
Superconductivity and non-Fermi liquid behavior near antiferromagnetic quantum critical points
in CeRh1−xCoxIn5

J. R. Jeffries, N. A. Frederick, E. D. Bauer,* Hikari Kimura,† V. S. Zapf,* K.-D. Hof,‡ T. A. Sayles, and M. B. Maple
Department of Physics and Institute for Pure and Applied Physical Sciences, University of California—San Diego,

La Jolla, California 92093, USA
�Received 25 January 2005; revised manuscript received 25 April 2005; published 29 July 2005�

Single crystals of CeRh1−xCoxIn5 have been investigated by means of specific heat measurements at zero
pressure and electrical resistivity measurements under nearly hydrostatic pressure up to 28 kbar. Specific heat
measurements for samples of CeRh1−xCoxIn5 with cobalt concentrations of x=0.65, 0.71, 0.77, 0.87, and 0.93
confirm the existence of antiferromagnetism for 0�x�0.7 and suggest the existence of a quantum critical
point at xc�0.75. Entropy versus x isotherms below �5 K and the normalized residual resistivity
��0 K� /��290 K� versus x curve both display maxima near xc�0.75, suggesting further evidence for the
existence and location of the quantum critical point. Electrical resistivity measurements under pressure for
samples with x=0.1, 0.2, 0.4, and 0.6 reveal antiferromagnetism, pressure-induced superconductivity, and the
coexistence of antiferromagnetism and superconductivity. Normalized residual resistivity ��0 K� /��290 K�
versus pressure P curves and the evolution of the power-law exponent n favor the existence of quantum critical
points at critical pressures Pc�23 kbar, �21 kbar, and �7 kbar for samples with x=0.1, 0.2, and 0.4,
respectively.
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I. INTRODUCTION

Since the early 1990s, there has been a growing interest in
the breakdown of Fermi liquid theory near quantum critical
points �QCPs� in strongly correlated f-electron materials.1–6

This breakdown is manifested in low-temperature physical
properties, such as electrical resistivity, specific heat, and
magnetic susceptibility that exhibit weak power law or loga-
rithmic divergences in temperature, commonly referred to as
non-Fermi liquid �NFL� behavior. In many of these
f-electron materials, the QCP is associated with a second-
order phase transition �usually, magnetic� that is suppressed
toward 0 K as a function of a control parameter, such as
chemical composition, pressure, or magnetic field. However,
before the QCP is reached, other phenomena, such as super-
conductivity coexisting with magnetism7–10 and short-range
or glassy types of magnetic order11–15 are often observed. As
a result of their sensitivity to control parameters, heavy fer-
mion systems are excellent candidates for the investigation
of low-temperature properties near a QCP.

A set of heavy fermion compounds structurally related to
CeIn3 with the formula CenTmIn3n+2m �T=Co, Rh, Ir; n
=1,2; m=0,1� was recently discovered and found to exhibit
superconductivity �SC�, antiferromagnetism �AFM�, NFL be-
havior, and the coexistence of SC and AFM.16,17 The CeTIn5
compounds can be viewed as alternating layers of the parent
compound, CeIn3, and TIn2 stacked along the c axis. Under
ambient pressure, CeRhIn5 evinces AFM at TN=3.8 K,16

while CeIrIn5 exhibits bulk SC at Tc=0.4 K,18 and CeCoIn5
displays SC at Tc=2.3 K, the highest Tc of any Ce-based
heavy fermion superconductor.19 With applied pressure, su-
perconductivity in CeRhIn5 develops out of a non-Fermi liq-
uid normal state above 16.3 kbar.20 Superconductivity is
seen to increase with pressure up to �30 kbar, followed by a
decrease and the eventual suppression of superconductivity

at a pressure of �85 kbar.21 Superconductivity in CeCoIn5
also develops out of a non-Fermi liquid normal state, but
unlike CeRhIn5, exists at ambient pressure. As pressure is
applied to CeCoIn5, Tc increases slightly until �15 kbar,
shortly after which normal state Fermi liquid behavior is
recovered, followed by a decrease and the eventual suppres-
sion of superconductivity at �37 kbar.22

