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In this study, we have prepared single crystals of ytterbium-based layered compounds Yb,7 Geg (T = Cr, Mn,
Fe, Co, and Ni) and investigated their magnetic, thermal, and transport properties systematically. The magnetic
properties for all the five compounds show a typical behavior for the Kondo-lattice system at high temperatures
and are highly anisotropic due to orbital moments in the degenerate ground state. At low temperatures, an
additional magnetic correlation enhances the magnetic susceptibility, and both the heat capacity and the electrical
resistivity deviate from the Fermi-liquid-like behavior. Such unconventional behaviors at low temperatures are
discussed considering a contribution of strongly correlated characters in 7' atoms to the conduction band.
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I. INTRODUCTION

Ytterbium- and cerium-based metallic compounds often
have strong electron correlations, and they have been sub-
jected to extensive researches and developments over the past
few decades. The hybridization between conduction bands
and 4f orbitals leads both to the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction [1-3] and the Kondo effect [4-7],
and the ground state is determined by the balance of these
two interactions. Doniach proposed a universal phase diagram
by studying this balance [8]. Based on the phase diagram,
many compounds are classified into two groups by the ground
state, i.e., a magnetically ordered phase [9-16] and a non-
magnetic heavy-fermion state [17-26]. Further investigation
revealed that anomalous electronic state called non-Fermi
liquid [27-32] is realized in the nonmagnetic state near the
magnetic quantum critical point (QCP). In non-Fermi liquid,
the low-temperature behaviors of physical quantities such as
magnetic susceptibility, electrical resistivity, and heat capacity
deviate from the Fermi-liquid (FL) behavior, and uncon-
ventional superconductivity could be occasionally observed
[33-37].

The valence state is also one of the important subjects for
ytterbium- and cerium-based compounds. For cerium-based
compounds, a valence fluctuation between Ce®* and Ce*"
ions is scarcely observed near the magnetic QCP, and the
magnetic properties originate in the robust Ce** ions. On the
other hand, the effect of the valence fluctuation between Yb*"
and Yb>* ions is significant even near the magnetic QCP and

often remains even in the magnetically ordered state [38—45].
Therefore, detailed investigations on the valence state are re-
quired to clarify the properties near the magnetic QCP on the
ytterbium-based compounds. It is revealed that the valence of
ytterbium in Yb,CrGeg and YbsMnGeyg is approximately 2.84
at room temperature and decreases on the order of 0.08 and 0.1
toward 12 K, respectively [46].

The crystal and electric structure of YbsT Geg is reported
by Peter et al. [47]. The crystal structure of Ybs7 Geg is
identified based on the CeNiSi, structure type, where the Ni
site is occupied by 7" atoms with the site occupancy of }T. In
addition, the temperature dependence of the lattice constant
suggests zero thermal expansion (ZTE), where the volume
is temperature independent at low temperatures. The origin
of ZTE is claimed to be attributed to the unusual atomic ar-
rangement in Ybs7T Geg. We also studied the temperature and
pressure dependencies of the electronic and crystal structures
using high-resolution x-ray absorption spectroscopy, X-ray
diffraction, and photoelectron spectroscopy in order to clarify
the details of ZTE [46].

This paper reports the magnetic, thermal, and transport
properties of ytterbium-based layered compounds Yb47 Geg
(T =Cr, Mn, Fe, Co, and Ni) investigated using single
crystals. The five compounds exhibit typical physical
properties for the Kondo-lattice system above 10 K, while an
additional magnetic correlation develops at low temperatures,
resulting in different low-temperature physical properties for
each compound. The most striking feature of Ybs7 Gesg is the
presence of T atoms with 3d electrons in addition to Yb atoms
exhibiting localized magnetism. The carrier density changes
depending on the 7 atoms and varies the low-temperature

physical properties of Ybs7TGeg (T =Cr, Mn, PFe,
“michioka @kuchem.kyoto-u.ac.jp Co, and Ni).
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FIG. 1. Powder x-ray diffraction patterns for Yb,7 Geg (T = Cr,

Mn, Fe, Co, and Ni) at room temperature and the calculated patterns
for YbsT Geg (T = Cr, Mn, Fe, Co, and Ni) and indium.

