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Kondo effect in the charge-density-wave state of Lus_,Yb,Ir,Si;,
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Luslr,Sij is an established charge-density-wave (CDW) compound (7¢py=83 K) which undergoes super-
conducting transition (SC) at low temperatures (7¢-=3.9 K), leading to the coexistence of CDW and SC. On
the other hand, Ybslr,Sio is a Kondo lattice compound that shows possible CDW transition below 48 K. In
this study, we explore the influence of small Yb substitution for Lu in the series Lus_, Yb, Ir4Sijo. Our obser-
vations indicate a decrease of both T-py and T with the increase of Yb content, with the evidence of a
Kondo-like response below the CDW transition at low temperatures. Thus, one has a unique opportunity to

study the Kondo effect in a CDW lattice in this system.
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Rare earth ternary silicides of the type Rslr,Si;y, which
adopt tetragonal structure, have led to a large number of
studies due to their unusual ground states.'~'> Even though
the crystal structure does not have any explicit low dimen-
sional features, many members of this family exhibit coex-
istence of charge-density-wave ordering (CDW) with
superconductivity'*3 (SC) or antiferromagnetism (AFM) de-
pending on the nature of the rare earth ion.>*%7 Recently, it
has been established that the Kondo lattice compound
YbslIr,Siyy (ScsCo,Sij structure, P4/mbm) exhibits possible
CDW below 48 K, with antiferromagnetic ordering of Yb**
moments below 2.3 and 1.1 K, respectively.® Prior to the
above result, investigations1 revealed the coexistence of
CDW transition (T¢cpy=83 K) with superconductivity
(Tepw=3.9 K) in Luslr,Si;,, and coexistence of AFM with
CDW in Erslr,Sijo.® It has been stated in an earlier study>?
that the series of Rslr,Si; compounds offers a new and ex-
tremely convenient paradigm with which to study strongly
coupled CDW and coexisting superconductivity or
magnetism.%~'? Unlike in the established conventional CDW
compounds, Fermi surface studies in Rslr,Sij, are not suc-
cessful. However, the presence of a CDW gap seen!® in
LusRh,Si;, via optical conductivity measurements and the
observation of nonlinear transport in incommensurate
ErsIr,Si;o (Ref. 14) strongly suggest the presence of CDW in
RslIr,Siy series.

It is well known that a small amount of disorder sup-
presses the CDW with the concomitant increase of the SC
transition temperature.9 At the same time, it is also well es-
tablished that the Kondo effect affects the superconductivity.
In order to understand single ion Kondo behavior in super-
conducting CDW materials, we have investigated the effect
of the influence of Yb substitution for Lu in the polycrystal-
line samples of the series Lus_, Yb,Ir,Si;o. The series were
prepared by first making LuslIr,Si;, in an arc furnace. The
constituent elements (Lu, Yb, and Ir: 99.9%; Si: 99.999%)
were taken in stoichiometric proportion and arc-melted on a
water cooled copper hearth under a Ti gettered, high purity
argon atmosphere. The resulting ingot was flipped over and
remelted 5-6 times to promote homogeneous mixing. The
resulting compound was a homogeneous alloy which, again,
was remelted with Yb with 5% excess to compensate for the
weight loss. We have measured the resistivity, susceptibility,
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and heat capacity of a number of samples of this series. All
the samples (x=0.0, 0.02, 0.05, and 0.07) have the expected
ScsCo0,Si structure as determined from powder x-ray dif-
fraction. Our combined bulk studies reveal the decrease of
CDW ordering due to the Yb substitution with a Kondo-like
response at lower temperatures (<4 K). The superconduct-
ing transition temperature is also progressively reduced with
the increase of x in Lus_, Yb Ir,Si,o. The structure of the unit
cell of Rslr,Sijq is shown in Fig. 1. One of the interesting
structural features of this compound is the absence of direct
transition-transition metal contacts. The transition metal at-
oms are connected to each other either through a R or Si
atom. One can observe that R has three inequivalent sites.

RS Il'4 Silo

FIG. 1. (Color online) The crystal structure of Rslr4Si;q which
consists of 2 f.u. with 38 atoms in the unit cell. The unit cell has
three types of R atoms with position symmetry 2a, 4k, and 4h three
types of Si atoms with position symmetry 4g, 8i, and 8;j; and one
type of Ir atom with position symmetry 8i. The R1 site (2a sym-
metry) atoms can be visualized to be forming linear chains along
the ¢ axis.
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FIG. 2. The temperature vs resistivity [p(7)] dependence of
Lus_, Yb, IrySi;o samples with x=0 and x=0.07. The CDW and SC
transitions are shown. Presence of possible Kondo-like behavior for
x=0.07 is also indicated.

