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Quantum criticality in heavy-fermion compounds: 
effect of magnetic field

O. Stockert
Max-Planck-Institut CPfS, Dresden, Germany



• Magnetic quantum phase transitions

• Effect of dimensionality: CeCu6-xAux

• Magnetism versus superconductivity: 
Cd-dopded CeCoIn5, CeCu2Si2

• Unconventional superconductivity 
in CeCu2Si2, magnetically 
driven sc

• Conclusions
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Continuous phase transitions
Continuous phase transitions:
• (critical) fluctuations of order parameter
• critical exponents in thermodynamic properties:
" α, β, γ, ... (scaling laws) 
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M
MQ ! (TN - T)β

AF: sublattice magnetization

TN

Critical behavior depends on

• dimensionality
• dimensionality/symmetry
" of order parameter
• range of interactions/fluctuations

classification ! universality classes

Can concept also be applied to QPTs?



Quantum phase transitions
Continuous phase transition
for T ! 0

! Quantum phase transition (QPT) 
with unusual low temperature properties: 
• C/T ∝ -ln T; 
    Δρ ∝ Tα, α ≠ 2 (NFL)
• superconductivity

!    Origin?
• Magnetic order
• (Quantum-)critical spin fluctuation
• Interplay between !AF(FM) and SC

Neutrons ideal microscopic probe!
Magnetic field easy to tune, no change in disorder
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[reviews: 
QPT: H. v. Löhneysen, RMP ´07
SC: C. Pfleiderer, RMP '09]



TN T*

NFL

• to Cu isoelectric Au expands

  unit cell volume (negative pressure)

• HF ground state for x<0.1

• AFM ground state for x>0.1

Nature of metallic state at quantum critical point?

Phase Diagram of CeCu6-xAux
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competition of Kondo screening

with RKKY interaction

J = exchange coupling

Heavy fermions

Kondo screening vs. 
" RKKY interaction:

Kondo effect 
" ! nonmagnetic singlet

indirect RKKY interaction
" ! magnetic orderJ

Tmag

TRKKY ! J2

TK ! e-1/J

QPT

T >> TK: T < TK: heavy electrons

T
TK ≈ 5 - 50 K



Magnetism in CeCu6-xAux
Magnetismus in CeCu6!xAux
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single crystals
polycrystals

• Incommensurate antiferromagnetic order for x > xc = 0.1

• Magnetic instability, x = xc = 0.1:  C/T ∝ -ln T; Δρ ∝ T (NFL)
[x = 0: C/T = const.; Δρ ∝ T2 (FL)]
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Dynamic correlations in critical CeCu5.9Au0.1!"#$%&'#()#*)&+,)-./(,&'0)#12,1)'()3,3%4!56%5
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Dynamische Korrelationen in kritischem 
CeCu5.9Au0.1

CeCu5.9Au0.1, ħ! = 0.1 meV, T = 70 mK

c*

*a

Int.

stark anisotrope dynamische

Korrelationen in a*c*!Ebene

[OS, ’98; OS, ’99]

quasi 1D Struktur:

Spinfluktuationstheorie für AF mit 2D kritischen Fluktuationen 

"  C/T ∝ !lnT, #$ % T, TN % x!xc   [Millis, ’93; Rosch, OS, ’97]
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! dynamischer Vorläufer der 

magnetischen Ordnung 

! entspricht 2D dynamischen 

Korrelationen im Ortsraum
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• rodlike dynamic correlations in a*c* plane

• correspond to 2D dynamic correlations
   in real space

Spin fluctuation theory for AF with 
2D critical fluctuations
! C/T ∝ -ln T, Δρ ∝ T, TN ∝ x - xc

[Millis, ʼ93; Rosch, OS, ʼ97]



Scaling of dynamic susceptibility in CeCu5.9Au0.1
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Magnetic field tuning in CeCu5.8Au0.2
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QPT QPT

AF
PMPM

AF

• CeCu5.8Au0.2: TN = 220 mK, Bc ≈ 0.35 T || c to suppress AF order
       B = Bc: C/T = γ0 - a√T; #$ ! T3/2     [v. Löhneysen, OS, ʻ01]



Magnetic field tuning in CeCu5.8Au0.2

• CeCu5.8Au0.2: TN = 220 mK, Bc ≈ 0.35 T || c to suppress AF order
       B = Bc: C/T = γ0 - a√T; #$ ! T3/2     [v. Löhneysen, OS, ʻ01]
• E/T3/2 scaling ! 3D critical behavior (SDW-, HMM-scenario)

field tuning distinctly different from concentration tuning 
of the QPT in CeCu6-xAux

