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Campinas City 1.5 million inhabitants




Universidade Estadual de Campinas “UNICAMP”
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Magnetic and Optics Facilities GPOMS

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

Cp(T,H)

M(T,H)

p(T,H) e R,

Kk(T,H)

0 <P <25 kbar.

SQUID-QD 7T
1.8<T<800K
0<P<12kbar.

RAMAN Lab
1.6<T<800K

" O<H<T/7T
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ESR Spectrometers
L (1.4 GHz); S (4.0 GHz); X (9.4 GHz) Q; (34.4 GHZz)
(400 G) (1.200G) (3.200G) (12.000 G)

Bruker-ELEXSYS E-500 VARIAN




CAMPINAS SYNCHROTRON NATIONAL
LABORATORY
EXAFS-XANES-XDR (structural and magnetic)

~ 10 fotons/s @ 200 MA @ E=8keV (€ ~1.5 ); D~30m




Outline

I. Review of structurally related physical properties of HFS
families Ce M. In, ., — the role of CEF tetragonal
symmetry — layered structural

[I. CeRhIn; doped with La and Sn

[II. Cd-doped Ce,(Rh,Ir)Ing
IV. Possible relationship to FeAs-based, Yb-based HFS

V. Implications in new materials search




Ce,PdIn, (D. Kaczorowski .
et. al.) -
CePt,In, (E. D. Bauer ¢t al.)

Pu(Co,Rh)Ga. (Sarrao el al.)

CeMin, Ce,Min;



Ceml\/ln I n3m+2n

CeRh,(Ir,Co),In; [1,2] Ce,Rh,Ir Ing [3,4,5]

T~ 1.0K

vy > 600 mJ/K?2 mole Ce

[1] Pagliuso et al, Physica B, 312, 129 (2002). [3] E.N. Hering et al Physica B, 378, 423 (2000).
[2] Pagliuso et al, Phys.Rev B, 64, 100503(R) (2001). [4] E.N. Hering, Physica B, 403, 780 (2008);
51 E. N. Hering, C. Adriano, et al, submited to PRB




Ce,(Rh,Ir), ,Co,In;— Phase Diagrams

Ce;Rhlryng
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Magnetic Structure

Ce,Rhling

* AFM with T =2.8 K

e £¢=(1/2,1/2,0) and n = 52°
* M= 0.55 pp

T,=3.8K

Horg=0.7 Hg (In plane)
107° spiral layer-to-layer

Curro et al., PRB 62, R6100 (2000)
Bao et al., PRB 62, R14621 (2000) W. Bao et al Phys. Rev. B, 64 020401R (2001)




CeMlIn; - ¥ (T) summary

c-axis 1s the
magnetic “easy’ axis

CeRhin
® Hilla, © HJlc
Celrlng
M Hlla, [ Hllc
CeColn,
A Hilla; ~ HJlc

C. Petrovic et al., J. Phys.:

Cond Mat. 13 (2001) L337




c/a as control parameter for T,

A 3

CeRhin, (~16kbar) Cecoin

A 3

3

? . Is there an intrisic parameter
BCeCo Ir |n5 . in this plot, which depends on
0505 ® ‘CeCo Rh | c/a and determines T?
. 05 05 nS

A 3

v CeRY i, Tuning:

OeCoIr In5

05 05

bZSI 075

i Celrln5

1610 1615 1620 1625 1630 1635 1640
c/a

P.G. Pagliuso et al. PRB, 100503 (R) (2002); Physica B 312-313, 129 (2002).
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[Xe]5ah 652
[Xe]4f1 5 és2
[(Xe]4f36s2
[Xe]4rd6s2
[(Xe 415652
[(Xe]4fe652
[Xe]4f7652
[Xe]4f715c 652

[Xe]df6s2
[Xe)4f106s2
[Xe]4 11652

e]4f12452

Xe]
[ Xe]
[Xe)4f13ss2
[Xel4firaas2
[Xe]4f145ch 652

~2 (au)
e 41 shells are partially shielded by
external orbitals.
*Spin-orbital coupling stronger than
crystal field effects
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Heer = B, oi+5-oj +B,4(0p —21.0;

(cubic CEF)

CEF defines sinele 1on spin-anisotropv



Local f-electrons: Magnetic properties

Magnetic susceptibility:

CeRhIn. NdRhIn, GdRhin, TbRhIn.
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spin/valence instability
due to desire
to fill/empty shell

conduction f”'1_

ane Sy is strong and

antiferromagnetic

f=s hybridization
takes place




Ground state competition

Competition between
Kondo screening and
magnetic order

e Tune J with doping or pressure

 Often find superconductivity
where Ty =2 0: quantum critical
point

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




CEF effectson T,

CEF eftfects in Ce-M-In;:
CeRhlnj; CeColn; Celrln;

