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Thermodynamic Properties of
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- Motivation: Néel Order & Spin-liquid state
- Heisenberg Spin-¥2 chains & Spin-Peierls transition
- Thermodynamics of the Spin-Peierls compound CuGeOQO,
- Quantum Phase transitions in Spin-¥2 chains and Spin-% ladders
- Spin-¥2 chains ,,CuPzN" & Spin-Y2 ladders , HpipCuBr,*
- Beyond 1D Heisenberg Spin-¥2 systems
higher dimension, anisotropic exchange , larger spin

- Summary
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Phase diagram of High-Tc’s
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Structure of High-Tc’s
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Néel order VS. spin singlet state
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Néel order VS. spin singlet state

H= ngi S;j = JZ%(S;SJ +S;S;)+ S;S; S, =S +iS;]
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1 D Spin-1/2 chain
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From 1D chains to 2D square lattice

T e ¢ AL S S A
I I e
e
U S T R L N A N A
° -l o-j—o—o ©-""9-"-0----0----¢
I : : : S : A :
T —e o9
° o—o o—o—o 0---0---0----0----0

| I I

Spin % chain: ~ dimer ground state
|
Spin ¥z ladder: dimer ground state
\/

Three-leg spin 2 ladder: ~ spin Y2 chain
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spin Y2 square lattice: ~ Néel state
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Heisenberg-Spin-1/2 chain

Néel| state Singlet-dimer state
J=J =]J
A A A A = o= -e=0 &3 e=0-
13
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Heisenberg-Spin-1/2 chain
Singlet-dimer state
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Thermodynamics of Spin-1/2 chains
Néel state Singlet-dimer state

I=J _p
D o e=v- o= e=v - eie- =9 -
H=J} S8, = JZ%(STS £ 88T )+ 85557,

Jj g+l j= g+

— solved exactly by Bethe ansatz A. Kiumper, EPJ B5, 677 (1998)
= free energy, entropy, specific heat, susceptibility, ...
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Beyond NN Heisenberg Spin-1/2 chains
NN Heisenberg : H=JY 55, — in general, no exact solution

= numerical approximations,
e.g., Quantum Monte Carlo,
diagonalization of chains

NN & NNN exchange: H :Z J§j§j+1 +J' §j§j+2 of finite length L, ...
j

I /
Example: Jyy=J & Jyww=J' L=06

jj+l je g+l

anisotropic exchange : H=JZ{S’.CSX +5787,,+ASSS] }
j

i | T ] [ ! I
;m 03 —_ o 0.14
=
w I 1r <
£ = =
s 2r 1k 012 & 4 ™~
Z o, _/ '/ = => Finite size effects atlow T
3 JA=0,01,...,04 J=0,01, .04 0.10
ool v v v v NF ., =, Datafrom:
0.0 05 10 15 00 0.5 1.0 15 A. Klimper, EPJB 5, 677 (1998)
T ™ K. Fabricius et al. PRB 57, 1102 (1998)
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Spin-1/2 chain material CuGeO,

w

— Bonner & Fisher PR 135, A640(1964)
single—crystal CuGeO,

Bonner ang j/ finite chains with L = 10
i Fisher i
J "

poor agreement with
theoretical expectation
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=> Cu2* spin-1/2 chains || ¢ axis independent of field direction
= no antiferromagnetic order

;(H(T_)O)_)O Z||(T<TN)zconst.

— formation of a nonmagnetic
spin-singlet ground state
= “Spin-Peierls transition”
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Spin-Pelerls transition

\ Neutron scattering data
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no spin gap
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Spin-Pelerls transition
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- dlmerlzed chaln J,=J(1%£0)
- dimers on strong bonds
- finite spin gap

Peierls transition in 1d metals

Half-filled metal
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triplet excitations (S=1)
doubling of unit cell
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Spin-Pelerls transition

3 Peierls transition in 1d metals

EJ
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\ / " Half-filled metal
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- uniform chain - dlmerlzed Chaln J,=J(1%£0) \
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- Nno spin gap - finite spin gap / '
- continuous spinon - triplet excitations (S=1)
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doubling of unit cell

U => D : structural transition driven by

. . 3 ; ) o 0 o 0
a gain in magnetic energy: ee ¢

i2¢

AE = +C 0 = €y 0" Dimerized, gapped insulator

Thomas Lorenz

II. Physikalisches Institut
Universitat zu Kéln
Germany




Cp

a.

