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Introduction to strongly correlated electron systems

l. Introduction
Brief summary of electrons in solids, origin of strong electron correlations

I1. Classes of strongly correlated electron systems

(a) Transition metal compounds: 3d-electrons
- Hubbard model, Mott insulator, metal-insulator transition
- Spin, charge, and orbital degrees of freedom and ordering phenomena, selected materials
- Pressure effect on the ground state properties of transition metal compounds
(b) Heavy fermion systems: 4f (5f) — electrons
- Landau Fermi-liquid model, Kondo effect, heavy fermion systems, non-Fermi liquid,
quantum phase transitions, selected materials
- Pressure effect on the ground state properties of heavy fermion compounds
(c) Nanoscale structures:
- Quantum confinement, unusual properties for potential applications

[11. Summary and open discussion




Some applications to the emergence of unusual ground states

under high pressure



Local versus Itinerant magnetic moments
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4f states are highly localized

No direct interaction possible!
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RKKY interaction

Local moments (Spin S;) In a sea of conduction electrons with
Itinerant spin s(r)
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Theoretical description

Kondo-lattice-system: periodical arrangement of
localized 4f- moments in a metallic matrix

Competition between:

Intrasite (on-site) interaction: Kondo-Effect

E =kgTk T ~ exp(-1/N(Eg)J)
—> screening of the magnetic moments
= nonmagnetic ground state

Intersite interaction: RKKY Eruyxy = KaTriry Triky ~N(Eg) J
— long range magnetic order J: interaction between f-

and conduction electrons



Doniach model
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Q Fermi liquid
.-
local moments JN QCP screened moments
magnetic order no magnetic order

= Heavy Fermions

T,—0
QCP: Quantum-Critical-Point Ced - 4f! (‘_]:5/2) Ce* — 4f° (J_:O)
» Non-Fermi-Liquid (NFL): magnetic nonmagnetic
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 Superconductivity possible Yb2t — 4f14 (J_:O) Yh3+ — 4f13 (_J:7/2)
(e.g. CeCu,Si,, CeRh,Si,) A EtE magnetic




Yb heavy fermion compounds



Further motivation

analogy between Yb3+(4f13) and Ce3+(4f1):

!

- nature of heavy fermion state?

- pressure effect Is opposite ! - Same theoretical
description ??

(4f-radius: 0.25A (Yb) < 0.37A (Ce)

170¥Db is a Mdssbauer isotope !

!

microscopic information on magnetic and electronic
ground state properties




Mossbauer effect
Rudolf MoRbauer (1929-2011)
Discovery 1957, Nobel Prize 1961

MoOssbuer Spectroscopy
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e recoilfree emission and absorption of y-quanta of nuclei
bounded in solids
* Doppler effect: E=E (1 + v/c)




Mdssbauer effect

Hyperfine interactions between nucleus and electrons in solid

!

shift and splitting of nuclear energy levels

electric quadrupole splitting magnetic hyperfine splitting
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- E,=84.25keV
e natural abundance of ’°Yb only 3%
=> very small effect = very long measuring time




Pressure effect on M0Ossbauer parameters

paramagnetic state

only quadrupole splitting
Yb3, 48 = max. eQV,, = 47 mm/s
Yb?t, 414 = eQV,,= 0
mm/s

—> Possible change of the Yb
valence state with p

magnetically ordered state

magnetic hyperfine splitting

contribution of the 4f moments is
dominating

Bt = (102 T/ ug) Myp

= information on pg(p), T(p),
change of spin structure with p




High pressure cell for 1/0Yb-Mossbauer-spectroscopy
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Requirements:

* large amount of sample — large
sample volume necessary
d=25mm,h=05mm

e higher pressure is needed
p <20 GPa (sofar:p <9 GPa)

l

material must be
extremely hard

anvils made of
sintered diamonds
+
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High pressure technique: large-volume clamp

force

l

™~

SCrews
clamp
body B
retaining anvil

spring
support ring
sample
anvil
—_
1cm thermometer
Benefits:

anvil culet: ~2 — 8 mm;
sample chamber: ~ 1 — 4 mm;
Prax ~ 40 GPa, quasihydrostatic - single crystals