EffeCthe TK 1n the presence Of o 0.69 0.52 0.83
! -1.03 -.81 -1.2
CEF . 0.044 0.058 0.06
0.122 0.139 0.12
3 INCA | 0.60 [0.6] 0.86 [0.95] ().Z() [0.71]

= [ 2.3 0.6(4) 8.7
T eff = T J=5/2 / Az E(1?) [NCA] | 691(7] 8.6 [6.45] 6.7 2]
K K CEF E(r,) [NCA] | 241[25] 25 [21.44] 2922.56]
vV 156 469 470

A 335 40 70

CeRhlIn,

16,4 meV
18.3 meV

H.-U. Desgranges, J. W. Rasul, PRB 36, 328 (1987). A.D. Christianson et al PRB, 70 134505 (2004).



CeMlIn; (M = Rh, Ir, Co) Family

tetrag _ p0MO 00 0O 44 44
Hee =B,0,+B,0, +B,O, +B,0, + B,O,

2% =T = |£1/2),

11y =T4 =8|+ 5/2) — a| 7 3/2),

0y =T%=a|+5/2) + B|+3/2)




c/a as control parameter for T,

A 3

CeRhin, (~16kbar) Cecoin

A 3

3

? . Is there an intrisic parameter
BCeCo Ir |n5 . in this plot, which depends on
0505 ® ‘CeCo Rh | c/a and determines T?
. 05 05 nS

A 3

v CeRY i, Tuning:

OeCoIr In5
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i Celrln5
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P.G. Pagliuso et al. PRB, 100503 (R) (2002); Physica B 312-313, 129 (2002).




Tuning of Jpxivy?

Gd 4f 7 > S=7/2, 1L.=0

- GdRhin,
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Pagliuso et al. PRB. 62, 12266 (2000); PRB (2001).




Tuning of Jgppy!

PREB {____"1_104__,} PRB {____"u




Tuning the CEF?
Cp(T) and S(T) for Nd-based compounds

Amara et.al |

T, for NdIn; ‘ —o— Ndlrin,
A 4 —®—Nd_IrIn,

J ® | —0o—NdRhin,

00 Nd,Rhin,

O
O/ T, increasing

Nd,Rhin,

— NdRhin,
- Ndlrln
S - decreasing

C/T (mJ/mol Nd K°)

a1
o
o

L] L] L] L] L] L] L]
&8 10 12 14 16 18 20 10 12 14 16 18 20 2

Temperature (K) Temperature (K)

The larger I'¢ CEF Splitting = larger Ty

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




Ty evolution for R_A In; ., (m=1,2;n=0,1) (R=Nd, Tb, Gd, Sm)

T /T, (1-0-3)

Pagliuso et al. PRB. 62, 12266 (2000); PRB (2001).



Summary of Experiments Facts
NdRhIn, GdRhIn. TbRhIn.

Gdirin

%
Gd,irn,
g GdRhn,

Gd Rhin

T AT (1-0-3)

8 M 11-0-3)

Serrano, C. Giles PRB (2007) - PRB (2008) — PRB (2009)




The model: Magnetic Interactions and Crystal
Field Effects-

Simplest Magnetic Interaction:
(mimics RKKY interaction)

Crystal Field (CFE) Interaction: BZOOZO_I— B4OO4O+ B44 C)44

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

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




Cristal Field Effects:@B. O. +B O +B O

20 20 40 40 44 44

Results for
(B44=5B40=0.25meV)

S




Interaction Effects on the order temperature T,

Without CF: isotropic K

/lab J=5/2
llc J=9/2
/e 1=6

CEF
enhanced

order — -3 jWint is obtained for specifig
0 and B44 parameters

CEF
frustrated

Order e e EEREr R
0.4 0.6

<1, *>/(JJ+1))
Diminished low-T c-susceptibility Enhanced low-T c-susceptibility

Isotropic susceptibility




R.MIn; ., Magnetic Structures




Ty evolution for R_A In; ., (m=1,2;n=0,1)

RE moments ordered along
C-axis.

o Ce (J=5/2; in plane)
- Nd (J=9/2; parallel c axis)
- Tb (J=0; parallel ¢ axis) .

N.isotropic

T /T

RE moments in the ab-plane.