The Ir and Si atoms form planar nets of pentagons and hexa-
gons which are stacked parallel to the basal plane and con-
nected along the ¢ axis via Ir-Si-Ir zigzag chains. The penta-
gon and hexagon layers are separated by layers of R. The
distances between Ir and Si as well that of Ir and Ir are short,
indicating strong covalent interaction. Preliminary band
structure studies suggest that zigzag chains and linear chains
(formed by rare earth atoms occupying R1 sites with position
symmetry 2a) probably play a crucial role in the formation
of the CDW state in these compounds. Figure 2 shows the
typical temperature vs resistivity [p(7)] dependence of
Lus_, Yb,Ir,Si;q samples with x=0 and x=0.07. The sample
with x=0 displays the CDW transition below 83 K and su-
perconductivity at 3.9 K, which are in agreement with earlier
data.! In the case x=0.07, one observes the presence of the
CDW and superconductivity at lower temperatures compared
to those of the x=0 sample. The resistivities of other Yb
substituted samples have similar temperature dependence as
the x=0.07 sample, with T¢py and T decreasing with in-
crease of x in Lus_, Yb,Ir,Sijo. In the case of x=0.07, both
CDW and SC are decreased (Tcpy from 83 to 69 K, and T
from 3.9 to 1.5 K). Though the amount of substitution is sig-
nificant (>1 at. % of Lu by Yb), the reduction in the transi-
tion temperatures is not large. In the case of CDW, the small
reduction in Tpy with substitution of the rare earth ion has
been a feature of this series (possibly the chain sites respon-
sible for the CDW are not directly affected by the
substitution).>!>1® In the case of SC, the Kondo impurity
(Tx=5 K) should have reduced T considerably since val-
ues of Tk and T are quite close. In general, magnetic impu-
rities in the Kondo limit cause spin flip scattering of conduc-
tion electrons through antiferromagnetic coupling. This
scattering breaks the copper pairs in conventional supercon-
ductors and even suppresses the superconductivity in the
presence of small concentration of magnetic impurities.!”
This suppression of superconductivity takes place due to the
reduction of the electronic density of states at the Fermi
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FIG. 3. The low temperature resistivity [p(7)] dependence of
Lus_, Yb Ir,Si;o samples with x=0.07 at zero applied magnetic field
(Y1 axis, right hand side) and the same sample at 2 T (Y axis, left
hand side) are shown. The superconductivity at 1.5 K in the ab-
sence of field is quenched at 2 T, and the Kondo-like behavior is
evident. The solid line in the p(T) data for 2 T is a fit to the equa-
tion described in the text. The line connecting the superconducting
transition to the right is a guide for the eye.

level. If one uses the standard Mueller-Hartman—Zittartz
model,'? the estimated T would be well below 1 K even for
x=0.02. However, the system under study has an underlying
CDW state. We wish to recall here that the decrease of Tpy
would result in the increase of T, since both phenomena
compete for the same Fermi surface. In the present system,
the Kondo effect due to Yb reduces the electronic density of
states, thereby reducing 7, while the reduction in T¢py en-
hances T. Therefore, in the present scenario, Yb impurities
are not very effective in the reduction of T, in
Lus_, Yb,Ir,Si;o. The low temperature resistivity data (shown
in Fig. 3) of the sample with x=0.07 down to 0.2 K in a field
of 2T (to quench the superconductivity) clearly shows a
Kondo-like response in p, with an increase of p(T) down to
0.2 K as compared to normal state behavior of p(T) of
LusIr,Si;, (data not shown). The low temperature resistivity
could be fitted to a simple expression p(T)=p[1—-(T/Tk)*]
+a In(T)+bT", where Ty is the Kondo temperature, and a, b,
and n are constants. The last term for which we obtained n
=2 reflects the lattice contribution. Similar power law depen-
dence of p at low temperature for the normal state has been
observed in A-15 compounds'® due to anomalous electron-
phonon interaction. It is pertinent to recall here that A-15
compounds also have linear chains and exhibit anomalous
low temperature properties.”’’ For the sample with x=0.07,
we obtained py=124.1 uQ cm, a=-0.5 uQ cm/K, and b
=3.0 uQ) cm/K2. We also observed that the resistivity at 8 K
for the doped sample at ambient field decreased by about 5%
when a magnetic field of 2 T was applied. This behavior
clearly points to the Kondo behavior of substituted Yb ions
in the lattice.

