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Unconventional superconductivity frequently emerges as the transition 

temperature of a magnetic phase, typically antiferromagnetic (AFM), is suppressed 

continuously toward zero temperature. Here, we report contrary behavior in 

pressurized CeRhGe3, a non-centrosymmetric heavy-fermion compound. We find that 

its pressure-tuned AFM transition temperature (TN) appears to avoid a continuous 

decrease to zero temperature by terminating abruptly above a dome of 

pressure-induced superconductivity. Near 21.5 GPa, evidence for TN suddenly 

vanishes, the electrical resistance becomes linear in temperature and the 

superconducting transition reaches a maximum. Analysis of high-pressure resistance 

and X-ray absorption spectroscopy measurements suggest that the anomalous 

connection between antiferromagnetic and superconducting phases in pressurized 

CeRhGe3 is associated with proximity to a critical valence instability. 

 

PACS numbers: 74.70.Tx, 71.27.+a, 74.62.Fj 



Experimental evidence suggests that magnetic fluctuations play an important role 

for the emergence of unconventional superconductivity, with that superconductivity 

often develops in the vicinity of a sufficiently suppressed antiferromagnetically (AFM) 

ordered state [1-6], as demonstrated in the copper-oxide [7,8], iron-based [9,10] and 

heavy-fermion superconductors [11,12]. A prominent common feature of their phase 

diagrams is that an AFM transition temperature (TN) is suppressed continuously by 

pressure or chemical doping and presents a trend that it terminates at zero temperature, 

a magnetic quantum critical point, inside the superconducting phase. Over the past 

years, substantial efforts have been made to understand the interplay between AFM 

and superconducting phases, but it is still a challenging issue for condensed matter 

physics. 

Heavy-fermion materials provide a particular opportunity to study this issue 

because they are highly tunable with pressure, which does not introduce chemical/site 

disorder. Among heavy-fermion compounds, the CeTX3 (T = Co, Ir, Rh and X = Si, 

Ge) [13,14] family possess an interesting crystal structure without inversion symmetry. 

In their pressure-induced superconducting state, these non-centrosymmetric 

compounds are expected to show unconventional pairing and corresponding exotic 

physics [15-19]. Indeed, superconductivity in CeIrSi3, CeRhSi3, CeCoGe3 and 

CeIrGe3 [20-24] develops near an antiferromagnetic boundary and displays unusual 

properties, including a very large upper critical field [20-26] and strong magnetic 

anisotropy [25,26]. Thus, this family of non-centrosymmetric superconductors 

provides a special platform to explore and understand the connection between the 

magnetic and superconducting phases. 



At ambient pressure, CeRhGe3 is a heavy-electron antiferromagnet and, like other 

family members, crystallizes in the tetragonal BaNiSn3-type structure, space group 

I4mm (no. 107) [13,19, 27]. Previously, we demonstrated that applied pressure 

induces superconductivity in CeRhGe3 at a pressure above 19 GPa and argued that 

substantial Kondo and spin-orbit coupling favor superconductivity in it as well as in 

the broader CeTX3 family [28]; however, the relationship between AFM and 

superconductivity in CeRhGe3 is unusual. Unlike phase diagram’s characteristic of 

pressure-induced superconductors in which the Néel temperature (TN(P)) decreases 

continuously toward a zero-temperature magnetic/non-magnetic boundary inside a 

dome of superconductivity [6,11,12,17,18],  the AFM transition temperature of 

CeRhGe3 stays nearly constant over an extended pressure range before resistive 

evidence for order disappears abruptly at a pressure PC ~ 21.5 GPa where the 

superconducting temperature TC approaches its maximum value. This is illustrated in 

Fig. 1a where for clarity we show only the high-pressure part of the T-P phase 

diagram [28]. Sister compounds CeIrGe3 [24] and CeRhSi3 [21, 25] exhibit a similar 

relationship between AFM and superconductivity, and for comparison, TN(P) for 

CeIrGe3, which has a similar PC, is included in this figure. The near 

temperature-linear electrical resistance of CeRhGe3 in the vicinity of PC is 

characteristic of a non-Fermi-liquid and is plotted in Figs. 1b and 1c. Though 

(quantum) critical magnetic fluctuations are known to produce a non-Fermi-liquid 

resistance [29] and are argued to favor formation of an unconventional 

superconducting state [30], there is no evidence from TN(P) for the underlying origin 



of these fluctuations, a magnetic quantum-critical point, in CeRhGe3. Like critical 

magnetic fluctuations, critical valence fluctuations may induce a non-Fermi-liquid 

state and have been proposed as a mechanism for developing superconductivity in 

pressurized Ce- and Yb- based heavy-fermion compounds as decreasing cell volume 

increases the mean valence of Ce or Yb ions toward a critical instability of their 

f-shell occupancy [11, 31-33]. X-ray absorption measurements at energies around the 

