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Abstract
The pressure-induced changes in the temperature-dependent thermopower S(T)

and electrical resistivity ρ(T ) of CeRu2Ge2 are described within the single-
site Anderson model. The Ce ions are treated as impurities and the coherent
scattering on different Ce sites is neglected. Changing the hybridization �

between the 4f states and the conduction band accounts for the pressure effect.
The transport coefficients are calculated in the non-crossing approximation
above the phase boundary line. The theoretical S(T ) and ρ(T ) curves
show many features of the experimental data. The seemingly complicated
temperature dependence of S(T ) and ρ(T ), and their evolution as a function of
pressure, is related to the crossovers between various fixed points of the model.

1. Introduction

The thermoelectric power (S) of Ce-based heavy fermion (HF) or unstable valence compounds
and alloys exhibits a seemingly complicated temperature dependence, S(T ). Depending on
the hybridization (�) between the 4f and the conduction electrons, the systems can attain
ground states varying from magnetically ordered to mixed valent (MV), like CeCu2Ge2 [1]
and CeNi2Si2 [2], respectively. Between these two extreme cases magnetic Kondo systems,
e.g. CeAl2 [3], and HF compounds such as CeCu2Si2 [4], CeRu2Si2 [5], and CeCu6 [6] are
situated. A systematic development of pronounced features in S(T ) becomes apparent if the
compounds are arranged according to increasing � values, i.e. upon approaching the MV
regime.

One possibility for increasing � in Ce compounds is to apply pressure (p). Depending
on the compounds’ ground state properties (i.e. the value of �) at ambient pressure, some
of the anomalies at low and high temperature evolve and their behaviour under pressure can
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be studied. Examples showing the influence of pressure on S(T ) of a magnetically ordered
compound include CeCu2Ge2 and CePd2Si2 [1, 7, 8]. In the case of HF systems, pressure effects
on the S(T ) of CeAl3 and CeCu2Si2 [9, 4] were explored intensively. The transport properties
of the magnetically ordered CeRu2Ge2 clearly revealed the pressure-induced development of
two well resolved maxima in S(T ) over a considerable pressure range [10]. The development
of a pronounced positive maximum close to room temperature is related to the splitting of
the 4f states due to the crystalline electric field (CEF) [11]. The non-monotonic S(T ) below
about 10 K is very probably caused by the occurrence of magnetic order and the opening
of a gap in the magnetic excitation spectrum. Upon approaching the magnetic/non-magnetic
phase boundary at a critical pressure pc = 7.8 GPa, a low-temperature maximum evolves
above 10 K. It is very probably related to the Kondo effect and gives a measure of the Kondo
temperature, TK. Well above this pressure only the high-temperature maximum remains and
the S(T ) curves lose their complexity.

The anomalous S(T ) data for Ce- and Yb-based compounds have been the subject of
many theoretical investigations and are still controversial (see [12] and references therein). In
the present paper we present a qualitative description of the pressure-induced changes in ρ(T )

and S(T ) for CeRu2Ge2 within the single-site Anderson model. The spectral function of the
4f electron was obtained within the non-crossing approximation (NCA). The results above the
characteristic energy scale T0 can be used reliably, whereas for T < T0 the limitations of the
method should be kept in mind. An accurate solution of the single-impurity model at low
temperature is not useful, because we are dealing with a stoichiometric compound, which is
magnetically ordered at low pressure. A single-site model cannot describe ordered compounds
below the coherence temperature anyway. Despite these limitations, the Anderson model yields
a qualitative description of the experimental data of CeRu2Ge2 above the ordering temperature.

2. Experimental results

A clamped Bridgman anvil cell with synthetic diamonds was used to pressurize the sample up
to 16 GPa. The four-point ρ(T ) and the S(T ) measurements were carried out on one sample
in the temperature range 1.2 K < T < 300 K. It is important to note that ρ(T ) and S(T ) were
measured perpendicular to the tetragonal c-axis. A general description of the experimental
high-pressure set-up for S(T ) measurements can be found in [13]. The experimental results
of interest in the present context are summarized in the following. A thorough presentation of
the experimental findings can be found in [10].