- direction dependent electric transport

- large volume, large samples




Experimental setup: Diamond Anvil Cell

1) X-ray diffraction

\l, force

_ 2L T T
diamond <\

sample chamber gasket

<=

S >7

ii) resistivity measurements

diamond

ruby chips
- __ gasket

-

capton foil ___

Tt epoxy +
AlLO,

Au-wires sample

diamond

(=also
pressure
media)

sample chamber: @ =100 - 300um;
height: 25-50 pum
Pmax = 100 GPa (= 1 Mbar)

Pressure media: e.g. liquid Nitrogen, liquid

Argon, lig. Helium, Oil, Epoxy, etc.

sample chamber @ ~ 100 pm



Some examples
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Some examples

Yb c-ompounds<: 7
‘Ce compounds ==

7z
® YbCu,Si, (IV) //‘ RKKY
YbNiSn (FM) -

Ten

* Fermi Liquid

- magnetic order

local moments screened moments

no magnetic order

CP
b= “Heavy Fermions

magnetic order
reduced moments




relative transmission
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Stable moment up to 3 GPa = no Kondo screening !
Pressure-induced complex magnetic state




Some examples
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‘Ce compounds ==

7z
® YbCu,Si, (IV) //‘ RKKY
YbNiSn (FM) -

Ten

* Fermi Liquid

- magnetic order

local moments screened moments

no magnetic order

CP
b= “Heavy Fermions

magnetic order
reduced moments




Relative Transmission
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Some examples
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Some examples

local moments
magnetic order

= 1/1]]
Yb compounds ¢umm T ~e
Ce compounds ‘ ; 5 |
/ P TR‘E{I{ ~ ]'2
® b NiAl ., '
° Yth Sl

YbAgGe

Fermi liquid

JN OCP screened moments
no magnetic order
= Heavy Fermions




YDbRh,SI, - non Fermi liquid system near a QCP

tetragonal ThCr,Si,-type

structure (14/mmm)

High quality single crystals (MPI1 Dresden)
O. Trovarelli; C. Geibel

Model system for the observation of the evolution of the long
range magnetic order out of the NFL state

Comparison with Ce-compounds possible




YDbRh,SI, - properties:
a) pronounced NFL-behaviour at low temperatures

4.2

40} +
38} b
a6k |

T 34l
O gor ot 1 10 100

(i 3.2

< 30k

28

2.6 |

2.4

Trovarelll et. al. PRL (2000)

|||||||||

T | b
) |
Pt

‘ o =

wm L=}
alnAp/ainT

T(K)

L 1 i : 1 i
00 01 02 03 04

05 06 07 08 09 10
Temperature (K)

NFL
Apoc T
AC/Toc-InT

08

AC/ T (J/ mol K}
o .
§ -

» »
000000000000000000000

B (T) // a-axis

e 0 Fa
o 4 o 6
D_O U S T W N | A i 1 IO Y
0.3 1 10

' Trovarelllet al. Phy5|caB (2000)_
Yth Sl

Temperature (K)

FL
Ap ocT?
AC/T = const.

B, suppresses NFL-behavior

NFL - FL

30



b) weak magnetic order at very low temperatures

Trovarelli et al. PRL (2000)

0.01 0.1 1 10 100 500

T, ~65mMK

e very weak magnetic
order

* B, suppresses magn.
order

T,<20 mK for B, =
45 mT




b) weak magnetic order at very low temperatures

Trovarelli et al. PRL (2000)

0.01 0.1 1 10 100 500

T, ~65mMK

e very weak magnetic
order

e B, suppresses mag.
order

T,<20 mK for B, =
45 mT

Proximity of YbRh,Si, to a QCP !




