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Kondo-based semimetals and semiconductors are of extensive current interest as a viable platform
for strongly correlated states in the dilute carrier limit. It is thus important to explore the routes
to understand such systems. One established pathway is through Kondo effect in metallic non-
magnetic analogues, in the so called half-filling case of one conduction electron and one 4f electron
per site. Here we advance a new mechanism, through which Kondo-based semimetals develop out of
conduction electrons with a low-carrier density in the presence of an even number of rare-earth sites.
We demonstrate this effect by studying the Kondo material YbslrsGeis along with its closed-4 f-
shell counterpart, LuzlrsGe3. Through magnetotransport, optical conductivity and thermodynamic
measurements, we establish that the correlated semimetallic state of YbslrsGeis below its Kondo
temperature originates from the Kondo effect of a low-carrier conduction-electron background. In
addition, it displays fragile magnetism at very low temperatures, which, in turn, can be tuned to
a Griffiths-phase-like regime through Lu-for-Yb substitution. These findings are connected with
recent theoretical studies in simplified models. Our results open an entirely new venue to explore
the strong correlation physics in a semimetallic environment.

I. INTRODUCTION

The proximity of the f energy level to the Fermi en-
ergy B in rare earth compounds often causes the hy-
bridization of the local moments with the conduction
electrons. The resulting Kondo effect gives rise to a
broad range of electronic properties, from metallic heavy
fermion (HF) systems to Kondo insulators, and interme-
diate low-carrier Kondo semiconductors or semimetals.
Kondo systems have garnered much attention in recent
years because of their exotic electronic and magnetic be-
havior, including quantum criticality, breakdown of the
Fermi-liquid picture, unconventional superconductivity,
and topologically-protected states! 2. Only a small num-
ber of 4f low-carrier HF systems have been reported
so far, e.g., CeNiSn and CeRhSb2¢, CeNiy_sAsy?, and
Ce3BiyPds8. These compounds realize HF physics in an
entirely new parameter regime which is away from the
canonical “half filling” case, and thus new low-carrier
Kondo systems are called for to broaden our knowledge
in such a regime.

Our recent discovery of the six non-magnetic ger-
manides Y3T4Geys—, (T =1Ir, Rh, Os) and LuzT4Gey3_,
(T = Co, Rh, Os)? pointed to a possible generalization
of low-carrier behavior in these “3-4-13” germanides, due
to the negative temperature coefficients of the electri-
cal resistivity p(T), i.e., dp/dT < 0, compared to the
normal metal behavior (dp/dT > 0) in the stannide
analoguest?. Here we report the discovery that the cor-

related semimetal YbslryGers (YbIG)Y emerges from
Kondo effect in a nonmagnetic dilute-carrier system,
LuslrsGeys (LIG). YbIG exhibits dp/dT < 0 in the whole
measured temperature range from 300 to 0.1 K, includ-
ing inside a fragile magnetic state below 777, = 0.9 K.
The underlying electronic properties of YbIG are dic-
tated by its non-magnetic analogue LIG, which, remark-
ably, also shows semimetal-like behavior between 300 and
2.8 K, below which LIG becomes superconducting. This
is in stark contrast with the metallic behavior found
in the non-magnetic analogues of other known Kondo
semimetalst2 16, Optical conductivity measurements and
band structure calculations reinforce the semimetal-like
nature of YbIG and LIG. Moreover, the substitution of
non-magnetic Lu on the Yb site induces Griffiths-phase-
like behavior, as evidenced by power law temperature de-
pendence of the magnetic susceptibility M/H and mag-
netic specific heat Cy,q4/T at low T. The coexistence of
the low-carrier density, Kondo effect and the associated
semimetal behavior, and fragile magnetism makes YbIG
one of the most complex f electron systems. We ratio-
nalize our finding using a recently developed framework
of the Kondo-lattice effect in the dilute-carrier limit7.

