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We study the evolution of the Kondo effect in heavy fermion compounds, Yb(Fe1—5Coz)2Znao (0<
x < 1), by means of temperature-dependent electric resistivity and specific heat. The ground state
of YbFesZnoo can be well described by a Kondo model with degeneracy N = 8 and a Tx ~30 K.
The ground state of YbCoz2Znao is close to a Kondo state with degeneracy N = 2 and a much lower
Tk ~ 2 K, even though the total crystalline electric field (CEF) splitting is similar for YbFesZnag
and YbCo2Zngo. Upon Co substitution, the coherence temperature of YbFezZngy is suppressed,
accompanied by an emerging Schottky-like feature in specific heat associated with the thermal
depopulation of CEF levels upon cooling. For 0.4< x < 0.9, the ground state remains roughly the
same which can be qualitatively understood by Kondo effect in the presence of CEF splitting. There
is no clear indication of Kondo coherence in resistivity data down to 500 mK within this substitution
range. The coherence re-appears at around x> 0.9 and the coherence temperature increases with

higher Co concentration levels.
I. INTRODUCTION

The RTMsZnyy (R = rare earth elements. TM =
transition metals) series of compounds were discovered
two decades ago, in 1997, They crystallize in a cubic,
CeCraAlyg type structure (space group Fd3m) where R
ions occupy a single crystallographic site. The nearest,
and next-nearest neighbors of R ions are all Zn and thus
varying the transition metal does not significantly alter
the local environment of the R3T. Even though more
than 85% of the atomic constituents are zinc, these com-
pounds exhibit myriad physical properties depending on
the rare earth and transition metal that are involved? .,
When the rare earth element is Yb, there are six closely
related YbT MsZnyy heavy fermion compounds for T'M
= Fe, Ru, Os, Co, Rh, %M. Among these six com-
pounds, YbCosZnyy has the largest Sommerfeld coeffi-
cient, v ~7900 mJ/mol-K2. This value is comparable to
the record holding YbBiPt8, and is more than an order
of magnitude larger than the other members in this fam-
ily, which have v values ranging from 520 mJ/mol K? for
YbFeyZnyg to 740 mJ/mol K? for YbRhyZngo®. The rea-
son behind the dramatic difference between YbCosZnog
and the other five YbT M5Znsy compounds is still not
clear, although band structure calculations reveal that
the 4f level is closer to the Fermi level in YbCoyZnsg
than in YbFeyZnog. Upon Co substitution, the d band
is gradually filled, which is accompanied by a drop in d
band energy™.

Having the largest v value among all the YbT MsZnsyg
compounds, YbCosZny( has been studied intensively ever
since its discovery®. Upon application of pressure, there
is an indication that the heavy Fermi liquid regime can
be suppressed, followed by the appearance of an anti-
ferromagnetic ordering for P > 1 GPall. It has, there-
fore, been argued that YbCosZngyg is close to a quan-
tum critical point (QCP)Y . Similar suppressions of
Fermi liquid regime under pressure were also observed
for TM = Fe/Rh/Ii*#4 In the case of YbFeyZna,
v = 520 mJ/mol K2, and is thus likely to be further

away from a QCP in terms of the Doniach diagram, in-
deed, a much higher critical pressure, around 10 GPa
was proposed in order to reach a QCP. With an ef-
fective negative pressure induced by Cd substitution, the
hybridization between Yb3+ 4f electrons in YbFesZnog
and the conduction electrons becomes weaker'®, Apart
from pressure induced ordering, metamagnetic transi-
tions were reported for YbCosZngg at high magnetic
fields™@19 CEF schemes for YbCosZnsy have been pro-
posed based on specific heat and anisotropic magneti-
zation measurements. The first and the second excited
CEF levels are around 10 K and 25 K above the ground
state doublet?®21 Inelastic neutron scattering measure-
ments show some excitations that might be related to
these proposed CEF schemes??. Experimentally, band
structure had only been reported for YbCosZngy via
quantum oscillations?3, with heavy ground state being
strongly suppressed by increasing field. In a zero field
limit, the mass of the quasiparticles was extrapolated to
be 100-500 times the free electron mass.

