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Phase Diagram Determined by "> In NMR and NQR
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Single crystals of the heavy-fermion antiferromagnet CePt,In; with a Néel temperature (7'y) of 5.2 K at
ambient pressure have been investigated by zero-field '>In-nuclear magnetic and quadrupole resonance
measurements as a function of applied pressure. Within the antiferromagnetic state, the character of Ce’s
4f electron appears to change from localized to itinerantlike at P* ~ 2.4 GPa, approximately the pressure
where superconductivity first emerges. With increased pressure, the superconducting transition 7. reaches
a maximum just at or slightly before antiferromagnetic order disappears, and not at the pressure
P.~3.4 GPa, where the steeply decreasing Néel boundary extrapolates to zero temperature. For
P > P, the spin relaxation rate drops sharply by more than 2 orders of magnitude at 7., suggestive

of a first-order transition.
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Quantum phase transitions in d- and f-electron materi-
als, in which a second-order magnetic transition is sup-
pressed to absolute zero temperature, continue to be the
subject of intense research [1]. Currently, debate focuses on
the applicability of two leading scenarios to explain the
non-Fermi-liquid (NFL) behavior of the physical properties
and the unconventional superconductivity that arises near
the quantum critical point (QCP) in heavy fermion com-
pounds. In the first, Hertz-Millis-Moriya (HMM) scenario
[2-4], the Kondo temperature Ty remains finite at the
QCP, and scattering of the itinerant conduction electrons
by quantum fluctuations of a spin-density instability of a
large Fermi surface lead to NFL behaviors [1]. At such a
QCP, quantum critical fluctuations induce an attractive
pair interaction for unconventional superconductivity,
which appears to be realized in CeCu,Si,, CePd,Si,,
and Celn;y [5].

If the Kondo scale vanishes at the QCP, new critical
modes associated with destruction of the Kondo effect,
in addition to fluctuations of an antiferromagnetic order
parameter, control physical properties. A growing number
of heavy fermion materials appear to exhibit behavior
consistent with this second, Kondo breakdown or local
quantum criticality scenario [6,7]. Upon crossing this QCP,
a small Fermi surface characteristic of the magnetic state
jumps sharply to a large Fermi surface in the paramagnetic
(PM) state—in contrast to the HMM model in which the
Fermi surface evolves continuously through the QCP [1].
This local quantum criticality model accounts for the
behavior of CeCug_,Au, (x =0.1) [8] and YbRh,Si,
[9]. CeRhlIns also appears to be close to a local QCP,
where a discontinuous change from a small to a large Fermi
surface coincides with its pressure-tuned 7 = 0 magnetic-
nonmagnetic boundary [10,11]. In addition, it has been
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suggested that local fluctuations may also mediate the
unconventional superconductivity near P, with T9% =
2.6 K [11,12].

To make progress towards understanding quantum phase
transitions, new examples of quantum critical materials
are necessary to test the applicability of the relevant
theoretical models and to guide in the development of
new ones. In this Letter, we report !'>In-nuclear magnetic
and quadrupole resonance (NMR and NQR, respectively)
measurements on the bilayer variant in the Ce,M, Ins,, ,,
family, CePt,In; (with m =1 Celny; and n =2 Ptln,
layers), using a clean tuning parameter, pressure, to probe
the quantum critical behavior around P, = 3.4 GPa, where
NFL behavior has been found [13]. The NQR and NMR
measurements reveal two, well separated, characteristic
pressures P* and P, in a T-P phase diagram: a localized-
itinerant transition of the Ce 4f electron occurs at
P* = 2.4 GPa, while the antiferromagnetic (AFM) state
disappears around P, = 3.4 GPa. Between P* and P,., the
AFM state is driven by itinerant 4f electrons and coexists
with pressure-induced superconductivity. In the related
material CeRhlnsg (n =1, m =1), P*=P_. [10,11,14].
CePt,In; demonstrates, however, that P* and P, are not
necessarily coincident.