[OS, ʼ07]
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Quantum criticality in CeIn3

• high pressures/magnetic fields needed to drive CeIn3 quantum critical 
" CeIn3  ! Ce(Rh,Co,Ir)In5 easier tunable

parameter, this offers the possibility to approach a T ¼ 0 phase transition or QPT, which
separates a magnetically ordered from a nonmagnetic [paramagnetic (PM)] ground state at zero

temperature. In the case of a continuous phase transition being tuned to occur at T ¼ 0, this

QPT is referred to as a quantum-critical point (QCP). Instead of being driven by thermal

fluctuations as are finite-temperature phase transitions, a magnetic-to-nonmagnetic transition
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Figure 1

Magnetic quantum phase transitions (QPTs) in several heavy-fermion systems. (a) Suppression of the antiferromagnetic (AF) order by
hydrostatic pressure in CeIn3 and CeRhIn5 (from Reference 10). Around the critical pressure where the Néel temperature TN in cubic
CeIn3 and tetragonal CeRhIn5 (see insets of the crystal structures of both compounds) is suppressed down to T ¼ 0, superconductivity
appears with a transition temperature Tc. The superconducting Tc of CeRhIn5, in comparison to its Néel temperature TN, is rather high
due to the lower dimensionality of the spin fluctuations (more 2D than 3D, as in CeIn3). (b) Concentration-temperature (x,T)
magnetic phase diagram of Ce1"xLaxRu2Si2 (from Reference 11). TN again marks the onset of AF order for x > xc ¼ 0.075, and
T0 and T1 denote the characteristic temperature scales of the local fluctuations due to the Kondo effect (T0 # TK is the Kondo
temperature) and the spin fluctuations at the ordering wave vector. At low temperatures in the paramagnetic (PM) phase, Fermi-liquid
(FL) behavior is observed. T1 remains finite even for x ¼ xc; although, a critical slowing down with T1 ! 0 is expected for T ! 0.
(c) Linear variation of the Néel temperature TN with Au concentration x in CeCu6"xAux above a critical value xc ¼ 0.1 (from
Reference 12). For x < xc, FL behavior is found below TFL, for example, in the electrical resistivity: Dr / T2. (d) Field-driven
quantum-critical point (QCP) in YbRh2Si2 (from Reference 13). Blue color denotes the FL behavior seen in electrical resistivity; that
is, Dr / T2, and the orange region marks the non-Fermi-liquid (NFL) behavior with a linear-in-T resistivity. The data points and the
solid line indicate the T$ line, which marks the crossover regime where the Kondo effect breaks down (from Reference 14).
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Emergent Fluctuation Hot Spots on the Fermi Surface of CeIn3 in Strong Magnetic Fields

Takao Ebihara,1 N. Harrison,2 M. Jaime,2 Shinya Uji,3 and J. C. Lashley2

1Department of Physics, Shizuoka University, Shizuoka 422-8529, Japan
2National High Magnetic Field Laboratory, Los Alamos National Laboratory, MS E536,

Los Alamos, New Mexico 87545, USA
3National Institute of Material Science, Tsukuba, 305-0004, Japan

(Received 17 June 2004; published 6 December 2004)

de Haas–van Alphen measurements on CeIn3 in pulsed magnetic fields of up to 65 T reveal an
increase in the quasiparticle effective mass with the field concentrated at ‘‘hot spots’’ on the Fermi
surface as the Néel phase is suppressed. As well as revealing the existence of fluctuations deep within
the antiferromagnetic phase, these data suggest that a possible new type of quantum critical point may
exist in strong magnetic fields that involves only parts of the Fermi surface.

DOI: 10.1103/PhysRevLett.93.246401 PACS numbers: 71.45.Lr, 71.18.+y, 71.20.Ps

A quantum critical point (QCP) occurs when an or-
dered state of matter becomes unstable to quantum fluc-
tuations at the absolute zero of temperature [1]. The
possibility that quantum fluctuations resulting from a
vanishing antiferromagnetic (AFM) order parameter
could mediate novel forms of superconductivity remains
the subject of considerable excitement [2,3]. CeIn3 is a
cubic AFM heavy fermion metal situated at the very
heart of this debate [4,5], with a Néel temperature of
TN ! 10 K and a staggered moment of ! 0:65!B [6]
close to the value ! 0:71!B anticipated for localized !7
doublets. TN is suppressed under the application of hydro-
static pressure [4], with a concomitant increase in the
Kondo temperature in accordance with Doniach’s phase
diagram [7–9]. Superconductivity then emerges at Tc !
0:17 K as TN vanishes at a critical pressure of pc !
25 kbar [4,5]. Evidence for quantum criticality at pc in-
cludes an n " 3

