Theoretical Study of Van-Vleck susceptibility in SroRuQ,
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§ Introduction
e Non-conserved magnetization and its susceptibility
e Experimental relevance

e Purpose of the study

§ Model & Method
e Multi-orbital Hubbard model
e Dynamical mean-field theory

e Formulation of Van-Vleck susceptibility

§ Results
e Effects of electron correlation of Van-Vleck susceptibility

e Emergence of diagonal components



§ Metallic system (Pauli paramagnetism)
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M, =1, + 2s, does not commute with H: [M,, H]# 0

= The ground state acquires magnetization by modulating wavefunction

3 Pauli and Van Vleck

e Pauli (xp) < Fermi surface

e Van Vleck (xvv) < away from Fermi surface

§ Origins of non-commutativity

e orbital magnetic moment
e spin-orbit interaction

e Spontaneous symmetry breaking
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e Only small reduction of Knight shift at T

e How large xy v can be, compared with yp ? — relation to electron correlation



Diverging Wilson ratio

§ “Hyperkagome material” Naylr3Og
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Y. Okamoto et al., Phys. Rev. Lett.
e Wilson ratio — co as T’ — 0

e Role of large spin-orbit coupling in Ir



How electron correlation affects the Van Vleck susceptibility ?

= study vy of SroRuO4 as a model case

§ Questions

e “Inter-band picture” still valid ?
e WWhat happens in the vicinity of metal-insulator transition ?

e |s it possible that yyy >> xp 7

3 Previous studies

Electron correlation is irrelevant for xy v
e R. Kubo and Y. Obata, J. Phys. Soc. Jpn., 11 549 (1956)

e Z. Zou and P. W. Anderson, Phys. Rev. Lett., 57 2073 (1986)

Yvv is renormalized in the same order as 2z}

e H. Kontani and K. Yamada, J. Phys. Soc. Jpn., 65 172 (1995)
e T. Mutou and D. Hirashima, J. Phys. Soc. Jpn., 65 366 (1996)



H="Ho+ Hi+ Hops

(Ho: kinetic energy, Hy: interaction energy, He,:: Zeeman energy)
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e orbital angular momentum only between d,,, abd d,



§ Definition

g
1

Xq (W) =+ / dr e (M? (T)MZ(0)), MZ= "> " (I* +25%)55L 4 qusCibs
0 k s a,b

§ Separation of Pauli (xp) and Van-Vleck (xy ) terms (Kontani and Yamada)
\

Xtot = lim lim xq(w)
q—0w—0

xvy = lim lim yq(w)
w—0q—0

\XP = Xtot — XVV Y,

e \ p vanishes when the Fermi surface disappears

c.f. Non-commutativity of g-limit and w-limit (Abrikosov, Gorkov, Dzyaloshinski)

G(p, )G+ ayc +w) = 2miZ% = 7—6()0(&) + bl )

= Only ¢(q,w) (non-singular as to the Fermi surface) contributes to xyv



§ Effective action of impurity model: Repeat (1) and (2) until convergence

g g
eff = /d71/d72 Z CaU(Tl)gabg(Tl — 72)Cho (T2) — U/dTZnWT(T)nvl(T)
0

0 aba Y

(1) Impurity solver — Iterative perturbation theory

Sas(T) = — [U?Ga(1)*Ga(—7) + 2(U + U' Ty + JF)Ga(7) > Gyp(T)Gy(—7)
b#a

+ J2Ga(—7-) Z Gb(T)Q] + (Hartree-type terms)
b#a

(2) Self-consistent determination of Weiss field g4.p.0(7)

—1 . 1 . —1 .
9a,b,o(Pn) = [ﬁ > Gapolkiicn)|  + Sqpqlicn)
k

(Ga bo (K, i€n) = ! )
Y ien + p — tap(k) — a b 0(7;671)
§ Magnetic susceptibility — Irreducible vertex F(O) expanded up to O(H;) (only RPA term)




Results:
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Results:
Xq=o(iVq) ZX o(ivg, k Xq=o(ivg, k qu 0ab(1Vq; K)

§ Analysis of x 2 (wq, k)
e xp (from a = b) o xvv (from a #0)

QI\)-P(DCO

& Fermi surface (d.,, d.., d,.)

e diagonal part (a = b) — xp,
offdiagonal part (a # b) — xvv

e \ p enhanced near Fermi surface

| e Yy enhanced near intersecting points
5 n of d,, and d, bands




Results:
8 xXp 8 XVV

e Yy and yp are enhanced as increasing U

e Yy v is enhanced as increasing U’, while yp is suppressed.



Results:

5 x W 5 %,

§ ImX (e + 16)(dyz..) @ U' = 0.6U o ng) is suppressed as increasing U’

o XS)%/ is enhanced as increasing U’

in spite of the larger self-energy effect

How X%ﬁj‘)/ becomes enhanced ?}




Results:

o /U =0.0 o U=1.0

o/ =20 o/ =3.0



Results:

lim lim x2%%) (w + 48, k)

w—0q—0 qaa
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Jo (e &a(k) — ReSu(e +10))? + (ImSu(e +10))?

e — £4(k) — ReX, (e + i0)

" (e — £,(k) — ReXly(e + i0))2 + (ImXy(e + 0))2

e The integrand has a broad (~ Im)

peak away from Fermi level
e Relevant in superconducting phase 7

e Temperature dependence ?

Large contribution not from the Fermi
level, but from its neighborhood




& We have studied the Pauli and Van-Vleck susceptibility of SroRuQO4 by applying
dynamical mean-field theory to the multi-orbital Hubbard model.

§ We found that the bare Van-Vleck term is enhanced, as increasing electron
correlation, in contrast to the Pauli term.

§ The growth of Van-Vleck term can be attributed to the diagonal part of bare
susceptibility, which comes from the momentum and energy region slightly away
from Fermi level.

Future problems
§ Sophistication of calculational methods (Quantum Monte Carlo method, 2nd-
order correction in irreducible vertex)

= Detailed comparison between xp, xyv and Z~!
3 Temperature dependence of yy v
§ Behavior in superconducting phase

§ Other systems



