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Abstract: We will discuss the effect of non-equilibrium drive near a quantum
critical point in itinerant electron systems. Non-equilibrium field

theory isformulated in terms of the Keldysh functional integral.

The renormalization group approach is used to study the universality

class of the non-equilibrium phase transition in the steady state system.
Therole of the non-equilibrium drive in the quantum-classical crossover

will be discussed using the example of the Hertz-Millis theory and

the generalization thereof.
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Prelude

Non-equilibrium drive near
an equilibrium quantum critical point

Non-equilibrium phase transitions: Universality classes ?
Non-equilibrium drive may break basic symmetries
such as time-reversal, inversion etc.

Non-equilibrium drive and Decoherence:
Effective temperature ?
Relation to thermal transitions ?

Renormalization Group theory of
non-equilibrium transitions
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Outline

Equilibrium magnetic quantum phase transitions in
itinerant magnets; Hertz-Millis-Moriya theory

Non-equilibrium drive (current, electric field) near
an equilibrium magnetic quantum critical point

Open system (coupled to reservoirs);
Steady state non-equilibrium state

Development of Renormalization Group scheme

Study of Universality Classes
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Equilibrium quantum phase transitions

Phase transitions at T=0 tuned by control parameters
(e.g. pressure, magnetic fields, chemical doping)

Change in broken symmetries at a quantum critical point

ClassiCal
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QCP
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Equilibrium quantum phase transitions

Quantum-Classical Crossover

uﬁ:* ’“"E-: ::"T

R r Quantum Regime
re =< BT =

w MC_"‘

W £ " <T (lassical Regime
T~ & > 1/T (quantum critical)

Effective dimensionality

&
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dt.ﬁ': z>d
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Equilibrium quantum phase transitions

Quantum-Classical Crossover

F el T

s : Quantum Regime
re " < BfE <

o TN

e iy

“ £ " <T C(lassical Regime

£ > 1/T (quantum critical)

Spatial and Temporal fluctuations
are coupled in
quantum phase fransitions
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Theory of Quantum Criticality in Equilibrium
Itinerant Magnetic Phase Transitions

Effective field theory of the order parameter in
d+z dimensions (effective space-time dimensions)

W X q° ol

el = Z 1_1-'{]. w)imilq. w) 5w / d’r dt mix. F"b:i

cHaw)=—i— o t&E §—1 UNP
]_|:.f1|'|

Stoner parameter

(cf F= / ((Vm(x)[~ + d[miix)~ + u[mi(x)]*) Landau free energy)
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Theory of Quantum Criticality in Equilibrium
Itinerant Magnetic Phase Transitions

Effective field theory of the order parameter in
d+z dimensions (effective space-time dimensions)

WX q° rocl
Seft = Z 1_1'2(.]. w)|m(q.w) = = / d’r dt :r.ﬁrx. f'rjl
= :
\_:-q__‘-_,'r: —1 _-; —--rf"—ri da=1—-—UN(0)
I'(g)
Stoner parameter
E F= / dr ((Vai(x)]~ +4m(x)~ + u[m(x)]") Landau free energy)
I'(q) xq.q Clean/Dirty Ferromagnet (z=3,4)

L( g) X constant Open System (z=2)
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® Renormalization Group Analysis;
quartic term is irrelevant ( d.s > 4); relevant ( des < 1)
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Theory of Quantum Criticality in Equilibrium
Itinerant Magnetic Phase Transitions

Effective field theory of the order parameter in
d+z dimensions (effective space-time dimensions)

WX q° Eoel

Seff = Z x ' (q.w)|mi(q. w)|* + u / d’r dt [m(x.t)]*

X (q.w) = —i _*‘ +q-+ 6 d =1—UN(0)
ll:;;.