2 exponent in the electrical resistivity at
low temperatures on fitting it to " " "0 # ATn and a
power law scaling of TN of the form

TN " TN;0g#p;B ; (1)

where gp " 1$ p=pc and #p ! 1
3 [see Fig. 1(a)] [5,10–

13]. In spite of these indications of quantum criticality,
the experimental techniques applied to CeIn3 thus far do
not divulge the relation between the fluctuations and the
Fermi surface (FS) topology: this would be necessary to
determine whether the fluctuations occur uniformly over
the FS or are concentrated in regions called ‘‘hot spots.’’

In this Letter, we show that TN is also suppressed by a
magnetic field !0H ! B " jBj, but in a quadratic fashion
(to lowest order) such that gB " 1$ %B=Bc&2, #B " 1:0'
0:1, and Bc " 61' 2 T upon extrapolation. The same
large B also furnishes well resolved Landau levels, en-
abling the extremal orbitally averaged quasiparticle ef-
fective mass m(

o to be extracted directly from de Haas–
van Alphen (dHvA) oscillations. Such experiments un-
ambiguously reveal the fluctuations to be concentrated at
hot spots on the FS of CeIn3 [3,14], causing an increase in

m(
o on the approach to Bc only for certain orientations of

B. Such experiments enable the use of strong magnetic
fields to probe quantum criticality in situations where the
nonuniform distribution of the fluctuations over the FS
and abundant spin-wave scattering [15,16] make conven-
tional methods based on fitting values of A and the
Sommerfeld coefficient $ (extracted from the heat ca-
pacity C) versus B inconclusive.

The CeIn3 samples used in this study are grown in an
alumina crucible inside an evacuated quartz tube using
the self-flux method, yielding cubic single crystals of
approximately 3 mm on a side. Annealing for 168 h at
950 )C reduces the residual resistivity to "0 !
0:6 !" cm (extrapolating " data below T " 1:6 K). The
samples are then studied using a combination of etched
single-crystal dHvA (cross section <0:07 mm2) and
powdered-crystal magnetic susceptibility (% " M=B)
techniques in magnetic fields of up to 65 T and tempera-
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FIG. 1. Suppression of TN in CeIn3 by B and p. (a) TN versus
B extracted from Cmax (squares) and the kink in %$1 (circles),
together with solid and dashed line fits, for #B " 1 and 1:0'
0:1, respectively. Also shown is TN versus p data (crosses) from
Mathur et al. [4] with a dotted line fit. (b) %$1 as a function of T
at different magnetic fields, together with solid line fits.
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Cd-doped CeCoIn5

series of CeCo!In1"xCdx#5 crystals found the In=Cd ratio
to be very uniform but with a Cd concentration consistently
10% of the nominal flux concentration across the entire
range of flux compositions. An analysis of x-ray absorption
fine structure measurements [12] on CeCo!In1"xSnx#5
samples showed that Sn occupied preferentially the In(1)
position in the material. If this is so with Cd, then the Cd
concentrations on the In(1) sites are approximately 50%
that of the flux. This possibility is consistent with an es-
timate made in a preliminary NMR investigation from the
intensity of the Cd signal on a nominal CeIr!In0:90Cd0:10#5
material [13]. Although microprobe examination of the Ir
and Rh materials has not been completed, we make the
reasonable assumption that the Cd concentration in these
crystals also is approximately 10% of that in the flux from
which they were grown. Despite what we know from the
above mentioned experiments of actual concentrations of
Cd, nominal concentrations of x in CeM!In1"xCdx#5 (M $
Co, Rh, Ir) will be stated throughout this Letter and labeled
in the figures for clarity and continuity.

Samples were studied by specific heat, resistivity, and
magnetic susceptibility measurements performed in
Quantum Design physical property measurement system
and magnetic property measurement system apparatuses,
respectively. Pressure-dependent resistance and ac suscep-
tibility studies were carried out in a Be-Cu, clamp-type
pressure cell containing a Teflon cup filled with silicone as
the pressure-transmitting medium, samples, and a small
piece of Sn, whose inductively measured Tc served as a
manometer.

