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Experimental discrimination of coherent and incoherent behavior
in heavy-fermion materials

T. Penney, F. P. Milliken, S. von Molnar, and F. Holtzberg
IBM Thomas J. 8'atson Research Center, Yorktown Heights, Ne~ York 10598

Z. Fisk
Materials Science and Technology Division, Los Alamos National Laboratory, Los A/amos, Ne~ Mexico 87545

(Received 7 July 1986)

The onset of heavy-fermion coherent-ground-state behavior is studied in CeCu6 by Hall-effect
and magnetoresistance measurements. CeCup is an ideal system for this study since the fermions

are extremely heavy and the system does not become either magnetic or superconducting. The
strong temperature dependence of the Hall effect sets the scale for the high-temperature, single-

Kondo-impurity, incoherent regime, a broad transition region, and the very-low-temperature
coherent regime. In contrast to the resistivity, which shows a gradual transition to the coherent
state, the Hall effect sho~s a rather sharp feature at the onset of coherence.

Some rare-earth and actinide intermetallic compounds
show greatly enhanced electronic specific heats and Pauli
susceptibilities at low temperatures. ' ~ They are called
heavy-fermion systems because these enhanced properties
would be characteristic of metals with Fermi-degeneracy
temperatures as low as 10 K, and effective electron masses
up to 1000 times the bare electron mass. At low tempera-
ture, heavy-fermion systems may be antiferromagnetic, su-
perconducting, or normal-metal Pauli paramagnetic. An
important unsolved theoretical problem is the nature of the
normal coherent ground state. At high temperatures the
resistivity of heavy-fermion systems is large. In many
cases the resistivity increases approximately as log T, with
decreasing temperature, as would a collection of indepen-
dent Kondo impurities. However, as the temperature
tends to zero, the resistivity of the normal heavy-fermion
systems tends smoothly to a very small value. This
behavior is in contrast to that of a system of independent
Kondo impurities which would keep its maximum resistivi-
ty as the temperature went to zero. The vanishing of the
resistivity at low temperature means that the scattering
from the magnetic ions is coherent.

The purpose of this work is to study the development of
the low-temperature coherent state and the transition from
the high-temperature incoherent single-Kondo-impurity
regime. The Hall effect is found to be extremely sensitive
to this change. In CeCu6 a large negative peak in the Hall
constant, at several hundred millikelvin, sets the tempera-
ture scale for coherence. This peak distinguishes the low-

temperature coherent regime from a transition region and
from the high-temperature incoherent regime. CeCu6 is
an ideal choice for this study since it is a Pauli paramagnet
and has extremely heavy fermions at low temperatures.
Of the normal heavy-fermion systems, only CeAli has as
heavy fermions. In the magnetic and superconducting sys-
tems, the coherent state may be approached but the low-
temperature limit may not be attained.

CeCu6 is orthorhombic at high temperature and mono-
clinic below 165 K. The orthorhambic c axis has the larg-
est susceptibility at all temperatures belo~ 300 K. One of

our samples was a single-crystalline bar in which current
passed in the b direction, while the magnetic field was in

the c direction. The other was a crystalline plate with a
few small-angle grain boundaries. The c axis was nearly in

the plane of the plate while the a and b axes were about
45' out of the plane. The magnetic field was applied per-
pendicular to the plate. Since the van der Pauw method
was used, the resistivity for the plate is an average of the
three directions. The plate is the same sample as that
used, over a more limited temperature range, in our initial
study.

Hall and resistivity data are shown in Fig. 1. Both sam-
ples show the same qualitative behavior. On cooling from
room temperature, the resistivity rises as would that for a
collection of independent Kondo centers scattering in-

coherently. However, below about 15 K the resistivity de-
creases, indicating the breakdown of independent
behavior. At still lower temperatures the resistivity
smoothly approaches its small residual value. The Hall
constant has a maximum near the resistivity maximum. It
also has a relatively sharp negative peak at 200 mK for the
plate and 350 mK for the bar. Since the Hall data are
monotonic and smooth below the peak, a low-temperature
region is defined. The coherent normal ground-state
behavior is observed only below the negative Hall ex-
tremum. The extrema in the Hall data clearly divide the
temperature scale into three regimes: coherent, transition,
and incoherent.

