Soutenance de these

Influence des impuretés et du désordre dans des systèmes magnétiques de basse dimensionnalité

Nicolas Laflorencie

Laboratoire de Physique Théorique, Université Paul Sabatier, Toulouse.

Direction : Klaus Frahm - Didier Poilblanc

. – p.1/60

Tesis defense

Impurities and disorder effects in low dimensionnal magnets

Nicolas Laflorencie

Laboratoire de Physique Théorique, Université Paul Sabatier, Toulouse.

Supervisors : Klaus Frahm - Didier Poilblanc

. – p.2/60

Outline_{A. Bond randomness in quantum spin- 1}

2 chains Quantum spin chains in the nature The AF Heisenberg model Correlations in weakly disordered spin chains Crossover vs Localization B. Low temperature properties of disordered spin-Peierls systems

CuGeO_3: spin-Peierls compound Coupled frustrated spin-^1_2 chains: Microscopic model Low energy effective model

Quantum Monte Carlo study Real space renormalization approach C. Conclusion and perspectives

. – p.3/60

A Bond Randomness in quantum spin-12 chains

. – p.4/60

Quantum spin chains in the nature

Pure compounds

Sr_2CuO_3

Motoyama et al., (1996)

Eggert et al. (EAT), PRL (1996)

Jχ(T ) ≃ 1 π^2 + 1 2π^2 ln(T_0/T )

. – p.5/60

Quantum spin chains in the nature

Disordered compounds → divergence of χ(T ) ∝ T^{−α} Mg_{1−x} Ti_{1+x}OBO_3 α ≃ 0.8 Fernandes et al., PRB (1994). CuCl_{2x}Br_{2(1−x)} (γ − pic)_2 α ≃ 0.5 Ajiro et al., Physica B (2003).

Observation of the Random Singlet Phase (RSP) BaCu_2(Si_{0.5}Ge_{0.5})_2O_7 Masuda et al., cond-mat/0404688 (2004). ↓ Weakly coupled singlets with random magnitude

χ(T ) ∝ 1 T (ln(Ω_0/T ))^2

[Doty and Fisher, PRB (1992)]

. – p.6/60

The AF Heisenberg model

Pure case: S =^1_2 XXZ model

H_{XXZ} = J L� i=1 � 1 2 (S^+_i S^−_{i+1} + S^−_i S^+_{i+1}) + Δ S^z_i S^z_{i+1} �

PSfrag replacements

Random case: S =^1_2 random bonds XXZ model

H^{rand}_{XXZ} = L� i=1 J(i) � 1 2 (S^+_i S^−_{i+1} + S^−_i S^+_{i+1}) + ΔS^z_i S^z_{i+1} �

If −1/2 ≤ Δ ≤ 1, ∀D ≠ 0 destroys QLRO ⇒ RSP ⟨Sαi Sαi+r⟩ ∝ 1r_{η RSP} with ηRSP = 2

. – p.7/60

The AF Heisenberg model

Pure case: S =^1_2 XXZ model

H_{XXZ} = J L� i=1 � 1 2 (S^+_i S^−_{i+1} + S^−_i S^+_{i+1}) + Δ S^z_i S^z_{i+1} �

PSfrag replacements

Random case: S =^1_2 random bonds XXZ model

H^{rand}_{XXZ} = L� i=1 J(i) � 1 2 (S^+_i S^−_{i+1} + S^−_i S^+_{i+1}) + ΔS^z_i S^z_{i+1} �

If −1/2 ≤ Δ ≤ 1, ∀D ≠ 0 destroys QLRO ⇒ RSP ⟨Sαi Sαi+r⟩ ∝ 1r_{η RSP} with ηRSP = 2

. – p.7/60

Correlations in weakly disordered spin chains

Numerical study at the XY point: Exact Diagonalizations

H^{rand}_{XY} = L� i=1 J(i)(S^x_i S^x_{i+1}+S^y_i S^y_{i+1}) = L� i=1 J(i)/2(S^+_i S^−_{i+1}+S^−_i S^+_{i+1})

Jordan-Wigner transformation → Free fermions problem → Linear algebra routines → L_{max} = 4096 spins. Weak disorder P(J) = � � � 1 2W if J ∈ [1 − W, 1 + W ] 0 otherwise