Previous ambient pressure electrical resistivity measure-
ments on CeRh1−xCoxIn5 revealed antiferromagnetic transi-
tions for 0�x�0.4, and superconducting transitions for
0.4�x�1.23 Peaks observed in the specific heat C�T� di-
vided by temperature T, C�T� /T, were attributed to AFM for
x�0.6 and superconductivity for x�0.4. The intermediate
region with 0.4�x�0.6 shows two distinct peaks corre-
sponding to both antiferromagnetism and superconductivity,
suggesting the coexistence of both phenomena. Previous
measurements of the electronic specific heat coefficient �
�C�T� /T imply heavy electron masses, and entropy calcu-
lations suggest that in the region of coexistence the same
heavy electrons participate in both superconductivity and
antiferromagnetism.23

In this paper, we report the results of our recent hydro-
static pressure and specific heat studies of CeRh1−xCoxIn5
emphasizing the existence of and behavior near quantum
critical points in both T-P and T-x planes. The correlation
between the disappearance of magnetic order and the appear-
ance of superconductivity in some heavy fermion materials
has given rise to a magnetic interaction scenario in which
spin fluctuations rather than phonons are responsible for the
binding of quasiparticles into Cooper pairs. This interaction
would likely lead to the existence of superconductivity only
over a narrow lattice parameter range in the vicinity of the
QCP, as seen in CeIn3 under hydrostatic pressure.8 The re-
sults of our studies on CeRh1−xCoxIn5 show that, unlike
CeIn3, SC exists over a wide range of pressure and concen-
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tration, implying a more complex origin of superconductivity
in this system.

II. EXPERIMENTAL DETAILS

The CeRh1−xCoxIn5 single crystals were grown using a
molten indium flux technique in alumina crucibles sealed in
evacuated quartz tubes. The x=0.1 and 0.2 crystals used for
electrical resistivity measurements and the x=0.65, 0.71,
0.77, 0.87, and 0.93 crystals used for specific heat measure-
ments were grown using the same methods previously
reported.23 The x=0.4 crystals were soaked at 1100 °C for
24 h, while the x=0.6 crystals were soaked at 1100 °C for
only 1 h. Both concentrations were then cooled at
20 °C/h to 750 °C followed by a slower cooling at
5 °C/h to 450 °C, at which point the molten indium flux
was spun off in a centrifuge. X-ray powder diffraction mea-
surements indicated that the correct concentrations were ob-
tained, compared to samples previously measured, within ex-
perimental error. Single crystals suitable for resistivity
measurements typically had sample dimensions of 0.6�0.6
�1.1 mm3.

Electrical contact to the samples was made by attaching
four Au wires with Epotek H2OE silver epoxy. Nearly hy-
drostatic pressure up to 28 kbar was applied to the samples
using a beryllium–copper piston-cylinder clamp and a Teflon
capsule filled with Fluorinert FC75 as the pressure-
transmitting medium. The pressure inside the capsule was
determined inductively from the pressure-dependent super-
conducting transition of a Pb manometer.24 Four-probe ac
electrical resistance measurements from 1 to 300 K were
made in a 3He cryostat using a Linear Research LR-201 ac
resistance bridge with a frequency of 16 Hz and excitation
currents of 1–10 mA. The specific heat C was measured as a
function of temperature between 0.6 and 50 K in a 3He
semiadiabatic calorimeter by using a standard heat pulse
technique.25 The single crystals �with total masses between
24 and 400 mg� were attached to a sapphire platform with
Apiezon N grease.

III. RESULTS

A. Specific heat

Displayed in Fig. 1 are plots of the specific heat divided
by temperature C�T� /T versus temperature T for
CeRh1−xCoxIn5 between 0.6 and 6 K. The newly made
samples with x=0.65, 0.71, 0.77, 0.87, and 0.93 fit in rea-
sonably with the previously measured concentrations.23 In
particular, x=0.65 and 0.71 each appear to display the pres-
ence of both AFM and SC, although the AFM transition for
x=0.71 at TN=2.1 K occurs at nearly the same temperature
as the SC transition for x=1, CeCoIn5. Thus, it is possible
that some free CeCoIn5 could instead be the cause of this
feature. This possibility was previously noted for x=0.7,23

although for x=0.71 the feature is greatly enhanced. Since
X-ray results appear to indicate a single phase, it is likely
that an AFM transition is actually being observed for x
=0.71. A phase diagram of the values of Tc and TN as in-

ferred from the specific heat data is shown in Fig. 5, and will
be discussed in a later section.

