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Degenerate Fermi and non-Fermi liquids near a
quantum critical phase transition
S. Kambe1*, H. Sakai1, Y. Tokunaga1, G. Lapertot2, T. D. Matsuda1†, G. Knebel2, J. Flouquet2
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Recently there is renewed interest in quantum critical phase
transitions (QCPT) at T=0K in metallic strongly correlated
electron systems. Fromearly experimental results1–4, theQCPT
in the Kondo-lattice compound YbRh2Si2 is not a case of
the ordinary spin density wave (SDW) instability observed
in Ce-based Kondo lattices5, but a candidate for a novel
locally critical case6–8. Here, we observe that coexisting, static
Fermi liquid (FL) and non-Fermi liquid (NFL) states are a
key feature of the QCPT in YbRh2Si2. By means of nuclear
magnetic resonance (NMR) spin–lattice relaxation time (T1)
measurements on a single-crystalline sample, we find that
the FL and NFL states are invariant, whereas their ratio
in a crossover is field dependent near the QCPT. Such a
pair of states has remained hidden in Ce compounds, owing
presumably to the short lifetimes of the two states. We derive
a scaling law for the occupation ratio of the two states, which
could be widely applicable to Kondo-lattice systems.

The low-temperature heavy-fermion state of a Kondo lattice
often exhibits a QCPT. In the heavy-fermion YbRh2Si2, the weak
antiferromagnetic transition below TN ∼ 70mK is easily driven
to T = 0 with a small applied magnetic field H (ref. 1). At the
critical magnetic field Hc for TN ∼ 0K, the T -dependence of
physical properties shows NFL behaviour due to quantum critical
fluctuations on approaching the QCPT (ref. 9). As a consequence
of its tetragonal crystal structure (Fig. 1a), the electronic state of
YbRh2Si2 is anisotropic10. Thus, the critical field Hc∼ 0.06 T and
∼0.66 T for H perpendicular to the c axis (H ⊥ c) and parallel to
the c axis (H ‖ c), respectively, indicating that the effective energy
scale for quantum criticality is ∼10 times larger for H ‖ c. Here we
have chosen to apply H along the c axis, as the NFL behaviour can
then be seen over a wide range of temperatures and fields.

In the present study, the T - and H ‖ c-dependence of the
29Si nuclear spin–lattice relaxation time T1 has been measured
for 45 mK≤ T ≤ 300K and 0.45 T≤H ≤ 7.2 T. The low natural
abundance (∼4.7%) of 29Si (I =1/2, γn/(2π)=845.77HzOe−1, γn:
gyromagnetic ratio) has so far prevented highly accurate 29Si NMR
measurements in YbRh2Si2. For the present study a single-crystal
sample has been prepared with the 29Si isotope enriched to 52%,
improving the NMR sensitivity by a factor∼11.

T1 for H ‖ c is related to the dynamical magnetic susceptibility
along the a axis, Imχa(q,ωn), according to the relation11

1/T1T=2γ 2
n

∑
q

A2
a(q)Imχa(q,ωn)/ωn (1)

where Aa(q) is the transferred hyperfine coupling tensor along
the a axis at the Si site and ωn/(2π)= γnH/(2π) is the NMR
measurement frequency (∼MHz). The spin–lattice relaxation of the
29Si ismainly driven bymagnetic fluctuations at the Yb sites through
transferred hyperfine coupling. Therefore, 1/T1T is a directmeasure
of Imχa(q,ωn)—that is, of the magnetic excitations at the Yb site.
In a FL state, a Korringa-like relaxation 1/T1T∼ const. is expected,
whereas in aNFL state, 1/T1T∼T−ν , leading to Imχa(q,ωn)→∞ as
T→0K,where the value of ν depends on the type of criticality12. For
29Si (I = 1/2) the time t-dependence of the spin–lattice relaxation
curve for nuclear magnetizationM(t) in a homogeneous electronic
state is a simple exponential with a unique T1

M(t)
M(∞)

=1−exp(−t/T1) (2)

where M(∞) corresponds to the equilibrium nuclear magnetiza-
tion. If two electronic states, an S-state with short T1S and an L-state
with long T1L, coexist in the sample, then the relaxation curve is
expressed by a two-component equation (Fig. 1b)

