Thermodynamics of the Mott-Hubbard metal-insulator transition in d=∞

N. Blümer^{(1)}, P. G. J. van Dongen^{(1)}, and D. Vollhardt^{(2)},^{(1)}Universität Mainz,^{(2)}Universität Augsburg

Introduction

Motivation: V_2O_3

T (V_{1−x}M_x)_2O_3

P| −→ +Cr +Ti ←− | −→ ←− U/W McWhan et al, 1971

log ρ

1/T Kawamoto et al, 1980

α_{Cr} < α_V < α_{Ti} Doping or external pressure distorts lattice −→ changes V-V overlap (effective bandwidth) −→ drives metal-insulator transition (MIT) between paramagnetic metal and paramagnetic insulator without long-range order.

Drastically simplified model (no band degeneracy, no lattice degrees of freedom): half-filled one-band Hubbard model Ĥ = −t ∑ ⟨ij⟩σ ( ĉ^†_{iσ}ĉ_{jσ} + ĉ^†_{jσ}ĉ_{cσ} ) + U ∑ i n̂_{i↑}n̂_{i↓}

• in unfrustrated model: no MIT, but crossover (AF at low T ) • AF frustrated in many materials • nonperturbative approach needed • thermodynamic limit important

Aim: full phase diagram for • 1-band Hubbard model at half filling • Dynamical Mean-Field Theory (DMFT) • no AF order (full frustration) • semielliptic Bethe DOS (W =4) Question: coexistence / order of transition?

Self-consistent solution of DMFT equations

G_n = ∫ dϵ ρ_0(ϵ) iω_n − ϵ − Σ_n G_n = − <Ψ_nΨ_n^∗ >_{Gn} G^{−1}_n = G^{−1}_n + Σ_n

QMC solution of impurity problem: • discretization Δτ of imaginary time • Hubbard-Stratonovich trafo • MC sampling over auxiliary Ising field

abstract view: solution of fixed point problem by iteration stability of fixed point depends on iteration scheme used scheme: given the existence of 2 fixed points an iterative procedure can have nonzero radii of convergence for both points (a and b), one point (c), or no fixed point (d).

Connection between physical and numerical stability? Yes: at least for direct iteration scheme!

Results: crossover and coexistence regions

double occupancy D, energy per lattice site E = E_{kin} + UD

E_{kin} = lim_{η→0+}2T ∞∑ n=−∞ ∞∫ −∞ dϵ e^{iωnη} ϵρ(ϵ) · 1 iω_n − ϵ − Σ(iω_n) = 2 ∞∫ −∞ dϵ ϵρ(ϵ) e^{βϵ} + 1 +2T L/2∑ n=−L/2+1 ∞∫ −∞ dϵ ϵρ(ϵ) ( G_ϵ(iω_n) − G^0_ϵ(iω_n) )

β = 10: smooth crossover from metal to insulator

β = 15: sharp transition from metal to insulator, no hysteresis

β = 32: coexistence of metallic and insulating solutions

• significant shift of U_c with Δτ → 0 • double occupancy D: curvature, irregular Δτ dependence • energy E: almost (piecewise) linear in U, quadratic in Δτ • no significant T dependence of D, E in insulator

Comparing free energies

F (U, T ) cannot be directly computed from QMC, NRG but differential known: d(βF_{m/i}(β, U)) = E_{m/i}(β, U)dβ + βD_{m/i}(β, U)dU Naive solution: F (β, U) = F (β_0, U_0)+ β,U∫ β_0,U_0 d(β^′F_{m/i}(β^′, U^′)) Problems: F_{m/i}(β_0, U_0) must be known; different paths of integration introduce different systematic errors (for m/i) local criterion at transition line (ΔF := F_m − F_i): ΔF (β, U)|_{U=Uc(β)} = 0; d(βΔF (β, U))|_{U=Uc(β)} = 0 dU_c(T ) dT = f(T, U_c(T )) := ΔE(T, U) T ΔD(T, U) | | | | | U=U_c(T ) . U_c(T^∗) = U^∗, integrate Clausius-Clapeyron equation,

U_c(T ) = U^∗ + T∫ T^∗ dT^′f(T^′, U_c(T^′)); T < T^∗.

f(T, U) ≈ f̃ (T )(A + BU) fit parameters A, B

supplement QMC results with low-T information: entropy of insulator (almost) independent of U

E_i(U, T ) = E^0_i (U); S_i(U, T ) = S_0 .

Fermi liquid properties in metal

E_m(U, T ) = E^0_m(U) + 1 2 γ(U)T^2; S_i(U, T ) = γ(U)T

T = 0 numerics [2,3] (U^0_c := U_c(T = 0) = U_{c2}(T = 0)):

E^0_i (U) − E^0_m(U) = a 2 (U − U^0_c )^2; γ(U) = γ_0 U^0_c − U . Equate free energies to obtain the low-temperature solution,

U_c(T ) = U^0_c − √ 2S_oT a + O(T )

−→ f̃(T ) = CT^{−1/2} + D + ET^{1/2}; C ≈ − √ S_o/2a Ground state properties: E,D known for insulator fit based on 2^{nd} OPT for metal → ΔE = 0, ΔD = 0 at U_c ≈ 5.85 agrees well with QMC better estimate for a than from PSCT [2]

Full phase diagram: Comparison

• results from fundamentally different methods now converged towards a reliable phase diagram • coexistence region at low T → first order transition • first controlled computation of U_c(T )

Work supported by DFG through SFB484

References

[1 ] A. Georges et al., Rev. Mod. Phys. 68, 13 (1996). [2 ] G. Moeller et al., Phys. Rev. Lett. 74, 2082 (1996).

[3 ] R. Bulla, T. A. Costi, and D. Vollhardt, Phys. Rev. B 64, 045103 (2001). [4 ] J. Schlipf, M. Jarrell, P. G. J. van Dongen, N. Blümer, S. Kehrein, T. Prusche, and D. Vollhardt, Phys. Rev. Lett. 82, 4890 (1999).

[5 ] M. J. Rozenberg, R. Chitra, and G. Kotliar, Phys. Rev. Lett. 83, 3498 (1999) [6 ] J. Joo, V. Oudovenko, Phys. Rev. B 64, 193102 (2001). [7 ] N. Tong, S. Shen, and F. Pu, Phys. Rev. B 64, 235109 (2001).