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• Magnetic quantum phase transitions
• Cd-doped CeCoIn5, pure and Ge-doped CeCu2Si2:

- coexistence and competition of SC and AF
• Spin dynamics in CeCu2Si2:

- Normal state: vicinity to quantum critical point
- Superconducting state and energetics

• Perspectives, Outlook

more information:
- Proc. Natl. Acad. Sci. USA 107, 9537 (2010)
- Nature Physics 7, 119 (2011)
- Phys. Rev. Lett. 106,  246401 (2011)
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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!
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[reviews: 
QPT: H. v. Löhneysen, RMP ´07
SC: C. Pfleiderer, RMP '09]



Neutrons as microscopic probe

,Ef
,Ei

Neutronen als mikroskopische Sonde

Magnetische Neutronenstreuung:

FT der Spin!Spin!Korrelationsfunktion

! Magnetische Ordnung
! Spinwellen
! Spinfluktuationen: energie! und 

impulsaufgelöst

! Instrumente für unterschiedliche q!, !!Bereiche
! Dreiachsenspektrometer:

Charakteristische Temperaturen:

! Cr1!xVx: TF " 104 K (" 103 meV)

! CeCu6!xAux: TK " 5 K (" 0.5 meV)

! CeCu2Si2: TK " 15 K (" 1.5 meV)

Magnetic neutron scattering:
FT of spin-spin-correlation function

• Magnetic order
• Spin wave
• Spin fluctuations: resolved in
   energy and momentum transfer

NFLT

AF SC

QPT

PM

x, p,   , B, ...σ

te
m

pe
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tu
re

control parameter 

Γ ∝ 1/τ
κ ∝ 1/ξ



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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FIG. 1 (color online). Electronic specific heat (Cel $
C" Clatt) divided by temperature for CeM!In1"xCdx#5 as a func-
tion of temperature. The lattice specific heat (Clatt) is not shown.
Values of x represent the nominal Cd content of crystals, as ex-
plained in the text. (a) CeCo!In1"xCdx#5, (b) CeRh!In1"xCdx#5,
(c) CeIr!In1"xCdx#5. The solid curve through the data for x $
0:0375 in (c) is a fit to the form Cel=T $ A lnT=T0, where A $
240 mJ=molK2 and T0 $ 18 K, for 0:4 T< 4 K. Insets in each
panel are plots of magnetic entropy Smag obtained from the area
under associated Cel=T vs T curves.
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PRL 97, 056404 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
4 AUGUST 2006

056404-2

[L. Pham, ʼ06]
CeCoIn5:

• 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
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Magnetism and superconductivity in CeCu2Si2
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• Vicinity to quantum critical point at disappearance of antiferromagnetism:
         - Δρ ∝ T1...1.5 

- C/T = γ0 - α√T   (3D-AF instability)

[Gegenwart, PRL ʼ98; Yuan, Science ʼ03]



Antiferromagnetism in CeCu2Si2
E6/HMI

• Observation of  incomm. AF order
• Propagation vector 
" τ = (0.215 0.215 0.530) at T = 50 mK
• TN ≈ 0.8 K, m0 ≈ 0.1 μB
" [OS, PRL ʼ04] !"
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Magnetism and superconductivity in A/S-CeCu2Si2
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Heat capacity in Ge-doped CeCu2Si2

upon Ge doping: • stabilization of magnetic order (TN ➚)
     • depression of superconductivity (Tc➘)

TN

TN

TN

Tc

Tc

x, p

SC

QPT

AF

T
PM

x

[J. Arndt, OS, J.Phys.: Conf. Series, '09]



Magnetism and superconductivity in Ge-doped CeCu2Si2

2% Ge-doped 10% Ge-doped CeCu2Si2

• for higher Ge concentrations less influence of SC on AF
• from competition to coexistence (expected theoretically [Kato, PRB ʼ88]) 

TN TN

Tc
Tc

[J. Arndt, OS, J.Phys.: Conf. Series, '09]



Thermodynamic properties in S-CeCu2Si2
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Energy scales: superconductivity and spin fluctuations

[T. Moriya, ʼ03]
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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
• ω/T3/2 scaling of magnetic response (3D critical behavior)
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proportional to the lifetime. The applicability of the scaling
law for !00ðQAF; !Þ expected for QCP of the SDW type can

be checked by showing that !ðQAFÞ#1 / T3=2 as well as

!ðQAFÞ / T3=2 [2–4]. This holds in the NFL regime, i.e., in
the temperature range TFL < T $ TK, where TFL is a
crossover temperature below which Fermi-liquid behavior
is observed.