II. EXPERIMENTAL METHODS

Single crystals of (Ybi_,Luy)slrsGeis (z = 0, 0.2,
0.4, 0.5, 0.55, 0.6, 0.7, 0.8, and 1) were prepared us-
ing a Ge self-flux method!®. Structure determination



was performed using single crystal X-ray diffraction data
collected on a Bruker D8 Quest diffractometer with a
Mo-targer IuS microfocus X-ray tube. Powder X-ray
diffraction patterns were collected with a Rigaku D/Max
diffractometer using Cu Ka radiation. Rietveld anal-
ysis was performed using the GSAS software package.
The temperature-dependent AC resistivity of bar-shaped
crystals was collected in the Quantum Design (QD) Phys-
ical Properties Measurement System (PPMS), with cur-
rent ilja. To measure the Hall coefficient, we applied
magnetic field perpendicular to the a axis and measured
the transverse voltage. Reverse field was applied to can-
cel out longitudinal magnetoresistance contributions due
to misalignment. DC magnetic susceptibility was mea-
sured in a QD Magnetic Properties Measurement System
(MPMS) with a 3He insert. Specific heat was collected in
a QD PPMS with a *He insert using a thermal relaxation
method. The optical reflectance measurements were per-
formed on Bruker IFS 113v and 80v spectrometers in the
frequency range from 30 to 45,000 cm~'. An in-situ gold
and aluminum overcoating technique was used to obtain
the reflectance Ropi(w). The real part of conductivity
o1(w) is obtained by the Kramers-Kronig transformation
of Ropi(w). The Hagen-Rubens relation was used for low
frequency extrapolation; at the high frequency side a w™?!
relation was used up to 300,000 cm™!, above which w™*
was applied.

Neutron diffraction experiments were carried out on
the BT-7 triple-axis spectrometert? and the BT-1 high
resolution powder diffractometer at NIST Center for
Neutron Research (NCNR), Gaithersburg, Maryland.
The samples were put into an annulus configuration to
reduce the neutron absorption. Muon spin relaxation
(#SR) measurements were performed on the M15 beam
line at the TRIUMF laboratory. The advantage of this
technique is that muons are extremely sensitive to their
local magnetic environment2?. A small 10 G longitudinal
field was applied to decouple any relaxation from static
nuclear dipoles. Several pieces of single crystal were af-
fixed directly to the dilution refrigerator’s silver cold fin-
ger using Apiezon N-grease. The muons that land outside
the sample (in the silver sample holder or the cryostat
tails) produce a temperature independent contribution to
the asymmetry. This temperature independent compo-
nent has been fitted and subtracted from the data, leav-
ing only the asymmetry arising from muons that land in
the sample. The data were fit using the uSRfit software
package?!.

Electronic band structure calculations were performed
using the DFT method with the linearized augmented
plane-waves (LAPW) as a basis, as implemented in the
WIEN2K code?2. The generalized gradient approxima-
tion (GGA) was used to account for the exchange and
correlations??. We used a 20 x 20 x 20 k-point grid to
sample the full Brillouin zone.
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FIG. 1: Room temperature measured (black symbols) and
calculated (red line) powder X-ray diffraction pattern for
LuslIrsGers, together with the calculated peak positions (blue
vertical lines) using space group (a) cubic, Pm3n and (b)
tetragonal, I4;/amd. The tetragonal model fully accounts
for the weak reflections (blue asterisks in (a)) that are unac-
counted for in the cubic average model. Inset: Variation of
lattice parameters as a function of z in (Ybi—.Lug)slrsGeis
with a (small) cubic unit-cell model (left axis) and a (large)
tetragonal unit-cell model (right axis).

III. RESULTS AND DISCUSSIONS
A. Crystallography

When using the cubic Pm3n space group, which
is adopted in a YbsRhyGeys structural type, we saw
weak and unindexed reflections in both powder and
single-crystal X-ray diffraction patterns (see asterisks in
Fig.M(a)). In the case of LuslrsGe;s, a tetragonal unit
cell with the cell dimensions a = 17.7674(11) A and ¢
=17.8229(13) A and space group I4;/amd account for
the weaker reflections and peak splitting of major re-
flections (Fig. @(b)). This model was then used to fit
the powder diffraction data for Ybslr,Geys. Rietveld re-
finement of the data resulted in a model in good agree-
ment with lattice parameters a = 17.74828(15) A and ¢
= 17.7894(2) A (Rwp = 7.08%), indicating Luslr,Ge;3
and YbslrsGey3 are isostructural and adopt the tetrag-
onal space group I4,/amd (see details in Ref. [10). The
volume trend as a function of dopants remains the same
regardless of unit cell size as shown in inset of Fig. [[b).



