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A quantum critical point arises at a continuous transformation between dis-
tinct phases of matter at zero temperature. Studies in antiferromagnetic heavy
fermion materials have revealed that quantum criticality has several classes,
with an unconventional type that involves a critical destruction of the Kondo
entanglement |1, ] In order to understand such varieties, it is important to
extend the materials basis beyond the usual setting of intermetallic compounds.
Here we show that a nickel oxypnictide, CeNiAsO, displays a heavy-fermion an-
tiferromagnetic quantum critical point as a function of either pressure or P/As
substitution. At the quantum critical point, non-Fermi liquid behavior appears,
which is accompanied by a divergent effective carrier mass. Across the quan-
tum critical point, the low-temperature Hall coefficient undergoes a rapid sign
change, suggesting a sudden jump of the Fermi surface and a destruction of the
Kondo effect |3, Qig Our results imply that the enormous materials basis for the
oxypnictides, which has been so crucial to the search for high temperature super-
conductivity, will also play a vital role in the effort to establish the universality
classes of quantum criticality in strongly correlated electron systems.

The iron-based pnictides have not only revived the study of high temperature supercon-
ductivity [5,16], but also provided a new material class to investigating quantum criticality[7]
and heavy-fermion behavior. A canonical system for the latter is the 1111-type rare-earth
iron pnictide CeFeAsO ﬂg@] The heavy-fermion behavior crucially depends on the delicate
interplay between the 3d- and 4 f—electrons]; indeed, the presence of the 3d-electron anti-
ferromagnetic (AFM) order in the FeAs layer complicates the study of the 4 f electrons. We
therefore turn to CeNiAsO, the Ni counterpart of the parent iron pnictides, in which the 3d
electrons are shown to be magnetically disordered based on the measurements of entropy
and magnetic susceptibility[12].

The compound CeNiAsO is homology to the well-studied CeFeAsOﬂa] of the ZrCuSiAs
crystalline structure. The absence of AFM order on the Ni sublattice was confirmed both
theoretically and experimentally, ] There exists a substantial hybridization between
the Ce-4 f and Ni-3d electrons, which results in an enhanced Sommerfeld coefficient vy~ 203
mJ/mol-K? (as estimated from the paramagnetic state) and a relatively high Kondo scale
Tr~15 K‘j] These properties make CeNiAsO an ideal candidate to reveal the heavy-

fermion properties of the 4 f-electrons.



Figure 1 shows the temperature dependence of resistivity p(7") at various pressures in
CeNiAsO. The resistivity data at ambient pressure contain two prominent features: a
hump around 120 K and a sharp decrease below 10 K. Thermopower and specific heat
measurements ] suggested that the hump around 120 K is due to the crystalline electric
field (CEF) effect, while the sharp decrease below 10 K is caused by the reduction of the
spin flip scattering after the formation of the long range Ce** AFM ordering. Further anal-
ysis indicated two separate AFM transitions, with the transition temperatures Ty;=9.3 K
and Tyo=7.3 K, respectively (see also Figure 1c). Under pressure, both AFM transitions
are suppressed (inset of Figure 1la). To demonstrate this evolution more clearly, we plot
dp/dT vs. T curves for several representative pressures in Figure lc. At first both Ty
and Ty9 are reduced under pressure. When pressure increases to above 4 kbar, the peak
corresponding to Ty in dp/dT was hardly seen, while Ty is continuously suppressed at the
pressure p~6.7 kbar [see Figure 1d and Figure S1 in Supplementary Information (SI)]. A
nearly-linear p(7") dependence was observed at this pressure, manifesting non-Fermi-liquid
(NFL) behavior (see Figure 1d and Figure 2d). At even higher pressures, the resistivity
exhibits typical Kondo lattice behavior (Figure 1b), with p(7") decreasing slowly at high
temperature and dropping much faster below Ty, the onset temperature of Kondo coherence
as illustrated in the inset of Figure 1b. Pressure increases the hybridization matrix element
Ve, leading to an enhancement of Tj (see SI). A Fermi liquid (FL)-like p vs. T" dependence
is observed well below Tj (see Figure le-f). No superconductivity can be identified for all
measured pressures and temperatures down to 0.37 K. The quantum critical point (QCP) is
defined as the pressure where Ty extrapolates to zero from below. The pressure dependence
of Tn1, Tno, and Tgy, are shown in Figure 2a, which leads to p.~6.5 kbar. Also shown in
Figure 2a is Ty which increases with pressure.

