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The heavy-fermion compound CeRhlns can be tuned through a quantum critical point, when In is partially
replaced by Sn. In this way additional charge carriers are introduced and the antiferromagnetic order is
gradually suppressed to zero temperature. Here we investigate the temperature-dependent optical properties of
CeRh(In;_,Sn,)s single crystals for x = 4.4%, 6.9%, and 9.8%. With increasing Sn concentration the infrared
conductivity reveals a clear enhancement of the c-f hybridization strength. At low temperatures we observe
a non-Fermi-liquid behavior in the frequency dependence of the scattering rate and effective mass up to
approximately 50 meV in all three compounds. In addition, below a characteristic temperature 7* ~ 10 K,
the temperature-dependent resistivity p(7') follows a log7 behavior, typical for a non-Fermi-liquid. The
temperature-dependent magnetization also exhibits anomalous behavior below 7*. Our investigation reveal that
below T* the system shows a pronounced non-Fermi-liquid behavior and 7* monotonically increases as the

quantum critical point is approached.
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I. INTRODUCTION

Quantum phase transitions in strongly correlated electron
systems have been studied intensely for decades, where most
candidates are found among high-T7, superconductors, organic
conductors, heavy fermions, etc. [1-4]. However, the uncon-
ventional response of systems near the quantum critical point
is rather complicated and not yet fully understood [5,6]. In this
context, the heavy-fermion metals are an excellent playground
for exploring quantum criticality and non-Fermi-liquid be-
havior owing to their easy phase tunability by nonthermal
parameters, such as magnetic field B, external pressure P,
or chemical substitutions x. Heavy-fermion compounds con-
tain a lattice of quasiparticle states formed by hybridization
between localized magnetic moments from the f orbitals of
heavy elements and the surrounding conduction electrons.
The resulting Fermi liquid state formed below a characteristic
temperature T;on gains an effective mass much larger than the
free-electron mass [7,8]. In addition, the competition between
the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction be-
tween local moments and the Kondo interaction between the
local moments and itinerant carriers commonly results in a
complex phase diagram for these correlated electron systems.

The compound investigated here, CeRhlns, belongs to the
1-1-5 heavy-fermion family CeM1Ins (M = Co, Rh, In), which
have a quasi-2D lattice structure with an alternating layer of
Celnz and MIn, planes stacked along the tetragonal ¢ axis.
This arrangement induces strong interaction among the in-
plane Ce ions [9]. CeRhIns undergoes an antiferromagnetic
(AFM) transition at Ty = 3.8 K [10] that is gradually sup-
pressed by moderate external pressure and vanishes around
2 GPa [11,12]. Simultaneously a superconducting state ap-
pears that reaches its maximum transition temperature 7. =
2.2 K at P &~ 2.5 GPa. Superconductivity coexists with the
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AFM order [13-15] and there are reports that traces even
extend down to ambient pressure with 7. < 0.1 K[10,16]. The
phase co-existence around the critical point makes CeRhlns
an interesting heavy-fermion system to study the intriguing
relation between the AFM quantum criticality and the uncon-
ventional superconductivity [17-21].

In addition, non-Fermi-liquid signatures are investigated
by magnetic, thermodynamic, and transport measurements
where hydrostatic pressure and Sn doping allows tuning
through the transition [22-25]. The substitution of Sn for In
corresponds to electron doping and acts as a positive pressure
in the phase diagram. Increasing x in CeRh(In;_,Sn,)s grad-
ually suppresses Ty until a critical concentration around x =
7%, where the magnetic transition vanishes [26-28]. Here
the superconducting phase exists around the quantum criti-
cal point (QCP) and appears only under the application of
external pressure P. Upon doping the system always remains
normal under ambient conditions, but now it becomes super-
conducting already at comparably lower values of P [18,21].
For that reason, the antiferromagnetic QCP can be studied at
ambient pressure without being affected by superconductivity.
Since Sn has an extra p electron compared to In, the density
of state of conduction electrons increases with increasing Sn
substitution, consequently enhancing the c-f hybridization.
This leads to a monotonic suppression of the magnetic order
and enhancement of the Kondo interaction.