The magnetic part ρmag(T ) of the total electrical resistivity, ρ(T ), is shown in figure 1. It
was obtained by subtracting an appropriate phonon contribution [10]. In the region of interest
here (T > 10 K), a maximum in ρmag(T ) develops near room temperature for intermediate
pressures. It is attributed as originating from the Kondo exchange interaction between the
conduction electrons and the crystal field split ground state of the Ce3+ ions.

This interpretation is supported by the evolution of a high-temperature maximum in S(T )

as can be seen in figure 2. Its position, TS, corresponds to a fraction of the crystal field splitting
(the first excited doublet is at � = 500 K [14, 15]) and its amplitude increases linearly with
pressure up to a value of 55 µV K−1 at about 10 GPa. As for ρ(T ), the features in S(T )

below about 10 K and p � 3.4 GPa presumably reflect the appearance of long-range magnetic
order [10]. At 5.7 GPa, however, a pronounced maximum at TK ≈ 12 K is present. Its position
is very sensitive to pressure and a trace of it can be anticipated at about 40 K at 8.0 GPa (see
the inset to figure 2).

On the basis of these results as well as earlier transport [16, 17] and
calorimetric measurements [18], a (T, p) phase diagram of CeRu2Ge2 can be drawn



High-pressure transport properties of CeRu2Ge2 S825

0 4 8 12
0.0

0.5

1.0

1.5

1 10 100 300
0

50

100

A
(µ

Ω
cm

/K
2 )

p (GPa)

T
N

T
C

T
L

T
N

5.7

p (GPa)

11

8.0

0.9

3.4

CeRu
2
Ge

2

ρ ⊥ c

ρ m
ag

(µ
Ω

cm
)

T (K)

Figure 1. The magnetic contribution ρmag(T ) to the electrical resistivity of CeRu2Ge2 at different
pressures. Two different antiferromagnetic phases occur below TN and TL, and a ferromagnetic
ground state is present below TC and at low pressure. No traces of magnetic order are observed for
p > 7 GPa above 1.2 K. Inset: the pressure dependence of the coefficient A obtained from a fit of
ρ(T ) = ρ0 + AT 2 for T < 0.5 K to the data of [16].

(figure 3).7 In the present context, the main observation is that the long-range magnetic
order is suppressed at a critical pressure pc ≈ 7.8 GPa and that a HF-like behaviour equivalent
to that in CeRu2Si2 at ambient pressure sets in for p > pc. The almost identical S(T ) curves
of CeRu2Si2 at ambient pressure and CeRu2Ge2 at high pressure strongly suggest that the
unit-cell volume is the crucial parameter as far as the size of the Kondo exchange interaction is
concerned, and propose that the position of the peak in S(T ) at low temperature is a measure
for the Kondo temperature TK [10]. Additional support for this assignment is provided by the
pressure dependence of the A(p) coefficient (inset to figure 1) of the quadratic-in-temperature
ρ(T ) behaviour fitted to the data below 0.5 K reported in [16]. In the non-magnetic regime the
assumption that TK ∝ 1/

√
A holds and the calculated TK(p) data are shown in figure 3 [10].

They were normalized in such a way that at p = 7.8 + 0.6 GPa the value of TK = 24 K of
CeRu2Si2 at ambient pressure was obtained [21]. The small pressure offset corresponds to the
fact that long-range magnetic order in CeRu2(Si1−x Gex)2 vanishes at a critical concentration
xc ≈ 0.06 [10, 22].