Single crystals of CePt,In; were grown by the self-flux
method [15]. Hydrostatic pressures up to 3.7 GPa were
applied with a standard hybrid-cylinder cell and an
indenter-type cell [16] using Daphne7373 oil as a pressure
medium. Pressures were determined by ®Cu-NQR
frequencies in Cu,O [17]. As shown in Fig. 1(a), there
are three crystallographically inequivalent In sites, denoted
as In(1) for 256 in Wyckoff notation, In(2) for 4d, and In(3)
for 8¢ sites, respectively. As reported previously [18], all
NQR lines are successfully assigned. In order to investigate
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FIG. 1 (color online). (a) Crystal structure of CePt,In;.
(b) NQR spectrum for In(3) sites in CePt,In; under 3.1 GPa
at 10 K. The dashed line indicates a calculated resonance position
of 4vy. (c) Pressure dependence of v, and 7 for In(3) in CePt,In;.

the relation between magnetism and superconductivity,
we chose the In(3) sites, because the internal field in the
AFM state is not canceled on these sites. On the other
hand, the In(1) sites in CePt,In; are closely analogous to
the In sites in the relative Celn; or the In(l) sites
in CeRhlns, on which the internal field is canceled
completely in CePt,In; [18] or partially in Celns [19]
and CeRhIns [20].

First, we present evidence for a transition from localized
to itinerant behavior of the Ce 4f electron in CePt,In;.
The NQR spectrum of the orthorhombic In(3) sites at 10 K
and 3.1 GPa is shown in Fig. 1(b). From the line positions,
the nuclear quadrupole frequency v, = 16.76 MHz and
asymmetry parameter n = 0.466 are determined, where
vo = 3e*qQ/{21(2I — 1)h}, eQ is the nuclear quadrupo-
lar moment, and the principal component of the local
electric field gradient (EFG) tensor eq =V, is given
by n=|Vxx—Vyy|/Vzz. The electric quadrupole
Hamiltonian matrix was numerically diagonalized to fit
the resonant positions obtained at each pressure, yielding
the pressure dependence of v, and 75 displayed in
Fig. 1(c). The quadrupole frequency v, increases linearly
with increasing pressure up to ~2 GPa, but an abrupt kink
in Vo is observed at P* ~ 2.4 GPa, where a similar kink is
also seen in #. The EFG is a good parameter to evaluate the
degree of 4f delocalization in the CeMIns series. [21]
Therefore, we interpret this kink as signaling a change in
the charge distribution from surrounding ions and elec-
trons, that is the consequence of a Ce 4 f electron localized-
to-itinerant transition resulting from a pressure-induced
increase in c-f hybridization. Such a deviation of the v-P
trend in the prototypical material CeCu,Si, is seen as well,
reflecting a crossover of the 4f nature [22].
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FIG. 2 (color online). (a) Pressure variation at 1.6 K of the
NMR spectrum for 3y, of In(3) sites. The simulated curves at
ambient pressure and 2.4 GPa are also plotted [18]. (b) Pressure
dependence of the estimated volume fraction of the C-AFM
portion [18]. (¢) NQR and NMR spectra of 3v, line for In(3) sites
under 3.1 GPa at several temperatures of 40 mK, 5 K, and 10 K.