YDbRN2Si2:

Field-induced quantum critical point

, 20
a)
15 ¢
<
| .
1.0
00 - >

Custers et al; (2003)




c) effect of pressure and Ge-doping

Ge-doping < volume-expansion
Pressure ping P

5% Ge * mag. order suppressed

e T_ Increases!
m (T,< 10mK)

T, 1Katp=2.7
GPa I _ O. Trovarelli et al (2000)

\ / .| YbRh,Si, $_+,.-'_
_ G

YDbRh,Si, can be tuned to | éi

o
QCP:p~-0.3GPa=~ ey
49% Ge T p ~ 0.64 GPa > (GPa)




YDbRh,SI, - magnetic ground state

P. Gegenwart et al. PRL (2002)

 weak antiferromagnetic order below T, = 70 mK
 paramagnetic moment T, < T <0.6 K; uy, = 1.4 Yg
e ordered antiferromagnetic moment P, < 0.1 pg

— antiferromagnetic fluctuations (NMR, K.Ishida et al.,
PRL (2002);

uSR, K. Ishida et al. Physica B (2003))

3

Low moment (LM) dynamic magnetic state at
ambient pressure




Open questions

nature of the ground state near the QCP

 change of the magnetic moment |1, and T, with pressure?
* pressure-induced magnetic phase transition?

=> pressure-temperature magnetic phase diagram 7

experiment¢=mp theory ?

experimental approach

o 170¥Yb-Mossbauer spectroscopy p<20GPa,T>13K
o electrical resistance R(p,T,B) p<25GPa,T>1.7 Kand mK-range

e x-ray diffraction Pp<25GPa,T=300K




YDbRh,SI, - electrical resistance under high pressure
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s 12 16 20
p (GPa)
1 1 1 1 1
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Hints for magnetic order
at p=11 GPa'!




YbRh,Si, - 1'°Yb-Mdssbauer spectroscopy

- observation of long range
magnetic order for
p>10 GPaand T<15K
- for p > 15 Gpa:
Thag 27K
Uy, ~ 1.9 pg || c-axis

(low moment _L c-axis)

first-order magnetic phase
transition (Low moment —
High moment)

relative transmission

| T=13K

| p=16.7GPa




YbRh,SI, - pressure dependence of T, and Ly,

p (GPa)
0 I5 10 1|5 2|O 3.0
Srom T
-1 - “ng _§§* 125
| % - unusual pressure
! 42.0
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| g | < T
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T : |, GPa
1t Q& .l;§+ |
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* 0 0.0
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QCP 0

structural phase transition?



YDbRh,SI, - x-ray diffraction under high pressure

0}, 26— '_"100
158 © 2.5 1™
. ~ Mnpq®®e®e0® 0 4 4 |
156 | © 24| 1{0.98
crystal structure 154 > - |
X qeol "0 5 10 15 200.96 >°
stable for < 152 o (GPa) =
150 10.94
p<21 GPa! 1481 |
YbRh_Si
146 | 2 2 T 092
4
0 5 10 15 20
p (GPa)
comparison:
Bulk modulus: BO — (198 + 15) GPa YbNiSn: B, = (146 + 20) GPa

Yb,Ni,Al: B, = (165 + 12) GPa



YbRh,SI, - pressure dependence of T, and Ly,

p (GPa)
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unusual pressure
dependance of T

mag

First order phase

transition at p = 10
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YbRh,SI, - pressure dependence of T, and Ly,

p (GPa)

fan

p <10 GPa: LM state
dynamic fluctuations

p > 10 GPa : HM state

2 7| | 2 o Llur &
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Magnetic phase diagram - YbRh,SI,

T, (K
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Description within the
Doniach model not
possible!

|

new unusual ground state

in YbRh,Si,

stable up to AV/V,;= 5 % !

FL

L.M: low moment

HM: high moment
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Summary

pressure
—
longrange
QCP  mmmp | NEW unusual mmmd magnetic order
Non Fermi ground state of localized
liquid
) First order phase el
YbLM Lc . moments
axis transition .
HM || c-axis

» spin fluctuations along the pressure axis up to 10 GPa

* quite different behaviour than Ce heavy fermion
systems




high pressure studies using Synchrotron
Radiation



Moaossbauer Spectroscopy with Synchrotron
Radiation

Nuclear Forward Scattering of SR and some Applications



Why NFS?

Maossbauer Nuclear Resonant Scattering of
Spectroscopy Synchrotron Radiation
1958 Mossbauer 1974 Ruby (proposition)
A 1986 Gerdau (first experiment)
o~
<]©l> Synchrotron Radiation:
D=\ - high intensity
% - collimation

- broad energy range
-> polarization
-> time structure

Radioactive source
- 4 p emission l

Information about hyperfine interactions
between nucleus and surrounding
environment

Magnetic and electronic properties

.