3. The theoretical model

The theoretical description is based on an effective impurity model. It is assumed that the
scattering of conduction electrons on a given Ce ion depends on other Ce ions only through

7 Figure 3 shows TN and TL values from a previous ρ(T ) experiment [16, 17] only up to p = 7.6 and 6.7 GPa,
respectively. It is very likely that in figure 5 of [16] the data points at higher pressure are not representing a magnetic
ordering temperature. This notion has emerged from the inspection of the results published in recent years [18–
20]. Furthermore, the A(p) dependence shown in figure 1 gives strong support to the suggestion that TN → 0 at
p ≈ 7.8 GPa, i.e., the pressure where A(p) attains its maximum value.
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Figure 2. The temperature dependence of the thermoelectric power S(T ) of CeRu2Ge2 for various
pressures. The features present in the low-temperature part of S(T ) for p � 5.7 GPa are due to the
magnetic order (e.g. TL). TK and TS label the centre of broad, pressure-induced maxima, related
to the Kondo effect and the crystalline electric field, respectively. The inset shows S(T ) data for
CeRu2Ge2 in the non-magnetic phase.

the modification of the conduction band. Fluctuations between 4f0 and 4f1 configurations by
exchanging electrons with the conduction band are allowed. The energy difference between
the two configurations is |Ef | and the hopping is characterized by the matrix element V . The
4f1 configuration is represented by the CEF states which are split by an energy � � |Ef |. The
local symmetry is taken into account by specifying the degeneracy of the CEF levels. The 4f2

configuration is excluded, i.e., an infinitely strong repulsion between 4f electrons is assumed.

3.1. The model Hamiltonian

Taking the impurity concentration equal to one, and imposing that the average number of
conduction electrons and 4f electrons is conserved (self-consistency condition) [12], the
Hamiltonian for the effective single-ion Anderson model is given by

HA = Hband + Himp + Hmix, (1)

where Hband describes the conduction states, Himp represents CEF states at Ef and E∗
f = Ef +�,

and Hmix gives the transfer of electrons between 4f and conduction states. All energies are
measured with respect to the chemical potential µ. The properties of the model depend in
an essential way on the CEF splitting � and the coupling constant g = �/(π |Ef |), where
� = πV 2/W measures the strength of coupling between the 4f electrons and a semi-
elliptical conduction band (centred at E0 > 0) of half-width W . In the limit � � 1 and
� < �, the model represents the 4f1 configuration of the Ce ion at ambient pressure and
high temperature. An increase of pressure stabilizes the 4f0 configuration of the Ce ion and
enhances the configurational mixing. Therefore, the influence of pressure is accounted for by
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Figure 3. The detailed (T, p) phase diagram of CeRu2Ge2 as obtained from electrical resistivity
(half-filled symbols [16, 17]), calorimetric (open symbols [18]), and the combined ρ(T ) and S(T )

(bold symbols [10]) measurements. The long-range magnetic order (TN and TL: antiferromagnetic,
TC: ferromagnetic) is suppressed at pc ≈ 7.8 GPa. TS and TK represent the positions of peaks in
S(T ) at high and low temperature, respectively. The coefficient A of ρ(T ) was used to calculate
TK (see the text).

an increase of the hybridization from � < � to � > �. In a Kondo lattice compound the
hybridization can give rise to charge fluctuations and, in order to obtain charge neutrality, µ

was adjusted at each temperature and hybridization. Furthermore, it is assumed that pressure
does not change � and W but shifts the bare f level and the centre of the conduction band by
the same amount. Thus, for a given Ce compound, nc + nf and |E0 − Ef | remain constant at
all temperatures and pressures [23].

In order to describe the influence of pressure on S(T ) and ρ(T ) for CeRu2Ge2, which
is paramagnetic at high temperature and ambient pressure, it is sufficient to consider the case
g � 1. The behaviour of the Anderson model in that limit is controlled by several well
defined fixed points [24]. In the case of � < �, the impurity appears to be magnetic and
the low-temperature behaviour is characterized by the Fermi liquid (FL) fixed point, which
describes a singlet formed by the 4f moment and the conduction electrons. An increase of
temperature gives rise to a transition to the local moment (LM) fixed point, which characterizes
a CEF split 4f state weakly coupled to the conduction band. This transition takes place around
the energy scale, T0, determined by g, �, and the degeneracy of the CEF states [25, 26].
The definition of T0 in the NCA is given in the next section. The remarkable feature of
the Anderson model is that the physics at the FL and the LM fixed points is governed by
the same characteristic energy scale T0. A further transition to a fixed point related to the
scattering of conduction electrons on an effective sixfold-degenerate 4f multiplet occurs at
temperatures above �. In the case of � � �, the impurity is in the non-magnetic MV
regime.
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The electrical resistivity and the thermopower of the single-impurity Anderson model are
obtained from the usual expressions [27],

