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1. Introduction

 Puzzle of the electrical resistance

- In 1930s, in some metals a nonmonotonic change in electrical resistance
(B R EH1) with temperature was found

Resistance/Resistance{T=0 Cefsitis) x 10000

(from W.J. de Haas and G.J. van den Berg,
Physica vol. 3, page 440, 1936)

300 - -
Low temperature resistivity of

280 | Au
260 L /O(TQ,T5

again grows!

240 o
I

L1 = Temperature T (K)

A mysterious minimum point was discovered}




1. Introduction

 Puzzle of the electrical resistance

- Electrical resistance is induced by scatterings of itinerant electrons
(eg, Drude model, etc.)

Resistance/Resistance(T=0 Celsius) x 10000
A (from W.J. de Haas and G.J. van den Berg,

Physica vol. 3, page 440, 1936)
300 P
Low temperature resistivity of
Au
280 I
2 b
250 | x 1%, T
How can we . '
- . again grows!
explain it? 240 | > —InT
(Puzzle) ﬁ ) S mperature T (K)

5 10 15

[ N
- The behavior can be understood by tree-level
scatterings among a conduction electron or phonon
h.
e e e p/

[e.g. textbook by C. Kittel]




1. Introduction

Notable awards \
1973%F BRZX[REBHE
20035 XiEh5&E

« Kondo effect

Resistance/Resistance(T=0 Celsius) x 10000
(from W.J. de Haas and G.J. van den Berg,

Physica vol. 3, page 440, 1936) 20204 }X{tEE
300 - o | '
Low temperature resistivity of Jun Kondo (1930 — 2022/3/11)
| Au un —
280 \J /
260 |- 2 5
again grows! x T , T Q
240 ‘ XX —IHT e \eimp (trapped)
220 b L1 1 = Tomperature T (K) e .
10 15 20 / .
°Q
e | | | N
- Kondo showed the increment is provided by
2nd-order scatterings with impurity electrons
[Kondo effect] | 1. Kondo, PTP32 (1964)37 71 M.
k ___________________________________ e 61mp 6imp. /




1. Introduction

Theoretical detail | xondo.Prr32 (1964) 37

R — conduction e~
- Effective Hamiltonian for Kondo effect O/
5 ~ impurity e~
Heff:JZSkk"S (J > 0) et
kk!
o = i Os's . A
with Skk = ¢ —5—Cks spin operator of Q /
S=fl Ugsfs spin operator of () Q

_____________________________________

k k1
O T _|_ $ [ InT appears! ]
o ﬂ T o——
\ i - Dr: DOS at Fermi surface
7 Sz 12Dy ln A) 5.5, o Asuv cutoff(bandW|dth)§

(—>non-AbeI|an) ---------------------------------- '



1. Introduction

- Nonperturbative nature

Resistance/Resistance(T=0 Cefsius) x 10000

{from W.J. de Haas and G.J. van den Berg,
Physica vol. 3, page 440, 1935)

300 |-

Low temperature resistivity of /
280 F AY
260 |-
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1. Introduction

- Nonperturbative nature

Resistance/Resistance(T=0 Cefsius) x 10000

(from W.J. de Haas and G.J. van den Berg,
Physica vol. 3, page 440, Y936)

300 |- o -
Low temperature resistivity of /

Au

super nonperturbative ||
InT — oo (T'— 0)

- Yosida showed that itinerant and impurity electrons form a @ @
' spin-singlet condensate called Yosida singlet state "K Yosida (1966) |

__________________________________________________________________________________________________________________________________
—————————————————————————

_________________________



1. Introduction

- Kondo effect in QCD

- Conditions for Kondo effect in QCD heavy quark

1. Heavy impurity p— heavy quark QO (@ Q
080 QQ

2. Fermi surface — quark matter QQQQYG
00&)00

3. Non-Abelian interaction color interaction  light quark matter :

_______________________________________________________________________________________________________________________________

- Nowadays the Kondo effect is referred to as quantum phenomena
driven by the heavy-light condensate (Kondo condensate)

Q@ heavy-light condensate

= sibling of chiral condensate(xSB), diquark condensate(CSC) ...