II. EXPERIMENT

Single crystals of Ybs7TGes (T =Cr, Mn, Fe, Co,
and Ni) were grown using an indium flux method
[47]. The starting materials were Yb ingot (Rare
Metallic, 99.9%), Cr powder (Rare Metallic, 99.9%), Mn flake
(Rare Metallic, 99.99%), Fe granular (Aldrich, 99.995%),
Co shot (Rare Metallic, 99.9%), Ni granular (Rare Metallic,
99.993%), Ge ingot (Rare Metallic, 99.999%), and In ingot
(Rare Metallic, 99.99%). The materials were enclosed in
a Tammann tube (alumina purity: 99.7%) and placed in a
sealed quartz tube under an argon pressure of 0.3 atm. The
quartz tube was heated up to 1100°C for YbsMnGeg and
up to 1000°C for the other compounds and then slowly
cooled. The indium flux surrounding the grown crystals was
removed by centrifugation and hydrochloric acid etching.
Flat platelike single crystals were obtained with typical
sizes of 3.0 x0.5x0.5, 3.0x1.5x1.0, 0.7 x0.2x0.1,
1.7x03x02, and 1x0.5x%x0.5mm> for Yb4T Geg
(T = Cr, Mn, Fe, Co, and Ni), respectively.
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FIG. 2. Lattice constants a, b, and ¢ and the unit-cell volume V
for YbsT' Geg (T = Cr, Mn, Fe, Co, and Ni).

The crushed and powdered samples were characterized
using powder x-ray diffraction (XRD) with Cu K« radiation
at room temperature using Rigaku MiniFlex 600. POW-
DER CELL analysis [48] was performed to estimate the
crystallographic parameters. The chemical composition was
estimated using energy-dispersive x-ray spectroscopy (EDX)
in conjunction with scanning electron microscopy (SEM) with
averaging data of several spots in a crystal.

The temperature dependence of the magnetic susceptibility
was measured under the magnetic field of 1 T between 2
and 300 K using a quantum design magnetic property mea-
surement system (MPMS) at the Research Center for Low
Temperature and Materials Sciences, Kyoto University. Mag-
netization curves at 4.2 K up to 60 T were measured using
a multilayer pulsed magnet at the International MegaGauss
Science Laboratory of the Institute for Solid State Physics at
University of Tokyo. The heat-capacity measurements were
performed with a relaxation method under the magnetic field
of 0 to 14 T between 2 and 200 K by using a quantum design
physical property measurement system (PPMS). Electrical
resistivity measurements were performed with a standard
four-probe method under the magnetic field of 0 to 14 T
between 2 and 300 K using a quantum design PPMS.

III. RESULTS

A. Structural properties

Figure 1 shows powder XRD patterns for YbsTGeg (T =
Cr, Mn, Fe, Co, and Ni) at room temperature and the cal-
culated patterns for these compounds and indium [49]. The
calculated patterns for Ybs7 Geg are obtained by refining
powder XRD patterns for Ybs7 Geg based on the data calcu-
lated for DyCry,5Ge, [50]. The asterisks in Fig. 1 show an
impurity peak of YbsNisGejg [51]. Powder XRD patterns for
Yb, T Geg are in good agreement with the calculated patterns
for YbyT Geg except for small impurity phases of indium used
as a flux and YbsNisGejy in YbsNiGeg. Since the amount of
indium estimated from powder XRD patterns for Yb,7 Ges is
small and indium is nonmagnetic, it would not significantly
affect the other measurements. For YbsyNiGeg, a sufficient
amount of single crystals could not be obtained for powder
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FIG. 3. Crystal structure of YbsTGes (T =Cr, Mn, Fe,
Co, and Ni).

XRD measurement. Therefore, the polycrystals that were syn-
thesized with the single crystals were also crushed together
with single crystals and used for powder XRD measurement.
The impurity phase was contained in these polycrystals. The
absence of the impurity phase in each single crystal was con-
firmed by EDX analysis as shown later. The lattice constants
a, b, and ¢ and the unit-cell volume V for Ybs7T Geg (T = Cr,
Mn, Fe, Co, and Ni) are shown in Fig. 2. They tend to decrease
with decreasing the ionic radius of the 7 atom except for
YbsNiGeg. This is consistent with the report by Peter et al.
[47], in which this anomalous elongation of the b axis in
Yb4NiGes is attributed to the different degree of distortions in
the zigzag chain and the square net of Ge atoms in YbsNiGeg
compared with those of the other compounds.

The crystal structure of Ybs7T Geg (T = Cr, Mn, Fe, Co,
and Ni) is shown in Fig. 3, where Yb atoms are sandwiched
between zigzag chains and a square net of Ge atoms to form a
layered structure, and 7" atoms are alternately stacked on the
top and bottom of the square net with a site occupancy of %.
Since Yb atoms in YbsT Geg occupy a single crystallographic
site, the anomalous physical properties at low temperatures,
which will be discussed later, do not result from multiple
Yb sites.

The chemical compositions of single crystals of Ybs7T Geg
(T = Cr, Mn, Fe, Co, and Ni) estimated from EDX are listed
in Table I. The EDX analysis is sensitive to surface condition
of measured samples and have a measurement error from 10%
to 20%. Within the measuring error, the composition of the
five compounds would be close to the ideal composition Yb :
T:Ge=4:1:8.