The temperature dependence of the susceptibility (shown
in Fig. 4) exhibits a modified Curie-Weiss dependence
[X(T)=xo+C/(T+6p)], with p,;=4.52u which is close to
the free ion value of the Yb** moment. The value of the
Curie-Weiss temperature (6,) is found to be 20 K, which is
much smaller than the value (6p=61 K) reported for the
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FIG. 4. The temperature dependence of the normal state suscep-
tibility [ x(7)] of Luy g7Ybg ¢3Ir4Si;q in applied field of 2 T is shown
in the figure. High temperature data (125 K<7'<300 K) is fitted to
the Curie-Weiss expression (see text). The solid line is the fit. The
inset shows the x(7) of the parent sample Luslr,Si o, which dis-
plays a diamagnetic transition due to the CDW transition.

pure YbsIr,Si;o.® The reason for this discrepancy could be
related to the possibility that intersite interactions could raise
the Tk similar to the one observed in some of the Ce based
alloys.”! The moderately large value of 6 is frequently ob-
served in Kondo systems. Within the Kondo impurity pic-
ture, one can estimate the Kondo temperature using the rela-
tion Tx= 60p/4 as suggested in an earlier review.??

The temperature dependence of the heat capacity (C,) for
the doped sample Luyg3Ybgo7IrsSijg from 1.9 to 110 K is
shown in Fig. 5(c). Figures 5(a) and 5(b) display C,,/T vs T
data at high and low temperatures. From Fig. 5(c), one can
see that the value of the C,, does not change under the appli-
cation of 2 T at high temperatures. However, at low tempera-
tures, one sees a significant change [see Fig. 5(b)]. Figure
5(a) shows the reduction in Ty as Yb is substituted for Lu,
and also we see a significantly large smearing of the CDW
transition unlike the reduction of the jump at Tpy seen with
the other dopants.”!>!6 Notice the jump at the Tcpyy is also
small in YbsIr,Sio,® which is attributed to the correlated
behavior of the Yb ion. Figure 5(c) depicts the C, data from
1.9 to 110 K at ambient and applied field of 2 T. One can
clearly see the absence of any field effect until one reaches a
temperature of 6 K. Below 6 K, there is a significant build
up of the Sommerfeld coefficient y when a magnetic field of
2 T is applied. Even in zero field, the value of the vy is larger
(40 mJ/mol K*> as compared to 23 mJ/molK?> of
LusIr,Si;o).'%% It is well established that Kondo impurities
contribute to the heat capacity, which causes the upturn in C,
at low temperatures. One can calculate the excess specific
heat in the presence of magnetic field since the field does not
affect the C, in the normal state. By estimating the excess
specific heat (after subtracting the heat capacity due to lattice
contribution) as a function of temperature at various fields,
Tk as function of x in Lus_, Yb,Ir,Sij, is listed in Table I
using the models.?*?> The estimated values of Ty from three
measurements are in good agreement, which is consistent
with our assumption of Kondo effect in Lus_, Yb Ir,Sij,. As
emphasized before, both T-py and T, decrease with x in
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FIG. 5. The temperature dependence of the heat capacity of
Lus_,Yb,Ir,Si;( from 2 to 100 K in fields of 0 and 2 T. (a) shows
the high temperature data of x=0.0 and x=0.07, which illustrate the
smearing and reduction of the CDW peak with decrease of Tcpy as
a function of x. (b) displays the low temperature data, which show
an increase of C, with magnetic field, possibly implying the pres-
ence of Kondo effect in the Yb substituted sample.

Lus_, Yb Ir,Siy,, which is also illustrated in Table I.

To conclude, we have shown that dilute Yb behaves like a
Kondo impurity in the LusIr,Si;, lattice, and to understand
the interplay of T¢pyw, T¢, and Tk, more studies spanning the
entire range (x=0-5) in Lus_, Yb,Ir,Si,, are required.

We gratefully acknowledge H. R. Naren and R. S. San-
nabhatti for their assistance in carrying out low temperature
measurements reported in this work.

TABLE 1. Values of T¢py, Tc, and Tk as function of x in
Lus_, Yb Ir,Sijo. The values of Tk have been estimated from mag-
netic susceptibility (y), electrical resistivity (p), and heat capacity
(C,) studies.

Teow Te Tk (x) Tk (p) Tk (Cp)
Concentration of Yb (K) (K) (K) (K) (K)
x=0.0 83 3.9
x=0.02 78 3.0 4.7 5 4.8
x=0.05 73 2.0 4.8 5.5 5.0
x=0.07 69 1.5 5.0 5.9 5.4
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