1. Introduction

- NJL analysis of Kondo effect

—————————————————————————————————

- NJL-type model for the Kondo effect is ' Yasui-Suzuki-Itakura(2019) !

_________________________________

L =0, " + pyo)y + UidgV +Leg  with [,eﬂe = G(@ZWT%&)(\I!T%TG\I!)

—————————————————————————————————————————————————————

¢ light fermion i of. Hea=J) S
i kK’ |
\Ij heavy fermion within HQET ' . for original Kondo problem

_________________________________________________________________________________________________

- The Fierz transformation at O(1/N?) yields
Lot = G|[GU2 +[dins U2 + |GV + [$7959%]

- The ansatz of mean fields (in momentum space) is

only positive-energy
parts of v» and U join

(E is momentum of the fermions) ﬁA ~ @ (Kondo condensate)}




1. Introduction

—————————————————————————————————

- Fermionic excitations ' Yasui-Suzuki-Itakura(2019) |

_________________________________

- Dispersion relation of the fermions are obtained as

light: £ =k —pu E; = % (k — A+ (k—p)?+ 8|A|2) quasi-particle (g.p.)
4 heavy: E =0 > E, = % (k — =/ (k — )2 + 8\A|2> quasi-hole (g.h.)
lightt E=—k—pu E,=—k—p anti-particle (a.p.)

- Schematic picture is drawn as

energy
by
I
o
|
=
energy
o)
=
: |
» !

-~
~ =
~ ~
~ ~
~ ~




1. Introduction

o Phase dlag ram Yasui-Suzuki-Itakura(2019), DS-Suzuki-Araki- Yasui(2020)

- Thermodynamic potential at finite temperature is

Q/V = —/ (;l:)“g {Ek + Ef + Ef +2TIn (1 +e—ﬁEk) (1 +e—6E¢) (1 +e—f”Ei) } + Z|A2

- Solving a gap equation yields

——————————————

- A £ ; phase diagram at 7' = 0
LT T | 0.05 T '
4 i/ G=2/A2,
0.04 | G = 4/A2,
+© analytic
i Mcmo.o15 : 5 0.03 | 2NV
0.010 <
0.005 0.7 J 002
0.000 |
0.0000 0.6H Meut 0.01 | 7'— \ =0
TIA 0 ' '
cut0.0010 0.5 0 01 02 03 04 05 06 07

[- The Kondo phase at low temperature and high density emerges }




1. Introduction

* Previous works

Yasui, K. Sudoh, PRC88, 015201 (2013)

K. Hattori, K. Itakura, S. Ozaki, S.Yasui, PRD92, 065003 (2015)
S. Ozaki, K. Itakura, Y. Kuramoto, PRD94, 074013 (2016)

T. Kanazawa, S. Uchino, PRD94, 114005 (2016)

S.Yasui, PRC93, 065204 (2016)

S.Yasui, K. Sudoh, PRC95, 035204 (2017)

S.Yasui, PLB773, 428 (2017)

T. Kimura, S. Ozaki, J. Phys. Soc. Jpn. 86, 084703 (2017)
S.Yasui., K. Suzuki, K. Itakura, PRD96, 014016 (2017)

K. Suzuki, S.Yasui., K. Itakura, PRD96, 114007 (2017)
S.Yasui., S. Ozaki, PRD96, 114027 (2017)

S.Yasui., K. Suzuki, K. Itakura, NPA983, 90 (2019)

T. Kimura, S. Ozaki, Phys. Rev. D99, 014040 (2019)

K. Hattori, X.-G. Huang, R. D. Pisarski, PRD99, 094044 (2019)
S.Yasui, T. Miyamoto, PRC100, 045201 (2019)

R. Fariello, Juan C. Macias, F.S. Navarra, arXiv:1901.01623
D. S..K. Suzuki, S. Yasui, PRRes2, 023066 (2020)

T. Kanazawa, arXiv:2006.00200

Y. Araki, D. S., K. Suzuki, S. Yasui, PRRes. 3 (2021) 013233
Y. Araki, D. S., K. Suzuki, S. Yasui, PRRes. 3 (2021) 023098
D. S.,Y. Araki, K. Suzuki, S. Yasui, PRD 103 (2021) 054041
D. S.,Y. Araki, K. Suzuki, S. Yasui, PRD 105 (2022) 074028
K. Hattori, D. S., K. Suzuki, S. Yasui, arXiv: 2211.16150

