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Campinas City 1.5 million inhabitants



Universidade Estadual de Campinas “UNICAMP”
~ 4 km2 - 35,000 Students (40 years old)



RAMAN Lab
1.6 < T < 800 K
0 < H < 7 T.

Magnetic and Optics Facilities GPOMS

PPMS-QD 9T, 0.3 K
14 T 50 mK

Cp(T,H)
M(T,H)
ρ(T,H) e RH
κ(T,H)
0 < P < 25 kbar.

MPMS
SQUID-QD 7T
1.8 < T < 800 K
0 < P < 12 kbar.
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ESR Spectrometers
L (1.4 GHz); S (4.0 GHz); X (9.4 GHz) Q; (34.4 GHz)

(400 G) (1.200 G) (3.200 G) (12.000 G)

Bruker-ELEXSYS E-500 VARIAN



CAMPINAS SYNCHROTRON NATIONAL
LABORATORY

EXAFS-XANES-XDR (structural and magnetic)

~ 1011 fótons/s @ 200 mA @ E = 8keV (ë ~1.5 ); D ~30 m



Outline

I. Review of structurally related physical properties of HFS
families CemMnIn3m+2 – the role of CEF tetragonal

symmetry – layered structural

II. CeRhIn5 doped with La and Sn

III. Cd-doped Ce2(Rh,Ir)In8

IV. Possible relationship to FeAs-based, Yb-based HFS

V. Implications in new materials search
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[1] Pagliuso et al, Physica B, 312, 129 (2002).
[2] Pagliuso et al, Phys.Rev B, 64, 100503(R) (2001).

[3] E.N. Hering et al Physica B, 378, 423 (2006).
[4] E.N. Hering, Physica B, 403, 780 (2008);
[5] E. N. Hering, C. Adriano, et al, submited to PRB (2010).

-Ce2CoIn8
TC ≈ 1.0 K

γ ≥ 600 mJ/K2 mole Ce



CeCe22(Rh,Ir)(Rh,Ir)11--xxCoCoxxInIn88 –– Phase DiagramsPhase Diagrams

E. N Hering, et al
M. Nicklas et al.
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CeRhIn5

TN = 3.8 K
μord=0.7 μB (in plane)

107° spiral layer-to-layer

Curro et al., PRB 62, R6100 (2000)
Bao et al., PRB 62, R14621 (2000)

Ce2RhIn8
• AFM with TN = 2.8 K
• ε = (1/2, 1/2, 0) and η = 52º
• μeff = 0.55 μB

52º

Ce
Rh
In

W. Bao et al Phys. Rev. B, 64 020401R (2001)

Magnetic Structure
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c-axis is the
magnetic “easy” axis
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Tuning:
-JRKKY
- TK
- CEF













S. Doniach, in Valence Instabilities and Related Narrow Band Phenomena,
ed. R.D. Parks (Plenum, New York, 1977) p. 169.

Ground state competition

• Tune J with doping or pressure

• Often find superconductivity
where TN� 0: quantum critical
point .

Competition between
Kondo screening and
magnetic order



A.D. Christianson et al PRB, 70 134505 (2004).

T
K

~ 20 meV

6.9 meV

17.1 meV 18.3 meV

6.7 meV

8,6 meV

16,4 meV

CeIn3

CeRhIn5 CeIrIn5 CeCoIn5

CEF effects on Tk

CEF effects in Ce-M-In5:
Effective TK in the presence of
CEF:

225
CEF

/J
K

eff
K /TT Δ= =

H.-U. Desgranges, J. W. Rasul, PRB 36, 328 (1987).
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Tuning:
-JRKKY
- TK
- CEF



Gd 4f 7� S=7/2, L=0

Tuning of JRKKY?

Pagliuso et al. PRB. 62, 12266 (2000); PRB (2001).
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Tuning the CEF?
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TN evolution for RmAnIn3m+2n(m = 1,2 ; n =0,1) (R = Nd, Tb, Gd, Sm)





The model: Magnetic Interactions and Crystal
Field Effects-
Simplest Magnetic Interaction:
(mimics RKKY interaction) i jKJ J⋅

� �

Crystal Field (CFE) Interaction: B20O20 B40O40 B44O44

K

Can this simple model account for change in direction of the order
moment along the series and for the TN behavior?