TABLEI. Chemical compositions of YbsT'Geg (T = Cr, Mn, Fe,
Co, and Ni) estimated from EDX.

Cr Mn Fe Co Ni
Yb 4.28 3.97 3.76 3.80 3.21
T 1.03 0.96 0.91 1.15 0.94
Ge 7.72 8.03 8.24 8.20 8.79
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FIG. 4. Temperature dependence of the magnetic susceptibility
M/H and its inverse H/M in YbyTGeg (T = Cr, Mn, Fe, Co, and
Ni) under uoH = 1T for H || a, b, and c.

B. Magnetic properties

Figure 4 shows the temperature 7 dependence of mag-
netic susceptibility M/H = x and its inverse H/M = x~! in
YbsT Geg (T = Cr, Mn, Fe, Co, and Ni) under uoH = 1T
for H || a, b, and c directions, where M is the magnetization,
H is the magnetic field, and o is the magnetic perme-
ability of vacuum. For all the five compounds, M/H shows
a characteristic anisotropic behavior, which is attributed
to the anisotropic orbital momentum in the degenerated
ground state. The temperature dependence of M/H obeys the
Curie-Weiss law above 150 K. The effective magnetic mo-
ment wer and the Weiss temperature Oy estimated from
the Curie-Weiss fit between 150 and 300 K are listed in
Table II. All w.s roughly agree with the theoretical value
for the free Yb’' ion of 4.54 up, suggesting the localized
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TABLE II. Values of the effective magnetic moment . and the
Weiss temperature 6y estimated from the Curie-Weiss fit. The num-
bers in parentheses are the standard deviations in the last significant
figures.

T Direction Metr (L/YD) Ow (K)
Hla 4.477(3) —47.8(3)
Cr H|b 4.426(10) —101.0(15)
H|c 4.487(6) —151.5(10)
Hla 4.621(2) —52.4(3)
Mn H|b 4.753(2) —124.5(4)
H|c 4.777(3) —161.4(6)
Hla 4.423(3) —127.2(5)
Fe H|b 4.333(7) —147.9(12)
H|c 4.320(2) —158.6(4)
Hla 3.806(4) —69.4(6)
Co H|b 3.684(4) —85.9(7)
H|c 3.832(5) —198.0(12)
Hla 4.264(4) —90.4(5)
Ni H|b 4.219(8) —105.9(13)
H|c 4.489(15) —265(3)

character of 4f electrons. The Yb valence and x7 in
Yb,CrGeg and YbsMnGeg are compared as function of
temperature between 12 and 300 K, and nice agreement is
observed [46]. This suggests that the static magnetization is
dominated not by the 3d electrons from 7 atoms but by 4f
electrons in Yb atoms. Although the effect of the crystalline
electric field (CEF) prevents us from estimating the strength of
the magnetic interaction from 6y, the fact that each 6y is neg-
ative in all directions of the applied magnetic fields suggests
that the dominant magnetic interaction is antiferromagnetic.

In YbyCrGeg, a broad maximum is observed for H ||
a, b, and c, while no magnetic ordering is observed in the
heat-capacity measurements as shown later. Therefore, the
broad maximum would result from screening accompanied
by the Kondo singlet formation. In addition, an additional
magnetic correlation develops at low temperatures and makes
the behavior of M/H for the five compounds different. In the
M/H-T curves of YbyMnGeg for H || ¢ and of YbsFeGeg for
H | aand c, the broad maximum is masked by the enhance-
ment of M/H caused by the additional magnetic correlation.
In YbsCoGeg and YbyNiGes, the large contribution of the
additional magnetic correlation to M/H also masks a broad
maximum behavior of M/H for all the applied magnetic field
directions.

The temperature at which M/H achieves the maximum
TXmax is a guide for Tk, and it indicates the distance from the
magnetic QCP. To clarify the value of 7™ and the behav-
ior of M/H at low temperatures, we replot the temperature
dependence of M/H on a semilogarithmic scale, as shown
in Fig. 5. The value of 7™ slightly depends on the direc-
tion of the applied magnetic field. Here, we employ the data
for H || b, in which TXrmlx for YbsCrGeg, YbsMnGeg, and
YbsFeGeg can be determined separately from the enhance-
ment of M/H at low temperatures. The values of 7."* for
Yb,4CrGeg, YbsMnGeg, and YbsFeGeg are 45, 49, and 46 K,
respectively. In YbsCoGeg and YbsNiGeg, the value of T,™*
cannot be precisely defined due to a drastic enhancement of
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FIG. 5. M/H plotted against temperature on a semilogarithmic
scale in YbyT'Geg (T = Cr, Mn, Fe, Co, and Ni) under uoH =1 T
for H || b below 100 K.