Stoner parameter

(cf F= / d°x ([Vimi(x)]~ + é[m(x)]~ + u[m(x)[") Landau free energy)
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® Renormalization Group Analysis;
quartic term is irrelevant ( d.s > 4); relevant ( des < 1)
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e Renormalization Group Analysis;
quartic term is irrelevant ( des > 4); relevant ( des < 1)

dT (b)
dInb

Thermal fluctuations decouple the dynamics and
statics - classical transitions in d-dimensions

T A

= zT'(b)

e T is a relevant perturbation

2<d<z+2
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il e o
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General Consideration

The fields which drive the system out of equilibrium
typically increase its energy and destroy phase coherence;
this may be analogous to temperature ?
similarity between non-equilibrium transitions and
thermal transitions ?
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General Consideration

The fields which drive the system out of equilibrium
typically increase its energy and destroy phase coherence;
this may be analogous to temperature ?
similarity between non-equilibrium transitions and
thermal transitions ?
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General Consideration

The fields which drive the system out of equilibrium
typically increase its energy and destroy phase coherence;
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similarity between non-equilibrium transitions and
thermal transitions ?
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General Consideration

The fields which drive the system out of equilibrium
typically increase its energy and destroy phase coherence;
this may be analogous to temperature ?
similarity between non-equilibrium transitions and
thermal transitions ?
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Open systems coupled to reservoirs -
non-conserved order parameter

H = Hy,,. +H,.+H,
e = » fae o 6.0

V=pr—pg

2D Itinerant electron system coupled to two 3D leads

Let us consider the ISING limit (longitudinal magnetization)
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Goals

Difficulty in the formalism: Hertz-Millis-Moriya theory
is based on a quantum generalization of the
Landau-Ginzberg free energy.

But free energy is an equilibrium concept.
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Goals

Difficulty in the formalism: Hertz-Millis-Moriya theory
is based on a quantum generalization of the
Landau-Ginzberg free energy.

But free energy is an equilibrium concept.

Find a way to express nonequilibrium problems
in a Feynman path integral form;
sum over histories on the Keldysh time contour
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Goals

Difficulty in the formalism: Hertz-Millis-Moriya theory
is based on a quantum generalization of the
Landau-Ginzberg free energy.

But free energy is an equilibrium concept.

Find a way to express nonequilibrium problems
in a Feynman path integral form;
sum over histories on the Keldysh time contour

Determine the nature of quantum phase transition;
determine dynamic and static universality classes;
generalize renormalization group scheme
to nonequilibrium systems
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Need for Keldysh Formalism

General consideration

(O(1)) = Trl();'nm}

p(t) = f'{{ __}'.1__\\”[1'{_ = ] — r{‘(._ P—o0 |r{{__ .
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Need for Keldysh Formalism

General consideration

(O1)) = Tr{Op(D)] =Tr|O14, woP(—0) U o ;)

}-11 t) = r{{_ = }_q — 00 ,Ef[{_ . l — f{{ = #.1 —O0 Ir{{_ ==
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Need for Keldysh Formalism

General consideration

(O(1)) = TrlOp(1)} =TrlU_.. O, _..p(—c0)]

A1) = Uy p(—)NUy o] = Uy _cpl—0)YU_ o,

need to consider forward-backward tfime-evolution
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Need for Keldysh Formalism

General consideration

(O(1)) = TriOp(D)} =Tel . O, _..p(—0))

A1) = Uy — o~ —oo]” = Uy — o —0YU oo,

need to consider forward-backward time-evolution

In equilibrium, we can avoid this ...

(GSIOIGS) = (O1__ O, _.|0) GS) = U, _..|0)
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Need for Keldysh Formalism

General consideration
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Need for Keldysh Formalism

General consideration

(O1)) = Tr{(jﬁ=tf1} =Tr{U_...OU, - o —00)|
D) = U p—NU, o] = U _—c0)YTU_.,

need to consider forward-backward time-eveolution

In equilibrium, we can avoid this ...

(GSIOIGS) = (O1{_.. O, __10) GS) = U, _..|0)
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Need for Keldysh Formalism

General consideration

(O(D)) = TrlOp(D) =Tr| U oo LOU, _..p(—c0))

() = Uy _ =) U, —o] = Uy _pl—o0)U_,

need to consider forward-backward time-eveolution

In equilibrium, we can avoid this ...