M(t)
M(∞)

=
ML(∞)

M(∞)
[R{1−exp(−t/T1S)}+1−exp(−t/T1L)] (3)

M(∞)=MS(∞)+ML(∞)

R=MS(∞)/ML(∞)

whereMS(∞) andML(∞) are the S- and L-state equilibriumnuclear
magnetizations, respectively. Equation (2) then corresponds to the
cases MS(∞)= 0 or ML(∞)= 0. The ratio R gives the proportion
of S-state to L-state nuclear magnetization in the sample. Because
MS,L(∞) is proportional to the respective numbers of Si in each state,
R corresponds to the ratio of the NFL state population, fNFL(T ), to
that of the FL state, fFL(T )=1− fNFL(T ); that is, R= fNFL(T )/fFL(T ),
as is clarified below. In the present measurements, all relaxation
data obtained are fitted well either by equation (2) or (3). Thus,
there is no continuous distribution of T1 in the present case;
in particular, M(t) results cannot be fitted with the stretched
exponential function13.

Figure 2a shows semi-logarithmic plots of 1 −M(t)/M(∞)
at the critical field H = 0.66 T for different temperatures. At
high temperatures—for example, 1.05 K—a clear straight line
(equation (2)) is obtained, indicating a homogeneous state with
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Figure 1 | Tetragonal crystal structure of YbRh2Si2 and schematic nuclear relaxation (T1) curves for single and dual electronic states. a, Crystal structure
(space group I4/mmm) of YbRh2Si2. A magnetic field H is applied along the c axis. The local symmetry of the Si site is tetragonal (4mm) with four
nearest-neighbour Yb atoms. By symmetry, in-plane antiferromagnetic fluctuations on the Yb sites cancel out at the Si site. b, Relaxation curves for nuclear
magnetization. The solid line represents the relaxation curve for a homogeneous state with a unique T1 (equation (2)). The dashed line represents the
relaxation curve for two coexisting states (equation (3) with T1L/T1S=5 and R=4). T1 is taken as 2 in the units of time shown. As illustrated, a
semi-logarithmic plot of 1−M(t)/M(∞) shows a straight line for a homogeneous state, whereas, in contrast, a curved line is expected for two
coexisting states.

a unique T1. In contrast, as T decreases, the 1−M(t)/M(∞)
curve is bent strongly in a fashion that is well fitted by the two-
component equation (3), indicating that two different states appear
simultaneously at lower temperatures.

Figure 2b shows semi-logarithmic plots of 1−M(t)/M(∞) at
T = 45mK for different magnetic fields. A clear straight line at
7.2 T indicates a homogeneous electronic state at high magnetic
fields. As the field decreases, plot curvature again indicates that two
different states appear at low fields. It should be noted here that
the NMR spectra of the FL and NFL states are indistinguishable
(Supplementary Information).

Figure 3 shows the T -dependence of 1/T1LT and 1/T1ST at
different magnetic fields. Because 1/T1LT is roughly independent of
T at low temperatures, the L-state corresponds to the FL state. The
weak T -dependence of 1/T1LT may be a result of fine structure at
the Fermi level14.

On the other hand for the S-state, 1/T1ST ∝ T−ν (ν ∼ 1),
which corresponds to the NFL state. In this compound, the static
susceptibility along the a axis, χa, is also proportional to ∼T−1 at
low field9, thus χa∝1/T1ST∝T−1 for the NFL state, indicating that
the NFL state has a localized nature15. Unique and H -independent
1/T1T above 3K indicates simply that YbRh2Si2 is a nearly localized,
uniform system at high temperatures.

The present results indicate that there is coexistence of FL and
localized-NFL states in the sample around the QCPT. Remarkably,
the T -dependences of 1/T1LT and 1/T1ST are independent of field
within experimental error, indicating that the FL and NFL states
are insensitive to applied magnetic field. In contrast, the ratio
R= fNFL(T )/fFL(T ) between populations of the two states depends
on both field and temperature. Figure 4a,b illustrates the H , T -
dependence of R. The NFL state is seen to be prominent at all
temperatures around Hc, consistent with previous measurements1.