Figure 3 displays !ðQAFÞ#1 and !ðQAFÞ as extracted
from fits to Eq. (1), on the one hand plotted vs T [Fig. 3(a)]

and on the other hand plotted vs T3=2 [Fig. 3(b)]. The data
sets are fitted linearly in both plots for T % 5:0 K , as the
condition T $ TK is not fulfilled for T ¼ 10:0 K.
Especially at low T, !ðQAFÞ and !ðQAFÞ#1 are better

described by a T3=2 [goodness of fit: !2ð!#1Þ ¼ 0:92;
!2ð!Þ ¼ 1:29] than by a linear T dependence [!2ð!#1Þ ¼
7:51; !2ð!Þ ¼ 1:49]. Strikingly, extrapolating both quan-
tities to T ! 0 does not lead to zero but to finite values.
This is due to the fact that S-type CeCu2Si2 is positioned
slightly on the paramagnetic side of the QCP, with the
y-axis intercept being a measure of the distance to the
QCP, as presented in the schematic T-g phase diagram of
CeCu2Si2 [inset in Fig. 3(c)] (see also [26]). By fitting
!ðQAFÞ and !ðQAFÞ#1 to an expression of the form c1 þ
c2T

", one obtains !ðQAFÞ ¼ ð0:30( 0:02Þ þ ð0:14(
0:03ÞT1:38(0:16 (in units of meV) (goodness of fit: !2 ¼
0:101) and !ðQAFÞ#1 ¼ ð1:88( 0:07Þ ) 10#3 þ ð0:74(
0:08Þ ) 10#3T1:57(0:08 (in arbitrary units) (!2 ¼ 0:107).
Thus, it is justified to conclude that the critical exponent
of the inverse susceptibility and the energy width
as determined by neutron scattering experiments, " ¼
ð1:5( 0:15Þ, conforms to the theoretical value 1.5 ex-
pected for a QCP of the itinerant 3D SDW type [2–4].

The product !ðQAFÞ!ðQAFÞ has a constant T dependence
to within 10% from lowest T to T ¼ 5:0 K, as expected for
a paramagnetic heavy-fermion system [27].
A further test of the scaling behavior can be performed

by directly plotting the imaginary part of the dynamical

susceptibility !00ðQAF; !Þ multiplied by T3=2 as a function

of @!=ðkBTÞ3=2. If scaling as expected for QCP of the
itinerant SDW type occurs, all data should conform to a
single function fðxÞ ¼ a) b) x=½1þ ðb) xÞ2+ [28].
!00ðQAF; !Þ is determined by subtracting the incoherent
elastic contribution from the measured neutron scattering
intensity, under consideration of the Bose factor. As shown
in Fig. 3(c), the data collapse on a single scaling curve
of the expected form for @! , 0:2 meV and T < 5:0 K,
despite the small finite intercept in !ðQÞ.
The momentum dependence of the magnetic excitation

spectrum around QAF was measured, reaching the normal
state in two different ways: either at B ¼ 0 and T ¼ 1:0 K,
that is, T > Tc, or at T ¼ 0:06 K and B ¼ 1:7 T, that is,
B - Bc2. Figure 4(a) displays measurements under the
latter conditions at different energy transfers. Results under
the former conditions are analogous. As in the SC state
[24], with increasing energy transfer the signal is split into
two peaks of Gaussian line shape, which broaden and move
further apart in Q, accompanied by a decrease in intensity.
Figure 4(b) shows the linear dispersion of the magnetic
excitation starting at @! ¼ 0 in the normal state in
comparison to the dispersion in the SC state, where an

FIG. 2 (color online). Energy scans in S-type CeCu2Si2 at
three different temperatures in a field B ¼ 1:7 T - Bc2ðT !
0Þ, performed at the wave vector QAF. Dashed lines indicate
fits to the elastic part of the scattering intensity with two
Gaussians to model the instrumental resolution as determined
by measurements of a vanadium sample [28]; thin full lines show
fits of the quasielastic part; thick full lines are the sum of both
contributions.
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A/S S

g
gc
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0.5

QCP

FIG. 3 (color online). Inverse spin susceptibility and energy
width of the quasielastic contribution to the neutron scattering
intensity in S-type CeCu2Si2 at QAF and B ¼ 1:7 T, (a) plotted
vs T and (b) plotted vs T3=2. Lines indicate linear fits as
described in the text. (c) Scaling plot of the imaginary part
of the dynamical susceptibility !00ðQ; !Þ as !00T3=2 ¼
f½@!=ðkBTÞ3=2+. The solid line represents a fit to the data as
described in the text. The inset shows the T-g phase diagram of
CeCu2Si2, where g is the effective coupling constant, which is
proportional to the square of the hybridization between 4f and
conduction electrons. A, A=S, and S refer to the respective types
of CeCu2Si2 crystals. g can be varied by chemical composition
as well as hydrostatic pressure.
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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)
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ΔE = 57 μeV [OS, Nat. Phys., 2011]



Q-dependence of gap mode in S-CeCu2Si2

• "dispersive" excitation, v ≈ 4.44 meVÅ  (vF ≈ 57 meVÅ)
• extends up to 3-4 times ħωgap
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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

I(q): exchange interaction between
nearest neighbor (I1) and 
next-nearest neighbor (I2)
Ce moments
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FIG. 1: Schematic phase diagram around the QCP and crystal structure of CeCu2Si2.