-

(GSIOIGS) = (O1l_. O, __.|0) GS) = U, _..|0)

adiabatic switching on and off: (01, .. = (Ole*

(GSIOIGS) = (O[T o0 ,OU, _..|0) /™
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Need for Keldysh Formalism

General consideration

(O()) = TrlOp(D)) =Tr{U oo LOU, _ (o))

() = Uy _ o~y _oo] = Uy _pl—o0)YU_.,

need to consider forward-backward time-evolution

In equilibrium, we can avoid this ...

(GSIOIGS) = (O1l_.. O, _..|0) GS) = U, _..|0)

adiabatic switching on and off: (U, .. .. = (Ole*

(GSIOIGS) = (OIT...,.OU, _.)0) /et = OFU. .. ,OU, _.|0)/ O _~ |0}
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Need for Keldysh Formalism
In general (non-equilibrium/equilibrium)

(O(1)) = Tr{Op(D)} = Tr{TU- o ;LOU, _p(—0))

= T oo +oeUs o0 SOU, _j(—00))

I
-

>

irsa: 11030119
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Need for Keldysh Formalism
In general (non-equilibrium/equilibrium)

{_OUI} = Tr{@;‘rirmi = Tr{'lﬁf _-(.TJ‘ZA!.'_ cof —00)|
= TR o oo o s OL, _ o (—0)]

Keldysh generating functional

Zkn| = Tr{cp(—oc)} Ho(t) = H(1) = On(r)/2
o Iu_Z.r-;au.
onlt)

n=t)
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Keldysh Path Integral Formalism

Equilibrium field theory is based on the crucial
assumption that the asymptotic state in the distant past
(initial state) and distant future are identical
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Keldysh Path Integral Formalism

Equilibrium field theory is based on the crucial
assumption that the asymptotic state in the distant past
(initial state) and distant future are identical

Out of equilibrium this assumption is invalid and
we have no knowledge of the asymptotic state in
the distant future
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Keldysh Path Integral Formalism

Equilibrium field theory is based on the crucial
assumption that the asymptotic state in the distant past
(initial state) and distant future are identical

Out of equilibrium this assumption is invalid and
we have no knowledge of the asymptotic state in
the distant future

Keldysh approach; let the quantum system evolve forward
in time then rewind its evolution back;
then no knowledge of the distant future is necessary
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Keldysh Path Integral Formalism

—sHit—1

Density matrix ~ (t) =« SPYPRIRWY. (1=

Keldysh generating functional Zx[y] = Tr{lcp(—>)}

4 I
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Keldysh Path Integral Formalism

—tH(t—¢,, H(t—t;nis)

'!':;llf‘.r”,. e’

Density matrix  o(f) =«

Keldysh generating functional Zx[n] = Tr{ldep(—)}

Keldysh path integral in terms of
fields on the forward and backward paths

Zh = / H D{'-".— } (D¢ rff'_ : !L“’f A L*-'f» r{{_ ) tf';- A {:51 i|if/’ H L"‘-'_: 1-{_.___1 Lf?:f" Lﬁ: rl{*{__x [

N=3 case
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Keldysh Path Integral Formalism

—iH(t—tinie H(t—tinis)

Density matrix  plf) = « ' p(tinit )€

Keldysh generating functional Zx[n] = Tr{ldep(—)}

I I

Keldysh path integral in terms of
fields on the forward and backward paths
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Keldysh Path Integral Formalism

Interacting Fermions

Zx ~ S _iSucies

conne. or «

irsa: 11030119 Page 43/80



Keldysh Path Integral Formalism

Interacting Fermions

tSk[{e+ .
Z~ ) g

all conheg. of «

Hubbard-Stratonovich transformation via order parameter
fields and Integrating out fermions
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Keldysh Path Integral Formalism

Interacting Fermions

— 3 giSkl{es.c-}]

all config. of ¢ .c

Hubbard-Stratonovich transformation via order parameter
fields and Integrating out fermions

Keldysh path integral in terms of order parameter fields on
the forward and backward paths

Z aff g 11
Z LY - 1iML.™T t
h- ~ r "~ L L | 3

all conf. of m..m
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Keldysh Path Integral Formalism