Mid-chain transverse correlation function

C^x_{avg}(L/2) = 2 L L 2� i=1 ⟨S^x_i S^x_{i+ L2} ⟩

Average over 500 ≤ S ≤ 50000 samples

. – p.8/60

Correlations in weakly disordered spin chains

Results

Laflorencie and Rieger, PRL (2003); Laflorencie, Rieger, Henelius and Sandvik, PRB (2004)

Pure case W = 0 L_{max} = 4096

C^x_{pure}(L/2) ∝ 1 √ L

. – p.9/60

Correlations in weakly disordered spin chains

Results

Strongly disordered case RSP behavior

C^x_{RSP}(L/2) ∝ 1 L^2

. – p.16/60

Correlations in weakly disordered spin chains

Results

x = L/ξ, 3 regimes:

(i) x ≪ 1 Pure behavior η^{eff} ≃ 1/2 (ii) x ≫ 1 RSP behavior η^{eff} ≃ 2 (iii) x ∼ 1 Crossover regime 1/2 < η^{eff} < 2

. – p.25/60

Crossover vs Localization

Spin stiffness ρ =^{∂2e0(ϕ)}_{∂(ϕ/L) 2} � �_{ϕ=0} Twisted boundary conditions: S^z_{L+1} = S^z_1 , S^±_{L+1} = S^±_1 e^{±iϕ}

Scaling analysis ρ(L) ∼ L^{2−d−z} Pure XXZ chain: d = 1, z = 1 ⇒ ρ_{pure} finite RSP: d = 1, z = ∞ ⇒ ρ_{RSP} → 0 Numerical results for the XY model

[Laflorencie and Rieger, EPJB (2004)]

ρ_{RSP} L ∼ L^{−z} ∼ Δ_ϵ(L)

⇓ ln ρ_{RSP} (L) ∼ − √ L + log

. – p.26/60

Crossover vs Localization

Spin stiffness ρ =^{∂2e0(ϕ)}_{∂(ϕ/L) 2} � �_{ϕ=0} Twisted boundary conditions: S^z_{L+1} = S^z_1 , S^±_{L+1} = S^±_1 e^{±iϕ} Scaling analysis ρ(L) ∼ L^{2−d−z} Pure XXZ chain: d = 1, z = 1 ⇒ ρ_{pure} finite RSP: d = 1, z = ∞ ⇒ ρ_{RSP} → 0 Numerical results for the XY model

[Laflorencie and Rieger, EPJB (2004)]

Localization transition Scaling function ρ(L) = g(x = L/ξ^∗) ξ^∗ localization length

. – p.27/60

Crossover vs Localization

Disorder dependence of the length scale

Disorder strength D = (J)^2 − � J �_2

Crossover lenght scale Localization length

Bosonization [Giamarchi and Schulz PRB (1988)] → ξ ∼ D^{− 13−2K} LL parameter K = 1 at XY point.

⇒ Good if D ≪ 1_{. – p.28/60}

Crossover vs Localization

Disorder dependence of the length scale

Disorder strength δ^2 = (ln J)^2 − � ln J

�_2

Crossover length scale Localization length

∀ disorder strength ξ ∼ δ^{−Φ} (Φ = 2 at XY point) ⇒ Φ =^2_{3−2K} consistent with QMC at XXX point._{. – p.29/60}

Random spin-^1_2 chains - Summary

Disorder destroys QLRO −→ RSP

For strong enough disorder

Correlation functions C(L) ∼ L^{−2} Spin stiffness ρ(L) ∼ exp(−A √ L)/L For weak disorder D

Only one length scale ξ(D) ∼ D^{− 13−2K} Crossover length scale for C(L) Localization length for ρ(L) New disorder parameter δ^2 = (ln J)^2 − � ln J

�_2

ξ ∼ δ^{− 23−2K}

. – p.30/60

B Low temperature properties of disordered spin-Peierls systems

. – p.31/60

CuGeO_3: spin-Peierls compound

Pure compound

Quasi-1D structure : Weakly coupled spin-^1_2 chains (J_b/J_1 ≃ 0.1 and J_a/J_1 ≃ −0.01) Spin-Peierls (SP) transition at T_{SP} ≃ 14.2K [Hase et al., PRL (1993)] Non magnetic dimerized ground state Singlet-triplet gap Δ_S ≃ 2.1 meV