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



Extrapolation of CEF trend to Ce-M-In

CeRhlns CeColns Celrlns
0.69 0.52 0.83
-1.03 -.81 -1.2

0.044 0.058 0.06

das i AL

B [NCA] 0.60 [0.6] 0.86 [0.95] 0.70 [0.71]
I 23 6.6(4) 3.7
E(12)[NCA] | 6.917] 8.6 [6.45] 6.7 2]
o tee + B, INCA] | 24125] BRI [ 29122.56]
v 156 169 70

> » 35 40 70

T,decreases

Celn,
A 17.1 meV 18.3 meV

~ 20 meV
6.9 meV
. _| |

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



INS and XAS CEF study in Ce-M-In

. J/ab J=5/2
T. Willers et al. PHYSICAL REVIEW B 81, 195114 (2010) e 1=9
e I=6

CeRhin, 1 2 \ —Elc
' —Ellc

simulation ] _ St
L
AR -l
= R
B + |I|
A

'{}alrlrn5

simulation -_ <],_2>f(J(J+l )

experiment

2
c
=
.
L
—
==
—
(%3]
c
(7]
—
L

Instrument CeAu,Sis
(meV) 5 Celrlns (meV) (Refs. 15 and 36)

simulation -
r,/2@8 K 20 ING6 3.1 0.13
I,./2@75 K T£02 7405 ING 3.1 043
i HET 20 16.5
E, 24.7%1.0 FESH 250+ 1.5 HET 60 21.0
rlnaes K 1.6+0.5 3.0+0. 48+038 HET 20/60
18405 40, 47408 HET 60
Photon energy in eV T/2@75 K 25+ 0.5 3.7 £ 0.5 34208 ING 3.1
-0.928 . ~0.856
0.052 06 0.063

A. Severing — 114 — SCES 2010 o128

890 900




isotropic g /l => gper

Ty decreases

Celn; ~CeRhlIng — Ce,RhIng — Ce,IrIng — Celrlns — Ce,Colng - CeColng




Extrapolation of CEF trend to Ce-based

materials

TRKKY

e ——
—_—

»
E—

MV =1al+52)+8|F32)}. — (increasing of g-anisotropy)

Ty

[
>

Strong Frustrated local
magnetic-fluctuations?? moments + hybridization




c/a as control parameter for T,

A 3

CeRhin, (~16kbar) Cecoin

A 3

3

? . Is there an intrisic parameter
BCeCo Ir |n5 . in this plot, which depends on
0505 ® ‘CeCo Rh | c/a and determines T?
. 05 05 nS

A 3

v CeRY i, Tuning:

OeCoIr In5

05 05

bZSI 075

i Celrln5

1610 1615 1620 1625 1630 1635 1640
c/a

P.G. Pagliuso et al. PRB, 100503 (R) (2002); Physica B 312-313, 129 (2002).




La- and Sn-doped CeRhIn5

P. G. Pagliuso et al., Phys. Rev. B (2002) 054433.
Ce, La Rhin,

oo 01 Dz 03 04 05 06

®= AFM 1s smoothly suppressed by La-doping;
=], —Uatx =040
* No SC 1s found around x_=~ 0.40.

E. D Bauer et al., Physica B 378 (2006) 142

—m— % =0
0.2
022
03
0.4
LaRhing

ol
@
o
°
£
=
e
o

= AFM 1s suppressed by Sn-doping,
s7.—0atx G55 :
® No SC 1s found around x_~ 0.35 < (10%)




La- and Sn-doped CeRhlIns

We have carefully chosen two specific compositions, Ce, 4,La, ;,RhIng and
CeRhln, ¢,Sny 6.

[a—
()]
T
—
(e}

o]

N/-\
o
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8
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~
O

(9D-10w/nwd E_()[) X

o
W

—— CeRhIn5

—a—Ce, L3, ,,RhIn,

. —— ?'3eRhIn4l8.48n0'16

4 5 6
T (K)

The ordering temperature Ty = 3.8 K of undoped CeRhIng was suppressed to the
same T = 2.8 K for both La and Sn doping in the studied concentrations.

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




La- and Sn-doped CeRhlIns

AC electrical resistivity under pressure

| CeRhlIng ¢,Sn 4

15.2 kbar

-
0.
o 15.2 kbar ]
.
’

12 kbar."in.___

H (10 kOe)

8 kbar “a ,‘
N . J 0 o 7
T(X)

S}
T

0.4 )
T(K)




La- and Sn-doped CeRhlIng

P — T phase diagram

N
U

0
=)

o

'0

Tmax/ Tmin 1
S W

. .

. L]
-.I‘ ' 4
10 20 30

]

O

R+ I

g x=0 ]
o x=0.16 (Sn)
¢ x=0.10(La)

'.:':063"6 9 90 °

SC

O".