LIII-edge of the 4f ion are a well-documented method for determining the mean 4f 

valence [34]; however, these measurements are challenging at very high pressures 

because the diamond anvil used for creating pressure absorbs X-rays by ~90% at the 

energy of Ce’s LIII-edge [35]. This substantially weakens a detectable spectral signal 

from the sample, and, consequently, there is less direct experimental evidence for the 

effect of valence fluctuations on developing superconductivity in pressurized 

Ce-based heavy fermion compounds. Nevertheless, to explore the possible role of the 

valence instability on the anomalous connection between antiferromagnetic and 

superconducting phases in pressurized CeRhGe3, we made great effort to overcome 

these difficulties. As will be discussed, these LIII-edge measurements, combined with 

an analysis of the resistivity, indicate that the superconductivity found in CeRhGe3 is 

associated with proximity to a critical valence instability. 

We begin with resistance measurements obtained on a single crystal of CeRhGe3 

in a diamond anvil cell with NaCl as the pressure medium [28]. To avoid the effects of 

magnetic order, we fit the residual resistance (R0) and power (n) at various pressures, 

from just below to above PC, to a power law form R = R0 + ATn, where A is a 



coefficient. The pressure dependences of n and R0 are shown in insets of Fig.1a. From 

these fits, n is a minimum at PC, while R0 continuously decreases over the pressure 

range. The non-Fermi liquid behavior, i.e., n ≈ 1, is shown more clearly in Fig. 2a 

where we plot the temperature dependence of the exponent n derived from a 

logarithmic derivative, ∂ln(R(T)-R0)/∂lnT. A similar linear-in-temperature resistance 

appears in CeIrGe3 near its critical pressure [24]. As an alternative to a power-law 

description of the resistance, we also fit these data to a two-component model 

proposed initially and used subsequently in studies of the non-Fermi liquid resistivity 

of cuprates [36,37]. In this model, R is the sum of T-linear and T2 contributions, R = 

R0 + AT + BT2. In the same temperature and pressure ranges, fits of the resistance to 

this form are indistinguishable from a power-law fit, and resulting fit parameters are 

given in Figs. 2b, 2c and 2d. As seen in these plots, the residual resistance and T-linear 

coefficient approach a maximum near PC; whereas, the quadratic coefficient is a 

minimum. These are responses expected near a critical valence instability [32, 38-40]. 

In this scenario, enhanced valence fluctuations increase the T-linear coefficient of 

resistance as well as scattering from sample defects and mediate superconducting 

pairing [32,38].  

In light of these implications, their possible applicability to account for 

observations in Fig.1a and the expected increase in hybridization between f and 

conduction electrons 〈Vfc〉 at high pressures, we performed room-temperature LIII-edge 

X-ray absorption spectroscopy measurements in a partial fluorescence yield mode at 

the Shanghai synchrotron radiation facility [41]. These diamond-anvil cell 



experiments used diamonds selected to have low birefringence and silicon oil to 

produce a nearly hydrostatic pressure environment. Pressure in the cell was 

determined by a standard ruby-fluorescence technique. Results of this work are 

presented in Fig. 3a, in which the relative intensity of each curve is normalized to an 

edge jump of unity. An example of a fit to these data is shown in the inset of Fig. 3a 

where we used an error background (dashed line) and two Gaussian components, 

4f1(green) and 4f0(blue). A possible 4f2 contribution expected at an incident photon 

energy of 5719 eV could not be detected definitively and was ignored in these fits. As 

evident in Fig. 3a, intensity of the main peak associated with the 4f1 configuration is 

suppressed when pressure is applied, while intensity of a small satellite peak, which is 

attributed to the presence of the 4f0 configuration in the initial state, increases. We 

estimate the pressure dependence of the mean valence (v) of Ce ions by using a 

widely accepted method, v = 3 + I(4f0)/{I(4f1)+ I(4f0)}, where I(4f0) and I(4f1) 

represent the amplitudes of the spectral main peak and satellite peak, respectively. The 

resulting pressure dependence of v is shown in Fig. 3b where we see that v increases 

approximately linearly from 3.06 at 3.6 GPa to 3.13 at 30.1 GPa. An increase in v, i.e., 

decrease in 4f occupancy, under compression is typical of Ce materials due to an 

increase in 〈Vfc〉 [42-45], and when all data are fit to a linear expression over the entire 

pressure range (solid line in Fig. 3b), there is no discontinuity for change of slope in 

v(P) at PC (21.5 GPa).  