D. Garcia, E. Miranda, et al. JAP (2006)



Cristal Field Effects: B20O20 B40O40 B44O44

Results for
(B44=5B40=0.25meV)

θ



Interaction Effects on the order temperature TN
Without CF: isotropic K

each point is obtained for specific
B20,B40 and B44 parameters

CEF
frustrated
order

CEF
enhanced
order

Isotropic susceptibility

Enhanced low-T c-susceptibilityDiminished low-T c-susceptibility



RnMIn3n+2 Magnetic Structures

CeRhIn5 NdRhIn5
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P.G. Pagliuso et al. Physical Review B. 62, 12266 (2000).

RE moments ordered along
c-axis.

RE moments in the ab-plane.



Extrapolation of CEF trend to Ce-M-In

isotropic
Γ

7

(111)

Jeff

CeIn3Γ
8

Γ
6

Γ
7
'

g // >> gper
Γ7

'

TNdecreases

TK

A.D. Christianson et al PRB (2004).

T
K

~ 20 meV

6.9 meV

17.1 meV 18.3 meV

6.7 meV
8,6 meV

16,4 meV

CeIn3

CeRhIn5 CeIrIn5 CeCoIn5



INS and XAS CEF study in Ce-M-In

T. Willers et al.

A. Severing – I14 – SCES 2010





Extrapolation of CEF trend to Ce-based
materials

TRKKY

TK

TN(increasing of g-anisotropy)

Frustrated local
moments + hybridization

Strong
magnetic-fluctuations??
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- TK
- CEF





�We have carefully chosen two specific compositions, Ce0.90La0.10RhIn5 and
CeRhIn4.84Sn0.16.

The ordering temperature TN = 3.8 K of undoped CeRhIn5 was suppressed to the
same TN ≈ 2.8 K for both La and Sn doping in the studied concentrations.
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La- and Sn-doped CeRhIn5
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� For the two doped samples, Tmax, TN and
Tc follow the same qualitative evolution as a
function of pressure found for pure CeRhIn5.

� However, by comparing the P – T phase
diagram of the three samples, one sees that
the La-doping shifts the P – T phase diagram
of CeRhIn5 to higher pressure while the Sn-
doping does exactly the opposite.

P – T phase diagram
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As the two doped samples have the same TN at ambient
pressure and similar strength of the Ce-Ce inter-site
magnetic coupling, it is the strength of the intra-site
Kondo-coupling which mainly determines the pressure
evolution of the CeRhIn5 ground state.

The suppression of the magnetism has to be associated
with an increasing of TK and a consequent crossover be-
tween localized and itinerant behavior of the Ce 4f.

If a given control parameter tunes TN to zero by a local
mechanism, such as dilution or magnetic frustration
which are not necessarily associated with an increase of
the Kondo-coupling, this tuning might in fact inhibit SC:

SC would not be expected at ambient pressure in Ce1-xLaxRhIn5, only at
much higher P.
However, SC was not found at ambient pressure for CeRhIn5 xSnx.

→ Disorder effects: Tcmax = 1.2 K for CeRhIn4.84Sn0.16 and Tcmax = 1.6 K for
Ce0.90La0.10RhIn5) is roughly a factor of two smaller than that for
CeRhIn5 (Tcmax = 2.3 K).

L. Mendonça-Ferreira et al. PRL 101, 017005 (2008)



Cd doping in CeMIn5 – “in block” doping

L. D. Pham et al. PRL 97, 056404 (2006).

Cd has one p-electron less.
Hole doping – Fermi surface tuning



Ce2MIn8-xCdx phase diagram
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• Cd induces long range order for
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Specif-heat divided by temperature and phase diagram for
Cd-doped samples

C. Adriano et al, PRB 81, 245115 (2010)



Resistivity results of Ce2MIn8-xCdx
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CeMIn5 (M = Rh, Ir, Co) Family
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Extrapolation to â-YbAlB4 – IV – large TSF
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ESR g-anisotropy

This remarkable and unprecedented ESR
signal found in the HFS â-YbAlB4
behaves as a CESR at high temperatures
and acquires characteristics of Yb3+ LM
ESR at low temperature. This dual
behavior in same ESR spectra strikes as
an in situ unique observation of the
Kondo localization of the f-electron at
the quantum critical point (QCP) of â-
YbAlB4.

cond-mat 0908.0044



1-1-5 - PuCoGa5 – FeAs-intermetallics ?