(a) Schematic T −g phase diagram of CeCu2Si2 in the vicinity of the quantum critical point (QCP)

where the antiferromagnetic (AF) phase vanishes as function of the effective coupling constant g.

Superconductivity (SC) is observed around the QCP and extends far into the paramagnetic (PM)

regime. Composition as well as hydrostatic pressure can be used to change the coupling constant

g and to tune the system to the QCP. The positions of the A-type and the S-type single crystals

in the phase diagram are marked. (b) Tetragonal crystal structure (space group: I4/mmm) of

CeCu2Si2. The nearest and next-nearest neighbour interactions between the cerium atoms are

labelled by I1 and I2. It should be noted that the distances between next-nearest neighbour Ce

atoms in the basal plane and out-of-plane are almost identical.
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Magnetic exchange energies in S-CeCu2Si2
Magnetic exchange energy gain ΔEx:
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|ΔEx| = 5.36 ⋅ 10-3 meV/Ce >>  |ΔEC| =  2.27 ⋅ 10-4 meV/Ce
[OS, Nat. Phys., 2011]
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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
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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.
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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
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Magnetic exchange energies in S-CeCu2Si2
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Spin resonance in CeCoIn5

[C. Stock, PRL ʼ08]

• Superconductivity below Tc = 2.3 K
• Commensurate AF spin fluctuations at

QAF = (1/2 1/2 1/2) 
• Sharp spin resonance in superconducting state

The momentum dependence of the magnetic neutron
scattering cross section is plotted in Fig. 2. The left-hand
panel shows scans along the !HH !1

2" direction in the normal
and SC states at several different values of energy transfer.
The fits are to a single Gaussian function giving a dynamic
correlation length (defined as the inverse of the half-width
at half maximum) !ab # 9:6$ 1:0 "A at @! # 0:55 meV.
In both the normal and SC phases, the magnetic scattering
is peaked at Q # !12 1

2
1
2" as for cubic CeIn3 [11] indicating

nearest neighbor AFM correlations within and between
a-b planes.

The right-hand panel of Fig. 2 shows the wave vector
dependence of the magnetic scattering along the !12 1

2L"

direction. The solid line indicates a fit to I!Q"/f!Q"2%
&1'!Q̂ ( ĉ"2)sinh!c=!c"=&cosh!c=!c"*cos!Q (c") which
represents short-range AFM correlated Ce3* moments
polarized along the [001] direction with a dynamic corre-
lation length !c # 6:5$ 0:9 "A at @! # 0:55 meV. The
squared form factor, f!Q"2, was taken from previous mea-
surements which agree with calculations by Blume et al.
[12]. The second factor, !1' !Q̂ ( ĉ"2", indicates spin fluc-
tuations polarized along c which is consistent with the
anisotropic susceptibility. In contrast to the Fermi surface
which is highly two-dimensional, the ratio of dynamic spin
correlation lengths is only !ab=!c # 1:5$ 0:4.

Commensurate AFM correlations distinguish CeCoIn5
from CeRhIn5, which develops AFM long range order with
Q # !12 1

2 0:297" [13]. This is consistent with current under-
standing of the Fermi surfaces for these materials [5].
While there is considerable modulation and potential for
nesting along c for CeRhIn5, the Fermi surface for
CeCoIn5 is comprised of cylinders with a large effective
mass and little modulation along c. It is interesting to note
that both commensurate and incommensurate order has
been observed in CeRh1'xCoxIn5 (x # 0:4) and for similar
concentrations in CeRh1'xIrxIn5. AFM order and SC coex-
ist in both compounds [14,15] indicating a close connec-
tion between commensurate AFM spin fluctuations and
SC.

Figure 3 shows three constant-Q scans at Q # !12 1
2
1
2" for

T < Tc. The solid lines are fits to a damped harmonic
oscillator response function related to scattering through
the fluctuation dissipation theorem. The fitting parameters

FIG. 2. Constant energy scans along the !HH !1
2" and !12 1

2L"
directions in the normal and superconducting states. A feature-
less background measured at 15 K has been subtracted from the
data. The horizontal bars represent the resolution width. The data
has been corrected for absorption effects.
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FIG. 1. The imaginary part of the dynamic susceptibility at
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2
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2" is plotted in the normal (3 K) and in the super-

conducting (1.35 K) states. A background taken at Q #
!0:3; 0:3; 0:5" and Q # !0:7; 0:7; 0:5" was subtracted. The hori-
zontal bar is the resolution width.
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The momentum dependence of the magnetic neutron
scattering cross section is plotted in Fig. 2. The left-hand
panel shows scans along the !HH !1

2" direction in the normal
and SC states at several different values of energy transfer.
The fits are to a single Gaussian function giving a dynamic
correlation length (defined as the inverse of the half-width
at half maximum) !ab # 9:6$ 1:0 "A at @! # 0:55 meV.
In both the normal and SC phases, the magnetic scattering
is peaked at Q # !12 1

2
1
2" as for cubic CeIn3 [11] indicating

nearest neighbor AFM correlations within and between
a-b planes.