Given that (i) the first and second nearest neighbors
of Yb?*t in YbTMyZnyy do not have TM and (ii) as
TM changes from Fe to Co the values of Tk and =
change by an order of magnitude, it is of interest to
see how the strongly correlated electron state evolves in
Yb(Fei_,Co,)aZngg for 0<x<1. In this paper, we report
the temperature-dependent resistivity and specific heat
data on 19 members of the Yb(Fe;_,Co,)2Zng series
and track the effects of band filling and disorder on the
coherence and Kondo temperatures as well as amounts of
entropy removed by thermal depopulation of CEF levels
versus Kondo state.

II. EXPERIMENTAL METHODS

Single crystals were grown using a high temperature
solution growth technique®®. The starting molar sto-
ichiometry was Yb:TM:Zn = 2:4:94. Bulk elemental
material (Yb from Ames Laboratory Material Prepa-
ration Center (99.9% absolute purity); Fe (99.98%),



Co (99.9+%) and Zn (99.999%) from Alfa Aesar) were
packed in a frit-disc crucible set?® and sealed in a silica
tube under ~0.25 bar of Ar atmosphere. The ampoule
assembly was then heated up to 900 °C over three hours;
dwelt at 900 °C for 10 hours and then cooled to 600 °C
over 100 hours. At 600 °C, the remaining Zn rich solution
was decanted from the crystals that formed on cooling.
Samples were cut and polished so that magnetic field is
applied along the [111] crystallographic direction. Resis-
tivity was measured using a standard 4-probe technique
in a Quantum Design (QD) Physical Property Measure-
ment System (PPMS). Epotek-H20E silver epoxy was
used to attach Pt wires onto the samples. Specific heat
was measured using a QD PPMS. A dilution refrigera-
tor option or a 3He option was utilized to perform mea-
surements down to 50 mK or 500 mK. Elemental analy-
sis was performed via wavelength dispersive spectroscopy
(WDS) using an electron probe microanalyser of a JEOL
JXA-8200 electron microprobe.

I1II. EXPERIMENTAL RESULTS

Fig. [1] shows the WDS determined Co concentration
as a function of nominal Co concentration. Although
the average value of the WDS determined concentration
changes close to linearly with the nominal concentration,
in the middle of the substitution range, the variation of
the substitution level is large. The variation is based on
WDS results measured at different spots on the sample
as well as different samples in the same batch. Near the
two ends of the series, the variation in substitution level
is significantly smaller. The Co concentrations that are
used to denote each batch of sample in the following text
are the averaged values of measured concentrations.

Fig. shows the temperature-dependent resistivity
data of Yb(Fe;_,Co,)2Znsg on semi-log plots. Fig. Pfa)
shows data closer to the pure YbFesZngy side. At x
= 0, the resistivity of YbFeyZnsy shows a broad shoul-
der at ~ 40 K, after which it goes into a Kondo coher-
ence. At low-temperature, YbFesZnog manifests a 72
temperature-dependence with the coefficient of T? resis-
tivity, A = 0.054 uQ cm/K2[6]. As the Co concentration
increases, the resistivity value at 300 K increases, most
likely results from increasing amount of scattering due
to chemical disorder (i.e. Fe/Co). In addition, the tem-
perature at which resistivity starts to decrease, after the
low temperature shoulder or local maximum, gradually
shifts to lower temperatures, indicating a lowering of the
Kondo coherence temperature. At x = 0.064, the low-
temperature resistivity still follow a T2 behavior with A
= 0.113 2 cm/K2. This value doubles the value for
YbFeyZngg (x = 0). The A coefficient keeps increasing
with Co concentration: ~0.173 uQ em/K? for x = 0.129
and ~0.197 uQ cm/K? for x = 0.170. At x = 0.375, the
low-temperature resistivity does not show a decrease and
seems to saturate down to 500 mK. As x increases from
0 to 0.375, Yb(Fe;_,Co,)2Zngy evolves from a system
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FIG. 1. Co concentrations determined by WDS as a function
of nominal Co concentration values. Solid squares represent
averaged WDS values. Hollow circle data points show mea-
sured values at different spots of samples. Dashed line is a
guide for the eyes with a slope of 1.

with a clear Fermi liquid signature in transport to one
that does not.