B. Electrical transport properties

Most 4f magnetic systems are metallic!, while the
electrical resistivity p of YbIG (red symbols, Fig. [Z(a))
shows non-metallic behavior even at high temperatures
(T > Tx). This cannot be due to incoherent scatter-
ing of the conduction electrons by localized f moments,
since non-magnetic LIG exhibits similar dp/dT < 0 be-
havior (blue line, Fig. (a)). Below 150 K the magnetic
resistivity pmag = pPybiG — pPLIG, as shown in the inset
of Fig. 2la), increases with decreasing the temperature,
implying the opening of some pseudogap in the underly-
ing electronic band structure. Upon cooling below 10 K,
Pmag follows —InT" behavior, which is a signature of in-
cohenrent Kondo scattering. Below 0.9 K, py,q4 tends to
saturate due to some loss of spin disorder when magnetic
correlations set in. We will discuss magnetic properties of
YbIG in detail later in section [ITEl On the other hand,
in LIG a monotonic increase of p(T) is observed down to
2.8 K, below which LIG becomes superconducting (see
Appendix). Similar semiconducting p(7') behavior in
LIG has recently also been reported by Kumar et al.2.
However, they grew the crystal by using the Czochralski
method and reported a different crystal structure Pm3n.
This reflects that reaction conditions and synthesis meth-
ods could lead to slightly different polymorphs.

The Hall coefficient data Rp(T') data for YbIG are
shown down to 16 K (above Tk), below which the anoma-
lous Hall effect dominates (Fig.[2 (b)), while the data for
LIG are shown down to 2 K (Fig. 2l (c)). The Hall resis-
tance pp(H) was measured at several temperatures and
the Ry values, obtained from linear fits, (black stars in
Fig. 2 (b) and (c)) are consistent with the Ry(T") data.
A sign change of Ry (T) indicates a change in effective
carrier type from electrons at high temperatures to holes
at low temperatures for both systems.

C. Optical conductivity

Such a gap feature, however, is not seen in our optical
conductivity data. Overall, similar optical properties are
registered for YbIG (Fig. Bl (a) and (b)) and LIG (Fig.
(c) and (d)), in both the optical reflectance Ropt(w)
and the real part of the optical conductivity o;(w). Note
that all data for YbIG are taken at T' > Tk ~ 3.5 K,
estimated by specific heat measurements. Both com-
pounds show nominally metallic frequency dependence
at all measured temperatures: Rop(w) at low energy in-
creases rapidly with decreasing frequency and approaches
unity in the zero frequency limit. As a result, a re-
flectance edge, though overdamped, is seen in the mea-
sured Ropt(w) below 4000 cm™!, and a Drude-like peak
is seen at low frequency in the o1 (w) spectra. For both
compounds, the low-frequency reflectance Ropi(w) val-
ues decrease with decreasing temperature (Fig. (a)
and (c)), leading to a drop of the conductivity in the
low-frequency regime. The temperature dependence of

8
7
6
€5
o L
G
£ 4
Q 3
2
1
9 . pH=9T
e illa
No 0 | Hla
b ' LU3|r4Ge13
~ o L — - —
T
oY L O
-0.1

3000 100 200 300
T(K)

1o 00 200
T(K)

FIG. 2: (a) Zero field temperature-dependent electrical resis-
tivity p of R3lraGeis, R =Yb and Lu. A sudden drop of p(T")
in LuslryGe;s is due to a superconducting transition at 2.8
K. Left inset shows a semi-logarithmic plot of magnetic elec-
trical resistivity pmag = pybic — pric. Right inset shows the
crystal structure of R3IrsGeis. (b) and (c) show temperature-
dependent Hall coefficients R (T") measured at poH = 9 T
for YbslrsGeis and LuslrsGe;s, respectively. Black stars are
data measured in a field sweep mode at a constant 7. The
error bar represents a difference between cooling and warming
measurements. A picture of a crystal is shown in the inset of

(b).