M/H at low temperatures. However, the slope of the curve
varies gradually between 40 and 55 K, suggesting that 7,™*
for YbsCoGeg, YbsNiGeg is comparable with Yb,CrGesg,
YbsMnGeg, and YbsFeGeg. In YbsCrGeg, YbsMnGeg, and
Yb,FeGes, M/H approaches temperature-independent behav-
ior below TXm""‘. On the other hand, M/H in YbsCoGeg and
Yb4NiGeg is enhanced at low temperatures.

The magnetization curves for H || a, b, and ¢ measured at
4.2 K are shown in the Supplemental Material [52]. The value
of M does not reach the theoretical value for the free Yb** ion
of 4 ug even under uoH = 60 T.

C. Heat capacity

The insets in Fig. 6 show the temperature dependence of
C,/T in YbsT Geg (T = Cr, Mn, Fe, Co, and Ni) between 2
and 200 K. All the five compounds show a similar behavior
except for that of low temperatures, and no anomaly indicating
magnetic ordering is observed. This is consistent with the
temperature dependence of M/H.

Figure 6 shows the T2 dependence of the heat capacity
divided by temperature C,/T in YbsT Geg (T = Cr, Mn Fe,
Co, and Ni). The solid lines show data fit with the function
C,/T =y + BT? between 9 and 15 K, where y is the Som-
merfeld constant and S is a parameter related to the phonon
contribution to the heat capacity. The Debye temperature 6p
is associated with 8 as Op = (%)m, where R is the gas
constant and # is the number of atoms per formula unit which
is ? for the present compounds. The values of 8, 6p, and
y are listed in Table III. Although this fit function is useful
for low temperatures, where the phonon contribution to the
heat capacity should be ~T3 in the Debye model, the data
in all the five compounds deviates from this function at low
temperatures. This is possibly due to the additional magnetic
correlation, which is also observed in the M/H — T curves.
The values of B estimated between 9 and 15 K are similar
in all the five compounds, and the FL model with Debye
phonons is adequate in this temperature range. The value of
y tends to decrease as the number of electrons in the 7 atom
increases, suggesting a decrease in the number of conduction
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FIG. 6. T? dependence of the heat capacity divided by temper-
ature C,/T in YbsTGeg (T = Cr, Mn Fe, Co, and Ni). The solid
lines show data fit with the function C,/T = y + BT? between 9 and

15 K. The insets show the temperature dependence of C,/T between
2 and 200 K.

electrons. In addition, the large y ~ 140 mJ/mol K? indicates
a strong electronic correlation through coupling between con-
duction electrons and f electrons, so-called c-f coupling.
If we consider these electron correlations using the effec-
tive mass model of electrons, the effective mass decreases
in YbsCrGeg and YbsMnGeg and increases in YbsFeGeg,
YbsCoGeg, and YbsNiGeg below 9 K. The low-temperature
upturn in the C,/T — T of YbsCoGeg and YbsNiGeg might

TABLE III. Values of y, 8, and the Debye temperature 6 es-
timated from data fit using the function C,/T =y + BT?, where

Op = (%)]/ 3. The numbers in parentheses are the standard de-
viations in the last significant figures.

T y (mJ/mol K?) B (mJ/mol K*) 0p (K)
Cr 169(1) 0.464(3) 239(2)
Mn 169(3) 0.366(17) 259(4)
Fe 110(2) 0.486(9) 236(2)
Co 141(2) 0.466(13) 239(3)
Ni 120(1) 0.653(3) 213(0)

be reminiscent of the tail of the Schottky anomaly. However,
this upturn is suppressed with applied magnetic field as shown
later, and the possibility of the Schottky anomaly originating
in both the the CEF effect and the nuclear magnetic moment
would be ruled out. In addition, the low-temperature state of
C,/T is dominated by the many-body effect between Yb**+
ions and cannot be described by the single-ion model. There-
fore, the Schottky anomaly due to the CEF effect would not
appear so clearly.

The Pauli paramagnetic susceptibility x (0) is related to y

272
through the Wilson ratio Ry = @ 3:’:3/?;)2, where kg is the

Boltzmann constant, g; is the Lande’s g factor, and ug is
the Bohr magneton. In this system, the additional magnetic
correlation at low temperatures makes accurate estimation of
v and x (0) difficult. Here, the values of C,,/T at 2 K and the
average value of M/H for H || a, b, and c at 2 K are adopted
as y and x (0), respectively, and Ry can be roughly estimated.
The estimated values of Rw for YbsT Geg (T = Cr, Mn, Fe,
Co, and Ni) are 2.0(6), 2.1(5), 2.1(4), 1.6(3), and 2.2(3),
respectively. In YbsCrGeg, YbsMnGeg, and YbsFeGeg, Rw
is close to 2 which is generally observed in FL state of
f-electron compounds. On the other hand, Rw for YbsCoGeg
and YbyNiGeg is slightly deviated from Rw = 2, and the
ground state would not be of a simple FL.