Interacting Fermions

_‘. _J i by |
Zf{ = E f-_s.‘.“n_lt.,.{ }

all config. of ¢ .c

Hubbard-Stratonovich transformation via order parameter
fields and Integrating out fermions

Keldysh path integral in terms of order parameter fields on
the forward and backward paths

—— : geffry _
L ~ /Dm“m I Ry — )
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Effective Field Theory

Integrate out electronic degree of freedom and
obtain an effective field theory of order parameter
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obtain an effective field theory of order parameter

Effective Field Theory

Integrate out electronic degree of freedom and

— t.,"j' S i) T [ M
— _-_i = e t -}

= g
n p— = == ra
Pe—— _-_"‘hil.;

Y+ — pun () + gy — s () + ., —
Y+ pra — pb (2 + pra — pu g - Ha — P
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0=1—-UN(pr.pr.I't.I'r)

some function of .l g

(I -F_" 7
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Effective Field Theory

Integrate out electronic degree of freedom and
obtain an effective field theory of order parameter

-..1': ol ) v ;: = l [ ¥ l v
_*-,j{.‘ — Q\*7F L § S =i mqg = jlm +m, m, = ._f I — n
- |
¥ i f ] I' = f
S\ = —3 | dt di I“rd'r (maglt.r). mgolt.r)) _ : X -
\ 1R \ i e m,_'.ir‘ T
—11H, N} — H ) —1 == ,,' *:‘_! ;—: L
X | 1qQ.25) X 19Q-22) 0—1— T (a4
E e Max(w. T . V)
M (aw) = =

x '™ acts as a “mass” for quantum fluctuations
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Effective Field Theory

[x '1* acts as a“mass” for quantum fluctuations
At T=0 and at equilibrium (V=0)
x ']"(w—0)=0 strong quantum fluctuations

At finite T and at equilibrium (V=0)

S I ,, quantum fluctuations

: 3 suppressed by T

At T=0 and in non-equilibrium (finite V)

=15 (w0 — 0) V ., <quantum fluctuations

; 2 suppressed by V
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Quartic Interactions

i) =t - ; E [ 3 5 . __l _" g 3 . 11
S\Y = — /.f[{k}r;ulrn,f:‘u_,f UMMy + uzm mey + ugm,|

i; are interaction functions depending on the
momenta and frequencies of all the fields

Renormalization Group

Integrate out fluctuations with A/b<g <A

-t

Resca"ng g—q /b.(QT.V)— (. T V)b . my,— m, r-_,!.f_:'"* a
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Renormalization Group

rlehi T ;
dinb = \%)

dV (b
dinb

— {87

do

dinb

— '_}{g+(_'1ffllfll

du;
dinb

= [4 — (d + :,11EnrE + O(u;u;)

Voltage is a relevant perturbation
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Renormalization Group

dT (b dV (b) = 44

— 25 + .'{ullf.r'_f,f

dinb = dinb ' aino
1 — €y — 1-.\”7". Ir"h.h' s _.’.h 1) ¢ Ij”[?—: 1.;‘.-'-.'.1
- a— [1= K R K A\ - frRA] [ A K ; -RAT
—2 — ¢t — 2 |19u( [+ 177 ) —2u ™| + 18uy i [T — 2ugzf™
= = . e - e R
— e(uy — uz) — 12m; [Gug f™" —unf™"| —8us(f~" + -
r =Lk D " A ~I> A7
—(y — tuz) l"‘”" I,nﬂ ¥4 KAy _ lj”’,;al.l
1 'y ;'l- ,"I' -I‘L' { o r -:1- ..r..L' ) _rr'l. ]1_
r;; — fl’fjt — le_!H; J R _.f- : e _H_: H_-__,f‘ : — I_H;_f_
’.:'_}r:-"”:_ £ — l—r!—

. /.9 depend on T.V.4(T.V)

Voltage is a relevant perturbation
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Solutions of the Scaling Equations

The quartic interaction is irrelevant/relevant for d+z>4 or <4

d=z=2 case is marginal; details of the crossover complicated
At the end of scaling 4(b") ~ 1