Here we investigate the behavior of the massive quasi-
particles in the vicinity of the antiferromagnetic QCP.
Besides temperature-dependent transport and magnetic mea-
surements, we utilize infrared optical spectroscopy which
is a very powerful tool to study the frequency-dependent
response of collective excitations in heavy-fermionic mate-
rials since the energy corresponds to the hybridization gap.
This way we can probe the excitations across the hybridized
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bands and the quasiparticle excitations near the Fermi level
that occur with the formation of a coherent state [29-31].
At elevated temperatures, the optical conductivity of heavy-
fermionic compounds is analogous to that of simple metals
and can typically be described by the Drude model
Odc )
1+ iwt’
which depends on the dc conductivity oy and the carrier re-
laxation time 7 [32]. In the coherent state the electrodynamics
is characterized by the emergence of a mid-infrared (MIR)
peak that provides direct information on the magnitude of the
hybridization strength V, which is related to the energy gap
corresponding to the Kondo temperature Tx and the width
of the conduction band W through Eyr =~ 2V o /TxW.
Concomitantly, the Drude peak, representing the intraband
response, is strongly reduced in width. The narrow Drude
peak that forms below the coherent temperature T, owing
to the emerging heavy-fermion quasiparticles, has a renor-
malized heavy effective mass m* and a long relaxation time
¥ [32-35]. By closely inspecting the c-f hybridization in
CeRh(In;_,Sn,)s, we can reveal the effect of Sn doping on
the coherent phenomenon. Using the extended Drude model
we determine the frequency-dependent scattering rate and
effective mass [32,36]:

6(w) = o1(w) +iox(w) =

A
M) = & = s (22)
m (@) @) oy(w)/w @b)

my 4w 6@’

where the plasma frequency > = 4wNe?/mj, with N the
carrier density and m,, the band mass, which is also related to
the integration of o;(w) over frequency, the optical spectral
weight via [ o1(w)dw = wf,/S. Heavy fermions are known
as model systems that in general obey Landau’s Fermi liquid
theory with a temperature and frequency dependent scattering
rate I'(T, w) o« 2kT?) + (fiw)*; however, deviation can
occur in proximity to the QCP where coupling to itinerant spin
fluctuations may cause a week Kondo screening [37—41].

In the present work, we explore the quantum critical regime
of Sn-doped CeRh(In;_,Sn,)s. We observe that the antiferro-
magnetically ordered state in x = 4.4% is suppressed toward
x = 9.8%, where the heavy-fermionic nature strengthens with
an enhanced hybridization as inferred from infrared optical
conductivity. The fingerprints of the QCP-influenced non-
Fermi-liquid (NFL) nature of these compounds is noticed
from temperature-dependent resistivity and magnetization
data, in addition to an observed anomalous enhancement of
NFL temperature regime with increasing Sn concentration.

II. EXPERIMENTAL DETAILS

Single crystals of CeRh(In;_,Sn,)s were synthesized by
the In-flux method, as described elsewhere [26,27]. With the
help of energy-dispersive x-ray spectroscopy the obtained Sn
concentration was determined as x = 4.4%, 6.9%, and 9.8%.
The infrared reflectivity of polished crystals of approximately
3x3 mm? reflecting planes was measured in the frequency
range from 80 cm™' to 20 000 cm™' (note: 8065 cm™!
corresponds to photon energy of 1 eV) as a function of

temperature from 77 = 300 K down to 10 K. The far-infrared
reflectivity measurements were performed using a Bruker IFS
66v spectrometer and a custom-built cryostat. The gold over-
coating technique was applied to obtain the absolute value
of reflectivity. In addition, we employed a Bruker Vertex
80v attached to a Hyperion IR microscope for the mid- and
near-infrared range w/(2c) > 650 cm~!; here the sample
was freshly evaporated by gold as a reference. The optical
conductivity is calculated via the Kramers-Kronig analysis
with a Hagen-Ruben extrapolation below 80 cm™! and x-ray
scattering function for the high-energy region [42].

The magnetic properties of the crystals were measured
as a function of temperature in a superconducting quantum
interference device (SQUID) magnetometer (M/S Quantum
Design) with the external magnetic field B = 0.2 T perpendic-
ular to the ab plane. The temperature dependence of resistivity
was probed by the standard four-point technique in a helium-
bath cryostat down to 2 K.

II1. RESULTS AND DISCUSSION
A. Optical properties

Figure 1 shows the temperature-dependent reflectivity
of CeRh(Sn;_,In,)s with Sn concentrations of x = 4.4%,
6.9%, and 9.8%, respectively. The high metallicity of these
heavy-fermion compounds is evident from their high reflec-
tivity, which approaches unity toward low frequencies. The
low-frequency absorption indicates the formation of the hy-
bridization gap, which develops as the MIR peak in the optical
conductivity.