ρmag = 1

e2 L0
, (2)

S = − kB

|e|T
L1

L0
, (3)

with kB the Boltzmann constant and e the electronic charge. The transport coefficients L0 and
L1 are given by the static limits of the current–current and current–heat current correlation
function, respectively. The vertex corrections vanish and the transport integrals can be written
as [25, 26, 28]

Ln = σ0

e2

∫ ∞

−∞
dω

(
−d f (ω)

dω

)
τ (ω)ωn, (4)

where τ (ω) is the conduction electron scattering rate at energy ω [25, 26],

1

τ (ω)
= cNπV 2 A(ω), (5)

with A(ω) = ∓ 1
π

Im Gf(ω ± i0+) the 4f electron spectral function, Gf(ω) the retarded Green
function, f (ω) = 1/[1 + exp(ω/(kBT ))] the Fermi function, N the total number of scattering
channels, σ0 a material-specific constant, and c = 1 the concentration of 4f ions. Gf(ω ± i0+)

is obtained from the NCA, closely following [25, 26, 29].
The NCA results for CeRu2Ge2 are obtained for a ground state doublet and an excited

quartet split by � = 0.07 eV. It is convenient to assume an excited quartet CEF state
instead of two excited doublet CEF levels. A significant change of the NCA results does
not occur, since the separation between the first and the second excited state (0.021 eV) is
less than their separation from the ground state (0.043 eV) [14, 15]. We used Ef = −0.7 eV,
E0 = 0.7 eV, W = 4 eV, and � = 0.06 eV to describe CeRu2Ge2 at ambient pressure and high
temperatures (kBT = �), where the f state is almost decoupled from the conduction band and
the renormalization of the bare parameters is small. The calculation yields the total number of
4f and conduction electrons, ntot = 5.6301, which is preserved in all subsequent calculations
at different temperatures and � values by adjusting µ [23].

3.2. Spectral functions

The spectral function A(ω) for a given value of � (0.06 eV < � < 0.2 eV) is calculated for
a discrete set of temperatures in the range 2 K < T < 800 K. According to equations (4)
and (5), an essential ingredient for the determination of the transport coefficients is the spectral
function A(ω). The evolution of the shape of A(ω) under pressure (i.e. with increasing �) is
presented in the following.

Figure 4 shows A(ω) at different temperatures and for the case � < � and nf 
 1.
The features common to all curves are a broad charge excitation peak somewhat above Ef

(at ω ≈ −0.59 eV) and two features due to spin excitations of the full CEF multiplet. For
kBT < � these two peaks grow and sharpen. At very low temperature, an additional peak
develops just above µ (inset to figure 4) and the low-energy part of A(ω) is characterized by
three pronounced peaks [25, 26]. The two peaks centred at about ω0 ±� are the renormalized
CEF peaks, while the peak at ω0, which is close to µ, is the Kondo resonance. It determines
the low-temperature transport properties. The energy ω0 provides the NCA definition of the
characteristic temperature, T0 = ω0/kB. The comparison with the numerical renormalization
group (NRG) calculations shows [30] that this T0 is a reliable estimate of the characteristic
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Figure 4. The spectral function A(ω), calculated for two temperatures using � = 0.06 eV and
� = 0.07 eV. The broad feature just above Ef = −0.7 eV is the charge excitation peak. The
renormalized CEF peaks and the Kondo resonance appear close to the chemical potential µ at
ω = 0. The inset shows A(ω) in the vicinity of ω = 0. In the low-temperature A(ω) the Kondo
peak is centred at kBT = ω0 ≈ 0.2 meV.

energy scale even for a doubly degenerate Anderson model. Thus, we assume that the NCA
definition of T0 provides the correct Kondo scale of the CEF split single-ion Anderson model
as well.