. – p.32/60

Doped compound

Cu_{1−x} Zn_xGeO_3

[Hase et al. PRL (1993)]

Coexistence SP-AF

[Martin et al. PRB (1997)]

In-chain Cu_{1−x} M_xGeO_3, M=Zn-Mg (S = 0), Ni (S = 1), or off-chain CuGe_{1−y} Si_yO_3

Phase diagram

[Grenier et al. PRB (1998)]

. – p.33/60

Coexistence between SP and AF phases [Masuda et al. PRL (1998)]

. – p.34/60

Coupled frustrated spin-^1_2 chains

Microscopic model [Laflorencie and Poilblanc, PRL (2003)] H_{2D}(α, J_⊥) = L� i=1 M� a=1 [⃗S_{i,a}.⃗S_{i+1,a} + α ⃗S_{i,a}.⃗S_{i+2,a} + J_⊥ ⃗S_{i,a}.⃗S_{i,a+1}]

Parameters for CuGeO_3

J_1 ≃ 135 K [Geertsama et al. PRB (1994)]→ energy scale = 1 α ∼ 0.3 [Riera and Dobry PRB (1995) ] J_⊥ ≃ J_1/10 [Regnault et al. PRB (1996)]

2D model with strong anisotropy J_⊥ << 1 ⇒ Mean field treatment of the J_⊥ term [Schulz PRL (1996)] H^{MF}_{2D} = L� i=1 M� a=1 [⃗S_{i,a}.⃗S_{i+1,a} + α ⃗S_{i,a}.⃗S_{i+2,a} + h_{i,a}S^z_{i,a} − J_⊥⟨S^z_{i,a}⟩⟨S^z_{i,a+1}⟩]

. – p.35/60

with h_{i,a} = J_⊥(⟨S^z_{i,a+1}⟩ + ⟨S^z_{i,a−1} ⟩), auto-consistent magnetic field

PSfrag replacements

. – p.36/60

PSfrag replacements

4-spins exchange J_4 ≪ 1 ⇒ Mean field treatment H^{MF}_{2D} (α, J_⊥, J_4) = � i,a[(1+δJ_{i,a})⃗S_{i,a}·⃗S_{i+1,a}+α ⃗S_{i,a}·⃗S_{i+2,a}+h_{i,a}S^z_{i,a}]+ct with δJ_{i,a} = J_4{⟨⃗S_{i,a+1} ·⃗S_{i+1,a+1}⟩ + ⟨⃗S_{i,a−1} ·⃗S_{i+1,a−1} ⟩} Origin of the J_4 term (≪ 1) for CuGeO_3 ?

∘ Cyclic exchange (speculative) ∘ Higher-order effects in J_⊥ ∘ Coupling to a 2D (or 3D) lattice

The modulation δJ_{i,a} is quite generic_{. – p.37/60}

Phase diagram (α, J_⊥)

Computed using Lanczos Exact Diagonalizations and auto-consistent Mean Field PSfrag replacements

. – p.38/60

SP phase : Dimer order in the GS ?

α = 0.5, J_⊥ = 0.1

Schematic ground state

PSfrag replacements

• No order if J_4 = 0 → g = 2^M • “Columnar” if J_4 < 0 → g = 2 • “Staggered” if J_4 > 0 → g = 2_{. – p.39/60}

SP phase : Dimer order in the GS ?

α = 0.5, J_⊥ = 0.1

One impurity effect

PSfrag replacements

• No order if J_4 = 0 → g = 2^M • “Columnar” if J_4 < 0 → g = 2 • “Staggered” if J_4 > 0 → g = 2_{. – p.40/60}