The thermodynamic properties of the CeRh1−xCoxIn5 sys-
tem obtained from specific heat are summarized in Table I.
The superconducting specific heat jump, �C, was extracted
from the data by assuming an ideal entropy conserving tran-
sition. Determining accurate values for the electronic specific
heat coefficient � was difficult due to the presence of the
AFM transition in many of the compounds. A detailed de-
scription of the process for estimating � can be found in Zapf
et al.;23 a more concise explanation is that for the compounds
that display SC, � was taken as the value of C�T� /T directly
above the SC transition, while for the samples which only
display AFM behavior, � was calculated through entropy
considerations of the AFM transition. At this time, no defini-
tive conclusion can be drawn from the trends that �C and �
follow as a function of x. It should be noted that the esti-
mated values of � plotted as a function of x appear to display
a maximum in the vicinity of x=0.75, coincident with the
suspected QCP. Since the normal state of CeCoIn5 has been
shown to have a temperature-dependent � when Tc is sup-
pressed to lower temperatures,19 it is difficult to definitively
establish a relationship between the maximum in � versus x
and the QCP without normal state data obtained from spe-
cific heat measurements in a magnetic field.

FIG. 1. Specific heat C divided by temperature T, C /T, vs T for
CeRh1−xCoxIn5. In the interest of clarity, the data for the different
concentrations are split into two graphs.
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B. Electrical resistivity under pressure

The electrical resistivity of CeRh1−xCoxIn5 for x=0.1, 0.2,
0.4, and 0.6 is shown in Figs. 2 and 3. At ambient pressure,
the ��T� data show a weak temperature dependence above
�150 K followed by a rapid decrease, similar to other heavy
fermion materials.26 The x=0.4 and 0.6 compounds exhibit
pronounced peaks in ��T�, due to the onset of coherent scat-

tering of electrons by the Ce ion sublattice,23 at a character-
istic temperature T*�17 K and 27 K, respectively. These
peaks, and the subsequent rapid decrease in ��T�, are similar
to those of the end member compound CeCoIn5. The x
=0.1 and 0.2 compounds do not exhibit peaks, but ��T� rap-
idly decreases below �32 K and �40 K, respectively, simi-
lar to the other end member compound CeRhIn5. In the x
=0.1 and 0.2 compounds, the ��T� curves display kinks cor-
responding to the onset of antiferromagnetic order at a Néel
temperature TN=3.68 K and 3.50 K, respectively, while the
x=0.4 compound shows AFM order at TN=2.55 K and SC at
Tc=1.43 K and the x=0.6 compound displays only SC at
Tc=1.89 K.

With applied pressure, the x=0.4 and 0.6 compounds
show a broadening of the coherence peaks with little change
in the maximum value of ��T� at T*, defined as �*. The
aforementioned concentrations exhibit a monotonic increase
in T* up to �75 K and �85 K, respectively. The x=0.1 and
0.2 compounds develop peaks at T*, which broaden with
pressure, and T* is seen to first decrease with pressure to a
minimum value at �12 kbar and then increase to �37 K and
�30 K, respectively; this behavior is similar to that observed
for pure CeRhIn5.20 Since T*�Tsf�1/�, where Tsf is the
characteristic spin-fluctuation temperature,27 the pressure de-
pendence of T* for the low Co concentration samples is con-
sistent with the pressure dependence of � in CeRhIn5.28

While �* increases monotonically with pressure for x=0.1, it
increases to a maximum at �17 kbar and then decreases for
x=0.2. The values of T* as a function of pressure for the four
concentrations are displayed in Fig. 4.

Antiferromagnetic order was no longer detectable at the
lowest pressure achieved in the x=0.4 compound. As pres-
sure was increased, Tc increased up to 1.61 K at 12.1 kbar

TABLE I. Physical properties of samples of CeRh1−xCoxIn5, de-
termined from specific heat data. The symbols have the following
meanings: Tc—superconducting transition temperature, �C—jump
in C�T� at Tc, �—estimated electronic specific heat coefficient,
n—power-law exponent of C�T� /T below Tc, and TN—Néel
temperature.

x
Tc

�K�
�C

�mJ/mol K�
�

�mJ/mol K2� �C /�Tc n
TN

�K�

0 350 3.8

0.2 340 3.7

0.4 1.5 340 320 0.7 1.57 3.6

0.5 1.4 580 580 0.7 1.63 3.2

0.6 1.43 1560 620 1.8 1.62 2.9

0.65 1.38 930 730 0.9 1.40 2.4

0.7 1.42 1540 820 1.3 1.59

0.71 1.56 820 830 0.4 1.79 2.1

0.77 1.38 1210 780 0.8 1.48

0.8 1.49 960 720 1.5 1.48

0.87 1.73 1030 620 0.5 1.43

0.93 1.89 1090 560 0.5 1.47

1.0 2.27 3890 350 4.9 2.29

FIG. 2. Electrical resistivity �
as a function of temperature T for
x=0.1,0.2,0.4, and 0.6 at various
pressures.
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and 2.05 K at 14.6 kbar for x=0.4 and 0.6, respectively. For
both concentrations, Tc decreases for pressures in excess of
those at which Tc is a maximum and the superconducting
transitions broaden with increasing pressure.