- Phase structures (with T, 11, pu5)

- Kondo excitons (fluctuation modes)
- Wilson’s RGE analysis

- Kondo effect under magnetic field
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1. Introduction

- Heavy quark spin polarization by Kondo effect

- Kondo effect is expected to lead to a novel mechanism of heavy quark
spin polarization (HQSP)

____________________________________________________________________________________

no HQSP emergence of HQSP

2
HNR:—V _Q§. B4 light and heavy
2mq L — = spins are correlated!
0 (mg — 00) B (YA, T) [l% - a'term is essential]
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Introduction

- Application to metals

- The idea of HQSP can be applied to Dirac (Weyl) metals with nonrelativistic
bands, in the presence of their condensate (=hybridization)

NR

Dirac

energy

c.f. CosSn,Se, Dirac
' Xu+ PRB(2018)

momentum

~" ¥~ condensate

@ (=hybridization)

momentum

Dirac

con;ensate '

(hybridization

appearance of novel
spin magnetization




1. Introduction

- Application to metals

- The idea of HQSP can be applied to Dirac (Weyl) metals with nonrelativistic
bands, in the presence of their condensate (=hybridization)

> >3 4

%o %0 Dirac

: : c]zvv@vv(l)

NR [> NR condensate
fCTTTTTTTTTTTTTTTT h

Dirac ot Cotrten | Dirac ST condensate (hybridization

' Xu+ PRB(2018) @ (=hybridization)
"""""""" appearance of novel

momentum momentum

spin magnetization

concept of Kondo effect
/ import \

solid-state physics hadron/QCD physics
W{- systematic treatment }
m

- extension to relativistic syste
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2. Heavy quark spin polarization

 Model

- The NJL-type Lagrangian with the mean-field approximation is
L=PpEP+ o)y +¥iDe¥,
9| (PO T + By Oy + (he)| | Dud = Guicadu)y

+9[<15‘1’v><‘111¢> + <W\11v><\p;r,¢¢>] | - Dol = (00 +deq ATy |

@ assuming ansatz g(yA,U,) = A/2 with A, = (1 +p - @)/2
- The Lagrangian turns into

2|A[2
g

L= (i)’igo_lcb — e Arp — eQ\If};AO\IJU +
with the inverse of Green’s function
pot+tpu —-p-o A*
g

z'go_l(po,P) = p-o —po—pu —A'p-
A Ap- o Do



2. Heavy quark spin polarization

- Summary of Green’s function

G _( G5"wop) G5 (posp) U (p) = —2UAE + PIES)
P B = Gy (po, ) Gy*"" (po, ) T - BB - B
oo e 0 () = 28R+ IplEp)
. ) (Ep — Ep)(Ep — Ep) '
. 5 .| U U_ P
with Go¥ (po,p) = i [ i(§)+ + _(?_] Ay | Uap) =1,
Po P Po D R A
Ua(p) Vilp)= ——=5 V-P)= 57—
+ip a EaAa, Ep — Ep Ep — Ep
Ll ] _Eg—lpl+n _E; —lpltn
Spv, [ Vi) | Vi(p) Wilp)=—f— = W-P) ==
o "(po,p)=1 5 —| Apn p — Ep > — Ep
9 po—Ep  po— Ep |
- | Vi(p V_(p) | - 1+p- 1—p-
g(‘)I’vw(pO,p) =1 | 1o i(fg); + o —(E)p__ AHp Ap = +§ a'}/o Aa = ;) aﬂ/o
~ W wW_ 1 7 1
g(‘)IIL\IIU(ppr)ZZ_poi(gﬁ_‘f'po_(gi_-1- -APHE(I;,G) , Amp=(1-p-o)
- The dispersion relations are U
! 5Emin. - 8|A]2 )&
1 o Ve
F e = _ RY 2 = )
(q p) Ep - 2 (]pl :u’+ \/(lpl :u') +8|A| ) EB L —— e (--“3 ____________ ‘_I;':x;x;l
. 1 b e q.h.) : po = Ep
@ h) B, =5 (1ol - n— Vo[- w2 +81AF) & L=
a (a.p) 0 = B
(a.p.) Ep=—lp|—p. e