Well adapted to measurements under very high
pressure and in external magnetic field!!




Maossbauer Spectroscopy and Nuclear Resonance Scattering

techniques
based on the

Mossbauer Spectroscopy
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— 009
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Eo+ 100 eV D Detector
(10 / —
M /
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Eot eV
i ioes 7
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Scattered
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(electronic)

Time (ns)



(@)

excited state . —

ground state —

no hyperfine interactions

(b)

excited state — 2

ground state

hyperfine interactions

(1)
()\ | ~e-at

\\\ OL: decay constant
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Comparison between Mossbauer spectroscopy
and NFS for 11°Sn
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Experimental setup for Nuclear Forward Scattering

JAlll IJIC

High resolution in DAC
monochromator (200 um)
Eox meV
’
Undulator \

Ean+x 100 eV

/ \ Detector
mnuny E—
miny /

Premonochromator

Eo+ eV

Storage
ring



Experimental Setup for Nuclear Forward Scattering at ID18

Cryo-
magnet
max. 6T
min. 2K

sample
diam.
max.
48mm

E=14413 keV

high resolution (6 meY)

monochromator
. ) Si{4 2 2) channef-cut
ocussing Si(12 2 2) channel-cut
monochromator

high heat load compound

Fast Detector:
Si Avalanche
Photo Diode (AFD)

monochromator
2x8i(t11)

refractive

crystal bender .
fens (vertical 1.)

Si(111) 0.4mm thin

CJC ) -

41im 40m 30m 24m
distance to 1D18 U23, U32
AE=6meV = AE=3eV



Intensity / arb. units

Optics for high pressure

HORIZONTAL
FOCUSSING

sagittally bent crystal

4.0x108
{FPwWHM = 1620 pm
FWHM = 113 pm
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3.0x10¢6
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2.0x106 —

-1.5 -10 -05 00 05 10
Hor. position / mm

!

VERTICAL

FOCUSSING

e CCCC

refractive

FWHM = 490 umt

FWHM = 176 pm

Be compound

lens

— 5.0x106
— 4.5x106
-— 4.0x10 6
— 3.5x106
-— 3.0x106
-— 2.5x106
-— 2.0x106
-— 1.5x106
-— 1.0x106

— 5.0x105
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1.5 -1.0

Vert. position / mm



Some Application of NFS
High pressure studies



Application to magnetic properties of SmS under high
pressure




Extended Doniach Model

Yb, Sm compounds 4mmm =~ T oo 17131
K
A Ce U compounds mmE) / _T ,
, T ~
/¢ Teer
Tm ~Non-Fermi-Liquid

Fermi Liquid
- o
magnetic order JN Q CP o
local moments screened moments
no magnetic order
—> Heavy Fermions
Tm—0 Ce3* - 4f1 (J=5/2) Ce* — 4f0 (J=0)

QCP: Quantum-Critical-Point magnetic nonmagnetic

* Non-Fermi-Liquid (NFL): ‘ ..& ‘

ApocT® §=1-15

ACIToc-InT Yb2+ - 4f14 (J=0) Yb3* — 4f13 (J=7/2)
Sm?2+ - 4f5 (J=5/2)
» Superconductivity possible Sm?+ > 4f6 (J=0)

magnetic

(e.g. CeCu,Si,, CeRh,Si,) nonmagnetic




SmS: Pressure-induced magnetic ordering in the
vicinity of metal insulator transition




Why SmS?

Rare earth valence in elemental R and in the monosulphides RS

| | | | | | | | | | | | |
® metal
TRIVALENT
4 F ° Theory‘{-l- sulphide™
== metal
S
v 2 -
N '__.— \s
+ \
© s @ \
LI.J 0 O . M
& ®
LL
-2 ™ DIVALENT -
1 1 1 1 1 1 1 1 1 1 1 1 |

Ce PrNd Pm Sm Eu Gd Tbh Dy Ho Er Tm Yb

Sm metal =———s Sm3*

SMS = SmM?*

SmB, == Sm?Z%" intermediate valent

P. Strange et al., Nature
399, 756 (1999)

close to a valence instability



Effect of pressure on Sm?*- Systems

|||||||||||||

Sm +8r
2+ =
— E : 4 RS
T pressure S _ "
N = in o @
= m
M B w °
o +
(D]
c G o
o a0l S5 @
= SmS
|
QCP Ce Pr NdPmSmEu Gd Th Dy Ha Er Tm Yb