For � � � (and 0.9 � nf < 0.95) the relative amplitudes of the peaks have changed
(figure 5). At high temperatures, i.e. for kBT 
 �, the only prominent feature is the low-
energy resonance which is due to the exchange scattering on the full CEF multiplet (the A(ω)

curve at 670 K in the inset to figure 5). With decreasing temperature the amplitudes of the
renormalized CEF peak above the chemical potential and of the Kondo resonance increase.
The larger � with respect to figure 4 results in a reduced amplitude of the charge excitation
peak, in a broadening of the peaks, and in a shift of their positions to higher energies, whereas
their separation is still �.

A further increase of �, such that 0.75 � nf < 0.9, shifts the Kondo and the CEF peaks
to higher energies (figure 6). The Kondo peak is reduced but can still be resolved as a small
feature on the low-energy side of the renormalized CEF peak. A different behaviour of A(ω)

is found for � � 2�, i.e., nf < 0.8 (inset to figure 6). It has only a single broad peak centred
at Ẽf ≈ 0.13 eV, the renormalized position of the virtual bound 4f state, and A(ω) shows no
splitting despite the presence of the CEF term in the Hamiltonian. The shape of this peak is
retained at all temperatures and the Kondo resonance appears only as a weak shoulder on the
low-energy side of this broad peak. Such a spectral function defines the MV regime of the
Anderson model, where the relevant energy scale is kBT0 = Ẽf , which depends almost linearly
on � [23]. The low-temperature part of A(ω) depicted in figure 6 clearly shows the limitations
of our approach: the spike present at ω = 0 is an artefact of the NCA and leads to an artificial
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Figure 5. The spectral function A(ω) calculated with � = 0.09 eV and � = 0.07 eV for different
temperatures. Here the amplitudes of the charge excitation and the lower CEF peak at ω ≈ ω0 −�

are reduced. The two features above ω = 0 are the Kondo resonance and the renormalized CEF
peak at ω0 and ω0 +�, respectively. The inset shows the temperature variation of A(ω) in a smaller
energy range around the chemical potential.

enhancement of ρ(T ) and S(T ) at low temperatures. The consequence of these non-analytic
NCA states is commented on below.

3.3. Calculated electrical resistivity and thermopower

The moments Ln (with n = 0, 1) of the conduction electron scattering rate, weighted with
the energy derivative of the Fermi function (equation (4)), determine the electrical resistivity
and the thermopower (equations (2) and (3)). Thus, ρ(T ) and S(T ) reflect the form of A(ω)

around the chemical potential within the Fermi window |ω| < 2kBT . The sign of S(T ) is
positive if within the Fermi window more states lie above than below the chemical potential.
S(T ) is negative in the opposite case.

The NCA results for S(T ) and small � values (� � 100 meV) show one well resolved
maximum at TS ≈ 300 K and an evolution of a second maximum, T low

max, at low temperatures
(figure 7(a)). For 100 meV � � � 130 meV, the overall absolute value of S(T ) has increased
and TS is slightly shifted to lower temperatures. As a consequence of the appearance of the
low-temperature maximum, the minimum in S(T ) around 100 K becomes less pronounced.
T low

max correlates with the Kondo scale T0. At high � values, i.e., � > 130 meV, the shape of S(T )

is characterized by the high-temperature maximum which is shifted upwards in temperature
(figure 7(b)). Its amplitude, Smax ≡ S(TS), increases almost linearly with � and saturates
above � ≈ 150 meV (inset to figure 7(b)).