Fig. [2b) shows resistivity data in the middle of the
substitution range (0.375<x<0.875). None of the data
shown have a clear signature of a resistivity drop that
would be associated with a Kondo coherence. For x =
0.628 (blue star) and 0.719 (green dotted circle), the low-
temperature resistivity data show a minor decrease which
is followed by an secondary increase at a lower tempera-
ture. This is reminiscent of what one would expect from
a CEF feature when lowering the temperature depop-
ulates the CEF levels and thus change the degeneracy
participating in the Kondo effect??. However, it is un-
clear at this point if a coherence might be reached for
these substitution levels for temperatures below 500 mK.

Fig. c) presents data close to the pure YbCosZngg
side (0.875<x<1). Black hollow triangles show the resis-
tivity data for pure YbCosZnsyy which are consistent with
the previously reported results®. The resistivity increases
with decreasing temperature below ~50 K, indicative of
a Kondo effect. The drop of resistivity below 2 K is an
indication of Kondo coherence. With a small amount of
substitution of Fe for Co, shown by the blue hollow cir-
cles (x = 0.991) and green hollow squares (x = 0.986), the
temperature at which resistivity starts to drop decreases.
With further Fe substitution, the Kondo coherence sig-
nature in resistivity could not be observed down to 500
mK as illustrated by purple bar (x = 0.957) and red star
data (x = 0.875). Since the coherence temperature of
YbCosZnsg is much lower than that for YbFesZnsg, it
takes less Fe substitution to suppress the coherence tem-
perature of YbCosZnsyg to below 500 mK.

Fig. |3] illustrates the criteria that were used to infer
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FIG. 2. (Color online) Zero-field temperature-dependent resistivity of Yb(Fe1_,Coz)2Znao for a selective of Co concentrations
on semi-log plots. Resistivity of non-magnetic LuFe2Zn2o and LuCo2Zngg are also shown for comparison.

characteristic temperatures for the Yb(Fe;_,Coy)2Znsg
compounds from the resistivity data. The magnetic part
of resistivity was estimated by subtracting a combina-
tion of the resistivity for the non-magnetic LuFe;Znog
and LuCoyZngy with the same Fe/Co ratio. For ex-
ample, in Fig. the non-magnetic part of the resis-
tivity data for Yb(Feg.g3Co0.17)2Znay were estimated as
0.83pruFesZnse + 0.17pruco,znq,- NOte, the estimated
non-magnetic part of the resistivity does not take into
account the disorder scattering introduced by Fe/Co sub-
stitution, which will result in an additional temperature-
independent residual resistivity. The band-filling effect
is also omitted, which may give rise to a slightly differ-
ent temperature-dependence as compared to the current,
linearly interpolated, resistivity values. The temperature
of the maximum in pn,e was tracked as T},q,. For com-
parison, the magnetic part of the resistivity estimated by
subtracting the resistivity of pure LuFesZnyg (blue dia-
monds) and LuCoyZnyg (green triangles) as well as the
resistivity of Yb(Feg g3Coo.17)2Zns (black squares) are
also shown in Fig.[3] The temperatures of the maximum
in all these data sets are similar and consistent. In the
absence of low-temperature data for non-magnetic sub-
traction below 1.8 K, the total resistivity data were then
used to extract characteristic temperatures.