o1(w) for YbIG and LIG is consistent with the semimetal-
like evolution of p(T). A striking observation is that
the reflectance edge is located at a rather low energy
(w=3—4x10% cm™!) compared with ordinary metals,
indicating that both compounds have very low plasma
frequencies or carrier densities. The estimated values of
the plasma frequency at 10 K are 4.8 x 10% cm~! for
YDbIG and 5.7 x 10% em ™" for LIG, which correspond to
small carrier densities n ~ 2.6 x 102°(m*/m,) cm=3 for
YbIG and ~ 3.6 x 10*°(m*/m,.) cm™3 for LIG, where
m* is the effective mass and m, is the free electron mass.
Furthermore, the low-frequency spectral weight is sup-
pressed with decreasing temperature, leading to the for-
mation of a minimum of o7 with an energy scale of about
1000 cm~! for both compounds.
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FIG. 3: Optical reflectance Rop¢ and optical conductivity
o1 as a function of frequency w of YbslrsGeis (a,b) and
LusIraGeis (c,d) at different temperatures 7" = 10, 100, 200
and 300 K. The insets in (b) and (d) highlight the low fre-
quency part of o1 and ticks at zero frequency mark the inde-
pendently measured dc conductivity data (from p(T")) at the
corresponding temperatures.

D. DFT calculations

In order to substantiate the conclusion of low-carrier
nature of YbIG and LIG, we have performed the density-
functional theory (DFT) calculations, focusing on LIG,
where the absence of f-electron bands near the Fermi
level allows to better understand the underlying mech-
anism for low-carrier density. Shown in Fig. [d(a) is the
band structure plotted along high-symmetry lines in the
Brillouin zone, from which it follows that there are a total
of 5 pseudo-spin degenerate bands that cross the Fermi
level. Of these 5 bands, the most significant ones are
two hole-like bands and one electron-like band, whereas
the remaining two electron-like bands form tiny elec-
tron pockets near the M point and contribute very lit-
tle to the carrier density (see Fig. l(a)). The individual
band carrier densities are summarized in Table [[ with
the total carrier density equal 1.91 x 102" cm™3. This
value matches well with the density inferred from the
optical conductivity, provided the average effective mass
m* = bm,. Calculations of the effective masses from
DFT are unavailable, given the multiple bands and their
non-parabolic nature near the Fermi level. Nevertheless,
the semi-quantitative agreement with the optical data is
encouraging. Within the DFT framework, we find that
LIG is a fully compensated semimetal, with the equal
total number of electron-like and hole-like carriers. The

band structure contains a nearly flat band close to the I’
point, which nearly touches the Fermi level. This band
contributes to a van Hove singularity in the density of
states (DOS), at ~ 4 meV below the chemical potential,
as shown in Fig. @(b). This finding indicates that LIG
should be very sensitive to hole doping; the DOS at the
Fermi level could be increased by about 50% if the chem-
ical potential were shifted to coincide with the van Hove
peak. Such a substantial enhancement of the DOS signals
that this system may have a propensity towards magnetic
ordering, based on a Stoner criterion-type argument.
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FIG. 4: (a) DFT band-structure of LuslrsGeis, showing
the bands in the vicinity of the Fermi level along the high-
symmetry directions. The blue color indicates the three bands
that cross the Fermi level and contribute most to the carrier
density. (b) Corresponding density of states (DOS), exhibit-
ing a narrow van Hove singularity about 4 meV below the
Fermi level.

bands hl | h2 | el | e2 | e3
carrier density (x10*°cm™>)[1.96(7.61[9.43/0.12]0.01

TABLE I: Carrier densities corresponding to the dominant
hole-like and electron-like bands crossing the Fermi level cal-
culated using DFT.

E. Magnetic properties and uSR measurements

We have so far demonstrated the low-carrier-density
properties of YbIG and LIG, and turn next to the mag-
netic properties of YbIG. The single-ion Kondo temper-
ature Tk =~ 3.5 K for YbIG, which is estimated from the
magnetic entropy, i.e., Spqe(0.5 Tk) = 0.4 RIn2 (inset
of Fig. Bl(a)), implies that above ' = 50 K YbIG can
be regarded as a local-moment system. Indeed an effec-
tive moment uzgf”? = 4.2 pp/molyy, close to the Yb3*

free-ion value of ,ug‘}lfc = 4.54 up /molyy, is obtained from

the Curie-Weiss fit of the inverse magnetic susceptibility
H/M (open symbols, right axis in Fig. B(b)). The fit
results in a Weiss temperature Oy = —18 K, suggest-
ing antiferromagnetic correlations. Upon further cool-
ing, these antiferromagnetic correlations result in a phase
transition-like feature at 7,;,,, = 0.9 K as seen from the
peaks in M/H (circles, left axis) and C,/T (squares,
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FIG. 5: (a) Low-T" M/H vs. T (left, circle) and zero-field
specific heat Cp, /T vs. T (right, square) of YbslrsGeis. The
inset shows the temperature dependence of magnetic entropy
Smag which is calculated from the 4f-moment contribution
to the specific heat. (b) Magnetic susceptibility M/H vs. T
(left) , where M is the magnetization and H is the magnetic
field, and inverse magnetic susceptibility H/M vs. T (right)
of YbslrsGeis. The solid and dashed lines show a Curie-Weiss
fit. Note that 1 emu = 1 G cm® = 10 =% Am?.