"0 15 20 25 30 35

P (kbar)

For the two doped samples, T .., T, and
T, follow the same qualitative evolution as a
function of pressure found for pure CeRhlin..

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 CeRhlIn, to higher pressure while the Sn-
doping does exactly the opposite.




.+ X=0:P*=P As the two doped samples have the same T at ambient

SR ICV R G pressure and similar strength of the Ce-Ce inter-site

-e-X=0.10 (La): P*=P -2 kbar magnetic coupling, it is the strength of the intra-site
Kondo-coupling which mainly determines the pressure
evolution of the CeRhIn, ground state.

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

If a given control parameter tunes T, 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 Ce, La Rhlin,, only at
much higher P.

However, SC was not found at ambient pressure for CeRhIn, Sn_

— Disorder effects: T, = 1.2 K for CeRhIn4.84Sn0.16 and T, = 1.6 K for
Ce, L2, ,RhIn,) is roughly a factor of two smaller than that for
CeRhlIn, (T . = 2.3 K).

0.9070.10

cmax

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




Cd doping in CeMIn; — “in block™ doping

Cd has one p-electron less.
Hole doping — Fermi surface tuning
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L. D. Pham et al. PRL 97, 056404 (2006).




Ce,MIng ,Cd, phase diagram

Specif-heat divided by temperature and phase diagram for
Cd-doped samples

/T(mJ/mol K2)
= =
(O o (o)
o o o
o o C?

e
D2 o

| CeZRhInS-xCdlx

-@-0

—4¢-0.03 0.07
021 %028 Cezlrllng_%CdX

0o 2 4 6 8
T (K)

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

'

- M=Rh
—4A-M=Rh__Ir

05 05

-@o-M=Ir

0.0 0.2 04 0.6
«Cd increases T, for the 3
compounds;
« Cd induces long range order for
M=Ir;




Resistivity results of Ce,MIng ,Cd,

T, obtained from p(T) is in good
agreement with specific heat
measurements;

Tyax ShOws an increase not
consistent with the decrease of
the Kondo coupling.

CeMin, Cd,
—-A- M=Rh
A-M=Ir

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




# Exp. data

— fits for n = 47°
tA

-
M

(arb. units )
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(==]
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Cd-induces a small
rotation of the
ordered magnetic
moment towards the

ab-plane.




Ce,(Rh, :Ir, .,Ir)In, Cd, at NCNR

2

A Exp. Data 1 [ » Exp.Data
.""n ---,,1.]=c|0 ] ) —1]=l]°
/& —n=45°
n=90°

3

[
¥

s(Q) (mb)
8

&

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




Ce,Rhing ,Cd, under pressure

Mag. Moment direction
Ce,RhlIn, ;,Cdy 5,

n
— 7 |
P =0 kbar il

S=090p, n=47°- ab-plane

‘P=3kbar -
$=085u, n=20°]

Moment direction, n (degree)

No SC up to ~ 23 kbar!!




CeMlIn; (M = Rh, Ir, Co) Family

tetrag _ p0MO 00 0O 44 44
Hee =B,0,+B,0, +B,O, +B,0, + B,O,

2% =T = |£1/2),

11y =T4 =8|+ 5/2) — a| 7 3/2),

0y =T%=a|+5/2) + B|+3/2)




Probing the f-electron site: ESR in YbRh,S1,

dP/dB (arb. units)

.3 90

*ESR signal 1

4

ESR g factor

’*r’I::FIhESi2 BlLec

m 9.4 GHz
v 341 GH:z

L J

!TI:I I bfﬁ
1, (108 m*/ moi)

T
20

‘\"’:3Ft!'|25i2 Blc

T

T
168 20




Extrapolation to a-YbAIB,— IV —large Tg;

CeRhiny
® Hila
Celrlng
H Hla
CeColng
A Hl g

8 H emud mol Yh)
M/H (emu/mol)

R ’7@58EB,§§@BF,‘,
CooooOdodonoon 0 0 o o | haat EBasaaegs,
SSMMMA MMM LLaa s

| 1
250 300 ‘ ‘
200 250 300

1 1
150 200

T{K)

I
100

Sample B |: | ¥l T3

Fa

A

Pyp (UK CM)

Sample A

1 L )‘I 1 |
B0 80 100
T(mkK)

|
120

FIG. 4 (color online). (a) Theoretical fit to experimental sus-
ceptibility data [7] y.(T) (circles) and y,,(7T) (rhombi) in the
range 50-300 K using the single-ion model shown in the inset
and the fitted Curie-Weiss temperature #-vw . The best fit yields

g the lowest crystal field splitting A = 80 K, the coefficient of
e R T T admixture y = 0.28 and 6%, = —230 K, close to the experi-
T(mk) mental value 60 ~ —210 K.