The temperature-dependent magnetic specific heat
data for Yb(Fe;_,Co,)2Zng are shown in Fig. Sim-
ilar to the magnetic part of the resistivity, the specific
heat of LuCosZngg and LuFe;Znyy were used to perform
non-magnetic background subtraction. Quantitatively,
subtracting LuFesZnyy or LuCosZnsg only results in a
<2% difference in the magnetic specific heat value and a
<5% change in characteristic temperature values. There-
fore, for all the doped samples, a consistent non-magnetic
background specific heat of LuCosZnyy was subtracted.

The magnetic specific heat of YbFeyZngy (black
squares in Fig. (a)) can be well explained by a N =
8 Kondo resonance as shown by the brown solid liné?%,
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FIG. 3. (Color online) Temperature-dependent resistivity for
Yb(Feo.s3C00.17)2Zn20 on a semi-log plot. Black squares show
the total resistivity. Red circles show the magnetic part of
the resistivity. Blue diamonds and green triangles represent
magnetic part of resistivity by subtracting the resistivity of
pure LuFesZngo or LuCozZngg (see text). Arrows indicate
criteria for determining T4, from the pp.qg data.

With Co substitution, the Kondo resonance peak moves
towards lower temperature accompanied by a decrease
in maximum value. At x = 0.064, the electronic specific
heat, 7, increases from 520 mJ/mol K2 for YbFeyZnyg®
to 690 mJ/mol K?. With more Co substitution, v in-
creases to ~790 mJ/mol K? for x = 0.129 and ~890
mJ/mol K2 for x = 0.170. Together with the in-
crease in the coefficient of T2 resistivity, the positions of
Yb(Fe;_,Co,)aZngy (x = 0.064, 0.129 and 0.170) on the
generalized Kadowaki-Woods plot gradually move toward
the YbCoyZnyg side® as shown in the inset of Fig. c).
As Co substitution increases further, the single peak in
YbFeyZnyy gradually evolves to two maxima, as a re-



sult of competing energy scale of CEF splitting and the
Kondo effect?”.

In between 0.375<x<0.719, the magnetic specific heat
data show very similar behavior. We keep track of the
two maxima temperatures as Chigh (maxima that locates
at a higher temperature) and Cj,,, (maxima that locates
at a lower temperature) [Fig. [{[(b)]. For x = 0.628, the
specific heat was measured down to 50 mK. An upturn at
below 100 mK was observed and will be discussed later.
With more Co substitution, Cp;4p, starts to move towards
lower temperature.

Fig. c) shows magnetic specific heat data close to
the pure YbCosZnyg side. From a generalized Kadowaki-
Woods plot, the degeneracy that is responsible for Kondo
coherence for YbCosZnsog is in between 2 and 4. The
specific heat can be tentatively understood with a spin
1/2 Kondo resonance with additional contribution from
higher temperature Schottky peak-features due to CEF
splitting2?*2ll. The brown solid line presents the magnetic
specific heat due to a spin 1/2 Kondo resonance?®. It
captures, for the most part, the low-temperature part of
the measured data (black triangles), with differences at
higher temperatures coming from CEF effects, suggest-
ing a doublet CEF ground state. With addition of Fe, the
high-temperature maximum moves towards higher tem-
perature, indicating a small increase of CEF splitting. In
addition, the specific heat data exhibit a slight increase
(for example, x = 0.986) at the base temperature, which
may eventually evolve to the upturn seen for x = 0.628.

IV. DISCUSSION

Summarizing resistive and specific heat features pre-
sented above, we can plot characteristic temperatures of
Yb(Fe;_,Co,)2Zngg as a function of Co concentration,
x. In Fig. [5| the green diamonds and cyan triangles rep-
resent characteristic temperatures inferred from specific
heat data and black circles were inferred from resistiv-
ity measurements. At a gross level, the phase diagram
can be divided into three regions. Two regions are on
the pure YbFesZngy or YbCosZngg sides where the orig-
inal Kondo lattice characteristic temperatures gradually
evolve with Fe/Co substitution. The third region is in
the middle where all feature temperatures are relatively
similar and do not significantly change or evolve with
x. The boundaries between these three regions are not
sharply defined, partly due to a substitution variation,
and partly due to the limitation of temperature-range in
measurements. On the YbFesZny side, the boundary
may be located in between x ~ 0.2 and x ~ 0.4, and on
the YbCosZnyg side, the boundary may be around x =
0.9~0.95.