= : i . e =
”':_h ] — -‘I} T ]_ fl_,l' ~t T r=o0—o,

‘.IJI_J‘: = _-'I}*-:l. ~ ;‘_: :1.
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Solutions of the Scaling Equations
The quartic interaction is irrelevant/relevant for d+z>4 or <4

d=z=2 case is marginal; details of the crossover complicated
At the end of scaling 4(b") ~ 1

ab") = _h“‘jr | b* ~ /4 r=0 —o,
V(b*) =BV ~ r—=/2V
V({b") > 1 : :
~ classical regime
e o
V(") <« 1

v < pz/z  GuUantum regime
“« T
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Solutions of the Scaling Equations

The quartic interaction is irrelevant/relevant for d+z>4 or <4

d=z=2 case is marginal; details of the crossover complicated

At the end of scaling 4(b") ~ 1

“";!:hq ] — -bq1:f' ~ ]_ IF}*. ~ T L2 | A — .r_'; — f}‘r.
V(b*) = [b*]FV ~ r—*/2y
5y = I
Vb)) > 1 : : — S ~ ﬁ
_ ~ classical regime PR o n(1/V)
= e R classical
V™) < 1 _ -
V < p/2 quantum regime — quantum
e B —
o Page 56/80
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Solutions of the Scaling Equations

Using v1 =wV. vy =iip. v3 = % and vy = &
= 20 + ':f:r_l,f
Tl_ = 2v; — 18v? £ K f.‘;{ £y ljf‘_-!'_i_,u_ |
= L"'*r“ll_‘_““ — 300, v, f_-\ t . KA
+4v2 fRA _ 6o fA
—f'l-"‘,':—_"'f 4 - = RS e
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Solutions of the Scaling Equations
The quartic interaction is irrelevant/relevant for d+z>4 or <4

d=z=2 case is marginal; details of the crossover complicated

At the end of scaling 4(b") ~ 1

1

. . n— . - =
“"I.h } = b |y ~ ] b* ~ r - % r—o0 — 0,

V(b*) = b*]°V ~ r— 32V
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Renormalization Group

I T(b) 1 L — V(B £ — 20 + 3u,(b)g
nb dlhd = 2 dln
—-— — €ty — 18u- f.h-"rl eyt 1..?.?:'11_4’ e
% == ,;}_ — ..IH _I-HI; FRA .f . === jH_JI i — 1“‘\!{ | }[‘h R ]r:' r_;'l- t4]
—=F — elmy — uwy) — 12, :im;_!" . u_-.f'h‘{": R e S
—(uy — uy _l‘%rr-_-_fh-“ FRA) 124, f B4
guy _ ity — Gty -'_r.-*'\':rf €T .Ii,‘:rf.l — jr;_: :”_.Jf'f{:'{ — 12i ;_Jf':ri‘ 11:

o i1l b

Uz 4 = U3 4 a2 /.9 depend on T.V.4(T.V)

Voltage is a relevant perturbation = —
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Solutions of the Scaling Equations
The quartic interaction is irrelevant/relevant for d+z>4 or <4
d=z=2 case is marginal; details of the crossover complicated

At the end of scaling 4(b") ~ 1

= (]1.% rp*12 : > - .
6(b°) = Pr~1 B ~r? _——

9

V(b*) = [b*I°V ~ r—=/<V

A, ' v
V(b™) > 1 : : — | £~ ==
7~ classical regime e n(1/V)
raet === classical
V(™) <« _ “';'
v _,», quantum regime = quantum
T i =
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Solutions of the Scaling Equations

Classical Regime V >r (2=2

Using n=wmV, =i vz= 0 and vy = Ve
g = 20 + 3113
L _ 99 — 18v2(fER 4+ £KA) 4 12v,00 FRA
I in - A
2 L"‘*f'?_,f;hh = ;“f'-_!_. f_ 4+ fK
—lf_'*: = .';U.f‘ls';j_ !
T — 22 + —= = —d4uy +
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Solutions of the Scaling Equations

Classical Regime V >r (z=2)
Using 11 = wiV. vp =iy, v3 = 3 and vy = {3
1{;‘_ — _};i —— 31 ;_!;
Tlr_ :._}E— 181 1 fT!{“ 2 fﬁ iy 120 1 rfn’;