right axis) shown in Fig. Bl(a), and the local minimum
in dp/dT (not shown). However, the magnetism appears
to be very fragile, as indicated by the neutron diffrac-
tion and muon spin relaxation (©SR) measurements dis-
cussed next. While neutron diffraction measurements
(not shown) clearly observe the diffraction pattern of the
crystal structure, no magnetic peaks were found down to
80 mK. This might reflect the fact that the ordered mo-
ment of YbIG below T3, , - is smaller than can be resolved
from neutron diffraction (typically < 0.1ug).

To better understand the nature of the magnetic state
in YbIG below T3, ., = 0.9 K, we performed uSR mea-
surements between 0.1 and 2 K. Several representative
muon polarization spectra are presented in the inset of
Fig.[6l As the sample is cooled below T}, there are no
spontaneous oscillations in the decay asymmetry. How-
ever, there is a continuous evolution in the asymmetry
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FIG. 6: Temperature dependence of the muon spin relaxation
rate, A (filled circles) and the stretching parameter, 8 (open
diamonds) for YbslrsGeis, indicating a magnetic response
correlated with 7% = 0.9 K. Inset: selection of representative
1SR spectra, where the solid lines are the fits to the data with
a stretched exponential function. The error bars represent one
standard deviation.

that is well described by a phenomenological stretched
exponential function, Pz(t) = exp(—At)?, where A is the
relaxation rate and B is the stretching parameter. The
temperature dependence of the fitted parameters A and
is presented in Fig.[6l Above T}, . the stretching param-
eter is close to f = 1 and the relaxation rate is relatively
small, less than 0.5 ps~!. As the sample is cooled below
Tag> Doth the relaxation rate and the stretching param-
eter increase monotonically down to the lowest measured
temperature, 0.1 K. The increase in the relaxation rate
indicates a continuous slowing of the Yb3* spin fluctu-
ations. Our recent inelastic neutron scattering measure-
ments on YbIG down to 0.6 K reveal nontrivial dynamic
magnetic correlations between Yb moments??. At 0.1 K
the most of the moments become static on the muon
timescale as evidenced by 8 =~ 2. Thus, it is clear that,
though fragile, the 777, feature has a magnetic origin.

At a first glance, the sister compound Ce3CosSnis
might appear synonymous with YbIG: specific heat
measurements reveal a broad peak at 0.8 K in
Ce3Co0,45n132822 below which elastic neutron scattering
data do not show signs of long-range magnetic order2?,
even though inelastic neutron scattering data reveal an-
tiferromagnetic correlations below 15 K21, However, the
electrical resistivity data on polycrystalline and single
crystalline Ce3CosSn;3 show sample dependence2?:32:33
and the infrared spectroscopy study on the single crys-
talline sample indicates good metallic response3?, unlike
the present evidence for low-carrier semimetallic behavior
in YbIG and its non-magnetic analogue LIG. Therefore,
the fragile magnetism in YbIG and CezCo4Sn;3 are likely

of different origins.