Resistivity measurements on CeCu6 at very low tem-
peratures have shown a linear temperature dependence be-
tween 400 mK and 1 K and a T dependence below about
100 mK. s '0 This T2 dependence was interpreted as due
to electron-electron scattering, indicative of the limiting
Fermi-liquid behavior of the coherent heavy-fermion
ground state. The pronounced negative peak in the Hall
constant correlates with the far more subtle change in
power law of the resistivity and together mark the
coherent-scattering regime. Hall measurements on the
heavy-fermion compounds CeRu2Si2, UPt3, and UA12, "
do not show a negative extremum at low temperatures, but
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FIG. 1. Resistivity, dots, and Hall constant, squares, for (a)

the plate and (b) the bar. The sharp negative extremum in the
Hall effect marks the onset of the coherent state.

there is a change in behavior marking the coherence. The
Hall constant has a strong temperature dependence at
moderate temperatures but a weak temperature depen-
dence at the lowest temperatures, where the dependence of
the resistivity becomes T .

For CeCu6 the temperature dependence of the Hall con-
stant in the region of 100 mK and below should be charac-
teristic of the coherent regime. In both our samples, with
increasing temperature, the HaB constant increases nega-
tively with approximately linear temperature dependence.
The magnitude of the effect is very large, comparable to
the size of the high-temperature peak. This behavior is not
the same as that observed for CeRu2Si2, UPt3, and UA12."
In these materials, at the lowest temperatures, the Hall
constant has an extremely small temperature dependence,
compared to the size of the high-temperature behavior.
For CeRu2Si2 and UPt3, which have positive Hall con-
stants at all temperatures, the Hall constant increases
weakly as T'4 and T, respectively. For UA12, which has
a negative Hall constant at the lowest temperature, it in-
creases weakly positively as T .

The limiting low-temperature value for the Hall effect
may have contributions from the ordinary Lorentz-force
term Ro and from extraordinary scattering. Since the
electronic structure renormahzes between the high- and
low-temperature regimes, one would not expect the Ro

values determined at high temperature to be the correct
values for the coherent regime. Apparently the existence
of a coherent regime defined by the Hall effect is common
to all of the systems studied, but the actual behavior is
specific to the particular system. In the ease of CeCu6, the
onset of the coherent state is found to be abrupt.

In the higher-temperature incoherent regime, the Hall
effect has been measured in the heavy-fermion com-
pounds, CeCu2Siq, ' ' CeA13, ' and UBe~3. ' In all cases,
the Hall constant was positive and increased with decreas-
ing temperature. The intermediate-temperature transition
region has been studied in CeCus by us and in UPt3,
UA12, CeRu2Si2, CeA13,"UPt3, ' U2Zn~7, ' by others. In
all cases, a positive peak was observed in the Hall constant.
Since below this temperature, the resistivity dropped rap-
idly, the Hall peak and subsequent decrease were ascribed
to the beginning of the transition to the coherent regime.
This point of view is strongly supported by studies of
CePd3, a slightly-heavy-fermion compound. '3's In the
pure material, there is a peak in the Hall constant and
then at lower temperature a decrease and finally a change
in sign from positive to negative. When either Y is substi-
tuted for Ce, or Ag for Pd, the resistivity remains high at
low temperature and the decrease and sign change of the
Hall constant are absent. This important result shows
that, at least for this slightly-heavy-fermion system, the
decrease in Hall effect is not a single-ion effect, but rather
depends on the coherence of the system.