We can now analyze the evolution of the electrical resistivity across the QCP. We fit the
low-temperature resistivity p(7) to the formula p=py+Ap=po+AT™, where py is the residual
resistivity. A local fitting on the (p,T") phase diagram leads to n(p,T)=d(In Ap)/d(InT)
which is shown in Figure 2a. This allows us to define Try, below which FL behavior is
present with na2 (taken as 1.8<n<2.2). The approach to QCP is also manifested in the
pressure dependence of pg, which is peaked at 5.6 kbar, close to p. (see Figure 2b). We
note that Ty is suppressed already at 4 kbar, and this might broaden the peak in py vs.

pressure and shift the peak position to somewhat below the critical pressure p.. Finally, our



analysis also leads to the A coefficient according to the Ap=AT? fit in the T—0 limit. As
presented in Figure 2c, this A coefficient shows a pronounced peak at p.. Quite strikingly,
its value near the QCP is enhanced by more than three orders of magnitude compared
to that measured far away from the QCP. We also plot AT? vs. (p — p.) in the inset of
Figure 2c. The scaling form of AT¢oc1/(p — p.)® with a=0.8 implies that the A coefficient
increases much faster than Ty approaching p.; this is to be expected, given that Tj stays
nonzero across p. even though it shows a significant p-dependence at higher pressures. The A
coefficient is related to the effective carrier mass‘j through A~(m*/mg)?. The divergence
of A, therefore, signifies a divergence of the effective carrier mass. The latter indicates a
localized-delocalized transition of the 4 f-electrons|16].

To obtain further information about the quantum phase transition, we also synthesized
and investigated phosphorus doped CeNiAsO. Since the ionic radius of P3~ is less than As?~,
this isovalent substitution serves as a positive chemical pressure[17]. The sample quality of
CeNiAs;_,P,O was checked by powder x-ray diffraction (XRD) (see Figure S2 in SI). The
lattice parameters, both a and ¢, decrease monotonically with P doping, confirming the
application of such chemical pressure. In general, this effect of the chemical pressure is
consistent with that of the hydrostatic pressure (see Figure S3 in SI). The critical doping
concentration is x.~0.4. Unlike applying pressure to the pure CeNiAsO, the P-for-As dop-
ing also allows the measurement of the specific heat, which is displayed in Figure 3. In
the =0 sample, the specific heat reveals two phase transitions below 10 K confirming the
two AFM transitions determined by resistivity measurements ] For x=0.2, however, only
one peak can be identified, and the peak position is much lower than that of x=0; again,
this is consistent with the resistivity measurement (see Figure S3c in SI). At the critical
point £=0.4, no trace of phase transition can be found down to 0.5 K; moreover, the elec-
tronic contribution v(7T)=C,,;/T derived by subtracting a 872 term of phonon contribution
increases logarithmically below 10 K as shown in the inset of Figure 3. This divergent v(7")
provides further evidence for a divergent quasiparticle mass at the QCP. A tiny saturation
trend of Cy/T can be seen below 3 K, and the Sommerfeld coefficient v, is estimated to
be above 700 mJ/(mol- K?); this likely signifies that the critical concentration is very close
to, but slightly away, from x=0.4. Far away from the critical point, both CeNiAsy 4P 60
and CeNiPO behave like a Fermi liquid with moderately enhanced effective mass, while for

1=0.45, the broad peak centered at 100 K? in the C;/T vs. T? plot of Figure 3 (i.e., T~10



K) is a clear signature of the Kondo effect. The anomalies around 35 K? in the x=0.5, 0.6
and 1.0 samples are attributed to tiny amounts of the magnetic impurities CeoO3 [18], since
the peak position does not change with P doping; such an impurity phase is confirmed by
the XRD patterns (see those * marks in Figure S2). We plot C'/T" at 2 K in Figure S3e as
a function of P doping x. The peak in Cyx /T is consistent with that in the xz-dependence
of the A%5 coefficient obtained from resistivity measurement, which is also shown in Figure
S3e. We conclude that the chemical pressure on CeNiAsO also results in a heavy fermion
QCP.