Figure 7 shows the temperature dependence of the elec-
tronic heat capacity divided by temperature C./T below
30 K, where C, is obtained by subtracting the phonon con-
tribution Cp, from C,. To estimate Cp,, the heat capacity
of the isostructural reference compound is corrected for
molecular weight and the electronic heat capacity is sub-
tracted from it, where Y4CrGeg for YbsCrGeg and Y4MnGeg
for YbsMnGeg, YbsFeGeg, YbsCoGeg, and YbyNiGeg are
used as the reference. In YbsCrGeg and YbsMnGeg, C./T
slightly increases with decreasing temperature and changes
to temperature-independent behavior below approximately 9
and 4 K, respectively. In YbsFeGeg and YbsCoGeg, C./T is
enhanced below 11 K after temperature-independent behavior
above 11 K. In YbyNiGeg, C./T has a broad peak around
23 K, subsequently changes to temperature-independent be-
havior below 9 K, and is enhanced with further decreasing
temperature below 6 K. These results suggest that the devel-
opment of the additional magnetic correlation in YbsCrGeg
and YbsMnGeg occurs at temperatures higher than those in
YbsFeGeg, YbyCoGeg, and YbyNiGeg. In addition, the ad-
ditional magnetic correlation in YbsCrGeg and YbsMnGeg
is suppressed at low temperatures, while such a correlation
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Con from the heat capacity C,. The horizontal line shows Sy, =
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remains in YbsFeGeg, YbsCoGeg, and YbsNiGeg. A broad
peak around 23 K in YbyNiGeg would be attributed to the
Kondo effect, and a slight broad peak is observed around
similar temperature in YbsFeGeg and YbsCoGesg. In the cases
of YbsCrGeg and YbsMnGeyg, the above-mentioned upturn of
C./T which occurs at higher temperatures may lead masking
of a peak behavior of C./T. It is expected that the carrier
density in Ybs7T Geg depends on the 3d-orbital filling in T
atoms within the rigid-band model. The temperature region,
in which the additional magnetic correlation affects C./T,
systematically shifts to lower temperatures with increasing the
number of electrons in T atom as mentioned above. Therefore,
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FIG. 8. Temperature dependence of the heat capacity divided by
temperature C,/T in YbsCrGeg and YbsNiGes below 14 K under
several magnetic fields H for H || b.

the band filling would have a significant effect on the anoma-
lous low-temperature physical properties.

The magnetic entropy Sy can be roughly estimated from
the integration of C./T. Figure 7 shows the temperature
dependence of Spma.. The horizontal line in Fig. 7 shows
Smag = (R/2)In2, and the temperature at which Sp,, reaches
(R/2)In2, T, ., could be regarded as roughly half of Tx. The
values of 2TSmag for YbyT Geg (T = Cr, Mn, Fe, Co, and Ni)
are 35, 37, 53, 39, and 40 K, respectively. These values are
close to Txma", and there is little difference among the five
compounds.

Figure 8 shows the temperature dependence of C,/T in
Yb,CrGeg and YbsNiGeg below 10 K under several magnetic
fields. The results of YbsMnGeg, YbsFeGeg, and YbsCoGeg
are shown in the Supplemental Material [52]. For all five
compounds, C,/T tends to increase with increasing mag-
netic field. The phonon contribution to C,/T does not change
significantly with increasing magnetic field. An extra contri-
bution induced by the magnetic field would be added to C,,/T .
In addition, the low-temperature upturn of C,/T in YbsCoGeg
and YbsNiGeg under zero magnetic field is suppressed with
increasing magnetic field. The origin of these behaviors will
be discussed later.

D. Electrical resistivity

The insets in Fig. 9 show the temperature dependence of
the electrical resistivity p in Ybs7 Geg (T = Cr, Mn, Fe, Co,
and Ni) between 2 and 300 K under zero magnetic field with
the current applied parallel to the a axis. In all the five com-
pounds, p increases with increasing temperature, suggesting
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lines show the fit with the function p = py + AT" to the data under
oH =0 and 14T below 10 K. The insets show the temperature
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the metallic properties. No anomaly indicating magnetic or-
dering appears, and this is consistent with the behavior of the
temperature dependence of M/H and C,/T . The slope of the
p — T curves of the five compounds becomes steeper at low
temperatures. This suggests a crossover from the single-ion
Kondo regime to the Kondo-lattice state. At even lower tem-
peratures, the additional magnetic correlation develops and

TABLE IV. Values of py, A, and n estimated from data fit using
the function p = py + AT" below 10 K under uoH =0 and 14 T.
The numbers in parentheses are the standard deviations in the last
significant figures.