Figure 2 displays the temperature-dependent optical con-
ductivity of Sn-doped CeRhlns at three concentrations. All
compounds possess a highly metallic nature in accord with
the notably large dc conductivity values that reach the order of
10* (2 cm)~!. A weak hybridizing nature of pristine CeRhlIns
is reported previously [43-45]; the behavior resembles other
magnetically ordered heavy-fermion compounds like Celnj
due to weak Kondo coupling [31,40,46]. The hybridization
gap in 0} (w) forms at significantly lower energy compared to
other strongly hybridizing compounds such as CeColns [47].

The high-temperature optical response is dominated by
the broad Drude behavior of the conduction electrons. With
decreasing temperature, a hybridization gap is formed re-
sulting in the emergence of a MIR peak due to excitation
across the hybridization gap; the feature is modeled by a
Lorentzian absorption as demonstrated by the blue area in
the insets of Fig. 2. The excitations close to the Fermi sur-
face due to the heavy-fermion quasiparticles are modeled
by a Drude term represented in the green-shaded region of
these insets. This feature is observed below 30 K, and be-
comes more prominent at 7 = 10 K. For the compound with
4.4% of Sn, the hybridization gap opens around 30 K. The
spectra exhibit a distinct character between high and low
temperatures; in addition, the weak peak forming at low
frequency around 350 cm~! implies a small hybridization
in CeRh(Ingogs6Sn0.044)5. In contrast, the x = 6.9% sys-
tem shows well-defined features with a MIR band around
450 cm~!. For the largest Sn doping (x = 9.8%) the gap opens
most prominently and there is a broad MIR peak centered
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FIG. 1. The temperature-dependent reflectivity of

CeRh(Sn;_,In,)s with Sn concentrations of x =4.4%, 6.9%,
and 9.8%, respectively. The inset shows the low-frequency
reflectivity for 7 = 10 K and 300 K on a logarithmic scale; the
Hagen-Rubens extrapolation below 80 cm™! is indicated by dashed
lines.

around 550 cm~!. For T > 30 K no characteristic feature is
present in the MIR.

In Fig. 3 the optical conductivity of the three compounds
is compared for 7 = 10 K. With increasing Sn concentra-
tion a clear shift of Eygr to higher energies is observed.
When describing the spectra by Drude and Lorentz terms,
as illustrated in the insets of Fig. 2, there is a pronounced
redistribution of spectral weight as the Sn doping increases
(inset of Fig. 3). The Drude contribution becomes narrower
because the scattering rate is reduced with a larger amount of
Sn. The local moments are better screened by the conduction
electrons giving rise to a coherent scattering from heavy-
fermion quasiparticles. This is also indicated by a reduced w),
in the order 31, 29, and 19x10° cm™!, with increasing Sn
concentration. For 4.4% of Sn the MIR peak is comparatively
narrow, while it broadens for x = 9.8%. Correspondingly, the
conduction band gets wider because more f electrons con-
tribute to the itinerant charge carriers. Since Eypr depends
on the conduction band width, also the hybridization becomes
stronger. Our results provide evidence that CeRh(In;_,Sn,)s
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FIG. 2. Real part of the optical conductivity of CeRh(Sn;_,In,)s
obtained from reflectivity measurements at different temperatures,
with Sn concentrations of x = 4.4%, 6.9%, and 9.8%, respectively.
Note the different ordinates. The insets demonstrate how the 10 K
spectra can be modeled by Drude and Lorentz terms. The MIR
feature that characterizes the formation of heavy fermions develops
below 30 K, which gets more prominently broadened toward 9.8%
Sn concentration.

is in an only weakly hybridized state for Sn concentra-
tion of x = 4.4% while it becomes strongly hybridized for
9.8% of Sn substitution. Here the hybridization is compara-
ble to the pristine CeColns, where the MIR peak occurs at
600 cm~! [48]. The x = 9.8% compound exhibits a hybridiza-
tion similar to the one obtained by applying 2 GPa external
pressure [45].

