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Summary

- The Kondo problem in a pseudogap
- RG strategy and CS equations

- Computation of universal crossovers
. Critical dynamics

- Influence of p-h asymmetry

- SpinS = 1 case: NFL and QPT



Where It started

Diluted magnetic impurities in a metal:
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« Temperature dependent impurity scattering
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Kondo model: basics

Model: Spin 1/2 with AF coupling to a Fermi sea

H = Zekckacka+Js ZT T”"

Physicssmooth crossover between two simple limits

Limit J = 0: local moment

o S(T) = log 2 andx,(T) = 1/(4T)

Limit J = oo: singlet state (screening)

« S(T) = 0 andy;m, (1) finite
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RG for Kondo problem

Perturbation theoryj( = J/D): badly convergent!
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= Jo(A) = with Tk = D exp(—1/7p)

log(AD/Tk)



RG flow

Trick: now we can choosg =T/D

log(T'/Tk)

|
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Universality
RG = Tximp(T, 5o, D) = ®(T/Tk)

Collapse afl’ < D
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Another view on RG

Universality=- take lImit D — oo
Proceduresety;,,,(1" = p) finite at given scale

| , D] 1 |
Ximp(T:N) = @ 1_jO_jOIOgM :4M[1_]R]
1 1z
— szp(T) — 4T {1 _jR _jR 1Og T}

Scaling form:Ximp(Ta jR? :u) — Ximp(Ta ]R()\)a )\:u)
RG: jr(\) = log™ ' (\u/Tx) andTx = pexp(—1/jr)

Origin: Choice ofu arbitrary=- dxm,/dp =0
8 0

—

:| X'me(T ]R :u) =0 (CS eq)

—-p.8

IR




Pseudogap Kondo model

Gapless host DOSp(€) o |e|”

e Metals:r =0

« Semiconductors: = 1

e HTc SC:ir =1

Ay = A(cosky — cos ky)
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RG for pseudogap Kondo
Weak coupling RGeasy guess d9| = —

B(jr) = FEA = rjr(A) — jH(N)
Proper method:
» Setjo = (D/p)" Zjjr
« Consider interaction vertex
M(w) = Zjjr [l — lw/p|"jr/rT + .. ]
* Imposel'®(w = u) = jrp = Z;jr [1 — jr/7]
 Absorb poles withZ; = 1+ jr/r

e But one hasljy/du =0
= B(jr) = rjr — jr B(jr) dlog Z;/djr
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Quantum Phase Transition

Analyze flow equationvary u — Au

Solve%ﬁ—g = rjr(A) — jp(A) with jr(1) = jr
| rip A" r
A) = _ : = .
RN = T e N T T Senlr = gm) P/ T

C11l/r
Tf]R /
JR

with T = p

* jn <1 = jr(\) o< X" for A < T* (flow to LM)
* jr =1 = jr(A) = r for all X (fixed point)
* jr > 1 = jr(A) diverges afl™ (flow to SC)
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Impurity susceptibility

At lowest order:y;,, = 1/(47T)[1 — jr(T/1)]
Quantum critical pointtractional spin

: . 1 S(S + 1
Ximp(T,]R:jc)ﬁﬁ(l_r)# (3T )

Universal crossovefrom CRto LM (5 < 5.)
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Local susceptibility

The direct computation is still divergent:
Tx$(T) = 1= j3IT/ul> (1/2r + Cst.)

Needs extra renormalization factor:
Xﬁc(T) — ZXX?OC(T) Wlth ZX — 1 —I_ ]}22/2T

TXE(T) = 1~ j3log(T/u)

Scaling analysisy) (T') is independent of:

4 0 IND

ou | T —
~ 'ua,u T 6(‘7}%)@]‘}% M (Jr) | Xioe(T', IR, ) = 0
with 7, (jr) = 5@3)% = j7
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Solution:

. RN my .
Xiee(T5 R 1) = €xp ( ) %) Xiee(T5 Jr(A), Ap)
Choose\ = T/ i

TXZ}EC(Ta jR7 :u) X {T I jR + ‘%
e jr<r1:Txi oc(r—jg)" (order parameter)

Interpretation:

o jr =7 xE (T) < 1/T*"" (anomalous behavior)

Two vastly
different
susceptibilities
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Zero temperature dynamics
Strategy:

« Compute in renormalized perturbation theory
» Choose RG scal& to control the expansion
« Apply CS equation

Example:forr = 0.1 andj < j.
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Finite temperature dynamics

Problem:*The e-expansion and the analytic
continuation do NOT commute far < 17" (Sachdev)

Let’s try: we apply CS In this regime to the T-matrix

T"(w) = T £ (T 1 )T (not too bad)
7 - 1
T =0 fog@+ on/mop AP

Still a challenge
for the NRG
atw ~ T
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On the other side of the street
QuestionCan we capture the crossover to SC?

Answer:not with Kondo, but Anderson is good!
H = Zka ekc;rmcka_I_UndTndl —|—ZO V[df,cg(()) —|—H.C.]

Scaling analysisi{U] = 2r — 1 = —¢
= Performe-expansion near = 1/2 !l



RG for pseudogap Anderson

Flow equation:

3(m —2In4) ,

B(u) = eu p U

Critical point atu,. o /¢ = Poor convergence

Example:for r = 0.47 andj > j.
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With particle-hole asymmetry
NRG resultfor 0.375 < r < 1

Effective theory:U = oo Anderson model

H = Z ekczacka—l—ef Z fifa%—V Z [f;b ¢, +h.c.]
ko o ko

RG:V marginal at- = 1 = expansionire’ =1 —r
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Interpretation:

« Kondo and Anderson: same universality class

« Origin of the asymmetric QCR.ompetition
doublet (spinon) vs. singlet (holon) states

ACR _ 81n 2

TXACR _ 1 3—%11&2(1 i 7”)

1Imp 6 18

Open problemtransition between = andSCR
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Interesting generalization

« Spin S=1 Kondo model
* ACR persists with5;,,, = Inb atr =1

Effective theory:crossing triplet-doublet

= Zekcl];acka—i—efoT];zfm

ko
+VZ | fgblcm + fngckl] +he
k

+V2V [ flbye + f11bcy ] + hec.

Reproduces Kondo far; — —oo

Crucial to introduce the good degrees of freedom!!



Check

Resultsproperties of the ACR critical point

{ S_ACR — In5 241n2(1 . 7“)

1np 29

ACR __ 1 3—2In2
TXimp — 9 10 (1 i T)
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S =1 PG Kondo at p-h sym

Strong coupling limit:

- effective spinSeg = 1/2
- effective FERRO coupling.s = —1/5 < 0

« effective bath exponentg = —r < 0

<C$(O,iw)ca(0,w)> b= w — 15, ¢l (1, iw)c ~(1,w))
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Extra NFL fixed point

RG: usual Kondo scaling equation

(‘)je L . )
Finy = TefiJeff — Jof
= 7 =1/r

Critical properties:

GNFL — 11y 9

imp

2rIn 2

3r/8
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Summary S =1 PG Kondo

SCR NF
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Conclusion

« Quantum phase transition in pseudogap Kondo:
well under control!

« Computation of universal crossover possible

« Quantitative comparison between NRG and
perturbative RG

« Low w dynamics not fully controlled
= apply functional RG?

 Transition between critical points not understood
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