We have also measured the magnetic susceptibility of CeNiAs;_,P,O, which is displayed
in Figure 4. Since the 3d electrons of the Ni ions do not order magnetically in the nickel based
pnictides], the observed magnetic response should be dominated by trivalent Ce ions.
Several properties are observed. First, the peak associated with the AFM transition shifts
to lower temperature with increasing x, and disappears at around z=0.4 (inset of Figure
4a). Second, x(7'), in the paramagnetic state for <0.4, can be fit to the Curie-Weiss form,
X(T)=x0+C/(T—0w), where X, is a temperature-independent constant and @y, is the Weiss
temperature. The derived effective moment does not show much variation with x for x<0.4,
which is consistent with the Kondo temperature scale Ty being essentially z-independent in
this z range. It is about 2.24 up (up is Bohr magneton), which is close to but slightly smaller
than that of the free Ce®" ion, 2.54 jup; the deviation is ascribed to CEF effect, as is the case
in CeNiAsO ] This provides further evidence that the Ce-4f electrons in CeNiAs;_,P,O
appear as local moments, which in turn form a magnetically-ordered ground state, at <0.4.
Third, when x>0.4, x(T") becomes more and more temperature independent which means a
reduction of the local magnetic moment, and this is consistent with a delocalization of the
Ce-4f electrons due to the enhanced Kondo coupling. The evolution of the Ce-4 f magnetic
moment is also supported by isothermal magnetization measurement, as shown in Figure S4
in SI. Forth, a coherent Kondo screening is present over a broad temperature range, and it
decreases the magnitude of susceptibility. For example, in CeNiPO (see Figure 4b), x(7')
follows the Curie-Weiss law for 7>300 K and T'<100 K, but violates it at the intermediate
temperatures. In this broad temperature range 100 K<7'<300 K, x(7') decreases upon
cooling down, and the effective moment is reduced from ,ué‘fle.SO g to ,uleff:0.21 pp. This
observation is consistent with the resistivity measurements; a characteristic temperature T

can be defined as shown in inset of Figure 4b. For CeNiPO, we find T;=200 K, which is



comparable with the value (207 K) extracted as twice the temperature at which the electronic
entropy reaches 0.4R1n2]2]. The divergent increase in x(7") at low temperatures originates
from the magnetic impurities discussed earlier. We plot 7y on the phase diagram in Figure
2a and Figure S3e for hydrostatic pressure and chemical pressure, respectively.

One striking feature here is the substantial variation of Tj as a function of both physical
pressure and chemical pressure. We have studied this feature through ab-initio calcula-
tions using local density approximations in combination with dynamical mean field theory
(LDA+DMFT) ] on CeNiAsO and CeNiPO at 7=290 K and 12 K (more details in
SI). A Kondo peak formed by renormalized Ce-4 f states is observed in CeNiPO in the vicin-
ity of the Fermi level Er already at T=290 K, and is sharpened at lower temperatures. By
contrast, it is absent in CeNiAsO even at T'=12 K (Figure S5). This difference in the high
temperature behavior between CeNiAsO and CeNiPO is due to a stronger 3d-4 f hybridiza-
tion and 4 f level position being closer to Er in the latter. The calculated Kondo scales|22]
Tr=15(527) K for CeNiAsO (CeNiPO), respectively, are in good agreement with the exper-
imental measurement, and is compatible with the rapidly increasing Ty with pressure.

Two types of QCPs have been advanced for AFM heavy fermion metals. One type
corresponds to a T'=0 SDW transition, with the quantum criticality described in terms of
fluctuations of the SDW order parameter|23]. Another type invokes a continuous destruction
of the Kondo effect at the AFM tran81t10n and is accompanied by a sudden jump of the
Fermi-surface across the QCP perimentally, YbRhySis has been evidenced as
displaying the Kondo-destruction QCP i