7
momentum p



2. Heavy quark spin polarization

- Evaluation of HQSP

- The HQSP in the imaginary-time formalism within the linear response theory

can be obtained via .
gO(Zwmap-i-)

- The vertex I',, must be corrected to satisfy the following Ward-Takahashi
identity (WTI) of U(1)gy symmetry

g, 7" = iGy (g, p+)Q — QiGy ' (py ,p-)  with Q = ( o 222 )



2. Heavy quark spin polarization

- Vertex corrections P
- The WTI for each component reads
Tlagy = eaf »
]_’w — A* A €Q — €q A )
R (—er+-a+eqP—-°’ | e T
Fi\yw =A(eg—eq epy -0 —eqp--o) with I'' = ( iy I‘qu\p” )
4. T" R AUly T AULw,
roawte, — €QI0L -

————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

____________________________________________________________________________________________________________________

- The approximate solutions for small g relevant to external B are

Avly = _%W (0 (p--p)o? — (p--o)p")
— ot (0 (p@)o? —(g-o)p) $ [For simplicity we take FAW = F;\Pw = 0}
T _ Aegte) ( 0
AU, 2|pl3 (py - p)o? —

+ 05, ( (p-q)o?

(P+'¢T)Pj) [
0 .

NOTE: NG modes for charged /\ do not
~(q-a)p"> ’ e

contribute by the longitudinal natur




2. Heavy quark spin polarization

« HQSP response function
- The HQSP response function f[H is defined by

<‘§}—[(QO7q)>B — QBZ(Qan)ﬁH(Q(%q) S}{

( € is the elementary charge)

______________________________________________________________________________

________________________________________________________________________

________________________________________________________________________

————————————————————————————————————————————————————————————————————————

________________________________________________________________________



2. Heavy quark spin polarization

- Temperature dependence of Y™ = lim I1x(qo, 0)

_____________________________ . qo—0
: GQ — €q — +2/3 i i D. S.,Y. Araki, K. Suzuki, S. Yasui, PRD 105 (2022) 074028 i
S o e —— A =
S gy (W/o ver. cor.) =----- S, oy (W/o ver. cor.) -=---- S N
5 Iy (w/ver.cor.) —— |3 M, (w/ ver.cor) —— 3 8g =8,=+2/3
°T _0.005 8o=85=+23 °I _0.005 8q=8,=+2/3 °T _0.005 T=30MeV
'E T=0 ’E T=10MeV 'E Dynamical limit
o s Dynamical limit 1= - Dynamical limit =)
E OO F s e A 7 S U - 1 8 oo\ TTTTmemssessissseas
= = =
(0] <)) [}
(72} (2} 2]
= = = -
8_ -0.015 \ 8_ -0.015 .\ 8_ -0.015 I:.IOH (w/o ver. cor.) ------
3 ® ] My (w/ ver.cor) ——
i : o : : o« :
0.3 0.35 0.4 0.45 0.5 0.3 0.35 0.4 0.45 0.5 0.3 0.35 0.4 0.45 0.5
Chemical potential p [GeV] Chemical potential u [GeV] Chemical potential u [GeV]
eg =+2/3, ég=—-1/3"
e e e e e e e e e e e . — — — — — — — — — — — — — — — — — — ———— — —— 1
< 0.006 < 0.006 5 0.006
()] Q Q
S | e A S P —
= AT A T cil & I
% %‘ - % " -
= 0004 = 0.004 | 4F o004 ;
c [ = c
2 8y=+2/3,8,=-13 | £ 8o=+2/3,8,=-13| £ q=+2/3,8;=-1/3
o Q q 3] Q q 3]
c = c = c T=30MeV
3 0002 T=0 3 0002 T=10Mav 3 0002 0 —
g Dynamical limit . Dynamical limit = Dynamical limit
& Ty (W/o ver. cor.) ------ 2 floy (w/o ver. cor.) ----- = Tloy (w/o ver. cor.) -----
§ Iy (w/ ver.cor.) —— % Il (w/ver.cor) —— § IT, (w/ver.cor.) ——
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Chemical potential p [GeV] Chemical potential u [GeV] Chemical potential p [GeV]