Spin-Pelerls transition in CuGeQOs,
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Uniform phase of CuGeO,
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Spezifische Warme (J mol1 K-1)
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Uniform phase of CuGeO,

Thermal expansion

Thermische Ausdehnung o (10-6/K)
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Thermal expansion

Uniform phase of CuGeO,

o, ~-20,

Thermische Ausdehnung o (10-6/K)
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Uniform phase of CuGeO,

Thermal expansion calculated C(T,J,J°) &y (T.J,J°)
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Uniform phase of CuGeO,

Thermal expansion susceptibility
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Spin-Peilerls Phases in a Magnetic Field

Universal H-T-Phase Diagram
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non-magnetic
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Thermische Ausdehnung o (10-6/K)

Thermische Ausdehnung « (10-6/K)

CuGeO,in a Magnetic Field
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Field axis scales with y ~ %(0)
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Spontaneous Strains & Order Parameter

T T T,
thermal expansion

o (10-6/K)
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Regnault et al.
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Spontaneous strain 106 ¢

Critical exponents of CuGeOQO,
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Magnetic field (Tesla)

TL et al. PRB 55, 5914 (1997)
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Magnetostriction 106 Aa/a

e(H)/e(0)

Incommensurate Phase of CuGeO,
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lattice sites in chain direction

: , r ; : : : Numerical results: (DMRG)
"o °o magnetostriction b Parameters: J=160 K; i, =035 AF=28K
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Summary I: Spin-Peierls System CuGeO,

- CuGeO4 was the 1stinorganic Spin-Peierls material (a-NaV,Og, TiOCl, ...)
- strong magnetoelastic coupling & pronounced frustration Jy, VS. Jynn
(thermodynamics Jy\n ~ 0.35 Jy, ; Raman spectroscopy Jynn ~ 0-24 J\n)

- universal H-T phase diagram

(U/D agrees perfectly with theory, but systematic deviation for U/l boundary)

- Incommensurate phase: soliton lattice => sinusoidal modulation

- (doping effects, e.g. (Cu,Zn)GeO,; => coexisting Néel & Spin-Peierls order)

Remember: spin chains should be viewed as coupled singlet dimers !

What about quantum phase transitions in high magnetic fields ?
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Coupled spin-dimers in a magnetic field
E 4

J‘\\\\\_}Wmf
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H>0 Magnetization at T -> 0
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Low-dimensional coupled spin-dimer models

! L%}V* 2nd order phase transition

3 dimensional driven by thermal fluctuations

T=0: quantum phase transition
driven by quantum fluctuations

-

fransverse
Neel order
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Low-dimensional coupled spin-dimer models
IR 0
et /

3 dimensional 1 1 dimensional

-

transverse
Néel order
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Spin Y2chains vs. spin Y2 ladders
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T 4 T A

|”> ] m> Luttlnger I 1
Luttinger | Luttinger dimers liquid
“fm” Tliquid | liquid “fm” ; “fm*
e > 1 >
H -H, 0 H. H Hey -9 Hee H
H:JZ(SixSif-l_i_Sini}-}l-l+/1SiZSiZ+1)_hZSiZ H:J|Z(SixSx S)’Sy +2S S j hZS
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Quantum Phase Transitions

High-Tc cuprates Heavy fermions
T ”pseudo 40| 28 kbar
10% o g
metal . S20|T
S e -
— b= 0 .
© £ TN % 0 20 40
E (:,'; g ., T2 (K2)
- =
< £ 5 v
anti- s
ferromagnetic )
state o superconducting
° state
®
®
““A‘ 3T,
doping X %% 10 20 30 40

Pressure (kbar)

Mathur et al. Nature 394, 39 (1998)
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Copper pyrazine dinitrate ,, CuPzN*

Cu(C,H/N,)(NO3), Magnetization
1.0+ CuPzN e
L — T-182K j —
g 0.8 . t?ﬁ;}( (fit) 7
(7p) - - -~ T =0 (Theory)
= = 06 ! g
© s |
'LC> 0.4} i
N R
\: 0.2+ -
I _
) 0 . 1 X 1 . L ) L : 1 )
0 5 10 15 20 25 30
H(T)
(picture from M. Valldor)
antiferromagnetic order at Ty = 100 mK J=10.3K
(measured by uSR) — J,/J~ 103

saturation critical field: H,= 14 T

Hammar et al. PRB 59, 1008 (1999)
Lancaster et al., PRB 73, 20410 (2006)