The frequency-dependent scattering rate and effective mass
were calculated using the extended Drude model [40] given
in Egs. (2). The scattering rate I'(w) displayed in Fig. 4(a)
exhibits a pronounced frequency dependence at low energies
which are caused by many-body effects due to the c-f
hybridization. For all compounds, the scattering rate increases
with frequency and shows a hump, before it basically saturates
at high frequencies. This behavior in the scattering spectrum
is caused by transitions across the hybridization gap, reducing
the effect of scattering. The hump is interpreted as the gap in
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FIG. 3. Comparison of the low-temperature conductivity of
CeRh(In;_,Sn,)s with x = 4.4%, 6.9%, and 9.8%. The arrows il-
lustrate the evolution of Eyjr with increasing Sn concentration
indicating an enhancement of ¢-f hybridization strength. The inset
presents the transfer of spectral weight from the Drude to the Lorentz
component with increasing Sn concentration.

the optical conductivity [38]. The large scattering rate at high
frequencies is related to scattering of itinerant electrons by
the Ce 4f localized moments. The maxima in the scattering
rate shift to higher energies with doping. These maxima
correspond to the frequency where the enhancement of the
effective mass m*(w) starts [Fig. 4(b)]. Interestingly, the
scattering rate of the compound with 9.8% Sn doping is
the lowest. At 7 = 10 K the compounds are in a coherent
regime and the low-frequency scattering depends on electron
scattering from spin fluctuations rather than scattering from
ions. At low frequencies the scattering rate follows an
almost linear frequency dependence I'(w)  w indicating
a non-Fermi-liquid behavior for all three compounds at
T =10 K. Also, the effective mass is strongly enhanced
at low temperatures. Figure 4(b) shows a pronounced
low-frequency divergence that starts around 200 cm~'. The
behavior of m*(w)/m does not saturate for w — 0, which
might indicate scattering from critical fluctuations.

B. Transport and magnetic properties

Further information on the non-Fermi-liquid behavior can
be obtained from resistivity and magnetization measurements
that reveal the detailed temperature-dependent properties near
the QCP. For all three compounds, the resistivity o(7T)
presented in Fig. 5(a) drops sharply below the coherence
temperature T, because of coherent scattering due to the for-
mation of a Kondo lattice. The coherence temperature is found
to be around 30 K for x = 6.9% and 9.8%, while it is around
14 K for 4.4% of Sn; this is the region where we see a sharp
drop in resistivity, and the susceptibility appears to saturate.
The low-temperature resistivity is plotted in Figs. 5(b)-5(d)
using log-log scales in order to examine power-law be-
haviors. For the three Sn compositions, 4.4%, 6.9%, and
9.8%, a power law p(T) o< T" is found up to 7* ~ 5.5 K,
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FIG. 4. (a) The frequency-dependent scattering rate I'(w) of
CeRh(In;_,Sn,)s reveals a linear @ dependence indicating a non-
Fermi-liquid behavior. The dotted lines represent I' o< w for the three
compositions. (b) The corresponding frequency-dependent effective
mass m*(w) diverges at low frequencies.

7.5 K, and 25 K with exponents n = 0.4, 0.058, and 0.12,
respectively. Such a sub-T linear dependence has been
reported previously [20]. It is interesting that below the
crossover temperature 7%, p(7T') follows a single power law
down to the lowest measured temperature. This deviation from
Landau’s T2 behavior provides strong evidence that these
compounds are close to a QCP. Above these temperature,
the materials obey a Fermi liquid behavior, above the region
indicated by arrows in the T2 presentation of the upper and
right axes in Figs. 5(b)-5(d).

The temperature dependence of the magnetic susceptibility
in the temperature range from 7 = 2 to 300 K is displayed
in Fig. 6. At high temperature, the susceptibility follows a
Curie behavior due to local moments originating from Ce
ions. Details of the high-temperature behavior have been
extensively discussed in earlier reports [27]. Generally for
heavy-fermion systems the saturation of the susceptibility
reflecting the Pauli paramagnetism evidences Fermi liquid
behavior caused by the Kondo screening effect, where the
localized magnetic moments are screened by the itinerant
electrons. The susceptibilities of the three samples nearly
merge at high temperatures, but the curves significantly de-
viate from each other at low temperatures. The magnitude
of x monotonically decreases with increasing Sn substitution
indicating that the increase in c-f hybridization favors the
Kondo screening of the local moments, and hence results in
a reduced magnetization at low temperatures.