To study the evolution of the Fermi surface, we have measured the Hall effect at 0.38
K under various pressures; the data are shown in Figure 2e. Through a very rapid change
across p., Ry goes from being negative at p<p. to being positive at p>p., suggesting that a
drastic change in F'S takes place as the QCP crossed. While future experiments are needed
to ascertain the temperature dependence of the crossover width especially at even lower
temperatures[4], we stress that the sign change occurs over a very narrow pressure that is
almost the resolution limit of our pressure cell equipment. Moreover, the quantum phase
transition is evidenced to be continuous which implies the existence of QCP (see SI). In the
chemical pressure case, the Ry jump near the QCP is even more abrupt (see inset of Figure
S4b). The consistency between the Ry jump observed as a function of both pressure and

chemical substitution is to be contrasted with the case of V-doped Cr, where the absence of



divergent A or v coefficients makes it necessary for very fine steps of tuning by pressure to
reveal the critical behavior of the Hall coefficient|27]. At the same time, our results reveal
in CeNiAsO a Hall-coefficient jump across a QCP in the absence of any magnetic field.
When combined with the field-induced cases such as realized in YbRh,Sis M, , ], our
result provides evidence for the robustness of the effect. It also rules out the mechanism
of Zeeman-driven Lifshitz transition [28]. Because CeNiAsO and CeNiPO contain multiple
bands, it is instructive to gain a microscopic interpretation of the sign change in Ry through
electronic-structure calculations. We have therefore used the DMFET technique to calculate
the FS topology as depicted in Figure S6 in SI. Indeed, the calculated FS of CeNiAsO
is very similar to that of LaNiAsO], which contains no 4f-electrons. In contrast, the
FS of CeNiPO is drastically modified by temperature due to a gradual formation of the
heavy-electron Ce-4f band in the vicinity of Fermi level. One should also notice that the
total number of electrons enclosed by FS has been significantly enlarged from CeNiAsO
to CeNiPO, which is a consequence of participation into the DOS of Ce-4f electrons. In
addition, a three-dimensional hole pocket develops centering at the Z point (Figure S6f),
which makes a positive contribution to the Hall coefficient. The sign change we have observed
in the Hall coefficient, combined with the divergent quasi-particle effective mass, is therefore
consistent with a sudden change of Fermi surface from small to large as pressure is increased
across Pe.

To summarize, the absence of Ni-3d correlated magnetism has allowed us to unam-
biguously identify a magnetic quantum critical point in a nickel oxypnictide under both
hydrostatic and chemical pressure. Near the quantum critical point, the system displays
non-Fermi-liquid behavior, a divergent effective carrier mass and a sudden sign change of
the Hall coefficient. These results provide the first clear evidence for Kondo destruction
in an oxypnictide, thereby extending the unconventional local heavy-fermion quantum
criticality to a new category of materials. More generally, our study points to the prospect
that the oxypnictides will provide a large materials basis to understand the universality

classes of quantum criticality.

METHODS

I. Sample synthesis



Poly-crystalline CeNiAs;_,P,O (z=0, 0.1, 0.2, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.8, and
1.0) samples were synthesized by solid state reaction. Ce, Ni, As, and CeOs of high pu-
rity (>99.95%, Alfa Aesar) were used as starting materials. Firstly, CeAs (CeP) was pre-
synthesized by reacting Ce discs and As (P) powders at 1320 K for 72 h. NiAs (NiP) was
pre-synthesized by reacting Ni and As (P) powders at 970 K for 20 h. Secondly, powders
of CeAs, CeP, CeOs, Ni, NiAs and NiP were weighted in stoichiometric ratio, thoroughly
ground, and pressed into a pellet under a pressure of 600 MPa in an Argon filled glove box.
The pellet was packed in an alumina crucible and sealed into an evacuated quartz tube, which
was then slowly heated to 1450 K and kept at that temperature for 40 h. All the samples
were checked by powder X-ray diffraction (XRD) which was performed at room temperature
using a D/Max-rA diffractometer with Cu-K, radiation and a graphite monochromator.