The q-dependence of the hyperfine coupling:
Aa(q)2=Aa(0)2cos2(qx/2)cos2(qy/2) at the Si site (Fig. 4c)
mandates cancellation of commensurate antiferromagnetic
excitations (qx =±π and/or qy =±π; ref. 16), and therefore T1
is driven mainly by ferromagnetic excitations near qx = qy = 0.
Although the QCPT singularity (that is, NFL behaviour) occurs at

an unidentified incommensurate antiferromagnetic wavevector17,
ferromagnetic fluctuations mainly come into play here. The
H -dependence of quantum-critical antiferromagnetic fluctuations
generally shows a maximum around Hc; in contrast, ferromagnetic
fluctuations are found to strengthen with decreasing H→ 0 in
neutron scattering17 and NMR (ref. 18) measurements. Because
both fluctuations contribute to 1/T1T through the q-dependent
Aa(q), the expected maximum of 1/T1T at Hc (ref. 10) is blurred.
The measured parameter R characterizes the QCPT via integrated
magnetic fluctuations which extend broadly over q-space owing
to the localized magnetic character of YbRh2Si2. The dominant
ferromagnetic fluctuations seem to be enhanced mainly in the FL
state, which explains the large proportion of the FL state (fFL∼0.4)
observed at Hc.

Based on a Lorentzian approximation, Imχa(q,ω)/ω=πχa/0

near ω ∼ 0 (ref. 19), equation (1) and the hyperfine coupling
constant Aa(0) ∼ −0.20 kOe/µB determined via Knight shift
measurements (Supplementary Information), a characteristic
magnetic fluctuation energy along the a axis, 0∼ 3K, is obtained
for the FL state. This rather small 0 value compared with the bare
Fermi energy∼104 K indicates that the Fermi liquid state is a highly
renormalized heavy-fermion state. For the NFL state, the expression
for the localized moment case15, 1/T1S ∼ 1/3(2π)0.5Aa(0)2/(h̄Jex),
yields a small exchange energy, Jex∼4K, reflecting quantum critical
fluctuations with an energy comparable to 0. The FL and NFL
states are nearly degenerate near the QCPT, because 0 and Jex have
similar magnitudes.

The spatial size of each state cannot be estimated from NMR
measurements, as it is a local probe. However, the state distribution
must be stable for times 1t�T1L in order for equation (3) to be
valid. At the lowest temperatures, such a time period of stability
is of the order of seconds. With excellent sample homogeneity, the
FL and NFL states seem to mingle with each other very smoothly.
The coexistence of localized and spatially extended fluctuations is
indicated by both ESR (ref. 20) and Mössbauer21 measurements.

In a previous T1 study for H⊥ c (ref. 18), the coexistence of two
states was not reported. In the present study, two-state coexistence
has also been confirmed for H ‖ a (Supplementary Information).
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Figure 2 | Families of constant-field and constant-temperature nuclear relaxation curves exhibiting two-state (FL and NFL) behaviour near the QCPT.
a, Nuclear magnetic relaxation curves at the critical field H=0.66T at di�erent temperatures. Solid lines are obtained by least squares fits to equation (2)
for 1.05 K and to equation (3) for other temperatures. At 1.05 K, the relaxation curve is a straight line, indicating a homogeneous (NFL) state. As
temperature decreases, two-component relaxation curves appear, which are well fitted by equation (3), indicating the appearance of two di�erent states.
b, Nuclear relaxation curves at T=45mK in di�erent applied fields. Solid lines are obtained by least squares fits to equation (2) for 7.2 T and to
equation (3) for 3.8 T and 0.66 T. At 7.2 T the relaxation curve is straight, indicating a homogeneous (FL) state. With decreasing field, nonlinear relaxation
curves appear, which are well fitted by equation (3), indicating the presence of two di�erent states.
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Figure 3 | Comprehensive plot of data for 1/T1T versus T shows separate
FL and NFL branches below T∼1 K. T-dependence of 1/T1ST: (NFL state)
and 1/T1LT: (FL state) at di�erent fields, as listed in the figure. Above∼3K,
there is a unique T1, independent of field. Below∼3K, T1 shows a field
dependence. With decreasing T below∼1 K at low fields, distinct values are
resolved for 1/T1ST and 1/T1LT. Remarkably, the values of 1/T1ST and 1/T1LT
are independent of field at each temperature, with only the proportion R
between the two components changing with field. At the highest field 7.2 T,
only the Fermi liquid state with 1/T1LT= constant remains. Error bars are
determined by least squares fits to the nuclear relaxation curves (Fig. 2)
using equations (2) and (3).