T peH(T) gy (pQem) A (uS2em/K") n

Cr 0 27.37(4) 0.280(10) 1.60(1)
14 29.36(8) 0.221(8) 1.75(2)

Mn 0 49.3(4) 1.9(2) 1.25(3)
14 52.9(6) 3.4(3) 1.05(3)

Fe 0 226.88(5) 0.254(10) 1.56(2)
14 230.41(2) 0.128(4) 1.74(1)

Co 0 26.0(3) 0.04(1) 2.48(14)
14 27.4(2) 0.07(1) 2.55(7)

Ni 0 8.84(4) 0.011(2) 2.19(8)
14 10.67(3) 0.005(2) 2.52(13)

would fluctuate spatially and/or temporally in the Kondo-
lattice state.

Figure 9 shows the temperature dependence of p in
YbsT Geg (T = Cr, Mn, Fe, Co, and Ni) under several mag-
netic fields for H||b with the current applied parallel to the
a axis. In YbsCrGeg, YbsCoGeg, and YbsNiGeg, p decreases
drastically below 3.4 K. This is due to an extrinsic super-
conductivity of the indium flux [53], which could not be
completely removed from the surface of the single crystal. In
YbsFeGeg, p increases rapidly below 3 K. This is possibly
due to the weak localization [54] caused by the small imper-
fection of the single crystal and the low dimensionality of the
crystal structure. Indeed, peaks in powder XRD spectrum of
Yb,FeGeg are broader than those of the other compounds as
shown in Fig. 1. The rapid increase of p is suppressed under
the magnetic field of 1 T. This is a proof of contributions of
the additional magnetic correlation to the weak localization.

All the five compounds exhibit a positive magnetoresis-
tance below 14 K, while a negative magnetoresistance appears
below 8.8 K in YbsCoGeg. The spins on the Yb*t ions in-
duced by the destruction of the Kondo singlet state cannot be
easily oriented along to the magnetic field direction possibly
due to the magnetic anisotropy. Magnetizations of the five
compounds are ~0.3 ug under the magnetic field of 14 T
as shown in the Supplemental Material [52]. In addition, the
additional magnetic correlation is easily destabilized by the
magnetic field. Therefore, the destabilization of the Kondo-
lattice state would cause a positive magnetoresistance like the
paramagnetic state, and the suppression of the additional mag-
netic correlation would cause a negative magnetoresistance.

The solid lines show the fit of the o data under uoH =
0 and 14 T below 10 K using the power law, p = py + AT",
where pp is the residual resistivity, A is the contribution of
scattering between conduction electrons to p, and n is a power
index. The data of p under zero magnetic field in Yb4CrGes,
YbsCoGeg, and YbsNiGeg below 3.4 K and in YbsFeGeg
below 3 K are excluded from the fit range. The values of
po, A, and n estimated from the fit are listed in Table IV.
The value of py is significantly different for each compound.
This reflects the difference in degree of imperfection in sin-
gle crystals. The value of n is smaller than 2 in YbsCrGes,
YbsMnGeg, and YbsFeGeg and is larger than 2 in YbsCoGeg
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FIG. 10. Plot of log{(p — po)/[p(14K) — po]} vs logT for
YbsT Geg (T = Cr, Mn, Fe, Co, and Ni) below 14K under uH =
0 and 14 K.
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and YbsNiGeg, suggesting that all the five compounds are
not of a simple FL. In addition, the application of the mag-
netic field of 14 T increases n in YbsCrGeg and YbsFeGeg
and decreases n in YbsMnGeg, Yb;CoGeg, and YbyNiGeg.
To confirm validity of estimation in n, a modified resistivity
(p — po)/[p(14 K) — po] is plotted against temperature on a
double-logarithmic scale, as shown in Fig. 10. The slope of the
double-logarithmic graph corresponds to n. This plot highly
depends on pp estimated form the fit of p data in Fig. 9.
In YbsCrGeg and YbsFeGeg, n takes constant value under
both conditions of woH = 0 and 14 T. On the other hand, n
in YbsMnGeg, YbsCoGeg, and YbsNiGeg changes in a small
temperature range. This suggests that the contribution of the
additional magnetic correlation to p is large. The behavior
of p in YbyMnGeg, YbsCoGeg, and YbsNiGeg could not be
explained by a simple fluid model with a constant power index
at low temperatures. Therefore, the standard deviation of A in
YbsMnGeg, YbsCoGeg, and YbyNiGeg is large as shown in
Table I'V.