2. Heavy quark spin polarization

- Temperature dependence of IT51* = lim I1(0, q)
q—

€Q = €q = +2/3 ; ' D.S.,Y. Araki, K. Suzuki, S. Yasui, PRD 105 (2022) 074028 !
%-‘ 0 %' 0 %' 0
o, oy (W/o ver. cor.) ------ O, Iyy (w/o ver. cor.) ------ o,
g ITy, (w/ ver. cor.) ur g ITy (w/ ver. cor.) - — s
= -0.005 6q=86q=+23 L ~0.005 | 8q=64=1+2/3 = -0.005 f
c T=0 c T=10MeV =
g N Static limit 2 L Static limit 2 8q=8,=+23
= S e T — S -001 S -001; T=30MeV
@ @ @ Static limit
w [72] 1]
c c c =
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B~ Static limit o Static limit S
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H H
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2. Heavy quark spin polarization

« Comparison with HQSP from Zeeman effect

- The HQSP response function TI4' by Zeeman effect is evaluated from

V2
2mQ + ;LQQ Sh . B) \I’v Wlth Sh = % and mg = 1.27 GeV

Loy = \Ifl (iao i

$ [ <ﬁ%}>5ta _ N, é62(27r77”LQT)1/2 (1— \/§)C(1/2) (ﬁ%})dyn _q }

872

static limit / . e \
o 00— ‘ ‘ - HQSP at 1" =~ 0 in the static limit is
8 gg (&, = ~1/3 cor) —— dominated by that from Kondo effect
o= 001 Iy (éq = +2/3 cor.) _ . - )
< USSP - HQSP in the dynamical limit is entirely
S 1 dominated by that from Kondo effect
2 €q = +2/3 (c—quark)
3 4| Staticlimit n=0.5Gev 7 < b
3 / - Significance of Kondo effect
- ~0.02 0 0‘01 0‘02 0.03 ._f_Q_r_ _H_QS_E_“V!g?___S_h_QWD _________________

Temperature T [GeV] \\D S..Y. Araki, K. Suzuki, S. Yasui, PRD 105 (2022) 074028 /
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3. Spin magnetization in metals

- Application to solid-state physics
- The emergence of HQSP was triggered by

B
@ relativistic fermion @ condensate @ spin polarization
with Fermi surface (spin correlation) of heavy fermion

< =

- A similar system can be realized in Dirac (Weyl) metal where nonrelativistic
bands coexist in solid-state physics

energy energy
-~

K
When condensate occurs
» .
NR NR N : L
ovel spin magnetization
Dirac - ¢.f. CozSn,Se, | Dirac ST Cond_ensa’Fe _p gt f
. Xu+ PRB(2018) | @ (=hybridization) \_ IS expecte Y,

momentum momentum



3. Spin magnetization in metals

* Toy model
- The Hamiltonian is H = Hpirac + HNR + Hnuyb With

/

d3r Ul

Dirac

Hpirac (r)(_iUFV ; a)\IIDirac(r)

_\72 .
HNr = /dB’I‘ \I’J{\IR(T’) [% + 60] lI’NR(’I").
3 t +
Huyb = h/d [¢R,S¢NR,S + 1, sYNR,s + H.c.]
s=1,{

________________________________________________

H= Z\IJT U (k) with H(k) = ( 0 —vpk - o “h )
b b 5ot eo

_________________________________________________________________________________________________

\IjDira,c — (wRTa ¢R¢7 'QDLT) wLJ,)T
Unr = (UNRt UNRL) T

energy

te

—l
momentum



3. Spin magnetization in metals

« Spin magnetization (spin polarization)
- The spin magnetization is defined by

M®(q0,q) = —7v{S(q0,a)) = x*° (40, 9)B(q0, q)

with the gyromagnetic ratio v = gup

g : g-factor
U B : Bohr magneton

__________________________________________________________________________________________________________________________________

XSO is called the spin-orbital (SO) crossed susceptibility ( >~ spin response functlon)

__________________________________________________________________________________________________________________________________

- x°Yis evaluated within the linear response theory o
S(q, iw,,)

by field-theoretical (diagrammatical) calculation

or
by solving the Schrodinger equation perturbatively | intuitive interpretation
and using (spin) Berry connection, etc. . '-t-h-‘-"f-a-‘-’-e--p-a-‘-c-'f-e-t- ----- .