There is no theoretical model for the Hall effect in the
coherent regime. There are theories for skew scattering
from single magnetic impurities which may well be applic-
able in the high-temperature regime. "'s 20 According to
these theories the contribution to the Hall effect from
single-ion skew scattering should be proportional to the
product of the susceptibility X and the magnetic contribu-
tion to the resistivity, p~. Quite generally, for paramag-
nets with susceptibility X« 1 the Hall constant is

RH Ra+4xXRs, where Re is the ordinary Lorentz-force
term and Rg is the extraordinary magnetic term. This ex-
pression can be rewritten as

RH Ro+ PXp~

for I' 4mRz/p~. If skew scattering by a magnetic im-

purity is the origin of Rs, then since the number of scatter-
ing events is proportional to the magnetic resistivity and
the average scattering angle is given by XH, the coefficient
I' will be temperature independent. If the electronic struc-
ture changes, I' may change also. The magnetic resistivity
is found by subtracting from the total resistivity the pho-
non contribution, which is taken as the resistivity of
LaCu6. ' The magnetic resistivity, shown in Fig. 2(b),
behaves approximately as ln T at high temperature, con-
sistent with Kondo-impurity scattering. The Hall constant
is plotted versus Xp~ in Fig. 2(a), for the CeCu6 plate.
The susceptibility was measured perpendicular to the plate
in the same direction as in the Hall measurement. The
linear dependence, shown by the solid line, shows the va-
lidity of the incoherent-skew-scattering picture in the
high-temperature regime. 2 In Fig. 2(b), the fit deter-
mined in Fig. 2(a), extrapolated to lower temperature, is
shown as a function of temperature and compared with the
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FIG. 2. (a) Hall constant vs the product of the susceptibility
and the magnetic resistivity, Zp~ for the plate, (b) resistivity,
dots; magnetic resistivity, upper line; Hall constant, squares; Xp~
fit, lower dashed line.

Hall constant. The fit fails in the neighborhood of the
maximum and below. This deviation, found in both sam-
ples, is a good indicator of the breakdown of the single-ion,
incoherent, high-temperature Kondo regime.

The transition region from incoherent to coherent
scattering and from a strongly positive to a strongly nega-
tive Hall effect is complicated. It has been shown theoreti-
cally' that even for a single impurity model there can be
a maximum and a sign change as the temperature falls
below the Kondo temperature. However, the experimental
evidence from CeP13, if applicable to heavier-fermion
compounds, supports the view that the sign change results
from coherence. Furthermore, CeCu6 samples with large
residual resistivities (little coherence) due to impurities or
partial substitution of La for Ce, did not show a maximum
or sign change in thc Hall effect. These features have
been observed in a sample with a small residual resistivi-

ty. 2 Specifically, it has been argued that in the inter-
mediate-temperature regime, the Rudderman-Kittel-
Kasuya-Yosida interaction between Kondo impurities can
reduce scattering and cause a resistivity maximum. 25

The magnetoresistance for the CeCu6 bar, with a mag-
netic field of 1 T in the easy (c ) direction, is shown in Fig.
3. These data, and field sweeps not shown, are in general
agreement with previous studies of the magnetoresistance
below 4 K. The negative magnetoresistance in the
neighborhood of 2 K has been shown to follow a single-ion
Kondo model. 2 2s The lowest-temperature positive mag-
netoresistance is characteristic of the coherent state,
without Kondo scattering. This positive magnetoresis-
tance, expected generally for metals, occurs only below
350 mK, the temperature of the Hall extremum. On heat-
ing above 4 K, the magnetoresistance is relatively small. 2

The extremely large electronic specific heats observed in
heavy-fermion compounds at low temperature do not re-
quire coherence. In the case of CeP13, substitution of 0.12
Ag for Pd increased the linear specific heat C/T from a
modest 50 to a large 450 mJ/mole K, even though coher-
ence was lost. For CeCu6, C/T is very large, about 1500
mJ/moleK2, at low temperature both for a strongly
coherent sample with very low residual resistivity and for a
partially coherent sample with relatively large residual
resistivity. ' '3' Coherence may cause structure in the elec-
tronic density of states, resulting in structure in the elec-
tronic specific heat but with little change in the magni-
tude. 32

In conclusion, strong features in the Hall effect clearly
set the temperature scale for the heavy-fermion system
CeCu6. The low-temperature coherent ground state is
found only below a few hundred millikelvin. The onset of
the coherent state is very sharp when vie~ed by the Hall
effect. The transition between the pure coherent state and
the single-ion high-temperature state is very broad, occur-
ring over two decades in temperature. The high-
temperature behavior is consistent with that of a collection
of independent Kondo impurities.
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