IV. DISCUSSION

We have presented the physical properties of Ybs7T Geg
(T = Cr, Mn, Fe, Co, and Ni). All the five compounds exhibit
typical behaviors for Kondo-lattice system above 10 K, while
the additional magnetic correlation develops at low tempera-
tures. Here, we discuss the origin of the anomalous behavior
at low temperatures.

First, we consider the Kondo disorder [55] or the Kondo
hole effect [56], which is caused by the Yb lattice vacancy. To
confirm the lattice imperfection, the residual resistivity ratio
RRR = p(300 K)/p(4.2 K) is estimated. The value of RRR
for YbyT Geg (T = Cr, Mn, Fe, Co, and Ni) is 6.3, 3.0, 1.3,
10.3, and 9.3, respectively. The low-temperature enhancement
of M/H and C,/T in YbsCoGeg and YbsNiGeg is more re-

markable than that of YbsCrGeg, YbsMnGeg, and YbsFeGeg
as shown before. On the other hand, RRR in Yb4sCoGeg
and YbsNiGeyg is larger than that of YbsCrGeg, YbsMnGes,
and YbyFeGeg, suggesting that the Yb lattice vacancies of
Yb;CoGeg and YbyNiGeg are possibly less than those of
Yb4CrGeg, YbysMnGeg, and YbsFeGeg. Therefore, the Kondo
disorder or the Kondo hole effect cannot be the origin of the
anomalous behavior at low temperatures. Rather, the origin
could be an additional magnetic correlation, which has often
been discussed in intermediate valence systems. The present
system belongs to the intermediate valence system [46,47],
and the low-temperature anomalies for YbysTGeg (T = Cr,
Mn, Fe, Co, and Ni) could be discussed in this scheme.

We focus on several intermediate valence compounds that
exhibit additional magnetic correlations at low temperatures
similar to Ybs7T Geg. One example is YbAI3, in which yx
reaches a maximum at approximately 120 K and is enhanced
below 45 K [57]. Since the measurement was performed using
single crystals pure enough to exhibit de Haas—van Alphen
signals, the behavior is intrinsic and not due to the impurity
effect. Similar phenomena are also observed in CePds, in
which x reaches a maximum at approximately 130 K, and
an additional magnetic correlation develops below 50 K [58].
Inelastic neutron scattering experiments reveal the growth of
low-energy fluctuations at low temperatures [59]. In addition,
the pronounced Q dependence exhibited in the inelastic neu-
tron scattering spectrum at 7 K suggests that the coherent
effect is enhanced at low temperatures [60]. Furthermore,
the magnetic form factor estimated from polarized neutron
scattering implies that the hybridization between the 4 f and
5d orbitals of Ce** ions is promoted at low temperatures [61].
Thus, the additional magnetic correlation also develops in
several other ytterbium- and cerium-based compounds. On the
other hand, it is reported that the energy of x-ray absorption
near-edge structure spectra of Mn edge at 20 K in Yb4MnGeg
is higher than that at room temperature [47]. In our previous
paper as well, the energy of x-ray absorption spectra of Cr
edge in YbsCrGeg is higher at low temperatures [46]. These
facts imply the strong relation between 3d electron carriers
and the additional magnetic correlation in the present case
of YbsTGeg. It is highlighted that a quasi-kagome-lattice
compound CelrSn with Tx ~ 480 K displays additional mag-
netic correlations [62]. This compound exhibits anomalous
negative in-plane thermal expansion below 2 K and negative
volume magnetostriction below approximately 5 T under the
condition of the magnetic field applying to the a axis. It is
proposed that these behaviors are caused by the competition
between Kondo singlet formation and antiferromagnetic cor-
relation resulting from geometrical frustration. The presence
of additional magnetic correlations is discussed not only in
the intermediate valence system, but also in the heavy-fermion
system such as Ce;_,La,Colns, suggesting that the screening
of the magnetic moments involves antiferromagnetic intersite
correlations by the neighboring localized moments [63].

Next, we discuss the origin of the difference in physi-
cal properties of the five compounds at low temperatures.
The temperature dependence of the Yb valence in YbsCrGes
and YbsMnGeg has been found to differ below 150 K [46],
suggesting that the strength of hybridization between conduc-
tion electrons and 4 f electrons, so-called ¢ — f hybridization,

024402-8



ANOMALOUS LOW-TEMPERATURE PHYSICAL PROPERTIES ...