F. Substitution series (Ybi_,Lu.)s3IrsGe;s

Next we study the substitution series
(Yby—,Lu,)slrsGers (YLIG) to further explore the
fragile magnetism of YbIG. From dp/dT, C,/T, and
M/H we summarized T,  values as a function of z
in YLIG, as shown in Fig. [[d). Increasing x gradu-
ally reduces T, to zero temperature at the critical
composition z. ~ 0.6. The broad hump around 40 K
in pmag for YbIG, which originates from the opening
of some pseudogap in the underlying electronic band
structure (Fig. Bla)), gradually vanishes with increasing
x (Fig. [M(a)). For x = 0.6-0.7, ppqg is not observed
to saturate and instead obeys pmqqy ~ —InT from 10 K
down to the lowest measured temperature. Because of
the underlying semimetallic character, this cannot be
directly compared with metallic diluted Kondo systems,
where a Kondo minimum is observed in the resistivity=2.
The magnetic susceptibility M/H and the magnetic
specific heat, Cho9/T = C/T(YLIG) — C/T(LIG),
both show power-law temperature dependence close to
z. (Fig. [(b) and [(c), respectively). This behavior is
reminiscent of the exotic infinite-randomness quantum
critical point accompanied by a quantum Griffiths phase,
which results in power-law singularities of thermody-
namic observables, e.g., C/T ~ M/H ~ T*~' (Ref. [36).
The values of the exponent A\ obtained from specific heat
and magnetic susceptibility for z = 0.55 — 0.7 in YLIG
are summarized in Table [ However, these values are
not consistent with the predicted trend of A for a Grif-
fiths phase, where A = 0 at the quantum critical point
and increases moving away from the critical point3?. A
Griffiths phase is formed by chemical substitution of
a non-magnetic element into a parent compound with
long-range magnetic order. Therefore, the fact that our
parent compound, YbIG, does not exhibit long-range
magnetic order implies that the power-law dependence
of C/T and M/H is only of some relevance to the
physics of the Griffith phase.

x in (Yblszuz)glmGelg 0.551 0.6 | 0.7
Xin M/H ~T**  10.58{0.420.36
X in Crag/T ~ T 1 10.42]0.32]0.17

TABLE II: The expoenet A obtained from M/H ~ T*~* and
Cmag/T ~ T for z = 0.55 — 0.7 in (Yb1—zLu,)slraGes.

A recent theoretical model is aimed at describing the
dilute-carrier Kondo limit in a honeycomb latticel?. In
this context, the crystallographic details of YbIG be-
come relevant: Given the even number of Yb atoms/sites
(forty-eight) in one unit cell (inset of Fig. P(a)), YbIG
has the structural framework for which to employ the
even-site-per-unit-cell Kondo-lattice model in the dilute-
carrier limit. The theoretical study of such a model has
shown that the Kondo effect in this regime gives rise to
semimetallic behaviort?. Although the theoretical model
describes a honeycomb lattice symmetry instead of the

tetragonal crystal system observed here, the essential
physics of even-site low-carrier framework is unambigu-
ously the same. The p(T') behavior we have observed in
the low-temperature regime of YbIG is compatible with
this mechanism. At the same time, the RKKY inter-
action in this regime is expected to be long-ranged and,
thus, inherently frustrated. This renders the fragile mag-
netism we have observed in YbIG a rather natural con-
sequence. As such, our work has not only discovered an
entirely new regime of Kondo effect and magnetic corre-
lations in YbIG, but also revealed how such effects can
be tuned through the Lu-for-Yb substitution in YLIG,
leading to Griffiths-phase-like properties.

IV. SUMMARY

In summary, YbIG is a low-carrier semimetal with
Kondo behavior arising from a low-carrier non-magnetic
reference compound, LIG, and displays fragile mag-
netism. The complex intertwinement of low-carrier char-
acter and magnetism in YLIG opens up an entirely
new venue to explore the strong correlation effects in a
semimetallic environment.
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Appendix

Figure shows the low-temperature data of
Luslr;Ges to demonstrate its superconductivity with
a transition temperature of 1.4 K. The dimensionless
AC,/yT. = 1.11 suggests that the superconductivity of
Luslry;Geys is in the weak coupling regime. From the re-
sistivity p(T') plot in different fields, we determine the val-
ues of T below which p deviates from its normal-state
value (dashed line in Fig.[STi(c)). The critical field g Heo
vs. To" plot is shown in Fig. [SI(d) where g Heo(T0™)
can be well described by the conventional Werthamer-
Helfand-Hohenberg (WHH) theory, implying BCS-like
superconductivity in LuglryGess.
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FIG. S1: Superconducting properties of LusIrsGeis. (a) Zero
field cooled (ZFC) and field cooled (FC) magnetic suscepti-
bility as function of temperature at poH = 0.001 T. (b) Zero-
field specific heat Cp,/T vs. T?. The dashed line is the normal
state contribution. T'wo solid lines indicate local entropy con-
servation from which dimensionless AC./vT. is determined.
(¢) Low temperature resistivity with various magnetic fields.
The violet dashed line represents the normal state resistivity.
(d) Critical field poHcez vs. TS™ plot. The red dashed line is
a theoretical WHH curve.