Copper pyrazine dinitrate , CuPzN"
T 4 fvj“f M - Ma_igln(.ettl)s.trict_ioln' |

—_
~n

10

o |

<

. s
Luttinger “fm c?8
liquid & |
q g6
> F 0t

O - 34
0 He H g,]

c 2

= no phase transitions
above 100 mK'!

o 1 0lnJ

NN Heisenberg: H=J Z§ J§ 4l ,. P C,oe for H=0
J Pi
. mee_ ., OD(H,T) 1oL, __ aD(H,T) —> lines are calculation with
more general: o=y, —— & A =——~ =y ——
oT L oH oH olnJ
- J=103K & =247
with: y, = ! SJ &  spin-spin correlator D H T %ZS S op; /GPa
pz J
here: o Pho << Mg
e Anfuso, ...,TL, et al. 77, 235113 (2008)
ggirvnf;j]“yé““ <o Rohrkamp, ..., TL. JPCS 200, 012169 (2010)




Copper pyrazine dinitrate

TR B o

1 T T T T T

thermal expansion

Luttinger “fm*
liquid

O
O, >
H

CH

Quantum phase transition %¢ 2 4 .e

Expected behavior:

In general:

= sign change of L and divergence of
Griineisen parameter 1 = Ql/c

In 1 D:

= sign change and divergence of O
L. Zhu et al., PRL 91, 066404 (2003)
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Rohrkamp, ..

, CUPZN"

close to quantum phase transtion
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0.1
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F e 139T
] “ 1387 _
2F . A Power-law Fit-
g L
°
=

-
T

Anfuso, ...,TL, efal 77, 235113 (2008)
., TL. JPCS 200, 012169 (2010)




(C:H,,N),CuBr,: aspin-ladder system

Bis(piperidinium)-CuBr, ,BPCB* @

CuBr rungs @)

\
\ \
%
\
\ \
o

rung coupling J,~13 K
leg coupling J, ~ 35K

B.R. Patyal et al., PRB 41, 1657 (1990)
B.C. Watson et al., PRL 86, 5168 (2001)

C. Riiegg et al., PRL 101, 247202 (2008)
M. Klanjsek et al., PRL 101, 137207 (2008)

(picture from C. Ruegg)




(C:H,,N),CuBr,: aspin-ladder system

Magnetization Phase diagram
1 .O _l UL I LI l LI I LI I LI [ L | I T N
0.8 | ;
E(D 0.6 [ f.-
s S
0.4 I
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0.2 2 1)1y "
&4 =00 o 20 - Luttinger e
s i PR
P g H (T) B Imers liquid
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B.C. Watson et al., PRL 86, 5168 (2001)
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Magnetostriction 10° AL/L

(C:H,,N),CuBr,: magnetostriction || rungs

T
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(C:H,,N),CuBr, : thermal expansion || rungs
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(C:H,,N),CuBr, : theory vs. experiment

Simplified model: Jordan-Wigner fermions => calculate thermal expansion
(NO additional parameter)

—j —(2tcos k— 1)

=> 3 fit parameters: t, position & prefactor
i I T I T I T I T I T I T I
12 —~
S
= 10 T o
= -
< —_— Z
o ) —= 5
; L H 1 H 2 -é
S 6F <
kS =2
=) T=335mK o
w4+ —
g | e g
5 2L theory 5
< <=
s —
0
| | | | | | |

0 2 4 6 8 10 12 14 16
Magnetic Field (T)
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Temperature (K)

(C:H,,N),CuBr, : theory vs. experiment

/\ \? |
/./0 .\ (CSleN)2CUBr4 410 2 12 L . ]
[ ~ 11+ -
/ \ . 1° \
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¢ 4 —9 ® y 0 E
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| | [ e 3 S
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12 | | 3
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8 I ! | s . A
i : : 03 1 3
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4 | : ! R = All basic features of the experimental
- : O el exp,'msion data are reproduced by the (too) simple
T W—'I.. : model of free fermions !
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Magnetic field (T)
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(C:H,,N),CuBr, :

TL AL || rungs | legs Ib (perp. ladders)
I I ' I I ' I ' I I ' | T I
L Yr - £ ‘"
ol 330 mK  300mK 1\ [ R U
= A 1 ]
- s % o ) S ’
N A JUr I I Voo
S ol NS L ][ 30mK G
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TL et al. PRL 100, 067208 (2008)