P P
——— ‘ delocalization

Sm2+: 46 (J=0)  Sm3 : 4f5(J =5/2) ”O”m(i!)lnet'c

nonmagnetic magnetic



SmS

ambient pressure

NaCl-type structure

Nonmagnetic ground state (Sm?*, 4f°:7F )

semiconductor (black phase)

At p = 0.65GPa (room temperature)

A. Jayaraman et al.,
PRL 25, 1430 (1970),

J.M. Coey et al., PRB 14,
metallic (golden phase) 3744 (1976)

first order isostructural phase transition

intermediate valence state (n ~ 2.7)

* Metallic behavior down to low temperatures only above 2GPa




(T, p) phase diagram of SmS

300

NaCl-type
structure

r

High pressure techniques:

- 199Sm Nuclear Forward Scattering }

. Magnetic order ?
- Specific Heat



SmS

Experimental results




(@)

excited state . —

ground state —

no hyperfine interactions

(b)

excited state — 2

ground state

hyperfine interactions
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SmS - 9Sm NFS

Forward scattered intensity (arb. units)

T=3K

A. Barla et al., PRL (2004)
p=5.1GPa

1.73 GPa

40 K

Time (ns)

Time (ns)



SmS - 149Sm NFS SmS @ 3 K
T=3K p=5.1GPa
Lracral ® A. Barla et al., Phys.
i Rev. Lett. 92, 066401 3001 o EETTET o e
10° (2004) d
0 200+ :
: S
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0je e
00]
& L .05
10° E
E o
10 o
L
0 < _1'5- §§ ®----. ®------ % ____________ é __________ ®
Time (ns) Time (ns) ; :
—~ 100/ P .« .
. . X o
e first order magnetic phase oT 8y
oy T S :
transition at p ~ 2 GPa L ¢ 60 ;
=S
. c 40
o crystal field ground state (B,;=250T, € E 20
AE, =-1.7 mm/s) S o
5 10 15 20

* U, ~0.5.; (0.74; Sm3* free ion)

p (GPa)



SmS — specific heat
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Magnetic short range order above T, deduced from C(p,T)



300

short range magnetic order
long range magnetic order
0 1 2 3 ohgrangemag

p (GPa)

Sm?2+ pressure ~ Sm 3+

Insulator intermediate valent metallic and magnetic



UNISn: pressure-induced collapse of magnetism




UNISn: Why Interesting?
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UNISn: Properties at ambient pressure
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High pressure results:
e X-ray diffraction
e Mossbauer and NFS of synchrotron radiation

e Electrical resistance




UNiSn : High pressure 19Sn Mdssbauer and NFS

e 11950 Mdssbauer spectroscopy at 4.2 K
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UNIiSn : pressure dependence of By
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UNiSn : pressure dependence of T,
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UNISn : High pressure x-ray diffraction

e Energy dispersive method at RT
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g ¢.. M2>N transition
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¢ Fit with Murnaghan’s EOS

B, = 168(10)GPa
By ~1.4
Comparable to RNiSn compounds

Structure remains stable (cubic)
up to 25 GPa !

Pressure-induced magnetic 2 nonmagnetic transition is not
connected with structural phase transition




Nature of the high-pressure nonmagnetic state

A.) NES spectrain external magnetic field
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Evidence for rapidly fluctuating U 5f moments in the nonmagnetic state




B.) pressure dependence of the resistance at low temperatures
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nonmagnetic state at p > 19GPa:

» R(T) at 19.3 GPa typical for nonmagnetic materials close to a magnetic instability

» No evidence for superconductivity down to ~ 60mK.




Conclusions
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e Metallic behavior above p ~ 9GPa

e Interplay between RKKY interaction and U(5f)-Sn(5sp) hybridization

L» crossover localized - itinerant at p ~ 12GPa
collapse of magnetism 2 QPT at p ~ 19 Gpa

no superconductivity in the proximity of QCP