3. Spin magnetization in metals

- SO crossed susceptlblhty AYPO =

——————————————————————————————————————————————————

e

p) — XSO‘/L:O

0 (a) Static
SO 6.0 | Total
dynamical limit lim Ax~"(qo,0) P T —
S (A S|k 40 NR| s
<
% P
0 3
e El
STotal = diag(o,0,0)/2 %
NR .................. SDirac = diag(O’,O',O)/Q
Dirac] Sxr = diag(0,0, ) /2 ——
condensate i 5(0,0,0)/ 20-(b) Tollt)aylnamlcal
o - Dirac| --------- iy
Tomethun g, T —
- The emergence of significant spin ;73 0.0
magnetization is indeed realized 2
. T Pé -1.01 h = 0.2¢9
- The dynamical limit is more remarkable m = 3eq
2.0 0.0 2.0 4.0 6.0



3. Spin magnetization in metals

SO SO SO
« SO crossed susceptlblhty AxY = x"7 (1) — x°% | u=o
 static limit ;I_I}(l) Ax°°(0,q) @) _saic
.07 ota L&
dynamical limit lim Ax>°(qo,0) o| & DNEC)
oS 4—v i) 3? 4.0 NR| ---------
_ STotal = diag(o,0,0)/2 .
NR b oo SDirac — diag(a’,O',O)/2 67
Dirac Snr = diag(0,0,0)/2 (b) — ‘i| B
condensate Y I
201 ota
e Dirac| ----eeee- ‘
e O
- The emergence of significant spin ? 0.0
magnetization is indeed realized i
-1.01
- The dynamical limit is more remarkable =

______________________________________________________________________
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4. Conclusion

« Summary of HQSP

- | showed a new mechanism of heavy quark spin polarization (HQSP)
induced by the Kondo effect in a magnetic field light heavy

- Comparison with the Zeeman effect was done B (YA, T)

- HQSP at 1" = 0 in the static limit is mostly dominated from Kondo effect
- HQSP in the dynamical limit is entirely dominated from Kondo effect

[- The HQSP is a new dense-QCD phenomena in B like CME, CSE, etc. 1

- The same effects (spin magnetization) in Dirac/\WWeyl metals with

nonrelativistic bands were demonstrated
no sign problem

- Future lattice simulations in QC,D are expected to measure the HQSP

[>[Quantitative understanding of Kondo effect (my hope) ]







« Dynamical limit/static limit

(i) mo}* (i) IT,;~ (iii) I3,~

q.p.- — q.p. scattering q.h. = q.h. scattering q.p- + q.h. pair annihilation = q.p. + q.h. pair creation
\ ' J o\ ' J
intra-band process inter-band process

I (prip) ~ - V@WVe®) Ofr(Ep) o 79 s v e Vc( PV (p) ¢
ofr (P+;P-) P ?9_5:% b0 0P (P-q) orr (P+5P-) % ——= S + S [f — fr( )]
= 0 (dynamical limit) # 0 (dynamical limit)

(first ¢ — 0, next iw, — 0) # 0 (static limit)

# 0 (static limit)
(first iw, — 0, next ¢ — 0)




« CSE conductivity with Kondo effect

0.082
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0.078

" [GeV]

0.077
0.076

0.075

T=0
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0
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0.08
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B
% T e D a S
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T u=0.5GeV
‘ largely enhanc
T=0 —— T=0.03GeV -:----
T=0.005GeV -------- Normal -
T=0.015GeV -~ - --
0 0.02 0.04 0.06 0.08

Kondo condensate A [GeV]

« CSE conductivity with diquark condensate (in QC,D)

& 06}

1.2

0.8

0.4

0.2 F

0

1.5 2

lg| [GeV]

becomes exactly 1/3!
[changed from N, u/(27%)]

ed

;1_1% R (static limit) for A # 0