Figure 8 depicts the calculated ρmag(T ) for several (small) values of �. The low-
temperature ρmag(T ) exceeds that at high temperature, since the NCA overestimates A(ω)

at small ω. Nevertheless, the logarithmic increase, as temperature decreases towards T0,
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Figure 6. The spectral function A(ω) calculated for the parameters � = 0.15 eV and � = 0.07 eV
at different temperatures. The Kondo resonance and the CEF peak are separated for T � 670 K.
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calculated for � = 0.17 eV and � = 0.07 eV. The Kondo peak occurs as a shoulder on the
low-energy side of a broad peak centred at Ẽf ≈ 0.13 eV.

is preceded by the formation of a high-temperature maximum well above T0. Its position
correlates very well with the maximum at TS in S(T ). The maximum in ρmag(T ) becomes less
pronounced and is masked for � > 100 meV due to the artificially large A(ω) around µ. The
occurrence of these non-analytic NCA states in A(ω) for large � values has a minor effect on
the 4f electron number, nf (inset to figure 8). nf is the integral of A(ω) multiplied by the Fermi
function. In the MV regime (� > 2�) nf(T ) decreases strongly from the high-temperature
limit to nf ≈ 0.7 at low temperatures. The small increase at the lowest temperature results from
the spike in A(ω). In the Kondo regime (� < �) nf ≈ 1 is almost temperature independent.
The variation of nf(T ) with � reflects the change of regimes.

The strong increase of ρmag(T ) and the enhanced S(T ) at low temperature (for T � T0)
are consequences of the spike in A(ω). This becomes particularly severe for large � values
(� > 100 meV). In this region the characteristic temperature scale T0 increases very rapidly
with � and A(ω) already acquires non-analytic NCA states at rather high temperatures (inset to
figure 6). The integral L0 is strongly underestimated, resulting in a ρmag(T ) which is too large
(equation (2)). The integral L1 is less affected, because the artificial NCA states are removed
by the additional ω factor in equation (4). Thus, the shape of S(T ) 
 LNCA

1 /LNCA
0 seems

to be qualitatively correct, even for large � values, but the magnitude of the low-temperature
S(T ) is enhanced, since 1/LNCA

0 � 1/Lexact
0 . These difficulties are well known [25, 26]

and can be solved easily in the Kondo limit, where the model has a unique Kondo scale,
T0. The latter can be calculated in the LM regime, where the NCA is reliable. Once T0 is
known, the low-temperature transport properties can be inferred from the universal power laws
ρ(T ) ∝ 1 − a(T/T0)

2 and S(T ) ∝ b(T/T0) (where a and b follow from the Sommerfeld
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expansion) which hold in the FL regime. Thus, combining the NCA and the FL theory, we can
discuss the experimental data at all temperatures at which the single-ion approximation holds.

4. Discussion

The evolution of the calculated transport coefficients described above has several features of
the pressure-induced changes in ρmag(T ) and S(T ) of CeRu2Ge2 presented in section 2. In
the following, the evolution of the transport properties is related to the modifications of A(ω)

caused by the increase of � and compared to the experimental data. However, the above-
mentioned limitations of the theoretical approach should be kept in mind.

As far as the NCA results of ρmag(T ) are concerned, the comparison of the theoretical
and experimental data is limited to temperatures above about 100 K. This is due to the fact
that the NCA yields an enhanced A(ω) at small ω and large � and the calculated ρmag(T )

increases strongly towards low temperatures. In addition, the single-site model leads to a low-
temperature saturation of ρmag(T ), which is not observed in stoichiometric compounds. Thus,
the NCA results for ρmag(T ) can only be used for a qualitative discussion of the experimental
data at low pressure. The clear high-temperature maximum and the subsequent shallow
minimum, present in ρmag(T ) for small hybridization, are seen in the experimental behaviour
of ρmag(T ) for p � 3.4 GPa (figure 1). Furthermore, the weak � dependence of the maximum
position in the calculated ρmag(T ) is also observed in the experimental data.