 Support for the valence-change interpretation comes from a scaling analysis of 

resistance proposed by Seyfarth et al to argue for the presence of a valence 



quantum-critical endpoint in heavy-fermion CeCu2Si2 [33]. Following this 

methodology, we plot in Fig. 4a the pressure dependence of resistance isotherms R*(P) 

from which impurity scattering (the residual resistance R0) is subtracted from the 

measured resistance, i.e., R*(P) = R(P) – R0(P), for temperatures from 2 K to 10 K. 

This temperature range is sufficiently low to minimize contributions from phonons 

and crystal-field effects to R*(P). At each temperature, R* begins to drop significantly 

above PC, which, as argued in the case of CeCu2Si2 [33], reflects an increased 

delocalization of the 4f electrons. To help isolate in these data the effect of 

delocalization from temperature-dependent scattering, we plot in Fig. 4b a normalized 

resistance Rnor, defined as Rnor = {(R*-R*(PVC))/R*(PVC)}), where PVC is the pressure 

that corresponds to a 50% drop in R*(P) compared to its value at PC. The steepness of 

resistance drop at the midpoint, χ ൌ |ܴ݀/݀ܲ|ೇ, is shown in Fig. 4c, where it is 

obvious that χ increases on cooling as would be expected upon approaching the 

critical end point of a broadened, weakly first-order valence transition at higher 

temperatures. The dotted curve in Fig. 4b is a fit of the data to the form χ ሺܶן െ ܶሻିଵ  that gives Tcr = -20 K, which in this context corresponds to the 

temperature at which there is a critical end-point of a line of (weakly) first-order 

valence transitions. Introducing a generalized distance ݄ ⁄ߠ  from the critical end 

point (where ݄ ൌ ሺܲ െ ܲሻ ܲ⁄  and ߠ ൌ ሺܶ െ ܶሻ ܶ⁄ ), we plot Rnor as a 

function of ݄ ⁄ߠ  in Fig. 4d. As in CeCu2Si2 [33], ݄ ⁄ߠ  collapses all our data below 

10 K onto a single curve. These results, combined with LIII-edge data, are consistent 

with pressured CeRhGe3 being in proximity to a critical valence instability. 



The red squares in Fig. 4a correspond to the pressures PVC(T) at which R* drops 

by 50%. A smooth extension of these points to zero-temperature (red line) gives the 

pressure Pcr ~ 23 GPa. Though this extrapolation is somewhat arbitrary, any 

reasonable extrapolation would give Pcr within ∼1.5 GPa of the critical pressure PC 

where TC reaches a maximum and evidence for magnetic order disappears, strongly 

suggesting a connection between them and that the non-Fermi-liquid resistance above 

TC has its origin in critical valence fluctuations.  

An increase in mean valence with compression (Fig. 3b) implies increased f-c 

hybridization that should lead to a monotonic decrease in TN(P) toward a magnetic 

quantum-critical point. This, however, does not appear to be the case with CeRhGe3. 

We have no definitive explanation for why TN(P) becomes weakly pressure dependent 

below PC, but inspection of the T-P phase diagram (Fig. 1a) shows that the Néel 

boundary begins to deviate from its trajectory toward T=0 already at a pressure well 

below PC (or Pcr). In this pressure range, ∼ 17 GPa, the mean valence has increased to 

about 3.09 from roughly 3.05 at atmospheric pressure. With such an increase, it is 

plausible that the nature of magnetic order has changed in such a way to become less 

dependent on the (indirect) magnetic exchange that mediates order. Because CeRhGe3 

and CeIrGe3 have very similar phase diagrams and associated non-Fermi-liquid 

behaviors, it is reasonable that the underlying physics is the same in both. Clearly, 

these phase diagrams call for experiments and theory that would shed light on 

microscopic interactions at pressures above 17 GPa.  