We first look at the two regions close to the pure
YbFesZnog and YbCosZnsog sides. The crossover from a
high-temperature, single ion regime to a low-temperature
coherent regime can usually be seen and inferred from
temperature-dependent resistivity measurements2%31, In

the coherent regime, the resistivity drops at low-
temperature, becoming a heavy Fermi-liquid state. Both
YbFeyZnoy and YbCosZngg have a heavy Fermi liquid
ground state down to 50 mK as evidenced by linear
specific heat and a T2 dependence in resistivity?“. On
the YbFeyZnyg side, Co substitution suppresses Ty,q. at
roughly 1.8 K/%Co. At x=0.222, the T}, 4, is suppressed
to 3 K. With more Co substitution, 7}, was suppressed
below the base temperature of measurements. A simi-
lar situation happens on the YbCosZngg side. Thuqp 1S
suppressed upon Fe substitution at roughly 1 K/%Fe.
Given a much smaller, initial T},,, value to start with,
the trackable features quickly disappears to below 50 mK.

Magnetoresistance is sometimes used to probe the
Kondo state at low temperature as well32, The single ion
Kondo regime has been theoretically calculated to show
a negative magnetoresistance®3. In the coherent regime,
the compound is essentially a heavy Pauli-paramagnetic
metal. Magnetoresistance therefore is most commonly
positive. The magnetoresistance for YbFesZnoyg is posi-
tive at 1.8 K, which is consistent with a coherent state
(Fig. @ For YbCosZngyg, prior to the metamagnetic
transition, the magnetoresistance is also positive below
0.1 K whereas shows negative magnetoresistance above 3
K934

Magnetoresistance data are shown for various Co con-
centrations at 1.8 K in Fig. [f] Positive magnetoresis-
tances for Co concentrations x < 0.170 suggest a coher-
ence at 1.8 K. Other members (x>0.222) show negative
magnetoresistances that suggest a single ion state. As-
suming that the T},4, is commensurate with coherence
temperature, together with the magnetoresistance data,
the coherence is suppressed on both ends of the phase di-
agram (Fig. . In the middle of the substitution range,
however, no clear indication of coherence could be deter-
mined at 1.8 K.

Specific heat features close to the pure YbFesZnsg and
YbCosZnyq sides evolve gradually with chemical substi-
tution. On the YbFesZngg side, with Co substitution,
Chrigh moves to lower temperature, indicating a lower-
ing of Kondo temperature?®. On the pure YbCoyZnyg
side, where the Kondo temperature is smaller than the
CEF splitting, with Fe substitution, Cp;gs, moves towards
higher temperature, indicating a slight increase of CEF
splitting.

The Kondo coherence feature in specific heat is much
more subtle and under debate. Various models have pro-
posed a decrease of density of states at the Fermi energy
due the formation of coherence®#8, Experimentally, this
decrease of density of states was used to explain the low-
temperature drop in C/T (or v) in different systems,
for example, in CeAlg3#Y  CuCugtl, CeNiyGes?2 and
CeCusSis®Y. However, a feature associated with coher-
ence in specific heat is not always so apparent and is com-
monly missing, for example in YbNisBoC43, YbCuA4,
CeCoGes*? YbAgCu 4947 and CeNigSis2®. A single ion
model based on a Coqgblin-Schrieffer analysis?%28 seems
to describe these Kondo lattice systems very well, even in
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FIG. 4. (Color online) Temperature-dependent magnetic specific heat of Yb(Fe1—5Cogz)2Znyo for a various of Co concentrations.
Solid lines in (a) and (c) represent magnetic specific heat of the Cogblin-Schrieffer model for J = 7/2 and 1/2°**%. The brown
dashed line in (b) represents calculated magnetic specific heat based on a model proposed in Ref. 21 (see text). Green arrows
indicate the criteria for determining Chpignh and Ciow. Inset in (c) is a generalized Kadowaki-Woods plot with N denoting the
degeneracy that is responsible for the Kondo effect?” and data points representing Yb(Fe;_,Co,)2Zn2o (x = 0, 0.064, 0.129,
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FIG. 5. (Color online) Characteristic temperatures as a func-
tion of Co concentration in Yb(Fe1—5Coz)2Zngg. Green solid
diamond and cyan triangle represent specific heat maxima
temperatures at high temperature and low temperature re-
spectively. Black circles represent Tp,q, values extracted from
resistivity data as illustrated in Fig.[3] Arrows at the bottom
indicate samples that were measured resistively but showed no
Trmae down to 2 K (x = 0.426, 0.921) or 500 mK (x = 0.375,
0.875, 0.957). Brown crosses indicate the estimated energy
of excited CEF levels for x = 0.375, 0.628 and 1. The grey
shaded area separates the phase diagram into three regions
as described in the text.