The right-hand panel of Fig. 2 shows the wave vector
dependence of the magnetic scattering along the !12 1

2L"

direction. The solid line indicates a fit to I!Q"/f!Q"2%
&1'!Q̂ ( ĉ"2)sinh!c=!c"=&cosh!c=!c"*cos!Q (c") which
represents short-range AFM correlated Ce3* moments
polarized along the [001] direction with a dynamic corre-
lation length !c # 6:5$ 0:9 "A at @! # 0:55 meV. The
squared form factor, f!Q"2, was taken from previous mea-
surements which agree with calculations by Blume et al.
[12]. The second factor, !1' !Q̂ ( ĉ"2", indicates spin fluc-
tuations polarized along c which is consistent with the
anisotropic susceptibility. In contrast to the Fermi surface
which is highly two-dimensional, the ratio of dynamic spin
correlation lengths is only !ab=!c # 1:5$ 0:4.

Commensurate AFM correlations distinguish CeCoIn5
from CeRhIn5, which develops AFM long range order with
Q # !12 1

2 0:297" [13]. This is consistent with current under-
standing of the Fermi surfaces for these materials [5].
While there is considerable modulation and potential for
nesting along c for CeRhIn5, the Fermi surface for
CeCoIn5 is comprised of cylinders with a large effective
mass and little modulation along c. It is interesting to note
that both commensurate and incommensurate order has
been observed in CeRh1'xCoxIn5 (x # 0:4) and for similar
concentrations in CeRh1'xIrxIn5. AFM order and SC coex-
ist in both compounds [14,15] indicating a close connec-
tion between commensurate AFM spin fluctuations and
SC.

Figure 3 shows three constant-Q scans at Q # !12 1
2
1
2" for

T < Tc. The solid lines are fits to a damped harmonic
oscillator response function related to scattering through
the fluctuation dissipation theorem. The fitting parameters

FIG. 2. Constant energy scans along the !HH !1
2" and !12 1

2L"
directions in the normal and superconducting states. A feature-
less background measured at 15 K has been subtracted from the
data. The horizontal bars represent the resolution width. The data
has been corrected for absorption effects.
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2
1
2" is plotted in the normal (3 K) and in the super-

conducting (1.35 K) states. A background taken at Q #
!0:3; 0:3; 0:5" and Q # !0:7; 0:7; 0:5" was subtracted. The hori-
zontal bar is the resolution width.
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Magnetic response in UPd2Al3

[N. Bernhoeft, ʼ98, N. K. Sato, ʼ01, A. Hiess, ʼ06]

Magnetisierungsdynamik des Supraleiters UPd2Al3

• Koexistenz von 
antiferromagnetischer Ordung    
TN = 14 K, µ = 1µB, Q = (0 0 1/2) 
und Supraleitung (Tsc = 1.9 K).

• Inelastische Neutronenstreuung: 
Spinwelle (E = 1.5 meV) und 
‘Resonanz’ (E = 0.3 meV) im 
supraleitenden Zustand.
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• Coexistence of antiferromagnetism
  TN = 14 K, μ = 0.85 μB, τ = (0 0 1/2)
  and superconductivity (Tc = 1.9 K)

• Inelastic neutron scattering:
  spin wave (E = 1.5 meV) and
  „resonance“ (E = 0.3 meV) in
  superconducting state
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Where to go?

... and energy analysis:

• Flatcone technique,
measure spin dynamics in 
whole Brillouin zone

• TOF spectroscopy on single crystals IN5, ILL

>100000 pixels
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Conclusions
Cd-doped CeCoIn5:
• Coexistence of AF and SC 
Pure and Ge-doped CeCu2Si2:
• From competition to coexistence
   of AF and SC

Superconducting CeCu2Si2:
• Almost critical slowing down of normal state magnetic response,

vicinity to QPT: ω/T3/2 scaling, Γ ∝ χ-1∝ T3/2  → 3D critical behavior
• Observation of dispersive spin excitations (paramagnons)
• Spin excitation gap in superconducting state
• Magnetic exchange energy saving in superconducting state
→ Evidence for magnetically driven superconductivity