MIH Bmu mal™)

Nakatsuji S. et al. Nature 4, 603-607 (2008).  Andriy H. Nevidomskyy* and P. Coleman PRL 102, 077202 (2009)




ESR g-anisotropy

YbAIB, - oriented crystals (X - Band)
" | a) B T-42K 5 _phage

S T=m0K

M/ H {emud mol Yb)

=
=
—

I ooood0o0Ooooono O 0 o o |

+ G T
R
I | -
4 I
-
-
r
#
-
e

T ~ -
1 | I | 1 | I | 1 | I
i) 100 150 200 250 300
T(K)

This remarkable and unprecedented ESR
signal found in the HFS a-YbAIB4
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 a-
YbAIB4.

cond-mat 0908.0044



1-1-5 - PuCoGa, — FeAs-intermetallics ?

M. S. Torikachvilli et al. PRB 2

| (Ba, K,)Fe,As,

100 150 200 250
Temperature (K)

BafiFe fa, |

x¥ YT ¥y &
"

w % suporoorductvity

w *

SUgnGonucy

"x;f/
%

0
1k}

008.

1 1
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Implications for designing materials

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

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

*Need bigger bandwidths to increase T, but keep optimized T /T, - 3d spins in the active
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Generalized c/a plot
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Implications for designing materials

1-1-5 e 2-1-8

e]l-1-5:c/a~ 1.6
*2-1-8:¢c/a~ 3.0 —

3d spins as the active
layer.

*Examples: A,MB,

M = Cu, Fe, Co, Ni,
Mn, Ru, Re, Mo...

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

B = B1, Sb, Ge, Sn, In,
As, etc




Implications for designing materials

ec/a ~2-3 - 3d spins as the
active layer.

*Examples: AM,B,

M = Cu, Fe, Co, Ni,
Mn, Ru, Re, Mo...

A=La,Y, Ca, Sr, Ba,
Mg, K, L1, Mg

B = B1, Sb, Ge, Sn, In,
etc

1-1-5 e 2-1-8




Implications for designing materials

1-1-5 e 2-1-8

*2-1-4: c/a~3/4 - 3d spins
as the active layer.

*Examples: A,MB,

M = Cu, Fe, Co, Ni,
Mn, Ru, Re, Mo...

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

B = B1, Sb, Ge, Sn, In,
Pb, etc




Thank you for your attention!




M
=
=
=
g
| ]
L
Loh]
2
©
2
1=
[
O
=
o
=
o
1
0
0
o
<

ESR signal in 4-YbAIB, : cond-mat 0908.0044

Evidence for the existence of Kondo coupled resonant modes in heavy fermions

L. M. Holanda !, J. M. Vargas . C. Rettori !, S. Nakatsuji 2, K. Kuga 2, Z. Fisk *, S.B. Oseroff * and P. G. Pagliuso !
Ynstituto de Fisica "Gleb Wataghin”, UNICAMP, Campinas-SP, 13083-970, Brazil.
2 Institute for solid State Physics (ISSP), University of Tokyo, Kashiwa 277-8581, Japan.
3|L-"m-ver:'i-if.-y of California, Irvine, California 92697-4573, U.5.A.
1San Diego State University, San Diego, California 92182, U.S.A.

YDbAIB - fine powder (X-Band)
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I7TA ~ 1300 Oe which is of the order of the typical
values found for '7'YDb in low symmetry systems.

Irrefutable indication that the ESR spectra found for &-YbAIB4
acquires the characteristic of the Yb3" ions at low-T.




ESR temperature dependence

YhAIEd-ﬁne powder (X-Band)

3.2-
301 g

{m oy
28 "
2.6-
2.4
22

Both phases show T-independent ESR
‘ O a-phase intensity — typical of CESR
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For a-YbAIB4 AH(T) shows a weak non-
& i monotonic increase as a function of
1.0 = TE0B hoas & temperature which results in an average
0.0 W MEEEEN mug g ENER Wy = ® linewidth broadening of ~ 0.4 Oe/K in the
7 N PR T R NS S B 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 a-YbAIB4 AH(T) increases
| dramatically with decreasing-T which avoid
/ e | the observation of the resonance for T <40 K.
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g-anisotropy

YbAIB, - oriented crystals (X - Band)
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This remarkable and unprecedented ESR
signal found in the HFS a-YbAIB4
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 a-
YbAIB4.