In the following, we will focus on the temperature de-
pendence of the susceptibility at low temperatures, which
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FIG. 5. (a) Normalized resistivity for three compounds indicat-
ing a drop in resistivity with the formation of Kondo lattice and
a sharp drop around the coherent temperature Tion. (b)—(d) Low-
temperature resistivity of CeRh(In;_,Sn,)s. The left and lower axes
use logarithmic scales. The upper and right axes correspond to a p(T")
vs T? representation. The arrows indicate the lower-temperature limit
of the Fermi liquid behavior, where p(T) o T? is observed.

is plotted in Figs. 6(b)-6(d). In the case of x = 4.4% the
susceptibility slowly increases upon cooling down to 7* ~
5 K, and then it starts to decrease showing a shallow max-
imum. Around T =2 K, x(T) exhibits a sharp peak that
corresponds to the AFM transition, confirming earlier reports
[27]. For x = 6.9% the susceptibility tends to saturate and
finally shows a weak divergence at very low temperatures; the
shallow maximum occurs around 7* ~ 10 K. For the higher
Sn doping under inspection here, x = 9.8%, the susceptibility
goes through a broad maximum at 7* =~ 20 K and a minimum
around 8 K before it diverges rapidly at low temperatures.
In the inset of Fig. 6(a) the divergence of x(T') is compared
for x = 6.9% and 9.8% for T < 8 K. Here, we plot the sus-
ceptibility increase Ax(T) = x(T) — x(0) as a function of
temperature where x(0) is the value at the temperature just
above the rise. Although we cannot present a definite explana-
tion, we note that such anomalous temperature dependence of
the susceptibility has been observed due to Kondo screening
of the magnetic moments below the Kondo temperature [49].
On the other hand, a similar temperature dependence of x (7")
was seen in YbRhSi, where the evolution of quantum critical-
ity was investigated upon chemical pressure [50]. Signatures
of a Kondo breakdown were observed within the magnetically
ordered state. When the Kondo effect vanishes the f states
become localized near the QCP, resulting in a Fermi surface
reconstruction. In the parent compound YbRhSi,, the Kondo
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FIG. 6. (a) Magnetic susceptibility as a function of temperature
for different Sn concentrations in CeRh(In;_,Sn,)s. With increasing
x the susceptibility drops in magnitude and a saturation is observed
as heavy-fermion quasiparticles form. The inset shows a rise in sus-
ceptibility for Sn 6.9% and Sn 9.8%. (b)—(d) Temperature-dependent
susceptibility of CeRh(In;_,Sn,)s with x = 4.4%, 6.9%, and 9.8%.
No clear saturation is found at low temperatures. For 4.4% of Sn
an antiferromagnetic transition is seen at 2 K. An anomaly-like
hump broadens and shifts to higher temperature with increasing Sn
concentration.

breakdown is believed to occur at the QCP, and chemical
pressure in terms of doping induces a separation of Kondo
breakdown and the QCP. Previous experiments [26] have ob-
served a similar weak divergence of the spin susceptibility
in Sn-doped CeRhlns and related it to the localized/itinerant
crossover. Such anomalous behavior needs further attention
covering even lower temperatures.

IV. CONCLUSIONS

We have performed infrared optical experiments and
electrical resistivity and magnetic susceptibility measure-
ments to probe the hybridization gap and examined the
non-Fermi-liquid properties of the heavy-fermionic com-
pound CeRh(In;_,Sn,)s with different concentrations of
Sn: x =4.4%, 6.9%, and 9.8%. The buildup of a mid-
infrared peak in the optical conductivity observed in all
compounds below 7 = 30 K reveals the formation of a hy-
bridization gap. The energy related to the gaps shifts to
higher frequencies with doping revealing a clear enhance-
ment of the hybridization strength. At low temperatures
(T =10 K) all three compounds exhibit a frequency-
dependent scattering rate I'(w) with a linear increase up to ap-
proximately 400 cm ™', indicating increasing spin fluctuations
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upon approaching the quantum critical point. Concomitantly
the frequency-dependent effective mass m*(w) does not sat-
urate for lowering the frequency. The magnetic susceptibility
reveals antiferromagnetic order below 2 K for 4.4% Sn. At
higher concentrations, x = 6.9% and 9.8%, x(T) increases
below T'=3 K and 6 K, respectively. This effect may be
linked to the proximity to the quantum critical point. We also
see an anomalous hump in x(7) that broadens and moves
to higher temperatures upon doping. The low-temperature
resistivity behaves in a non-Fermi-liquid manner; this effect
is present up to 25 K for the compound with the highest
Sn concentration. It should be pointed out that below this
temperature, I'(w) & o up to a limit of about 400 cm ™!, which

is more than an order of magnitude higher in energy, provid-
ing strong evidence for nonthermal fluctuations. Our optics,
resistivity, and magnetism results complement each other to
conclude that the origin of the observed anomalous behavior
in these compounds is due to the vicinity of a quantum critical
point.
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