For specimens with x=0.1 and 0.2, TN increased slightly
for low pressure, then fell off as pressure was increased until
it could no longer be detected. SC was detected at 6.9 kbar
with a Tc of 1.11 K and at 8.8 kbar with an estimated Tc of
0.82 K, respectively. The onset of SC was not observed
above 1 K for pressures below 6.9 kbar and 8.8 kbar in
samples with x=0.1 and 0.2, respectively. As pressure was
increased, Tc increased monotonically for samples with x
=0.1 and 0.2 to a value of 2.12 K at 26 kbar and 2.05 K at
24.5 kbar, respectively. The superconducting transition
widths for both concentrations narrowed with increasing
pressure.

IV. DISCUSSION

A. Specific heat and electrical resistivity at zero pressure

The revised T-x phase diagram is shown in Fig. 5. Be-
cause specific heat is a more reliable probe than electrical
resistivity for the bulk superconducting and antiferromag-
netic transitions that occur in CeRh1−xCoxIn5, only specific
heat data from this study and the previous specific heat study
by Zapf et al.23 are included in Fig. 5. The new data fit in
well with the previous data. The data from this study show

more detail in the region of the suspected QCP, verifying that
the Néel temperature indeed falls off toward zero tempera-
ture above x=0.6. In addition, the new concentrations have
filled in the region in concentration between the QCP and
pure CeCoIn5, revealing that the suppression of Tc is indeed
arrested by the onset of antiferromagnetic order at x�0.7.

FIG. 3. Low-temperature electrical resistivity � as a function of temperature T for x=0.1,0.2,0.4, and 0.6 at various pressures. AFM can
be seen for x=0.1,0.2, and 0.4 and was determined by the inflection point in ��T�. Superconducting transitions can be seen in all
concentrations. The step in ��T� under ambient pressure for x=0.6 at T�3.4 K is attributed to the superconducting transition of free indium.

FIG. 4. The values of T* as a function of pressure for
x=0.1,0.2,0.4, and 0.6. The solid lines are guides for the eyes.
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In order to calculate the entropy of the CeRh1−xCoxIn5
system, the C�T� data below Tc were fit by the relation
C�T�=AT+BTn+1, corresponding to the more familiar rela-
tion for unconventional superconductivity, C�T� /T=A+BTn.
The values of n calculated with this method are listed in
Table I. The exponent n varies only slightly between 1.4 and
1.8 for all superconducting concentrations up to x=1,
CeCoIn5, where it jumps up to a value of 2.3. The new con-
centrations, in general, continue the trend observed
previously,23 indicating non-s-wave pairing. Several of the
new samples have values of n�1.4–1.5 which are not con-
sistent with the prediction of n=2 for a superconducting gap
which vanishes at lines on the Fermi surface.29 With these
additional data, the previous samples also appear to disagree
with these theories. At present, because of the likely tem-
perature dependence of �, these values of n will have to be
taken as approximations, useful mostly for extrapolating the
data to 0 K in order to estimate the entropy. Furthermore, the
power-law dependence of the physical properties in the su-
perconducting state, indicative of nodes in the superconduct-
ing energy gap, is only expected to be valid for temperature
T	Tc, although power-law temperature dependencies of
C�T� within the superconducting state from T	Tc up to tem-
peratures comparable to Tc have been observed in several
heavy fermion superconductors including CeCu2Si2 and
URu2Si2.30,31