II. Measurement

Piston-cylinder pressure cell was used in the high pressure experiment, during which
highly pure Pb was used as the manometer. The pressure was determined by the pressure
dependent T.(p) of Pb], and was double checked by resistance ratio R(p)/R(0) at room
temperature‘i—iﬁ]. Daphne 7373 oil was used as the pressure fluid, and hydrostatic pressure
up to 26 kbar was applied in the experiment. He-3 refrigerater was used to get the lowest
temperature 0.37 K. Hall coefficient was derived by sweeping magnetic field from -5 T to 5 T.
The dc magnetization measurement for CeNiAs; _,P,O was carried out in a Quantum Design
magnetic property measurement system (MPMS-5) in zero-field-cooling (ZFC) and field-
cooling (FC) protocals under a magnetic field H of 1000 Oe, while specific heat was measured
by heat pulse relaxation method in Quantum Design physical property measurement system
(PPMS-9).

III.Theoretical calculations

The details of theoretical calculations are displayed in Supplementary Information.
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Figure 1 | Resistivity vs. temperature in CeNiAsO under different hydrostatic
pressures. a-b, profiles of p(T') for p<6.2 kbar and p>6.7 kbar, respectively. The inset
of a is the enlarged plot of the p(T") curves at low temperatures 7<15K, while the inset
of b illustrates the definition of 7;, which characterizes the strength of Kondo interaction.
c, dp/dT curves for p=0,3.8,4.3,6.2 kbars, which show the suppression of the two AFM
transitions under pressure. d, non-FL behavior observed at p=6.7 kbar with ApocT*!. e-f,
resistivity plotted vs. 72, demonstrating the FL behavior at low temperatures for p>p,, as

well as the evolution of the T slope (A) with pressure.

Figure 2 | Phase diagram of CeNiAsO under pressure. a, contour plot of n(p,T),
where n is the power of Ap=AT". The green area at the low right corner displays FL
behavior which is defined by 1.8<n<2.2. Non-FL region, colored with light blue, is clearly
seen around the QCP p.=6.5 kbar. The green triangles, labeled by Try, was obtained from
the starting point above which p(7") deviates from the T2 law as temperature is raised.
The yellow diamonds signify the onset of Kondo coherence estimated from resistivity (see
inset of Figure 1b). For p<p,, the dashed yellow line schematically shows a finite T; (which
is equal to 15 K at ambient pressure ], but cannot be determined directly at nonzero
pressure up to p.). The shaded region stands for the incoherent Kondo scattering regime.

The quantum critical behavior occurs at temperatures below T, as is also seen by the
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temperature dependence of the resistivity at the critical pressure, shown in Figure 1d
(and, in the case of P-doping, the temperature dependence of the Sommerfeld coefficient
at the critical doping concentration, plotted in the inset to Figure 3). b, the residual
resistivity po as a function of pressure. The peak in po(p) centered at 5.6 kbar signifies
strong magnetic fluctuation near QCP. ¢, the pressure dependence of the A coefficient,
which tends to diverge near p.. The inset of ¢ shows A multiplied by T, which obeys a
power law ATZoc(p — p.) "%, d shows p dependent resistivity exponent n from p(T) at T<5
K. e, the pressure dependence of the Hall coefficient, measured at 0.38 K, showing a rapid

sign change near p.=6.5 kbar.

Figure 3 | Specific heat of CeNiAs; ,P,0O. Mainframe shows temperature dependent
specific heat of CeNiAs;_,P,0O. The x=0 sample exhibits two phase transitions below 10 K,
while only one peak is observed in the x=0.2 sample. At the critical concentration, x=0.4,
no trace of phase transition is observed down to 0.5 K. For z=0.6 and 1.0, it behaves like a
FL metal. Kondo coherence can be identified in x=0.45. The small peaks around 6 K are
attributed to small quantities of the magnetic impurities Ce,O3]18]. The inset shows the

electronic contribution Cy; /T vs. log(T") for x=0.4.

Figure 4 | Magnetic property of P doped CeNiAsO. a, temperature dependent
susceptibility of CeNiAs;_,P,O (0<z<1). The inset shows the evolution of the AFM
transition with P doping. b, expanded view of x(7") for CeNiPO, showing a drop in a broad
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temperature range centered around 200 K. Curie-Weiss fits of the data at high temperatures
(T'>300 K) and low temperatures (7'<100 K) yield ,ugfle.30 up and uleff:OQl 1B,

respectively (see main text). Inset of b associates this drop with Kondo screening, while
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also specifying the value for 7.
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