Figure 1 shows the evolution with increasing Cd
content of the low temperature electronic specific heat of
CeCo!In1"xCdx#5, CeRh!In1"xCdx#5, and CeIr!In1"xCdx#5
single crystals. These data, combined with magnetic sus-
ceptibility, resistivity, and field-dependent specific heat
measurements (not shown), reveal an unexpected response
to very small Cd concentrations. In the Co and Ir 115
compounds, superconductivity gives way to antiferromag-
netic order [14], which emerges first near nominal x $
0:07 Cd doping, and with increasing Cd appears at tem-
peratures exceeding that of undoped CeRhIn5, which itself
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• Δρ ! T, ΔC/T ! ln T     [C. Petrovic, ʼ01]
• strong AF spin fluctuations, e.g. NMR/NQR    [Y. Kohori, ʼ01]
• Cd doping → AF order

⇒ proximity to a QPT
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Neutron scattering on Cd-doped CeCoIn5

• commensurate AF order with τ = (1/2 1/2 1/2) below TN ≈ 2.5 K
• magnetic intensity: kink at Tc ≈ 1.7 K (B = 0)

 coexistence of antiferromagnetism and superconductivity

m ≈ 12 mg,
E1/HMI

[S. Nair, OS, '10]

positions. In particular, no magnetic superstructure peaks were
detected around ð12

1
2 0.3Þ or ð12

1
2 0.4Þ, which have been observed

in the closely related system CeRhIn5 (11). The commensurate
magnetic structure is therefore in close agreement with that re-
ported earlier on the 1% cadmium (Cd) doped sample (10). Elas-
tic scans across ð12

1
2
1
2Þ at T ¼ 0.5 K and for several magnetic fields

are displayed in Fig. 2B. Obviously, a magnetic field of B ¼ 12 T
suffices to fully suppress antiferromagnetism at this temperature.
More importantly, the observation of a magnetic superstructure
peak in zero magnetic field well inside the superconducting state
clearly demonstrates the coexistence of AF order and supercon-
ductivity on a microscopic scale. Based on our heat capacity mea-
surements we emphasize that both, the transition into the AF
ordered and the superconducting state, are bulk transitions.

In order to scrutinize the possible influence of superconductiv-
ity on the AF order, the magnetic intensity at ð12

1
2
1
2Þ was recorded

as a function of temperature for different magnetic fields, Fig. 2
Cand D. In zero magnetic field the magnetic intensity increases
below TN and displays a kink at Tc (marked by arrows) with no
further change in intensity at lower temperatures. For increasing
magnetic field, TN and the overall magnetic intensity are
reduced. No magnetic intensity was detected for B ¼ 12 T. The
assignment of this kink to Tc is corroborated by the magnetotran-
sport and heat capacity measurements. An attempt to fit the zero-
field magnetic intensity by a mean-field model for the sublattice
magnetization (using a Brillouin function for an effective spin-12
system) fails to describe the whole temperature dependence, as
indicated by the dashed line in Fig. 2C. On the other hand, a fit
restricted to the temperature range Tc < T < TN reproduces
these data reasonably well (solid line in Fig. 2C) and results in
an expected magnetic intensity for T → 0 of about 40% larger
than the experimentally observed saturation value. Obviously,
the onset of superconductivity prevents a further rise of magnetic
intensity below Tc without suppressing the AF order itself.

The magnetic intensities measured as a function of applied
field B∥½11̄0% for different temperatures and different protocols
are directly compared to magnetotransport ρxxðBÞ in Fig. 3 facil-
itating again a clear assignment of the observed features. The dis-
appearance of magnetic intensity, signaling the transition from
the antiferromagnetically ordered phase to a paramagnetic one,
nicely concurs with the strong change in slope in ρxxðBÞ. On the
other hand, the kink in the field-dependent neutron intensity can
be identified as the superconducting upper critical field Bc2 co-

inciding with the approach to zero resistivity. The latter is also
supported by the similarity of the field-dependent neutron inten-
sity (Fig. 3B) and its temperature dependence, Fig. 2D.

Discussion
Interestingly, a pronounced hysteresis is seen for the neutron
scattering intensities taken at increasing zero-field cooling (zfc)
and decreasing magnetic field, Fig. 3A. Whereas the aforemen-
tioned kink is observed for increasing magnetic field, in decreas-
ing field the magnetic intensity grows steadily and only reaches
for B → 0 the values of the zfc measurements. In the pristine
CeCoIn5, a multicomponent ground state (also discussed as a
possible Fulde-Ferrel-Larkin-Ovchinnikov phase) with character-
istics of a first order phase transition has been observed at low
temperatures (T < 0.3 K) in fields B > 10 T applied along the
½11̄0% direction (12 and 13). However, in accord with the sensitivity
of such a state to disorder, its existence in the Cd substituted sys-
tem has been dismissed (14). It is to be noted that enhanced dis-
order arising from Cd substitution increases the typical resistivity
values in this system by an order of magnitude in comparison to
undoped CeCoIn5. Moreover, the range of magnetic fields within
which this hysteresis is observed in neutron scattering implies that
the hysteretic behavior is seen mainly above Bc2 within the AF
phase, ruling out shielding effects. An alternative scenario would
involve that the field-driven transition from an AF phase into a
paramagnetic one is first order in nature. To investigate this pos-
sibility, we have performed resistivity measurements in slowly in-
creasing and decreasing fields at T ¼ 0.5 K. As shown in Fig. 3C,
no significant hysteresis is observed indicating that the field-driven
transition is continuous in character (at least for T ≥ 0.06 K).