The entropy data for the new CeRh1−xCoxIn5 samples are
similar to those previously measured.23 The calculated S ver-
sus T curves are not repeated here in the interest of brevity.
However, it was discovered that plotting isotherms of S as a
function of Co concentration x revealed an enhancement near
x�0.75. These isotherms below 10 K are shown in Fig. 6.
The presence of this increased entropy around the concentra-
tion where a QCP is suspected reveals the presence of low-
lying excitations and adds further support to this hypothesis.
Around T=6 K, the entropy is nearly constant, with the ex-

ception of CeCoIn5. This could suggest the presence of anti-
ferromagnetic order due to the small Rh concentration of the
samples with x=0.8, 0.87, and 0.93. The similar entropy at
T=0.5 K and 1 K also suggests that similar mechanisms are
at work below Tc in all the samples which display SC, both
above and below the suspected QCP. Whether or not there is
a full AFM transition below Tc remains to be seen, and
would require measurements of C to temperatures below and
magnetic fields above those achievable in our experimental
setup ��0.4 K and 6 T�.

The presence of a QCP is also supported by the electrical
resistivity data near x�0.75. Peaks in residual resistivity
versus a tuning parameter, such as pressure or concentration,
often occur in the region of the QCP.32–34 Here, normalized
electrical residual resistivity, ��0 K� /��290 K�, is used to
eliminate the error in resistivity due to determining the geo-
metrical factor of the sample. Figure 7 shows the normalized
residual resistivity versus x for CeRh1−xCoxIn5, which dis-
plays a pronounced peak in the vicinity of x�0.75, the QCP
in the T-x phase diagram. The presence of low-lying excita-
tions inferred from the peak in S versus x isotherms at low
temperatures is consistent with the increased scattering im-

FIG. 5. Temperature T vs Co concentration x phase diagram for
CeRh1−xCoxIn5. Only the Néel temperatures TN and superconduct-
ing critical temperatures Tc determined from specific heat C�T� are
displayed. Closed symbols indicate data from Zapf et al. �Ref. 23�.
Open symbols indicate data from the current study. The lines are
guides for the eyes.

FIG. 6. Isotherms of entropy S vs Co concentration x for
CeRh1−xCoxIn5. The entropy is noticeably enhanced at lower tem-
peratures near the suspected QCP at x�0.75.

FIG. 7. Normalized residual resistivity ��0 K� /��290 K� as a
function of Co concentration x at ambient pressure. The solid line is
a guide to the eyes.
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plied by the peak in the normalized residual resistivity versus
x curve. This correlation suggests that normalized residual
resistivity may be a useful quantity in determining the ap-
proximate location of a QCP on the pressure axis for the
CeRh1−xCoxIn5 samples studied under pressure.

B. Electrical resistivity under pressure

Figure 8 shows the normalized residual resistivity versus
pressure of CeRh1−xCoxIn5 for x=0.1, 0.2, 0.4, and 0.6 ex-
trapolated from the data shown in Fig. 3. Peaks in
��0 K� /��290 K� can be distinctly seen for the x=0.1 and
0.4 samples at pressures of �23 kbar and �7 kbar, respec-
tively. The x=0.6 compound shows the tail end of a peak that
may occur at �1 kbar; however, there are insufficient data
below 6 kbar to absolutely confirm this statement. The x
=0.2 compound does not conclusively show a peak below
24 kbar; however, greater pressure or data density could elu-
cidate such a peak. As with the peak in the normalized re-
sidual resistivity as a function of x, these peaks as a function
of pressure can be used to estimate the location of the QCPs
in this system.

The electrical resistivity of CeRh1−xCoxIn5 sufficiently be-
low the coherence temperature T* can be described by a
power law �−�0=ATn. The range of these power-law fits
extends down to a temperature just above either the AFM
transition or the SC transition. An example of these fits for
x=0.1 is shown in Fig. 9, a plot of the reduced electrical
resistivity �−�0 versus the reduced temperature T−TN,c on a
log-log scale, where TN,c was chosen to be the greater of TN

or Tc. The change in the slope of the fits with increasing
pressure indicates a change in the exponent n as a function of
pressure. For the concentrations measured, the exponent n
was found to be less than the expected Fermi-liquid value of

FIG. 8. Normalized residual resistivity ��0 K� /��290 K� as a function of pressure P for x=0.1,0.2,0.4, and 0.6. The solid lines are
guides for the eyes.