the coherent regime. For YbT MsyZnsq, despite the fact
that coherence emerges in resistivity at low-temperature,
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FIG. 6. (Color online) Magnetoresistance — of

Yb(Fe1—»Cogz)2Zn2 measured at 1.8 K up to 90 kOe.

specific heat can be well captured by single ion Kondo
effectt.

Close to pure YbFeyZngg and YbCosZnsy, it is shown
above that upon Fe/Co substitution, the coherence tem-
peratures on both sides are suppressed. The suppres-
sion of coherence is commonly achieved by substitut-
ing the moment bearing ions with non-moment bear-
ing ions?. In the case of Yb(Fe;_,Co,)2Znzp, moment
bearing Yb-sites are always fully occupied and ordered.
Substituting Fe/Co, however, will inevitably bring in
chemical disorder as well as a change in band filling.



As a consequence of chemical disorder, the decrease in
mean free path of the conduction electrons, as can be
represented by the increase of residual resistivity, may
lead to a suppression of Kondo coherence temperature®?.
This is sometimes also seen in systems with artificially
created defects with irradiation®!. Theoretically, it is
proposed that disorder on the moment-bearing site (f-
site) affects Kondo coherence more efficiently than dis-
order on the conduction-electron sites. To produce the
same suppression of Kondo coherence temperature, en-
ergetically, f-sites disorder need to be equivalent to Tk
whereas conduction-electron sites need to be compara-
ble to the band width of the conduction band, which is
more difficult®®. However, with a change of band fill-
ing due to Fe/Co substitution, disorder in the conduc-
tion electron sites could affect Kondo coherence in these
Yb(Fe;—_,Coy)2Zngy compounds.

The change in band filling due to Fe/Co substitution,
on one hand, could be part of the disorder in conduc-
tion electrons in aforementioned theoretical model. On
the other hand, it may lead to a change in the ratio
of Kondo coherence temperature over Kondo tempera-
ture, T,on/Tx™>. At half-filling, it is proposed that T,
is larger than Tx. Away from half-filling, T.., drops
quickly below Tx®3. It is possible that with changing
band filling, T¢,, decreases from both the YbFe;Znsg
and YbCosZnyy sides, which leaves a clear single ion
Kondo effect with features associated with CEF popula-
tion whereas showing no coherence or a very low coher-
ence temperature. Such an extended range of low T..p
is observed in the middle region of the phase diagram.
A change in band filling may be inferred from the den-
sity of states at Fermi energy. It worth noting that the
density of states for YFeyZngg experiences a quick drop
upon adding Co and stays relatively constant above 20%
Co substitution?. This is very similar to the suppres-
sion of T4 close to the YbFesZngg side. Close to the
YCoyZny side, though, there are not enough data den-
sity to make similar comparison to YbCosZnog.