With the first order scenario likely ruled out, the observed hys-
teresis in our neutron scattering data (and the lack of it in ρxx) can
only be explained by invoking the possibility of two different do-
main populations in the field cooled and zero-field cooled mea-
surements. Though relatively little explored in comparison to
ferromagnets, the existence of magnetic domains is well estab-
lished for anisotropic antiferromagnets. A particularly well inves-
tigated example is elemental chromium for which the influence of
different domain populations as a function of measuring proto-
cols has been observed (15 and 16). Our neutron data indicate an

0 1 2 3 4
0

2

4

6

8

10

12

14

B⊥c

B
 (

T
)

T (K)

B ||c

CeCo(In1-xCdx)5

0 1 2 3 4
0

2

4

6

8

10

12

14

T (K)

B
 (

T
)

0 0.01 0.02
0

2

4

SC

AF

AF

SC

CB

SC+AF

AF

Cd concentration x

T
 (

K
)

SC

A

x = 0.0075

Fig. 1. (A) Doping x dependence of AF and superconducting (SC) transition
temperatures in CeCoðIn1−xCdxÞ5 for Cd-content x ≤ 0.02 (after ref. 7). The
crystals investigated here (arrow) exhibit both transitions. (B) B–T phase dia-
gram of CeCoðIn0.9925Cd0.0075Þ5 obtained from magnetotransport (circle,
square), neutron scattering (triangle, upside-down triangle) and heat capa-
city (+, ×) measurements with B⊥c. (C) B–T diagram for B∥c from magneto-
transport and heat capacity. Indications of a transition within the AF phase
are found (diamond).

0

200

400

0

200

400

600

300

500

700

900

0.0 0.5 1.0 1.5 2.0 2.5 3.00.49 0.50 0.51

300

500

700

900 (1/2 1/2 1/2)
B (T)

T (K)

0
5
7

12

D

(1/2 1/2 1/2)
B = 0

x = 0.0075

CA

CeCo(In1-xCdx)5

B = 0
T (K)

0.5
2
3

BT = 0.5 K
 B (T)

0
5

12

N
eu

tr
on

 in
te

ns
ity

 (
co

un
ts

/m
on

 ≈
31

 m
in

)

(1/2 1/2 L)

Fig. 2. Elastic neutron scattering scans in CeCoðIn0.9925Cd0.0075Þ5 along [001]
and across ð12

1
2
1
2Þ: (A) at different temperatures in zero magnetic field and (B)

for several magnetic fields at T ¼ 0.5 K. Solid lines indicate fits with Gaussian
lineshape to the data. (C) Temperature dependence of the magnetic intensity
at ð12

1
2
1
2Þ in B ¼ 0 along with fits from mean-field expectations to the data

(solid and dashed lines, see text). (D) Same as (C) in addition with data for
several magnetic fields. The paramagnetic background contribution was sub-
tracted from data in (C) and (D).

2 of 4 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1004958107 Nair et al.

small crystals,
low temperatures,
high magnetic fields



Neutron scattering on Cd-doped CeCoIn5

[S. Nair, OS, '10]

unequal domain population upon entering the magnetically or-
dered state at low temperatures and high magnetic fields. De-
creasing the magnetic field at low T and crossing the phase
boundary into the AF state, one domain configuration (with mag-
netic moments ⊥B, cf. Fig. 3A) is strongly favored over the other
(with magnetic moments ∥B) resulting in a substantially reduced
magnetic intensity in neutron scattering measurements (see Ma-
terials and Methods section). Further reducing the magnetic field
and inside the superconducting state the second domain succes-
sively becomes populated balancing the domain population when
reaching B ¼ 0, identical to the zfc case. The associated domain
walls strongly influence the magnetotransport only if the electro-
nic mean free path ℓ is comparable to or larger than the domain
wall thickness δ (15). The lack of hysteresis in our transport mea-
surements suggests that this criterion is not met in the B⊥c direc-
tion, i.e., δ ≫ ℓ. Note that even in undoped CeCoIn5, ℓ is
reduced to a few 10 Nanometer (nm) already in moderate fields
(17). However, we were able to resolve a tiny hysteresis (≲0.2 T
at 0.2 K) in the magnetoresistance for B∥c within the AF regime
(18). This observation is consistent with an enhanced (factor of
1.5) dynamic spin correlation length within the ab plane com-
pared to the c direction (4 and 19) which indicates a reduced
δ in c direction.