FIG. 9. Low-temperature electrical resistivity of
CeRh0.9Co0.1In5 at various pressures plotted as reduced electrical
resistivity �−�0 vs reduced temperature T−TN,c on a log-log plot
exemplifying power-law fits of the form �−�0=ATn. The solid and
dashed lines represent the fits; the dashed line was used for clarity
to display the fit for P=26 kbar. The change in the exponent n is
evinced by the change in slope of the fits. The inset shows �
−�0 /Tn vs T−Tc for P=22.1 and 26 kbar. The constant region of
the curve indicates the range over which the power-law fit is valid.
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n=2, consistent with other heavy fermion compounds near a
QCP, including the parent compound CeIn3.35 Furthermore,
the resistivity was found to vary sublinearly with tempera-
ture with the n
1 exponent persisting up to the highest pres-
sures achieved. Even at the highest pressures attained in this
experiment, there was no evidence indicating a crossover
from NFL behavior to the more familiar Fermi liquid behav-
ior as would be expected for pressures in excess of the criti-
cal pressure Pc of the QCP.6

As shown in Fig. 10, the exponent n ascertained from
power-law fits described above displays quantitatively simi-
lar behavior as a function of pressure for the four concentra-
tions examined in this study. In the low-pressure region
where AFM exists, n assumes a value of �0.5 or less, while
for high pressures, where AFM has been suppressed, n as-
sumes a value of �0.8. A similar discontinuity in the power-
law exponent n was seen in MnSi near the critical pressure at
which a ferromagnetic QCP is expected to occur;36 however,
before the ferromagnetic QCP is achieved under pressure,
another type of partially ordered magnetic state, associated
with the directional freedom of the helical modulation of
ferromagnetic order, emerges.37 While the exponent n in the
low-pressure region could be attributed to antiferromagnetic
fluctuations, as opposed to NFL behavior, the change in n
with increasing pressure nevertheless suggests that the sys-

tem is in proximity to a QCP. Furthermore, the crossover
from low-pressure exponent to high-pressure exponent oc-
curs in the vicinity of the pressures at which the normalized
residual resistivity �Fig. 8� exhibit maxima, providing further
support for the existence of QCPs in this system.

The values of the coefficient A obtained from the above-
mentioned power-law fits are also shown in Fig. 10. These
values, like those of the exponent n, display similar behavior
for each sample measured, with A approaching 1 �� cm/Kn

in the pressure region where AFM has been suppressed. For
the x=0.1 and 0.2 compounds, A exhibits a maximum at
�12 kbar and �15 kbar, respectively, followed by a rapid
decrease with increasing pressure. The x=0.4 sample dis-
plays a rapid decrease in A at low pressures, where AFM is
present, followed by a shallow decrease with increasing pres-
sure. With increasing pressure, the x=0.6 specimen shows no
rapid decrease in A; instead, it only shows a shallow decrease
towards 1 �� cm/Kn.

The temperature-pressure �T-P� phase diagrams, deter-
mined from resistivity measurements under pressure, are
shown in Fig. 11. The Néel temperature TN is defined as the
inflection point in ��T�, and the QCPs denoted in Fig. 11 are
estimated using a combination of the location of the peaks in
Fig. 8 and extrapolation of TN to zero temperature. The su-
perconducting transition temperature Tc is defined as the

FIG. 10. Values of A and n from power-law fits of the form �−�0=ATn as a function of pressure for x=0.1,0.2,0.4, and 0.6. The solid
and dashed lines are guides for the eyes. The downward pointing arrows indicate an estimate of the pressure at which the exponent n
changes, while the dashed, horizontal double-arrows indicate the error in assigning the that pressure.
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temperature at which the resistivity is 50% of the normal
state value. For the x=0.1 and 0.2 samples, TN increases
slightly, passes through a broad maximum, and then de-
creases toward 0 K at extrapolated QCPs with critical pres-
sures Pc estimated to be �23 kbar and �21 kbar for x=0.1
and 0.2, respectively. The Néel temperature for the x=0.4
specimen is quickly suppressed to a QCP at an estimated
pressure of �7 kbar. SC is first detected in the x=0.1 and 0.2
samples at 6.9 kbar and 8.8 kbar, respectively, where it co-
exists with AFM with a monotonically increasing Tc until the
respective QCP, after which SC persists and Tc continues to
increase to the highest pressures. SC exists at ambient pres-
sure in the x=0.4 compound and coexists with AFM with an
increasing Tc until the QCP, after which Tc continues to in-
crease up to 12.1 kbar followed by a decrease and the even-
tual destruction of SC at an estimated pressure of �30 kbar.
SC exists alone without any evidence of AFM in the x=0.6
sample; Tc increases monotonically up to 14.6 kbar followed
by a decrease in Tc with pressure. There were insufficient
data to extrapolate the pressure at which SC disappears for
the x=0.6 sample. The monotonically decreasing,
concentration-dependent evolution of the QCP Pc�x� is con-
sistent with the existence of the zero-pressure QCP at xc
�0.75. This fact, along with the similarities in the behavior

of the electrical resistivity in the vicinity of the QCPs, sug-
gests that both pressure and concentration affect the same
intrinsic parameter responsible for the quantum critical be-
havior in this system.