PHYSICAL REVIEW B 106, 024402 (2022)

changes depending on 7" atoms. The chemical pressure affects
the strength of ¢ — f hybridization. Since the ionic radius of
the Yb3* ion is smaller than that of the Yb** ion, the effect
of ¢ — f hybridization is weakened as the unit cell shrinks.
As a result, a different behavior from FL can be expected
near the magnetic QCP. The unit-cell volume of YbsNiGeg
is the largest among the five compounds. Therefore, the dis-
tance from the magnetic QCP is the largest for YbsNiGes,
and the low-temperature behavior of YbsNiGeg would have
FL characters. However, as shown in Figs. 5 and 6, M/H
and C,/T in YbsNiGeg are enhanced more than those of
Yb,CrGeg, YbsMnGeg, and YbsFeGeg. This suggests that
low-temperature physical properties in the five compounds
cannot be explained solely by ¢ — f hybridization effect. In
addition, the values of 7" and 275, as a guide for T have
approximately the same value of the five compounds. If the
positive chemical pressure effectively weakened ¢ — f hy-
bridization, the value of 7™ and 27y, should decrease more
drastically with shrinking the unit cell. Further, the value of y
in YbsT Geg (T = Cr, Mn, Fe, Co, and Ni) is also smaller than
210-460 (mJ/mol K?) in a typical Kondo-lattice compound
YbCus_,Ag, (0.12<x<1.0) [17], even if the enhancement at
low temperatures is taken into consideration. If the distance
from the magnetic QCP was the main factor of the differences
in physical properties in Ybs7 Geg (T = Cr, Mn, Fe, Co, and
Ni) at low temperatures, then the value of y should be much
larger. Therefore, the change of ¢ — f hybridization through
the chemical pressure effect is not the main reason for the
difference in the low-temperature physical properties of the
five compounds.

To clarify the role of T atoms in Yb,7 Geg in more detail,
we take the physical properties of Y47 Geg into account, in
which Yb atoms in Ybs7 Geg are replaced with nonmagnetic
Y atoms. It is reported that YCrg2,Ge,, YFeq25:Gey, and
YCog.493Ge;, exhibit the Pauli paramagnetic behavior [64].
We also succeed in growing a single crystal of Y4MnGeg
and have revealed that this compound exhibits the enhanced
Pauli paramagnetic behavior [52]. In addition, the value of
Uest in Yby T Geg roughly agrees with the theoretical value
for the free Yb’' ion, as mentioned previously. There-
fore, 3d electrons in T atoms would behave itinerantly in
YbsTGeg (T = Cr, Mn, Fe, Co, and Ni) and change the
carrier density depending on the number of electrons in T
atoms. In the intermediate valence compounds YbX Cuy (X =
Ag, Cd, In, Mg, Tl, and Zn), the carrier density is a dom-
inant factor to determine the magnetic state [65]. The
crossover from the low-temperature FL state to the high-
temperature paramagnetic state of YbXCuy is slow due to
so-called protracted screening [66]. Since protracted screen-

ing highly depends on the carrier density, physical properties
of YbXCuwy (X = Ag, Cd, In, Mg, Tl, and Zn) change de-
pending on the X atoms. In the present case as well, the
change of T atom results in different band fillings within the
framework of the rigid band model. The change of the carrier
density would lead a complicated many-body effect, resulting
in an unconventional phenomenon such as an additional mag-
netic correlation.

Finally, we will discuss the origin of C,/T behavior in
YbsT Geg (T = Cr, Mn, Fe, Co, and Ni) under the magnetic
field. In the itinerant compounds CeSnj [67] and Sc;In [68],
the C,/T — T curves under the magnetic field behave simi-
larly to the present case. It is proposed that coefficient of the
T? term in the C,/T-T increases due to the development of
the induced magnetic moment on Ce or Sc atoms, and the
low-temperature upturn in the C,/T-T suppresses due to the
suppression of spin fluctuation. In CeSnj, the anisotropy of
the suppression of spin fluctuations is also reported [69]. In
the present case, C,/T is enhanced by the magnetic field. This
would result from the shift in entropy from above 14 K into
the displayed temperature range due to the decrease in Tx with
increasing magnetic field. The low-temperature upturn in the
C,/T-T observed in YbsCoGeg and YbsNiGeg is suppressed
by the magnetic field. This is possibly due to suppression of
the additional magnetic correlation. In the present stage, it
is unclear whether the additional magnetic correlation occurs
in another band and coexists with the Kondo-lattice state or
completely destroys the Kondo-lattice state. The details must
be clarified in the future.

V. CONCLUSIONS

The magnetic, thermal, and transport properties of
YbyTGeg (T = Cr, Mn, Fe, Co, and Ni) were studied using
their single crystals. All the compounds exhibit conventional
physical properties for the Kondo-lattice system at high tem-
peratures. In contrast, the additional magnetic correlation
develops at low temperatures with different extent in each
compound. Such an unconventional additional magnetic cor-
relation would arise from the complicated many-body effect
and highly depends on the carrier density which changes
with the variation of T atoms. Further studies are required
on ytterbium-based compounds containing a 3d transition
element.
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