In order to trace the anisotropic nature of the superconductiv-
ity and magnetism in this system, we also measured ρxx with field
applied along the crystallographic c axis. Selected results of these
measurements are shown in Fig. 4, with the zero-resistance super-
conducting state and the field-induced destabilization of AF or-
der being clearly marked out. At lowest temperature and for
decreasing field, the sharp increase in resistivity at B ∼ 7 T indi-
cates carrier localization due to the onset of AF order. On further
reduction of the magnetic field, a drop in ρxxðBÞ for B≲ 6 T is
observed within the AF state. This could possibly originate from

a spin rearrangement as found in CeCu5Au (20), a scenario that
would also account for the observed anisotropy in ρxxðBÞ. Alter-
natively, one might speculate that the drop in ρxxðBÞ may be
caused by a change in ordering vector as, e.g., observed
CeCu2Si2 (21). The signatures of these two transitions merge
as they become broadened at increasing temperatures. The mag-
netoresistance is negative down to T ¼ 0.06 K for 7 T≲ B ≤
15 T manifesting that there is no Fermi liquid regime in the in-
vestigated field range. This effectively rules out the presence of a
quantum critical point in the B∥c direction. Interestingly, for B⊥c
the destruction of long-range AF order is succeeded by a field
range of positive magnetoresistance which indicates that the sys-
tem enters into a regime with coherent Kondo scattering (22).
Analyzing ρxxðTÞ for constant fields did not reveal any signature
of a T2 dependence eliminating the possibility of Fermi liquid
behavior also for B⊥c (a Kohler’s scaling analysis is hampered
by large uncertainties in ρxxð0Þ).

The almost constant neutron intensity below Tc is intriguing.
Its analysis above and the electronic transport measurements in-
dicate a second order phase transition at Tc without spatial phase
separation. Then, the deviation of the neutron intensity from its
expected value below Tc implies coexistence and, more impor-
tantly, mutual influence of AF and superconducting order. These
conclusions go well beyond those drawn from earlier Nuclear
Magnetic Resonance measurements (9): Although the micro-
scopic coexistence of AFand superconducting order was inferred,
the interplay between the two different types of order was not
observed. Based on our new measurements we speculate that the
low-energy magnetic fluctuations are gapped by superconductiv-
ity and likely shifted to higher energies (possibly to the resonance
at 0.6 meV observed in undoped CeCoIn5 (4)), a similar mecha-
nism as discussed for the cuprates (23). The delicate, unprece-
dented balance of the two states may result from the proximity
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Magnetism and superconductivity in CeCu2Si2
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Magnetism and superconductivity in CeCu2Si2
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Magnetism and superconductivity in A/S-CeCu2Si2
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Normal state spin dynamics in S-CeCu2Si2

• Quasielastic Lorentzian response
• Decrease in intensity and broadening with T
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Normal state spin dynamics in S-CeCu2Si2

• Considerable slowing down of normal state spin dynamics   
   ! close vicinity to QPT
• &/T3/2 scaling of magnetic response (3D critical behavior)

PM
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[J. Arndt, OS,
 PRL ʼ11]
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Normal state spin dynamics in S-CeCu2Si2

• Considerable slowing down of normal state spin dynamics   
   ! close vicinity to QPT
• &/T3/2 scaling of magnetic response (3D critical behavior)

PM

AF

QPT x, p

T

[J. Arndt, OS,
 PRL ʼ11]
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Spin dynamics in superconducting CeCu2Si2

• broad quasielastic Lorentzian
response at QAF 

• gapped in the sc state,
   ħωgap ≈ 0.2 meV ( ≈ 3.9 kBTc)

• ħωgap follows roughly BCS
order parameter
(in contrast to high-Tc sc)

x, p

SC

QPT

AF

T
PM

IN12/ILL
kf = 1.15 Å-1

ΔE = 57 μeV [OS, Nat. Phys., 2011]



Magnetic exchange energies in S-CeCu2Si2
Magnetic exchange energy gain ΔEx:

∆Ex ≡ ES
x − EN

x =
1

g2µ2
B

∫

∞

0

d(h̄ω)

π
[n(h̄ω) + 1] ×

〈

I(q)
[

ImχS(qx, qy, qz, h̄ω) − ImχN(qx, qy, qz, h̄ω)
]

〉

,

where ES/N
x is respectively the exchange energy in the superconducting (S) and normal (N)

states, and <> denotes an average over the first Brillouin zone. I(q) is the exchange interac-

tion between the localized f -moments and contains nearest and next nearest neighbor terms. As

described in detail in the SOM (11), we find a magnetic exchange energy gain of 5.36·10−3meV

per Ce. This energy gain comes primarily from the spectrum at low energies, below the mag-

netic excitation gap. The exchange energy gain must be compared with the superconducting

condensation energy. It is a major advantage of CeCu2Si2 that the electronic specific heat of

both the superconducting state and the field-driven normal state can be reliably determined.

Using the specific heat data shown in Fig. S1(a) (11), we find the condensation energy to be

2.27 · 10−4meV per Ce.

The fact that the magnetic exchange energy gain is more than one order-of-magnitude larger

than the condensation energy implies that AF excitations are the primary driving force for SC.

It also suggests that there is a sizeable kinetic energy loss. A natural origin for the latter lies in

the Kondo effect (11,22).

Our understanding of the magnetic exchange energy gain in a HF superconductor near its

AF QCP naturally leads us to ask whether the effect is universal. Superconductivity-induced

enhancement of the spin fluctuation spectrum in some frequency range has also been observed

in the high Tc cuprates such as YBa2Cu3O7−δ (23), iron pnictides such as Ba1−xKxFe2As2 (24),

as well as two other HF compounds UPd2Al3 (25, 26) and CeCoIn5 (27). However, there are

some important differences between the spectrum observed in CeCu2Si2 and those seen in the

other superconductors (11). Equally important, SC in UPd2Al3 occurs inside the antiferromag-

6

0 0.2 0.4 0.6 0.8 1
 h
_
! !(meV)

0

2

4

6

8

10

12

14

Im
 
!"

Q
AF

, !
#!
!"
!!$
!%

/m
eV

 f.
u.

)

Im N(QAF,! )

Im S(QAF,! )

!

0 0.2 0.4 0.6 0.8

T (K)

0

0.1

0.2

h
!

g
a
p
 (

m
e
V

) Q = QAF

0 0.2 0.4 0.6 0.8 1

h! (meV)

0

1

2

3

4

S
m

a
g
 (
!

B
2
/m

e
V

 f
.u

.)

B = 0

B = 2 T

Q = QAF

T = 0.07 K

0 1 2

T (K)

0

0.1

0.2

"
(T

) 
- 
"

0
  
(m

e
V

)

b

a

c

|ΔEx| = 5.36 ' 10-3 meV/Ce >>  |ΔEC| =  2.27 ' 10-4 meV/Ce



Magnetic exchange energies in S-CeCu2Si2
Magnetic exchange energy gain ΔEx:

∆Ex ≡ ES
x − EN

x =
1

g2µ2
B

∫

∞

0

d(h̄ω)

π
[n(h̄ω) + 1] ×

〈

I(q)
[

ImχS(qx, qy, qz, h̄ω) − ImχN(qx, qy, qz, h̄ω)
]

〉

,

where ES/N
x is respectively the exchange energy in the superconducting (S) and normal (N)

states, and <> denotes an average over the first Brillouin zone. I(q) is the exchange interac-

tion between the localized f -moments and contains nearest and next nearest neighbor terms. As

described in detail in the SOM (11), we find a magnetic exchange energy gain of 5.36·10−3meV
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netic excitation gap. The exchange energy gain must be compared with the superconducting

condensation energy. It is a major advantage of CeCu2Si2 that the electronic specific heat of

both the superconducting state and the field-driven normal state can be reliably determined.

Using the specific heat data shown in Fig. S1(a) (11), we find the condensation energy to be

2.27 · 10−4meV per Ce.

The fact that the magnetic exchange energy gain is more than one order-of-magnitude larger

than the condensation energy implies that AF excitations are the primary driving force for SC.

It also suggests that there is a sizeable kinetic energy loss. A natural origin for the latter lies in

the Kondo effect (11,22).