In summary, we have investigated the unusual relationship between 



antiferromagnetic and superconducting states in pressurized CeRhGe3 through 

high-pressure resistance and LIII-edge absorption measurements, as well as a 

corresponding analysis of the low-temperature resistance. These results are consistent 

with a pressure-induced valence instability playing an import role for the appearance 

of superconductivity, the abrupt disappearance of evidence for magnetic order, and a 

non-Fermi-liquid resistivity in the absence of a magnetic quantum-critical point. An 

increase in the mean valence of Ce ions to about 3.10 in CeRhGe3 seems to be a 

threshold for these phenomena to develop. From an analysis of resistance data, we 

deduce that a critical end point is located at -20 K (Tcr) and that a line of broadened, 

(weakly) first-order valence transitions reaches T=0 at ~ 23 GPa (Pcr), a pressure 

close to the critical pressure PC (21.5 GPa) where TC is a maximum and the resistance 

exhibits a T-linear behavior. These results not only underscore the effects of valence 

fluctuation on superconductivity in pressurized Ce-based heavy-fermion compounds, 

but they also provide an experimental case to test or develop theoretical models. 

Indeed, the varied relationships among magnetism, criticality and superconductivity 

that are found in CeTX3 are anticipated theoretically in this model of critical valence 

fluctuations and their interplay with magnetic order in heavy-fermion metals. 
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Figure 1 Temperature-pressure phase diagram and resistance versus 

temperature for CeRhGe3. (a) Evolution of the AFM transition temperatures TN and 

superconducting transition temperatures TC with pressure for CeRhGe3 and CeIrGe3. 

The orange and purple solids represent the TN and TC of CeRhGe3, respectively. These 

data are determined from resistance and ac susceptibility measurements [28]. The 

open and filled black circles stand for the TN and TC of CeIrGe3, which are taken from 

Ref. [24]. Insets show the pressure dependence of parameters obtained from a fit of 

four-probe resistance measurements on CeRhGe3 to the power-law form R = R0 + ATn, 



as discussed in the text. PC represents a critical pressure where magnetic order 

disappears abruptly and TC displays a maximum. (b) and (c) Four-probe resistance as 

a function of temperature at 21.5 GPa and 22.8 GPa, showing T-linear behavior over 

an order of magnitude change in temperature above TC. For reference, the absolute 

resistivity at atmospheric pressure and room temperature is 105 μΩcm and the 

resistance ratio ρ(300K)/ρ(2K) of this crystal is about 13. 

 

 

Figure 2 Parameters characterizing the low temperature resistance of CeRhGe3 

at P ≥ PC. (a) Exponent n of a power-law temperature variation of the resistance 

determined from a logarithmic derivative ∂ln(R(T)-R0)/∂lnT, assuming R(T) = R0 + 

ATn. (b)-(d) Parameters obtained from fitting the resistance to R(T) = R0 + AT + BT2. 

See text for details. 



 

 

 

Figure 3 Results of high-pressure X-ray absorption measurements. (a) Ce-LIII 

X-ray absorption spectra of CeRhGe3 at various pressures and room temperature. 

Inset shows an example of fits to the measured data (red open circles) and the result of 

curve-fitting (red solid curve). The green and blue areas are the results of Gaussian 

fits to 4f1 and 4f0 components. Background is represented by the black dashed curve. 

(b) Pressure dependence of the mean valence of Ce ions in CeRhGe3. The solid line is 

a linear fit to all data.  



 

Figure 4 Scaling analysis of low-temperature resistance for CeRhGe3 at pressures 

near PC ≈ 21.5 GPa. (a) Pressure dependence of the isothermal resistance R* (R*= R 

− R0 ) at selected temperatures. Resistance data are adopted from Ref. [28]. The red 

squares indicate the pressure PVC and the temperature at which R* drops by 50% from 

its value at PC ~ 21.5 GPa, and the red line is an extrapolation of the square data to Pcr. 

(b) Normalized resistance Rnor (Rnor = [R* − R*(PVC)]/R*(PVC)) as a function of 

pressure. The red squares are equivalent to those presented in figure (a). (c) 

Temperature dependence of the slope χ  ሺχ ൌ |ܴ݀/݀ܲ|ೇሻ. The red dashed line 

represents a Curie-Weiss fit, yielding Tcr = -20 K. (d) Collapse of normalized Rnor data 

as a function of generalized distance h/θ from the critical end point, where ݄ ൌሺܲ െ ܲሻ ܲ⁄  and ߠ ൌ ሺܶ െ ܶሻ ܶ⁄ . 