The clear features in the calculated S(T ) data and their evolution with � make a detailed
comparison with the effect of pressure on S(T ) possible. The ambient pressure S(T ) is
negative for temperatures below 300 K (figure 2). This shape of S(T ) corresponds to that
calculated for � = 60 meV (figure 7(a)). It results from the fact that within the Fermi window
less spectral weight is present above than below µ. The difference, however, is small, which
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Figure 8. The calculated temperature dependence of the electrical resistivity ρmag(T ) for different
hybridizations � and � = 0.07 eV. The enhancement of ρ(T ) at low temperature is an artefact of
the calculation (see the text). The inset shows the temperature variation of the f electron number,
nf , at various values of �.

explains the small negative value of S(T ). For kBT < � the amplitude of the renormalized
CEF peak in A(ω) below the chemical potential increases (figure 4) and S(T ) attains slightly
larger negative values in agreement with the ambient pressure data. At even lower temperature,
the development of the Kondo resonance leads to more spectral weight above than below µ

and S(T ) starts to increase. This leads to the evolution of the minimum around 100 K and
S(T ) > 0 below 20 K. The minimum is clearly present in the experimental data, whereas the
occurrence of the long-range magnetic order and the opening of a spin gap [31] conceal the
positive maximum at low temperature. The features in the experimental S(T ) data below 10 K
are related to magnetic order and cannot be accounted for in the theory, since the single-ion
approximation is not suited for the ordered phase of stoichiometric compounds. Here the 4f
electrons become coherent at low enough temperatures, leading to magnetic transitions or to
the formation of a heavy FL, like in CeRu2Ge2 at low or high pressure, respectively.

For � > �, more spectral weight is present above than below µ. In this case the
exchange scattering on the full CEF multiplet yields S(T ) > 0 as experimentally observed
for p � 5.7 GPa below 300 K. Reducing the temperature shifts spectral weight below the
chemical potential (figure 5) and S(T ) decreases. This redistribution leads again to a small
positive low-temperature maximum at T = T low

max 
 T H
K . The minimum in the S(T ) curves can

be slightly negative or positive, depending on the value of � with respect to �. This becomes
evident for � = 90 and 100 meV (figure 7(a)) and in the experimental data for p = 3.4 and
p = 5.7 GPa (figure 2). S(T ) exhibits only a shallow minimum or a shoulder below TS, like the
curve for � = 120 meV in figure 7(a). The equivalent experimental data are those measured
at 7.0 GPa depicted in figure 2.

The Kondo resonance appears only as a shoulder at the broad high-temperature maximum
in the calculated S(T ) curves for � > 2�. In this region a drastic change of the relative spectral
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Figure 9. TS, the position of the high-temperature maximum in the calculated S(T ), and T0,
the characteristic temperature scale obtained from the position of the Kondo resonance in the
spectral functions, versus hybridization �. T0 corresponds to TK (� smaller than ≈80 meV), T H

K

(intermediate �), and Ẽf (� > 170 meV). The inset shows the experimental data for TS and TK for
CeRu2Ge2 and TK ∝ 1/

√
A for CeRu2Si2 taken from the literature [32–34]. The latter are shifted

in pressure by 8.4 GPa (see the text).

weight of the peaks in A(ω) occurs and the Kondo resonance represents only a negligible
correction to the spectral weight within the Fermi window. S(T ) is always positive and
grows monotonically towards the high-temperature maximum at T0 ∝ Ẽf (figure 7(b)) as
experimentally observed for p > 10 GPa (inset to figure 2). It is noteworthy that the almost
linear increase of the calculated value of S(TS) is in qualitative agreement with the experimental
findings (inset to figure 7(b)) [10].

Figure 9 shows the � dependence of T0 and TS determined from A(ω) and the calculated
S(T ) curves, respectively. The NCA values of T0 obtained for � � � are very well
approximated by the scaling expression T0 = TK(g) [25, 26]. For a ground state doublet
and an excited quartet, TK(g) 
 Wg1/2 exp{−1/(2g)}(W/�)4/2. The exponent 4/2 reflects
the assumption of an excited quartet instead of a doublet state. The Kondo resonance is
due to spin excitations of the CEF doublet, whereas the Kondo temperature is enhanced
by (W/�)2 due to the presence of excited CEF states. For intermediate values of �

(i.e. � < 170 meV), the relationship between T0 and the coupling constant is T0 = T H
K 


Wg1/2 exp{−1/(2g)}[W/(� + TK)]4/2.
The T0 line separates the (T, �) phase diagram (figure 9) into different regions:

(i) at low coupling, i.e., � smaller than ≈80 meV (where T0 
 TK), a temperature increase
at constant hybridization first gives rise to a transition from the FL to the LM regime with
a CEF ground state, and then to the LM regime with a full CEF multiplet. The crossover
between the two LM regimes is accompanied by the minimum in S(T ) at about 100 K
(figures 2 and 7(a)). The thermopower becomes negative at the crossover from the FL to
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the LM regime with the CEF ground state (at about 20–40 K) and it stays negative in the
LM regime of a full CEF multiplet.