Our understanding of the magnetic exchange energy gain in a HF superconductor near its

AF QCP naturally leads us to ask whether the effect is universal. Superconductivity-induced

enhancement of the spin fluctuation spectrum in some frequency range has also been observed

in the high Tc cuprates such as YBa2Cu3O7−δ (23), iron pnictides such as Ba1−xKxFe2As2 (24),

as well as two other HF compounds UPd2Al3 (25, 26) and CeCoIn5 (27). However, there are

some important differences between the spectrum observed in CeCu2Si2 and those seen in the
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|ΔEx| >> |ΔEC|
! AF excitations primary driving force for SC
sizeable kinetic energy loss (Kondo effect)
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Conclusions

CeCu6-xAux:
• Importance of dimensionality
       for QCP behavior

Cd-doped CeCoIn5, CeCu2Si2:
• Coexistence/Competition of AF and SC

CeCu2Si2:
• Almost critical slowing down of 

normal state magnetic response,
→ vicinity to QCP

• Spin excitation gap in sc state
• Analysis of magnetic exchange energy: 
    → evidence for magnetically driven sc
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trical resistivity as a function of pressure in the antiferro-
magnetically ordered state of CeCu5Au [26]. Hence, mag-
netic domains might already form well below Bc, resulting
in the observed broadening of the linewidth. Starting from
long-range order the correlation length ! decreases to ! !
70 !A at T " 60 mK, B " 0:3 T.

To investigate the critical spin dynamics at Bc scans
were performed as a function of neutron energy transfer
at the antiferromagnetic satellite position Q "
#1:38; 0; 1:74$ and at a magnetic field of B " 0:35 T.
Figure 3 shows energy scans at different temperatures.
The data can be described by the sum of an incoherent
elastic contribution (dotted lines in Fig. 3) and the quasi-
elastic magnetic response with Lorentzian line shape (con-
voluted with the resolution, dashed lines in Fig. 3). To
reliably perform the convolution and determine the shape
of the incoherent signal the instrumental resolution has
been measured on a vanadium sample and is best modeled
by the sum of two lines with Gaussian line shapes (cf. inset
of Fig. 3). The fits of the magnetic response yield a
Lorentzian linewidth " strongly increasing with tempera-
ture, i.e., from a value well below the energy resolution of
%60 "eV at T " 60 mK to " " 0:68& 0:21 meV
(FWHM) for T " 5 K. Such a critical slowing down of

the magnetic response as a function of temperature is
expected at a QCP. Within the scatter of the data points,
the Lorentzian fits work quite well. However, an anoma-
lous susceptibility function ##q; !; T$ " cf'$%#q$( )
'T * i!(%g*1, as found for CeCu5:9Au0:1 at zero field
[11,12], would fit the data almost equally well.

Therefore, we finally present in Fig. 4 scaling plots of
the imaginary part of the susceptibility #00 in the form #00 +
T% " f#!=T&$ for different neutron energy transfers @!
and temperatures T as taken from data of Fig. 3 and addi-
tional scans. Here the data are plotted for (a) % " 0:8, & "
1 and (b) % " 1:5, & " 1:5. The susceptibility #00 was
obtained by #00 " I'1* exp#*@!=kBT$(, where I repre-
sents the neutron-scattering intensity after background
subtraction. In the case of the locally critical scenario the
scaling function f#x$ should read f#x$ " c sin'% arctan#x$(

#x2)1$%=2
[11,12], while for the HMM scenario one expects f#x$ "
abx

1)#bx$2 [14]. Included in the plots are fits (solid lines) of the
dynamical susceptibility to these scaling functions using a
logarithmic weighing scheme (effectively the logarithm of
#00 was fitted). The !=T scaling with the anomalous ex-
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FIG. 3. Neutron-scattering intensity in CeCu5:8Au0:2 as a func-
tion of energy transfer @! at Q " #1:38; 0; 1:74$ and B "
0:35 T, Bjjc for T " 60 mK and 5 K. Solid lines represent fits
to the data comprised of the incoherent elastic signal (dotted
lines) and the quasielastic magnetic response with Lorentzian
line shape convoluted with the resolution (dashed lines). The
inset shows the tails of the energy resolution of the spectrometer
as measured on vanadium at room temperature (RT), where the
data have been normalized to 100 for the elastic peak value. The
resolution, especially the tails, cannot satisfactorily be described
by a function with a single Gaussian line (dashed line) but by a
sum of two Gaussians (solid line).
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FIG. 4 (color online). Scaling plots of the imaginary part of the
dynamic susceptibility #00#!; T$ at Q " #1:38; 0; 1:74$, B "
0:35 T, (B k c) in CeCu5:8Au0:2 plotted as #00T% " f#!=T&$
with (a) % " 0:8, & " 1:0 and (b) % " 1:5, & " 1:5. Solid lines
represent fits to the data. For details see text.
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