However, such coexistence is restricted to a region near the QCPT
(that is, at very low field and temperature) forH ‖ a, becauseHc and
the energy scale are ten times smaller.

In proposed theoreticalmodels (SDW(ref. 5), valence criticality22
and strong coupling23), only a single state has been considered and,

thus, a unique T1 is proposed. The local critical model6 implies
coexisting local (NFL) and itinerant (FL) type excitations, which
may be related to the present observations. However, static two-state
equilibrium is not predicted in that model.

The two-fluid model24,25 for Ce-based heavy-fermion com-
pounds assumes a state with Kondo liquid (FL) and spin liquid
(NFL) components. This approach successfully modelled phys-
ical properties using the equation for the FL state population,
fFL(T )= fFL(0)(1−T/T ∗)1.5, where fFL(T )+ fNFL(T )= 1. However,
the two fluids concerned have never been observed separately, even
at the SDW-QCPT (ref. 26), because Ce-case fluids in this state
resonate with each other on a timescale τ which is very short.

Adopting the two-fluid approach, the parameter R
(equation (3)) may be written as R2fl(T ) = fNFL(T )/fFL(T ) =
fFL(0)−1(1−T/T ∗)−1.5−1, where T ∗ is the coherence temperature25.
R2fl(T ) is seen to give an approximate representation of the data
curves in Fig. 4a, where behaviours in the limits T→0 and T→T ∗
are clearly dependent on the field H . We may account for this with
a scaling relation for R based on R2fl(T ) of the form

RSC=T αΦ(H/T β) (4)

where Φ is a scaling function, α =−1± 0.2 and β=2.5±0.4.
Although R2fl(T ) does not explicitly include scaling with
field, equation (4) leads to approximate H -dependences for
T ∗'0.64H γ (γ = 1/β ' 0.4± 0.1) and for fFL(0)' 0.59H 0.19±0.05

(Supplementary Information). The scaling relation is confirmed
experimentally in Fig. 4d as RT 'Φ(x) versus x =H/T 2.5, with
Φ(x)=0.73x−0.4{2(1−1.55x−0.4)−1.5−1} calculated using R2fl(T )
(see details in figure caption and Supplementary Information). It is
most accurate at the low-temperature (large x) end.

Beyond the diminished singularity at Hc noted above, the
magnitude and H -dependence of T ∗ are consistent with the
reported characteristic temperature and H -dependence of effective
mass m∗ ∼ (H − Hc)

−(0.33∼0.5)
∼ 1/T ∗ in YbRh2Si2 (ref. 1) and

YbRh2(Si0.95Ge0.05)2 (ref. 10). Such an H -dependence form∗∼H−0.5
was also adopted for the Ce-based Kondo lattice—for example,
CeB6 (ref. 27).
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Figure 4 | Comprehensive plot, colour map and scaling relation for the ratio of NFL to FL populations R versus H and T. a, T-dependence of the proportion
of NFL to FL state R=MS(∞)/ML(∞)= fNFL(T)/fFL(T) at di�erent fields. At H=0.45 and 0.66T, no trace of the FL state is observed; that is, R∼∞ above
0.6 K. In contrast, at H=7.2T, R∼0 below∼1K (thus, not shown). At 3.8 T, the behaviour above 0.5 K is more complicated, because the system is on the
boundary between the NFL and FL states (Supplementary Information). Solid lines are fitted curves using the two-fluid formula R2fl(T) (see text). Here,
T∗'0.64H0.4 and fFL(0)'0.59H0.19 (T∗ and H are in units of kelvin and tesla, respectively). b, Colour map of the proportion R of the NFL to FL state in the
(H,T) plane. In the red region, the NFL state is dominant, corresponding to the quantum critical regime. In the blue region the FL state is dominant. At low
temperatures the FL state becomes dominant as field increases and, finally, above∼4T, FL behaviour is observed for the whole temperature range. At any
fixed temperature the proportion of FL to NFL states varies smoothly across the diagram, whereas T1S and T1L remain constant. The dashed line is the
crossover between NFL and FL states previously determined in resistivity measurements1, which is qualitatively consistent with the present results. The
crossover line corresponds to the boundary for R∼ 1.5. The black region indicates the antiferromagnetic ordering regime1. c, q-dependence of hyperfine
coupling at the Si site F(q)≡(Aa(q)/Aa(0))2