Confinement length ξ_‖

ξ_‖ = � i i|⟨Szi ⟩| � i |⟨Szi ⟩| Computed with Lanczos ED

PSfrag replacements

. – p.41/60

Effective interaction between 2 impurities

Each impurity releases 1 spin 1/2, localized ∼ ξ_‖

PSfrag replacements

J^{eff}_{Δi,Δa} = E(S = 1)− E(S = 0) ED results for α = 0.5, J_⊥ = 0.1, J_4 = 0.08 NOT FRUSTRATING ! and LONG RANGED Exponential tail : J^{eff}_{Δi,Δa} = (−1)^{Δi+Δa} J_0e^{− Δiξ‖ − Δaξ⊥} , J0 ≃ 0.3, ξ_‖ ≃ 2.5, ξ⊥ ≃ 1_{. – p.44/60}

Effective model

Small concentration x of impurities randomly distributed in a dimerized background

At sufficiently low T , due to the spin gap, the physics is governed by the released spins^1_2

Effective model (with J^{eff}_{r1,r2} from ED results) H^{eff} = � r_1,r_2 [ϵr1 ϵr2 J eff r_1,r_2 ⃗Sr1 ·⃗Sr2 ], ϵ^r = 1 (x) or 0 (1 − x)

. – p.45/60

Effective model

Small concentration x of impurities randomly distributed in a dimerized background

At sufficiently low T , due to the spin gap, the physics is governed by the released spins^1_2

Effective model (with J^{eff}_{r1,r2} from ED results)

H^{eff} = � r_1,r_2 [ϵr1 ϵr2 J eff r_1,r_2 ⃗Sr1 ·⃗Sr2 ], ϵ^r = 1 (x) or 0 (1 − x)

Non Frustrated ⇒ Quantum Monte Carlo Simulations

[Laflorencie, Poilblanc and Sandvik, PRB (2004)]_{. – p.46/60}

AF ordering at T = 0

At T = 0, staggered magnetization per site, averaged over the disorder : m_{AF} = � 3s(π, π) computed with SSE

Scaling: m_{AF} (N_s) = m_{AF} (∞) +^{a√}_{Ns} +^b_{Ns} AF ordering appears ∀x > 0 . – p.47/60

AF ordering in 3D : Néel temperature

Mermin-Wagner → In 2D, ordering at T = 0 Small 3D coupling λ << 1, RPA χ_{stag}(T_N ) = λ^{−1}

T_N → 0 when x → 0 : x_c = 0

. – p.48/60

Relevance to experiments

Cu_{1−x} Zn_xGeO_3 [Manabe et al., PRB 58, R575 (1998) ]

Experimental fits : T_N (x) = A exp(−B/x) No critical concentration for the AF ordering ⇒ Compatible with theory

. – p.49/60

Curie susceptibility

Curie constant per spin c(T ) = T χ(T )∝ density of free spins SSE results for N_s = 256 spins and 0.007 ≤ x ≤ 0.082.

PSfrag replacements

At high T , all the spins are free : c = 1/4 At low T , saturation of c → 1/12

→ S^{tot}_{GS} = |S_A − S_B| ≠ 0 ⇒ Random walk argument [Sigist and Furusaki, JPSJ (1996)] (S^{eff} )^2 =^{Ns}_{2 . – p.50/60}

Real space renormalization group (RSRG)

Random AF spin-^1_2 chain [Dasgupta, Hu and Ma (1979); Fisher (1994)] → Infinite Randomness Fixed Point and RSP (Exact) Long distance AF interacting spin-^1_2 randomly distributed in D ≥ 2 [Bhatt and Lee (1982)] → No ordering (Numerical) Random F-AF chain [Westerberg, Furusaki, Sigrist and Lee (1995)] → Large Spin Fixed Point (Numerical) S^{eff} ∼ T^{−α} , α ≃ 0.22

Extension to F-AF Long Range Couplings

[Laflorencie, Poilblanc and Sigrist, cond-mat/0405417]

1- Localize the pair (S_1, S_2) with largest gap Δ_{1,2} = Δ_0 2- Replace the pair by S^{eff} = |S_1 − S_2| if AF, or S_1 + S_2 if F 3- Renormalize all the couplings of S^{eff} → 1^{st} order perturbation if S^{eff} ≠ 0 or 2^{nd} order if S^{eff} = 0

. – p.51/60

Real space renormalization group (RSRG)