A change in the internal magnetic field associated with
the AFM order also provides evidence for a localized-
to-itinerant transition of the Ce 4 f electron in CePt,In;. As
reported previously [18,23], the NQR spectra at ambient
pressure is explained by the coexistence of an incommen-
surate (IC-) and commensurate (C-) AFM component of the
magnetic structure. As shown in Figs. 2(a) and 2(b), the
volume fraction of the IC-AFM component, deduced from
the 3v, spectra at the In(3) sites, gradually decreases
with applied pressure and is completely suppressed above
~2.4 GPa, where only the C-AFM component persists. The
pressure dependence of the estimated internal field H;y
on In(3) sites is summarized in Fig. 4(b) to illustrate its
relationship to the 7-P phase diagram. A large decrease
of the internal field occurs around P* ~2.4 GPa and is
consistent with a change of localized-to-itinerant f char-
acter in the AFM state, as observed experimentally [10]
and predicted theoretically [24] in CeRhlns. At 3.1 GPa
[Fig. 2(c)], a change in the line width provides an estimate
of the internal field of about 150 Oe on the In(3) sites,
corresponding to no more than ~3% of the amplitude at
ambient pressure. These observations of the EFG and H,,
suggest that the AFM state is driven by itinerant 4f
electrons above P*. Assuming the hyperfine coupling
constant is pressure independent, this reduction of the
internal field above 2.4 GPa corresponds to a drastic
reduction in the ordered moment and is typical of a
spin-density wave (SDW). No significant broadening is
observed below the superconducting (SC) transition tem-
perature T, = 2 K i.e., the onset of SC does not substan-
tially disturb the AFM state. We note that the spectrum at
3.7 GPa, where the AFM state disappears completely, does
not show such an additional broadening from the NQR line
width as temperature decreases.
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Measurements of the spin-lattice relaxation rate 1/T,
further characterize the evolution of the normal state and
the coexistence of superconductivity and magnetism with
applied pressure. The nuclear magnetization recovery from
a saturation (z/2) or an inversion () rf pulse was measured
as a function of time at the 3v,, line of the In(3) sites for a
given temperature and pressure. 7 was derived from fitting
to the appropriate relaxation function [25] calculated
by using # experimentally determined at each pressure
[Fig. 1(c)]. In the coexisting region of AFM and SC states,
the fitting was made after ~50% of nuclear magnetization
was recovered in order to pick the longer 7' associated
with SC.

At ambient pressure, the spin-lattice relaxation rate
divided by temperature (T,7T)~' follows a Curie-Weiss-
like behavior above T* ~ 30 K, indicating fully localized
Ce 4f moments [18]. At temperatures below 30 K and
pressures up to 2.4 GPa, (T,T)~" shows a weaker temper-
ature dependence down to 10 K and is nearly pressure
independent as displayed in Fig. 3(b), although the values
of (T, T)~" are gradually suppressed by pressure. A gradual
increase of (T,T)~! as the temperature decreases below
~10 K indicates an enhancement of AFM spin fluctuations.
Upon further cooling, (7;T)~" exhibits a sharp peak at
Tn(P) reflecting the critical slowing down and an AFM
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FIG. 3 (color online). (a) Temperature dependence of nuclear
spin-lattice relaxation rates 1/7 for In(3) sites in CePt,In; under
the pressures of 3.1 and 3.7 GPa. The solid curve represents a
tentative fitby a simple d wave model. The dotted lines are guides to
the eye. The inset shows the temperature dependence of resonant
frequency shifts of an in situ rf circuitat P = 3.1 GPa. Temperature
dependence of (T, T)‘1 under several pressures of (b) 0, 0.8, 1.3,
1.8,2.2,2.4, and 2.7 GPa and (c) 2.7, 3.1, 3.2, and 3.7 GPa.

dependence of Ty can be tracked by the sharp peak of
(T,T)™!, as plotted in Fig. 4(a), while kink anomalies of
re51st1V1ty and ac calorimetry at Ty(P) are rounded [13].
Near the occurrence of superconductivity at 2.7 GPa,
denoted by the arrow in Fig. 3(c), (T,T)~! gradually
increases below 0.3 K, implying a temperature evolution
of the spin fluctuations within the C-AFM state. This slope
of (T\T)™! below 0.3 K appears to be nearly pressure
independent between 2.7 and 3.7 GPa; therefore, this
behavior does not reflect SC fluctuations nor spin fluctua-
tions by uncompensated localized Ce moments, as found in
lightly La-substituted Cegg¢7Lago3RhIns [26]. A more
likely scenario is that these fluctuations are due to a
Fermi surface instability at P* = 2.4 GPa reflected in
the change in vy and H;, [Figs. 1(c) and 2(c)].