=cos2(qx/2)cos2(qy/2). As shown, Aa(q)2 has a maximum at (qx,qy)=(0,0); thus, the ferromagnetic
contribution is predominant as compared with antiferromagnetic coupling in the 1/T1T measurements. d, Scaling plot for the results from a. R obeys the
scaling relation RT=Φ(H/T2.5), with scaling functionΦ . The solid lineΦ(x)=0.73x−0.4{2(1− 1.55x−0.4)−1.5

− 1} is calculated using the two-fluid
descriptionΦ(x)=R2flT, with T∗'0.64H0.4 and fFL(0)'0.59H0.19 at H=0.45T. The error bars for R and RT are determined by least squares fits for the
nuclear relaxation curves (Fig. 2) using equation (3).

The scaling function Φ for YbRh2Si2 contains the two-fluid
description R2fl(T ) as an approximation at each field, which then
leads to a good estimate of the H -dependence of T ∗ in the low-
temperature limit. Similarly, the scaling relation is considered to
be the actual basis for R2fl(T ), but remains hidden in the Ce case
owing to the short τ . Moreover, as basic components of the scaling
law, the nearly degenerate FL and NFL states are considered to be
an essential characteristic of a Kondo lattice at low temperatures,
regardless of τ , which is evidently quite long near the QCPT
in YbRh2Si2.

Finally, it should be emphasized that the degenerate FL and
NFL states with long τ for YbRh2Si2 are not clearly identified at
the present time. Even though the two-fluid model is proposed for
heavy-fermion formation, such a description may not correspond
exactly to the observed FL and NFL states. Perhaps the two
coexisting states have a different valence—that is, localized (NFL)

Yb3+ and itinerant (FL) Yb(3−δ)+ states. For this system, τ may be
long because the Yb ions are near a valence instability. Thus, the
charge degree of freedom may need to be addressed to understand
QCPT behaviour in strongly correlated metals—that is, in Kondo
lattices as well as for the high-Tc cuprates28.

Methods
Single crystals of YbRh2Si2 were grown by the indium flux method. The starting
materials were Yb, Rh, natural Si, 99.3% enriched 29Si and In. These materials
were put in an alumina crucible and sealed in a quartz tube with the
stoichiometric composition of Yb:Rh:Si:29Si:In = 1:2:1:1:65. The ampoule was
heated up to 1,200 ◦C, maintained at this temperature for one day, and cooled to
900 ◦C at a rate of 1 ◦Ch−1, taking about 14 days in total. The excess flux was
removed from the crystals by spinning the ampoule in a centrifuge.

High sample purity was confirmed by a small residual resistivity
ρ0∼0.99µ� cm and a large RRR value =ρ(300K)/ρ(2K)=104. No magnetic
impurity phase was detected in magnetic susceptibility measurements. The
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antiferromagnetic phase transition was observed near 80mK at zero field. The
present result of two coexisting states cannot be interpreted as a second impurity
phase because the amount of such a phase is independent of temperature and
field. In addition, the small 0 and Jex values for both states cannot be expected
for an impurity phase.

One single-crystal piece (6×3×0.1mm3) was located in the mixing chamber
of a dilution refrigerator with an NMR pickup coil for good thermalization of the
sample. The standard spin-echo saturation recovery method was used for the
determination of spin–lattice relaxation times T1. As the resonance linewidth is
quite narrow (for example, ∼2 kHz at 1.1 T; Supplementary Information), all
nuclear spins in the spectrum were uniformly excited by radiofrequency pulses in
the T1 measurements. The pulse repetition time trep in T1 measurements was
taken sufficiently longer than T1L.
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