Random AF spin-^1_2 chain [Dasgupta, Hu and Ma (1979); Fisher (1994)] → Infinite Randomness Fixed Point and RSP (Exact) Long distance AF interacting spin-^1_2 randomly distributed in D ≥ 2 [Bhatt and Lee (1982)] → No ordering (Numerical) Random F-AF chain [Westerberg, Furusaki, Sigrist and Lee (1995)] → Large Spin Fixed Point (Numerical) S^{eff} ∼ T^{−α} , α ≃ 0.22

Extension to F-AF Long Range Couplings

[Laflorencie, Poilblanc and Sigrist, cond-mat/0405417]

1- Localize the pair (S_1, S_2) with largest gap Δ_{1,2} = Δ_0 2- Replace the pair by S^{eff} = |S_1 − S_2| if AF, or S_1 + S_2 if F 3- Renormalize all the couplings of S^{eff} → 1^{st} order perturbation if S^{eff} ≠ 0 or 2^{nd} order if S^{eff} = 0

. – p.51/60

Large effective spins formation

RSRG results (Nsp = 1024, 0.004 ≤ x ≤ 0.028, N σ ≥ 10^4 samples)

PSfrag replacements

S^{eff} ∝ √ n ∼ Δ_0^{−α} α(x) non universal ≠ α_{1Drandom F−AF} = 0.22_{. – p.52/60}

Curie susceptibility

RSRG results (Nsp = 1024, 0.004 ≤ x ≤ 0.028, N σ ≥ 10^4 samples) c(Δ_0) =^1_3 � s N_ss(s + 1) N_s = Number of non decimated effective spins of size s at Δ_0

PSfrag replacements

In good agreement with SSE results_{. – p.53/60}

SSE vs RSRG

PSfrag replacements

. – p.54/60

Critical exponents

Random F-AF chain universality class S^{eff} ∼ √ n ∼ T^{−α} → α ≃ 0.22 (RSRG) c − 1/12 ∼ T^α → α ≃ 0.21 (QMC) χ_{stag} ∼ T^{−1−2α} [Nagaosa et al. (1996)] → QMC disagrees !

Randomly diluted (x) spin-Peierls system S^{eff} ∼ √ n ∼ T^{−α(x)} → α ≃ √ x (RSRG) c − 1/12 ∼ T^{γ(x)} → γ(x) ≃ 2 √ x (QMC-RSRG) χ_{stag} ∼ T^{−1−2γ ′(x)} → γ^′(x) ≃ γ(x) ≃ 2α(x) ≃ 2 √ x (QMC) Large spin phase but Non Universal behavior 2D problem Initial couplings distribution P(|J^{eff} |) ∼ |J^{eff} |^{−1} : More singular than fixed point distribution P_c(|J|) ∼ |J|^{−0.7} of the 1D random F-AF universality class_{. – p.55/60}

Random diluted spin-Peirls system - Summary

Microscopic model for MF Coupled frustrated chains (J_⊥, J_4) studied by Lanczos ED

→ Confinement ξ_‖ ∝ J^{−η}_4 and Non frustrated effective interaction Non frustrated effective model with many impurities studied by Quantum Monte Carlo SSE

→ AF ordering ∀ x > 0 → Curie susceptibility at low temperature c → 1/12 Effective model studied by Numerical RSRG

→ Large spin formation and c → 1/12 at low T → Critical exponents S^{eff} ∼ T^{−α(x)} , c − 1/12 ∼ T^{2α(x)} , χ_{stag} ∼ T^{−1−4α(x)} , with α(x) ≃ √ x Validity of the RSRG: good if x ≤ 1.5% (⟨z⟩ < 1)

. – p.56/60

C Conclusions and Perspectives

. – p.57/60

CONCLUSIONS PERSPECTIVES

Crossover and Localization in random S =^1_2 chains →

ξ(D) ∼ D^{− 13−2K} LL ξ(δ) ∼ δ^{− 23−2K} LL

Impurities in coupled frustrated S =^1_2 chains → AF ordering, ∀x > 0

Disordered F-AF 2D interacting spins → Large Spin phase Disorder dependent critical exponents

Other random bonds AF systems

Spin ladders, spin-1 chains AF on square lattice

Coupled Haldane chains Pb(Ni_{1−x} Mg_x)_2V_2O_8

Existence of a Large Spin Fixed Point in 2D ?

. – p.58/60

Perspectives...

Vancouver

. – p.59/60