As shown in Fig. 3(a), 1/T, peaks sharply at Ty (P) =
5.2 K and then follows a Korringa-like behavior, i.e.,
1/T, «T, below Ty(P). An additional decrease at
T.(P) with no coherence peak suggests that non-s-wave,
bulk SC emerges from the AFM phase. The Korringa law
above the T7T.(P) indicates the presence of heavy
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FIG. 4 (color online). (a) T-P phase diagram for single crystals
of CePt,In;. The results from resistivity and ac-calorimetry
measurements [13] are also plotted. The bold dotted line is
schematically drawn as a boundary between C-AFM and
IC-AFM, which is a first-order transition. (b) Pressure depend-
ence of the maximum internal field on the In(3) sites. The
longitudinal axis is logarithmic. The bottom bar schematically
indicates the 4f character. (c) Pressure dependence of (7,T)~'/?
just above T,.(P), above and below Ty (P). The dotted curve is a
guide to the eye, describing an enhancement of effective mass m*.
The square root of the A coefficient from the resistivity at low
temperatures [13] is also plotted as a measure of m*.
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quasiparticles that are not gapped by the AFM ordering.
Bulk superconductivity is also confirmed by in sifu ac-
susceptibility measurements where a clear frequency shift
is observed at T.(3.1 GPa) = 2 K, as shown in the inset in
Fig. 3(a). The T dependence of 1/T below T.(P) obeys a
T3 law over 3 orders of magnitude, suggesting the existence
of line nodes in the SC gap. The 1/7T, data deviate from 73
behavior well below T'.(P) and show a Korringa law again.
At 3.1 GPa, where superconductivity and C-AFM coexist, a
fit of a polar type A = Ay(T) cos @ gap function to the 1/T
data, assuming a simple spherical Fermi surface, yields a
gap value of 2Ay(0) ~ 13kzT.. This analysis indicates
strong coupling line-nodal superconductivity and a ratio of
residual density of states (DOS) to the value at 7.(P) of
0.15. This gap value is larger than found in CeRhlns
by NQR measurements, where 2A,(0) ~ 6.6kzT .. [27]. At
3.7 GPa, the C-AFM ordering is completely suppressed,
and 1/T, decreases very rapidly just below T, as shown in
Fig. 3(a), with 1/T; « T’. Specific heat measurements of
CePt,In; [13] reveal that the jump at 7.(P) is only about 5
times larger in the region where superconductivity is
observed compared to the small jump in the AFM + SC
coexistence region. This increase in the SC gap is not large
enough to explain the sharp decrease in 1/7; indeed, a
simple d-wave fit leads to an unphysical magnitude of the
SC gap 2A,(0) ~ 70kgT, and cannot be explained by a
point-node gap or an extended d-wave gap with higher
harmonics [28]. An alternative explanation—not captured
within either HMM or local QCP scenarios—involves
coupling of the SC order parameter to another, undeter-
mined order, resulting in a first-order transition, which
presumably occurs above the QCP at P. = 3.4 GPa.

At the intermediate pressure of 3.2 GPa, the Néel
temperature 7y decreases from ~5 to 3 K. As seen in
Fig. 4(a), the slope of Ty is very steep, of the order of
dTy/dP ~—10 K/GPa (even if taking the pressure
distribution of |AP| < 0.1 GPa at most) with a critical
pressure for C-AFM at P. = 3.4 GPa. Finally, at 3.7 GPa, as
shown in Fig. 3(c), (T, T)~" shows only a very rapid drop at
the SC transition 7,.(3.7 GPa) = 1.5 K.