F. Anfuso, ..., TL, et al. PRB 77, 235113 (2008)
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Magnetostriction < spin-spin correlation

aDR , 0D" . gy 1 0J%F

+ with =
o T e 0 T A

A(T,H) =

QMC results

Leg correlator:
| & i
DL(T:H) = ﬁz<Sz 1S+11 T Sz 2S+1 2> =N 22
'

-0.2¢
1 1 I

Rung correlator: gl =
1 &

DY(T,H) = WZ<SZ.,1SZ.,2> o4 "ol

0.6

[

I

Thomas Lorenz

II. Physikalisches Institut TI— et al- PRL 100, 067208 (2008)
Jniversiatzu Ko F. Anfuso, ..., TL, et al. PRB 77, 235113 (2008)
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Magnetostriction < spin-spin correlation
fix ARLat 500 mK and calculate AL(H,T)/L

[\
S

[E
(V)]

|
T=031

[\
~

S
SN i = 18
j 10 c«o««««««« _ E
S s E’ 12
o
0 = 6
0 ! | ! | |
-3 5 10 15
= Magnetic field (T)
T -10
3 . .
= -1 = lines are calculations
20 — perfect agreement up to 8 K
0 5 10 15

Magnetic field (T)
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TL et al. PRL 100, 067208 (2008)
F. Anfuso, ..., TL, et al. PRB 77, 235113 (2008)




(C:H,N),CuBr,: specific heat & magnetocaloric effect

Temperature [K] Temperature [K]

0 2 4.6 81 0246 810 o C. Ruegg et al. PRL 101, 247202 (2008)
ol @ oo b) Specific heat
< € = 0 05 1 15 2 25 ,
=1 4 2 5 BT 0000 | C /TmJigKT]
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° eoTest 112 ° 45/
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Summary Il: thermodynamics < quantum phase transitions

Spin-% chains [CuPzN] and spin-¥2 ladders [BPCB] show highly anomalous
low-temperature thermodynamics close to quantum phase transition(s)

» characteristic sign changes of a(T,H) and maxima of ¢(T,H)

> 1NT divergencies of a. for T — 0 and H = H,

— "
\> Thermodynamics:

a—>0 forT—>0

”T> _|N> Luttinger T T

dimers liquid “fm*

~—~

HCI HC2 H
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Summary Il: thermodynamics < quantum phase transitions

Spin-% chains [CuPzN] and spin-¥2 ladders [BPCB] show highly anomalous
low-temperature thermodynamics close to quantum phase transition(s)

» characteristic sign changes of a(T,H) and maxima of ¢(T,H)

> 1NT divergencies of a. for T — 0 and H = H,

» AL(T,H) measure@-spin correlatio@

Thomas Lorenz

Il. Physikalisches Institut
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Germany




Beyond 1D Heisenberg Spin-1/2 Systems

H = JZ S'ST+S7ST+A SizSJZ.} Heisenberg (A ~1) spinS = %

/

= 3D-coupled dimers = larger spin values

e.g. TICuCl, S >> 1 => S(S+1) ~ S2
_ _ (,more classical®),
—> anisotropic exchange e.g. BaMn,O,
A << 1 => XY spins BaMn,V,0O,
e.g. Cs,CoCl,
A >> 1 =>|sing spins
e.g. BaCo,V,0q < see poster S. Niesen

CoNb,Oq

Thomas Lorenz
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1d spin ladder  vs.

RIRSa s

1 dimensional

Lyt I

spin Luttinger e
gap liquid m
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3d coupled spin dimers

3 dimensional

tfransverse

Néel order




3d-coupled spin-dimer system TICuCl,

| ! | ! | ! |
e H|(10-2)
o H|(010)

—
S

| spin-gap
phase

N

Néel-ordered -
phase

Temperature (K)

(picture from C. Ruegg) ) Y S B —
0 5 10 15 20

Magnetic field g/2*H (T)
Ruegg et al., Nature 423, 62 (2003)
Nikuni et al., PRL 84, 5868 (2000) N. Johannsen, ..., TL.
Shindo et al. JPSJ 73, 2642 (2004) PRL 95, 017205 (2005)

transverse
Néel order




3d-coupled spin-dimer system TICuCl,

1 6AL(T)

HL-Z» .

L or

Thomas Lorenz
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TL et al., JIMMM 316, 291 (2007).

— Quantum phase transition:

H=H_,: -expected power laws
C

aoc 1 —pocﬁ = (04 o 1

T Jr T c, T

=> divergence and sign change of
[(T—>0)=a/C,
at H, as a generic feature of a QCP.