M. S. Torikachvilli et al. PRB 2008. Marianne Rotter al. New J. of Phys. (2009).



Implications for designing materials

•Quasi 2-d helps a lot; maybe not much 2-d needed – increase c/a – tune CEF GS

•Need bigger bandwidths to increase Tsf, but keep optimized Tc/Tsf - 3d spins in the active
layer.

• To increase TC for magnetically mediated SC:
Tsf, characteristic T for spin fluctuations high
Tunable carrier density

1-1-5 e 2-1-8 1-2-2 2-1-4, etc
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Implications for designing materials
•1-1-5: c/a ~ 1.6

•2-1-8: c/a ~ 3.0 –

3d spins as the active
layer.

•Examples: A2MB8
M = Cu, Fe, Co, Ni,
Mn, Ru, Re, Mo…

A = La, Y, Ca, Sr, Ba,
Mg, K

B = Bi, Sb, Ge, Sn, In,
As, etc

1-1-5 e 2-1-8 1-2-2 2-1-4, etc



Implications for designing materials
•c/a ~ 2-3 - 3d spins as the
active layer.

•Examples: AM2B2
M = Cu, Fe, Co, Ni,
Mn, Ru, Re, Mo…

A = La, Y, Ca, Sr, Ba,
Mg, K, Li, Mg

B = Bi, Sb, Ge, Sn, In,
etc

1-1-5 e 2-1-8 1-2-2 2-1-4, etc



Implications for designing materials
•2-1-4: c/a ~ 3/4 - 3d spins
as the active layer.

•Examples: A2MB4
M = Cu, Fe, Co, Ni,
Mn, Ru, Re, Mo…

A = La, Y, Ca, Sr, Ba,
Mg, K

B = Bi, Sb, Ge, Sn, In,

Pb, etc

1-1-5 e 2-1-8 1-2-2 2-1-4, etc



Thank you for your attention!



ESR signal in â-YbAlB4 : cond-mat 0908.0044
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Duque et al. PRB (2009)

YbRh2Si2

171A ~ 1300 Oe which is of the order of the typical
values found for 171Yb in low symmetry systems.

Irrefutable indication that the ESR spectra found for â-YbAlB4
acquires the characteristic of the Yb3+ ions at low-T.

Abrahams, E.,
Wolfle, P. Phys.
Rev. B 78
104423 (2008).

Schlottmann,
P.Phys. Rev. B
79 045104
(2009).

Kochelaev, B. I.
arXiv:0907.207
4 (2009).



ESR temperature dependence

g-value for the â-phase shifts to larger value
at low-T (g ~ 3): typical for Yb3+ Krammers
doublets)

Both phases show T-independent ESR
intensity – typical of CESR

For â-YbAlB4 ΔH(T) shows a weak non-
monotonic increase as a function of
temperature which results in an average
linewidth broadening of ~ 0.4 Oe/K in the
whole temperature range. This rate is much
smaller than the linear Korringa-rate found for
the ESR line observed at low-T for YbRh2Si2.
In contrast, for α-YbAlB4 ΔH(T) increases
dramatically with decreasing-T which avoid
the observation of the resonance for T < 40 K.



g-anisotropy

This remarkable and unprecedented ESR
signal found in the HFS â-YbAlB4
behaves as a CESR at high temperatures
and acquires characteristics of Yb3+ LM
ESR at low temperature. This dual
behavior in same ESR spectra strikes as
an in situ unique observation of the
Kondo localization of the f-electron at
the quantum critical point (QCP) of â-
YbAlB4.


