiss behavior in this Kondo
impurity regime. The polycrystalline average susceptibility
was estimated by xpoly = (2/3)xa» + (1/3)x. for a tetrago-

nal structure, as shown in Figs. 3(c) and 3(d). From fits to
the Curie-Weiss (CW) law y = C/(T — 6cw), the effective
magnetic moment and the paramagnetic Curie-Weiss temper-
atures Ocw (Oap, 0., and O,01y) are summarized in Table I and
Table II. The insets of Figs. 3(c) and 3(d) show the doping
concentration dependence of O¢y . The crystal-field effect may
be responsible for the anisotropy of ¢y (6,5 and 6.) in both
Zn- and Sn-doping cases that is independent of the doping
concentrations. With increasing Sn concentrations, 8,5, 6., and
Opoty continuously decrease, while 6, 0., and 8,01y almost do
not change with Zn concentrations. The doping dependence
of 6,01y indicates that within a molecular-field model Kondo
coupling coefficient maintains nearly constant along the Zn-
doping series, while it increases with increasing Sn concen-
trations [25]. With a further decrease in temperature, the
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FIG. 3. Susceptibilities of CeRh(In; ,M,)s (M = Zn, Sn) plotted as a function of temperature on a semilogarithmic scale in (a) and (b),
respectively. A magnetic field of 1 kOe was applied along the ¢ axis and ab plane for both the Zn- and Sn-doped compounds. Insets show
the temperature dependence of the inverse magnetic susceptibility (x ~'). The inverse of polycrystalline average susceptibilities plotted as a
function of temperature in (c) and (d) for CeRh(In;_ .M, )s (M = Zn, Sn), respectively. Insets show the doping dependence of the Curie-Weiss
temperatures Ocw (B4, 6., and y01y) obtained by fitting to Curie-Weiss law x = C/(T — Ocw). Purple solid lines are the linear fits of data at

high-temperature regime. Dashed lines are guides to the eyes.

susceptibility is almost saturated near the Kondo coherence
temperature, where the electrical resistivity shows a broad
maximum.

For fields applied parallel and perpendicular to the Ce-
In plane, x increases with an increasing Zn-doping level,
whereas it decreases with increasing Sn doping. This con-
trasting behavior could be ascribed to different changes in the

electronic structures induced by the substitution of Zn and Sn
for In. Because Zn has one less electron than In, Zn doping
locally reduces the hybridization strength near the Zn dopants,
whereas Sn doping enhances hybridization because Sn has
one more electron than In. In conformance with this scenario,
the kinklike anomaly at 3.8 K, which arises due to the AFM
transition in the pure compound, remains for Sn-doping cases

TABLE I. Effective magnetic moment (terr) and Curie—Weiss temperature (6cy ) of CeRh(In;_,Zn,)s compounds obtained from a Curie-
Weiss fit to the high-temperature inverse susceptibility data as indicated by the purple lines in Fig. 3. Dashes represent samples that were not

measured.

Zn 0 0.001 0.003 0.008 0.012 0.017 0.023
Wetr (H||c axis) (up) 2.601 2.579 2.621 2.547 2.587 2.612 2.648
e (HLc axis) (up) 2.605 - - 2.611 - 2.577 2.613
Meft-poly (UB) 2.456 - - 2.482 - 2.500 2.557
Ocw (H|c axis) (K) 31.717 35.390 30.990 33.907 39.029 37.785 39.601
Ocw (HLc axis) (K) —64.907 - - —60.587 - —62.103 —62.269
Ocw-poty (K) —6.072 - - —11.849 - —5.958 —6.934
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TABLE II. Effective magnetic moment (iefr) and Curie-Weiss temperature (6cy ) of CeRh(In;_,Sn,)s compounds obtained from a Curie-
Weiss fit to the high-temperature inverse susceptibility data as indicated by the purple lines in Fig. 3. Dashes represent samples that were not

measured.