We now move onto the middle region of the phase di-
agram shown in Fig. [}] Whereas there are clear changes
of characteristic temperatures as the sample departs
from perfect chemical order, in the middle region, for
0.4<x<0.9, characteristic temperatures stay fairly con-
stant. It worth noting though, as shown in Fig. [T} the
variation in concentration across a sample in this middle
region may make the data blurred and offer only more
qualitative information rather than quantitative. For a
comparison of physical properties, despite the fact that
the substitution variation is large in the middle region,
the similarity between different compounds is still valid
since the span of concentrations is larger than the vari-
ation. The sample sizes were large enough to represent
the mean substitution levels that are presented here.

In a single ion Kondo picture, different local moment
degeneracy can give rise to unique features in thermo-
dynamic and transport properties?#2854  In the pres-
ence of crystalline electric field, features can be observed

in temperature-dependent transport measurements, ex-
hibited as broad maxima in resistivity, for example in
CeAly® CeCusSin®Y, CePdIn®?, CeZn ;8. This was ob-
served for several members of Yb(Fe;_,Co,)2Znyg series,
in the middle substitution range, for example, x = 0.628
and 0.719. However, the CEF feature is not as clear
as systems mentioned above. If the CEF levels are not
well separated, given a certain combination of density
of states and Kondo coupling, these broad maxima can
be hard to observe??. In the case of YbT M>Znsg, the
CEF splitting is indeed small and may cause the CEF
feature to be difficult to observe. Impurity scattering
can also lead to a smear of Kondo CEF features. In
YbNiyB,oC, the improved sample quality after annealing
dramatically changed the temperature-dependent trans-
port properties. This can be attributed to a distribution
of Kondo temperature in a non-ideal lattice with local
defects and strain®”. In Yb(Fe;_,Co,)2Znsg, the substi-
tution variation in the sample may cause such disorders
even though transition metal is not in the direct neigh-
borhood of the Yb ions.

To understand what happens in the middle of the sub-
stitution range in Yb(Fe;_,Co,)2Znsg, more insights can
be obtained from the specific heat data. In the presence
of crystal fields, the temperature-dependence of magnetic
specific heat in Kondo systems is complicated. An arbi-
trary CEF splitting has only been recently studied nu-
merically for Ce-based compounds??. For Yb, more de-
generacy, and levels, are involved. A quantitative inter-
pretation of the temperature-dependent specific heat can
be approached by combining a resonance model solution
together with a, CEF, Schottky-like contribution?!. In a
cubic symmetry, Yb will be split into two doublets and a
quartet. Assuming the quartet is at higher temperature,
the temperature-dependent specific heat can be written
aged:

1 AQe—A/kBT
Crmag = Coa = kpT? [(1 + e—A/kBT)z} +C )
in which,
B kp . ol Ty il
Coq = *WRG; {(FJ +i4;) {41/) (W)
T +iA; Ty +Ty
(2T -Vt
v 2nkpT )} } + 7T (2)
c, 1 [(A1)267A1/kBT+2(A2)267A2/kBT

e
+2(A2_A1)26_(A1+A2)/kBT](1+6_A1/kBT+26_A2/kBT)_2

(3)

Here, Cy4 is the Kondo resonance contribution from
the lower lying two doublets. I'; represents the half-width



at half-maximum of the spectral density for each crystal
field level. ¢’ is the derivative of the digamma function
and Cyg is the Schottky expression for a three level system.
Aj represents the excited CEF energies. The second term
in Eq.(1) accounts for the double counting of the Schot-
tky contribution. A equals to A; ignoring complications
of the ground state doublet?l. Ay for the ground state
doublet is introduced to account for the resonance that
is displaced away from the Fermi energy4L.

In Fig. Wb)7 data for Yb(Feo.37QCOQ,628)2ZD20 could
be best fitted by the brown dashed line with parameters:
Ag=1K, Ay =10K, Ay =25 K, 'y =087 K, I'y
= 4 K. The low-temperature rise is omitted in the fit
and will be discussed below. Cj,,, mainly comes from
the Kondo effect for the ground state doublet and Cpign
largely comes from Schottky contribution due to CEF
population. Therefore, the temperature of Cy;gy, also re-
flects an upper limit of the total CEF splitting.