The parent compound of the CeTIn5 compounds, CeIn3,
displays SC only over a narrow pressure range of �6 kbar
centered about the pressure at which Tc is a maximum.
CeRh1−xCoxIn5, on the other hand, exhibits SC over a broad
range of pressure not necessarily centered about the maxi-
mum in Tc. This disparity in qualitative features of the phase
diagram for CeIn3 and CeRh1−xCoxIn5 suggests a more com-
plicated origin of SC for the latter system.

V. CONCLUDING REMARKS

Specific heat measurements have revealed more detail in
the region of the suspected QCP in the temperature-
concentration �T-x� phase diagram of the CeRh1−xCoxIn5 sys-
tem, revealing that AFM exists for 0�x�0.7. Entropy cal-
culations display a maximum in the isotherms of entropy S
versus x at x�0.75, indicative of low-lying excitations near
this concentration. The maximum in the S versus x isotherms
occurs at the same concentration at which a peak in normal-
ized residual resistivity appears. These observations favor the

FIG. 11. �Color online� T-P phase diagrams for x=0.1,0.2,0.4, and 0.6 constructed from electrical resistivity data only. The Néel
temperature, TN, is indicated by the filled squares, while the superconducting transition temperature, Tc, is indicated by the filled circles. The
value of TN is taken as the inflection point, determined from the second derivative, of ��T� in Fig. 3. The value of Tc is estimated from the
midpoint of the zero resistance transition of ��T� in Fig. 3. The solid and dashed lines are guides for the eyes, the latter being extrapolations
of the data to zero temperature. The downward arrows indicate the QCPs as determined from extrapolation of the Néel temperature combined
with the positions of the peaks in the normalized residual resistivity �Fig. 8�. The shaded area delineates the region most likely to contain the
QCP and was estimated from the uncertainty in the change of n �Fig. 10� and position of the peak in normalized residual resistivity. No
signature attributable to AFM was seen in electrical resistivity measurements on the x=0.6 sample, therefore, no region of AFM appears in
the figure.
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existence of a zero-pressure QCP in the vicinity of x=0.75.
Apparently, antiferromagnetic fluctuations in the vicinity of
xc�0.75 are manifested in the peak in the isotherms of S
versus x at low temperature, and the peak in �0 versus x due
to the increased electron scattering.

Measurements of electrical resistivity under pressure have
been performed on CeRh1−xCoxIn5 with cobalt concentra-
tions of x=0.1, 0.2, 0.4, and 0.6. AFM is suppressed with
pressure, and, in the case of the x=0.1 and 0.2 compounds,
SC appears upon the application of pressure. SC is observed
to coexist with AFM from its appearance until a QCP in all
concentrations measured except x=0.6, for which no AFM
signature was seen in the electrical resistivity. SC is also
observed over a very wide range of pressure around the QCP,
similar to other heavy fermion superconductors,38 but dis-
tinctly unlike CeIn3. The electrical resistivity exhibits NFL
behavior with a power-law temperature dependence of the
form �−�0=ATn with n displaying a low-pressure value �n
�0.5� associated with the existence of AFM and a distinctly
disparate high-pressure value �n�0.8� above the pressure at
which AFM is destroyed. This NFL behavior occurs over the
entire pressure range of the experiment, unlike CeIn3 where
NFL behavior only exists in a narrow region around the

QCP.8 There was no evidence for the more familiar T2 Fermi
liquid behavior, even at the highest pressure measured. The
location of the QCPs in CeRh1−xCoxIn5 for x=0.1, 0.2, and
0.4 have been estimated at �23 kbar, �21 kbar, and
�7 kbar, respectively. The QCP for x=0.6 could not be de-
termined, because the electrical resistivity lacked any dis-
cernable features that could be attributed to AFM. The evo-
lution of the QCP with chemical substitution suggests that
the mechanism at work to produce the quantum critical be-
havior observed in CeRh1−xCoxIn5 is affected similarly by
both pressure and chemical substitution.
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