The In(3) NQR measurements on CePt,In; also reveal
the evolution of the electronic and magnetic properties
under pressure. The pressure-temperature phase diagram
of CePt,In; is displayed in Fig. 4(a). The C-AFM compo-
nent is stabilized under pressure, with the suppression of
the IC-AFM component occurring at P* ~ 2.4 GPa. At this
pressure, the 4f electrons in CePt,In; become itinerant
and bulk superconductivity emerges. A similar situation
occurs in CeRh;_,Ir,Ins (0.25 < x <0.6), in which the
development of bulk superconductivity coincides with the
onset of a commensurate [Q = (1/2,1/2,1/2)] component
of the AFM order, albeit which also coexists with an
incommensurate component with a wave vector Q =
(1/2,1/2,0.297) [29], characteristic of the parent
CeRhIns material [30].

The spin-lattice relaxation (T, T)~! reflects the square of
the DOS at the Fermi level with an electronic correlation
factor. In Fig. 4(c), (T,T)~"/? is plotted as a function of
pressure. To avoid the critical slowing down just near
Ty(P), R= (T,T)'/? for the PM state is estimated from
the extrapolation to Ty from ~10 K and is nearly pressure
independent; i.e., the small volume change by applied
pressure up to ~4 GPa does not significantly affect the
DOS and/or AFM correlations in the PM state. Below Ty,
the values of R(AFM) and R(T ) are determined at 1.5 K in
the absence of a SC transition and at 7.(P), respectively.
As seen in Fig. 4(c), R(AFM), i.e., the residual DOS and/or
AFM correlations after opening the AFM gap at Ty (P),
changes substantially under applied pressure. R(AFM)
increases and reaches a maximum around 1.8 GPa where
the IC-AFM component still coexists with C-AFM order-
ing at 1.5 K. Once the C-AFM component is fully stabilized
above P*, R(AFM) decreases sharply. Near the QCP at
P.=3.4 GPa, R(AFM) or R(T,) increases, signaling a
change in the effective mass at the lowest temperature. This
conclusion is consistent with the P dependence of the A
coefficient from low temperature resistivity with the form
AT" and m* ~ 160 m, near P, determined by measure-
ments of the upper critical field [13].

In summary, the pressure evolution of the AFM and SC
states in CePt,In; have been determined by NQR. In
particular, the separate occurrence of a Ce 4 f delocalization
transition at P* and magnetic QCP at P, contrasts with the
simultaneous occurrence of a 7 = 0 magnetic transition
and a jump in Fermi volume where 7', is a maximum in
CeRhlIns [10,11]. The reduced Kondo screening due to a
more 2D lattice in CePt,In; [31] might separate P* from
P.. Equally unusual is a coupling of superconductivity to
another order parameter suggested by the sharp, first-order-
like drop in 1/T at 3.7 GPa [Fig. 3(a)]. It is interesting to
note that, in both CePt,In; and CeRhg;lrysIns [32],
superconductivity reaches a maximum 7. inside the
AFM state. One possibility is that the maximal 7', results
from a competition for the Fermi surface involving the
opening of the (large) C-SDW gap at P* and the SC gap.
Assuming the C-SDW gap deceases and the SC gap
increases with applied pressure, 7, becomes maximal
because of a tradeoff of available Fermi surface and the
increased strength of quantum fluctuations of the SDW
order, which are a maximum around the extrapolated QCP.
None of these properties of CePt,In; is obvious within the
HMM scenario. The local criticality model predicts a jump
from a small to large Fermi surface within the magnetic
state [6,33]. In addition, a localized-to-itinerant transition
has been theoretically predicted to occur inside AFM states
in a general Kondo lattice [24]. So far, neither theoretical
model can capture a difference of superconductivity across
P* and P, i.e., a first-order-like SC transition and its
robustness against pressures. Recently, an enhancement of
singlet superconductivity pairing at the local QCP has been

206401-4



PRL 112, 206401 (2014)

PHYSICAL REVIEW LETTERS

week ending
23 MAY 2014

proposed [12], but additional coupling to AFM order must
be developed to explain why T occurs within the AFM
state in CePt,In;. By showing a clear separation of P* and
P., CePt,In; is a particularly interesting system to inves-
tigate the relation of superconductivity near a QCP and a
Fermi surface volume change, which may lead to a new or
extended theoretical framework.
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