The calculated value qualitatively agrees with experi-
mental data. Higher calculated values around 10 K might
due to an error caused by non-magnetic background sub-
traction as illustrated by a negative value of C,,q4 for 7' >
20 K. Tt could also due to a lack of bandwidth information
for the highest lying quartet in the theoretical model2l.
Similar fit was also carried out for x = 0.375, which yields
Ag=15K, A1 =13 K, Ay =27TK, Ty =1Kand I'; =
5 K. In general, the theoretical fits indicate that the two
CEF levels are at around 10 K and 25 K, which is close
to what had been proposed for YbCosZnog?% 4L, Thus at
least to x = 0.375, as shown in Fig. [ the CEF splitting
does not change significantly from the pure YbCogZnyg.
In addition, since the temperature of Cpqn sets an up-
per limit of the total CEF splitting, the total CEF split-
ting does not change much across the whole substitution
range and may have increased slightly when approach-
ing the YbFesZnoy side. In contrast, the CEF effect is
more apparent for YbCosZngg. The difference in Kondo
physics between YbFesZnog and YbCosZnog most likely
originate from the difference in density of states as well
as Kondo coupling strength.

Finally, as for the low-temperature rise in the specific
heat of Yb(Feg.372Coq.628)2Znsag, since there is no mag-
netic ordering or applied magnetic field, there should not
be a nuclear Schottky anomaly due to Zeeman splitting
of nuclear levels in specific heat measurement. However,
the low-temperature upturn in the specific heat data ob-
served below 100 mK could still come from a nuclear
quadrupolar splitting of the '"Yb nuclear moment®.
Such quadrupole splitting for Yb in a cubic point symme-
try may arise from the electric field gradient caused by
chemical substitution induced distortion. Even though
transition metal is not the first, nor the second near-
est neighbors of Yb, as substitution increases, the dis-
tortion to the original cubic symmetry increase. This is
consistent with our observation that the low-temperature

rise only emerges with chemical substitution and becomes
more pronounced in the middle of the doping range. An
alternative scenario is that the upturn is of a Kondo ori-
gin. However, that requires a decreasing CEF split ener-
gies upon substitution and a very small first excited CEF
energy which was not observed in specific heat data. In-
stead, the Cy,, feature stays unchanged for the major-
ity of the substitution range which otherwise should also
evolve and split.

We would also like to mention a similar doping series:
CeNig X4 (X = Si, Ge)®L. Changing from CeNigGey to
CeNigSiy, the Kondo temperature increases from ~4 K
to ~70 K with ground state CEF degeneracy changing
from 4 for X = Ge to 6 for X = Si%.. Upon doping, the
coherence temperature drops quickly from both sides. In
the middle of the doping, specific heat shows continuous
evolution from high -, Ge side, to the low +y, Si side. Un-
derstanding the suppression of Kondo coherence in these
two systems might offer useful insights into the formation
of Kondo coherence.

V. CONCLUSIONS

In conclusion, we studied the evolution of Kondo effect
in Yb(Fe;_,;Co,)2Znyy via resistivity and specific heat
measurements. With Co substitution, the Kondo coher-
ence temperature of YbFeyZnog decreases gradually with
emerging features in specific heat that can be associated
with CEF effect. On the YbCosZnsg side, the coher-
ence temperature is also suppressed at the beginning of
Fe substitution. In between, 0.4<x<0.9, CEF features
can be observed in both resistivity and specific heat data
whereas showing no clear feature of coherence down to
500 mK. However, only qualitative information can be
obtained in this middle region due to a large substitution
level variation. Comparing all the experimental results,
the CEF splitting stays roughly unchanged across the
substitution series. The ground state of the compound
evolves from a N = 8 coherent state for YbFesZnog to a
N = 2 coherent state in YbCogZnoy. More measurements
are needed to reveal the mechanism behind the suppres-
sion of coherence on the YbFe;Znog and YbCosZngg side.
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