Sn 0 0.024 0.044 0.060 0.069 0.084
Wetr (H||c axis) (up) 2.601 2.618 2.644 2.644 2.640 2.612
et (HLc axis) (up) 2.605 2.518 2.595 - - 2.523
Mett-poly (15) 2.456 2.551 2.653 - - 2.651
Ocw (H||c axis) (K) 31.717 21.326 17.303 20.112 16.897 20.272
Ocw (HLc axis) (K) —64.907 —85.068 —83.517 - - —-97.715
Ocw-poty (K) —6.072 —30.753 —45.796 - - —48.407

except that Ty is suppressed for both field orientations. For
Zn-doped compounds, however, the kink feature in y. turns
into a lambdalike sharp peak for Hl|c, indicating that some
fraction of Ce moments in the vicinity of Zn dopants was not
well screened by conduction electrons, and thus, they act as
impurity moments. The tendency of x shows a contrasting
behavior between the two field orientations at the critical
Zn-doping concentration of 0.023: x for H||c continuously
increases with increasing Zn doping, whereas it starts to
decrease for H|jab. In addition, Ty is not constant anymore;
instead, it starts to increase at the critical concentration. The
change in the tendency of x and the broadened heat capacity
at 0.023 Zn may reflect a change in the magnetic structure
of CeRh(In; ,Zn,)s. To determine the magnetic structure, it
is necessary to perform additional works such as neutron
scattering or NMR measurements.

Figures 4(a) and 4(b) show the magnetic anisotropy of
Zn- and Sn-doped compounds, respectively, between the two
different field orientations, y./x.. Without regard to the
type of dopants or doping levels, the anisotropy gradually
increases with decreasing temperature in the high-7 Kondo
regime, which is similar to the results for nondoped CeRhlns.
Below T,,.x, Where resistivity shows a maximum temperature,
as shown in the insets to Fig. 4, the anisotropy is almost
saturated to approximately 2.7 for both doped compounds,
indicating that the crystalline c axis is the easy magnetic axis.
With a further decrease in temperature, the anisotropy starts to
increase again for both Sn- and Zn-doped compounds. For a
0.084 Sn, where Ty is completely suppressed, the anisotropy
ratio is slightly decreased, indicating that the low-7 additional
anisotropy at lower doping concentrations arises from the
tendency of the 4 f spins of the Ce®" ions to be ordered.

(a)

CeRh(In,_Zn ),

x
—0
1 ——0.008
——0.017
——0.023
0 1 L 1 1 0
1 10 100 1 10 100
T (K) T (K)

FIG. 4. Anisotropy of susceptibility for fields applied parallel and perpendicular to the crystalline ¢ axis, x./ X, plotted as a function of
temperature on a semilogarithmic scale in (a) and (b) for CeRh(In, .M, )s (M = Zn, Sn), respectively. Insets are the low-T susceptibility ratios

on a linear scale for temperatures below 50 K.

084801-6



EVOLUTION OF ANTIFERROMAGNETISM IN ZN-DOPED ...

PHYSICAL REVIEW MATERIALS 4, 084801 (2020)

554 —=—01T
(a) ——03T
05T
= ——1T
g 50- 2T
S —<—3T
g " 4T
) N 6 . —e— 5T
P=) 002 0° =
Z aih ODREE SRR PP ) <
=X | << “eq <
.cgg“w‘agﬂ,““““‘ 41
40+ e eees
2 ) 3 4 5
T (K)
14 T v T v T v
1 (C) NN:;'/‘
124 SO
Y, l"
E 101 .
o
% 8 —=—0T
Q ] —~—1T]]
2T 1
64 —<—3T J
4T
—*—8T ]
4 LJ LJ L)
2 3 4 5
T (K)

—=—0T

1 (b)

1200

800+

CIT (mJ/mol K?)

4004y

N
we
g
[3,]

T (K)

—a—0T
—~v1T
2T
—<4—3T |
4T

—e—8T]

(3]
It

H
I

do/dT (uQ cm/K)

T (K)

FIG. 5. Field dependence of antiferromagnetism for CeRh(Ingog3Zng¢17)s with magnetic field applied along the crystallographic
¢ axis. Susceptibility, specific heat divided by temperature (C/T), resistivity, and the first temperature derivative of resistivity,
dp/dT, for CeRh(Ingog3Zng17)s are plotted as a function of temperature under various magnetic fields in (a), (b), (c), and (d),

respectively.

D. Antiferromagnetic order under a magnetic field

Magnetic-field dependence of the antiferromagnetic state
of CeRh(Ingog3Zng017)s has been probed by the magnetic
susceptibility, specific heat, and electrical resistivity under
various magnetic fields applied along the crystallographic ¢
axis. As shown in Fig. 5(a), the low-temperature susceptibility
reveals a pronounced lambdalike peak at 3.1 K, corresponding
to the AFM transition at B = 0.1 T. With the increase of
magnetic field, this peak shifts to lower temperature, while
maintaining its sharpness up to 0.5 T. For magnetic fields
higher than 1 T, however, the peak anomaly switches to
a broad maximum and the phase transition is not obvious
anymore. Figure 5(b) displays the specific heat divided by
temperature (C/T) as a function of temperature, where a
peak anomaly is observed at 7y and C/T at 5 K is close to
600 mJ/mol K2, indicating that the 1.7% Zn-doped compound
is a heavy-fermion compound. Being similar to the magnetic
susceptibility, the peak remains sharp up to 0.5 T, but becomes
broadened at higher fields, suggesting that there is no obvious
long-range AFM phase above 0.5 T. Electrical resistivity is