(ii) At intermediate coupling (� < 170 meV and T0 
 T H
K ), the FL and the LM regimes are

too close for the sign change in S(T ) to occur, and the crossover is indicated by a shallow
minimum between two asymmetric peaks or just a shoulder in S(T ).

(iii) For large � values (� > 170 meV), the crossover is from the FL to a MV regime. Here the
FL scale is large, T0 ∝ Ẽf , and S(T ) grows monotonically towards the high-temperature
maximum (figure 7(b) and inset to figure 2).

The phase diagram deduced from the single-impurity Anderson model calculations is
in rather good agreement with the experimental one. In the inset to figure 9 the pressure
dependence of the experimentally obtained TK values of CeRu2Ge2 (already shown in figure 3)
are replotted together with data for CeRu2Si2. The TK(p) data for CeRu2Si2 were calculated
using the measured A(p) dependence [32–34] and the scaling relation TK ∝ 1/

√
A with the

assumption that TK = 24 K at ambient pressure [21]. In order to compare the CeRu2Si2 data
with those for CeRu2Ge2, the former had to be shifted by 8.4 GPa [10]. The three regions can
also be identified in the experimental data:

(i) on the verge of the magnetic instability (p 
 7.8 GPa) but still in the magnetic phase,
the TK(p) variation detected with the S(T ) experiment seems to confirm the exponential
increase of T0 
 TK with �.

(ii) In the pressure range 9 GPa < p < 15 GPa, the TK(p) ∝ 1/
√

A(p) variation of CeRu2Ge2

as well as CeRu2Si2 is different to the TK(p) dependence at lower pressure obtained
from the S(T ) experiment. The difference in TK(p) dependence is similar to the T0(�)

behaviour at intermediate �, where T0 
 T H
K (main part of figure 9).

(iii) Above 15 GPa (data available only for CeRu2Si2) the crossover into the MV regime, where
T0 ∝ Ẽf , yields a reduced pressure dependence in agreement with the calculated T0(�)

dependence for � > 170 meV.

It is interesting to note that the characteristic energy scales of a local and a coherent FL do not
seem to differ very much, so the universal power laws of a coherent FL provide an estimate
of the single-impurity scale T0. However, a proper treatment of the low-temperature and
high-pressure properties requires a lattice model.

The NCA used to describe the pressure-induced features in CeRu2Ge2 is not restricted
to this compound. Other ternary Ce compounds such as CeCu2Si2 and CePd2Si2 can also
be described, if the parameters are adjusted appropriately. The method works also for Yb
compounds if the decrease of the coupling between the 4f states and the conduction band with
pressure is taken into account.

5. Conclusions

A qualitative understanding of the pressure-induced changes in the electrical resistivity ρ(T )

and thermopower S(T ) of CeRu2Ge2 was developed in the framework of the single-site
Anderson model. The evolution of ρ(T ) and S(T ) with pressure was accounted for by
means of the increase of the 4f conduction band electron hybridization �. The calculated
spectral functions A(ω) show that the temperature-induced redistribution of spectral weight
yields several of the pronounced features observed in the measured transport quantities. The
position of the peak in A(ω) close to the chemical potential gives a very reliable estimate of
the characteristic temperature T0 at low temperature. The crossovers between various fixed
points of the Anderson model and the redistribution of the single-particle spectral weight within
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the Fermi window explain the hybridization dependence of the transport coefficients and the
seemingly complicated temperature and pressure dependences of experimental S(T ) data. The
� dependence of the characteristic temperature scale T0 is in qualitative agreement with the
experimentally determined TK(p) variation.
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