L. Zhu et al. PRL 95, 066404 (2003);
M. Garst & A. Rosch. PRB 72, 205129 (2005)




=0 /C_(10°mole/J)

TICuCl, : Grineisen parameter
>0 ' - ———50 ~
o 4 T =) . 0
Coo 46T [ Too 3 => divergence and sign
o 45T L o
2544 o 4T x change of I' for H-> H,
O~OO e 3T 2 .
W 3 .« 0T = experiment: (T)~T "
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25 L Ll . e
0 TemperatureS(K) 1Temperature(K) Zhu et al. PRL 95 (2003)
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Effective S = 1/2 Ising spin-chain system CoNb,Og

1D Ising spin %2 chain in transverse field

N

H= - JS:SZ, +hS;

i+l

D& - . -
(‘\‘ ,.‘J-“ .’“ -_
e Transverse magnetic field strength p—)
I+ 1)

7o b4 b = |
PE Rt | e

Ferromagnet

8

Keimer & Sachdev, Phys. Today 64, 29 (2011)

Chains of compressed CoOg4 octahedra along c axis interchain coupling => T¢ >0

Co2+*3d’ : 24

1,51
4\_ d3z2
€y —1‘— dxz_yz 1

paramagnetisch
(ungeordnet)

Tin K

_3d (anti-)
t A . . 0,51 ferromagnetisch
29 TV d,,.d,, }Z , =*1 = easy - axis anisotropy geordnet QKP M. Voijta,
v dyy effective Ising spins S = % L R (R TR TRAF TRAC SO Phys. J. 1, (2002)
transversales Magnetfeld Bin kOe

Thomas Lorenz
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Effective S = 1/2 Ising spin-chain system CoNb,Og

2.0

magnetization
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S. Scharffe, diploma thesis, Uni. Koln (2012)
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S = 1/2 Ising chain can be solved analytically

S. Sachdey, ,Quantum
phase transitions” , Cam-
bridge Uni. Press (2001)

z
i+1

H= i— JSS: +hS;
i=1

(interchain coupling not included)




magnetic moment (1 ./ Co™")

Effective S = 1/2 Ising spin-chain system CoNb,Og

Specific heat
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S. Scharffe, diploma thesis, Uni. Koln (2012)
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Effective S = 1/2 Ising spin-chain system CoNb,Og

magnetization

0.3K 1K
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3D-ordered phase and
even Ty (0) might also be
related to 1D physics ?
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Temperaturg (K)

S. Scharffe, diploma thesis, Uni. Koln (2012)
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S = 5/2 spin-ladder system BaMn,O,

\J/ specific heat &

. ” — _
susceptibility thermal expansion
0.012 T T T T T T T 250 . . . . .
H= 10 kOe L ' '
[010] orth
0.01 o T —— ] 200
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. . 0
= antiferromagnetic order
) at~ 184 K
% = J ~40K => H,, ~450 T = huge anomalies at T
NN ladders are ] 3 ’ = 1st-order transition
Decoupled by NN NN = structural change

geometrical
frustration J I
Thomas Lorenz
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S =5/2 spin-ladder system BaMn,O,

Neutron powder diffraction (magnetic) low-temperature structure
s{%48 149 150 151 152 153
45 ] _ <0 2
ol orthorhombic i
sk to
- monoclinc
w0} ]
515 - ]
2wf A\ -
E s
g azom L AF magnetic = magnetostrictive lifting of frustration
sl PO 0L (I’I’O)M(ﬁ\ ; = long-range AFM order
! | | (11,00 [}
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o \
/ JNN JNN
| J
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Thomas Lorenz
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Summary

- Spin-¥2 Heisenberg chains & Spin-Peierls transition
structural & magnetic dimerization due to magnetic energy gain => spin gap
universal H-T phase diagram; incommensurate magnetic phase above H.
CuGeOj: in general well understood; strong magnetic frustration

- Field-induced Quantum Phase transitions in Spin-%2 chains & Spin-%2 ladders
characteristic sign changes of o(T,H) and double-maxima of c¢(T,H)
1/\T divergencies of a. for T — 0 and H = H,
AL(T,H) measures spin-spin correlations

- Beyond 1D Spin-¥2 Heisenberg systems
complex interplay of quantum of quantum & thermal criticality
dynamics of magnetic excitations => thermal transport, spin currents, ...

influence of charge-carrier doping => metallic systems
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