additionally measured to elucidate the evolution of 7y under
magnetic field and plotted as a function of temperature in
Fig. 5(c). The first derivative of the resistivity with respect to
the temperature is shown in Fig. 5(d), where a clear transition
point is observed at 0 T. The broad peak that occurs at higher
fields increases with increasing field. Taken together, these
transport as well as thermodynamic measurements underscore
that the paramagnetic to AFM phase transition takes place up
to 0.5 T, but there may occur a field-induced spin-polarized
state at higher magnetic fields [27,28]. In addition, the similar
field dependence was also observed for x = 0.023 case (not
shown), which raises a possibility that 0.023 doping case may
share the same magnetic structure with that of 0.017 doping
case.

E. Discussion

The doping dependence of Ty for CeRh(In;  M,)s (M =
Zn, Cd, and Hg) is summarized in Fig. 2(d). The Ty response
to Zn substitution is similar to that of other hole-doped cases
(M = Cd, Hg). Chemical substitution can induce chemical
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pressure as well as changes in the electronic structure. The
unit-cell volume of CeRh(In;_,Zn,)s decreases with an in-
creasing Zn concentration, implying that Zn acts as a positive
chemical pressure. The effective pressure, AP = 0.32 GPa,
can be estimated if we assume that lattice parameters shift
rigidly from CeRhlns to CeRh(Ing9g3Zng 017)s by using the
bulk modulus of CeRhlns [29]. Even though the estimated
AP is expected to increase Ty by ~0.1 K with Zn doping
[30], Tn decreases by 0.7 K, suggesting that the electronic
structure tuning induced by substitution is more relevant in de-
termining 7y than the chemical pressure. The lack of change
in the Kondo coupling strength with increased Zn doping is
consistent with the importance of the electronic structure in
determining 7Ty. We propose that the effect of Zn substitution
on the magnetic order could be understood by its local doping
effects, where local magnetic droplets are nucleated surround-
ing the Zn dopants, while the remaining region outside the
droplets is unaffected [17-19]. For low Zn concentrations
(x < 0.008), the short correlation length between magnetic
droplets may not be sufficient enough to induce an addi-
tional long-range magnetic order. However, the local magnetic
droplets could compete with the existing antiferromagnetic
phase (AFM1), leading to the decrease of AFM1 order. With
increasing the Zn concentration, the distance between the
droplets becomes shorter and eventually compatible with the
correlation length, thus forming a long-range order (AFM?2).
Finally, AFM2 is enhanced with further increasing Zn dop-
ing (x > 0.017). The slight differences among different hole
dopants may arise from the different sizes of local magnetic
droplets. Additional microscopic measurements such as NMR
will be important to prove the presence of magnetic droplets
in the Zn-doped CeRhlns, as was reported in the Cd-doped
CeColns [17-19].

IV. SUMMARY

In summary, we successfully synthesized Zn-doped
CeRh(In;,Zn,)s in the doping range from x = 0 to 0.023.
The x-ray powder-diffraction study showed that the lattice
parameters and unit-cell volume decrease with an increas-
ing Zn-doping concentration, indicating the positive pressure
effect. Electrical resistivity, specific heat, and magnetic sus-
ceptibility measurements showed that the antiferromagnetic
ordering temperature is initially suppressed, becoming nearly
constant between Zn concentrations of 0.012 and 0.017.
With a further increase in Zn doping, 7y increases at Zn
concentrations higher than x = 0.017. The magnetic suscep-
tibility of Zn-doped CeRhlIns is enhanced with an increase
in the doping concentration, and the kinklike feature at Ty
turns into a sharp lambdalike peak. However, the magnetic
susceptibility (x) of the Sn-doped compounds is suppressed
with an increase in the doping concentration. When combined
with the anticorrelation between Ty and the unit-cell volume,
the contrasting results observed for the Sn and Zn dopants
suggest that changes in the electronic structure surround-
ing the local dopants are more important than the chemical
pressure effects in controlling the competing ground states.
The synthesized heavy-fermion compound CeRh(In;.,Zn,)s
will stimulate more studies on the electronic structure and
pressure-tuning effects to explore the mechanism of the com-
peting ground states emerging in heavy-fermion systems.
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