U1 is relevant  v2 is marginal U3 4 are irrelevant

Voltage driven transition in the classical regime is described by
s d—2 theory; similar to the effect of temperature
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Phase Diagram at d=2

i : =
‘ Dynamical critical
T | exponent z=2
= o classical
g Vis a relevant
- quantum perturbation

Generalized Fluctuation-Dissipation Theorem

At T=0 and in the classical regime,V > r

- . » _ : [ IR .
n == _1.| - "I. i
X (€2} o X 2) — x(£2)] Ies r ;
= F SEY . o S — . 3
(cf. 5@ =coth | o | (@) — ") in equilibrium at finite T)
\ 2 /
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Magnetization Dynamics

Introduce new H-S field

I
L.}

Iri,

Variation of the Keldysh action w.r.t. m,

1 odm.;

- (. £V 4+ vy .mS)my 4
It '

5

Langevin Equation

The noise is determined by the Keldysh response function
. = ' ] 1 B A - ' : !
-1§(q.12)§(q .11)) = x| (q.82)o(q + q )o(§2 + 7))

Pirsa: 11030119 Page 64/80



Magnetization Dynamics

- : l H”:"' v A p. C
Langevin Equation —— = (0 =&V + o, mg)ma + &
In the classical regime,V > r x * xV

{(t) becomes gaussian white noise
."p“
st LIt ' . ¥) = oz — =)ot — .*"_f ~
JrLR

This is the same as the Model A dynamics;
the voltage driven transition is in the same universality
class as the usual thermal Ising transition;
voltage acts like temperature
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Magnetization Dynamics

Introduce new H-S field

Variation of the Keldysh action w.r.t. m,

1 dm,

- ) ] ]
|0 EV 4+ v ,.m;)mg + &
5 _

Langevin Equation

The noise is determined by the Keldysh response function
- . ] I} 1 = I\ . F - r
-1(£(q.12)€(q .1Y')) = =[x |7 (q,£2)o(q + q )o(£2 + §1)
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Magnetization Dynamics

+ ‘ 1 r..i.f,rI_; E o 2 >
Langevin Equation —— (8, — E2V2 + vy, m2)my +
In the classical regime,V > r ¥ xV
{(t) becomes gaussian white noise
) F
E .f'.fif: ,s'"_ffl r’f;'_i“—_rI At —f"; -1
TrLR

This is the same as the Model A dynamics;
the voltage driven transition is in the same universality
class as the usual thermal Ising transition;
voltage acts like temperature
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Heisenberg Magnet

The physics of the disordered and quantum-classical
crossover regimes is weakly dependent on the spin symmetry

Differences appear in the ‘renormalized classical’ regime
corresponding to adding a weak non-equilibrium drive to
an ordered state

The Langevin Equation in the ordered phase (near QCP)

e D - (W ""'gf":- )5"\‘*:} =¢ (V/ILA/T <)

spin precession as4fi the Landau-Lifshitz-Gilbert Eq.

spin-torque effect when I (:,)Ta(=)-To(=)Tal=) # 0
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Symmetry Breaking ?

I = eEl,,

vp ~ Teg/kF

[1%(q.Q) =0 + Aq” — it (2 — Tp - §) dT g s

for = H—w) + —[sgn(w) + sgn(E - vy)]e =

I1 i\ |

Pirsa: 11030119

{

{

I

)

(

il
do

dl

tf!‘gﬁ

= —217T.,

|

r‘;‘li_'l =
4

—ICOSO

dl

du;

dl

20 + C'yuy |

{ ‘I._j

2 —d u; + Oupuy)

A. Mitra, A. J. Millis (2008)

Page 69/80



Symmetry Breaking ?
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Beyond Effective Temperature

+ Two 2D electron gases

- Hubbard interaction (spin channel):  H;,, ~ —US?
- Near FL-FM quantum critical point




Beyond Effective Temperature

Insulator

Bath

+ Two 2D electron gases

Hubbard interaction (spin channel):  Hy,, ~ —US>
Near FL-FM quantum critical point

+ Interlayer interaction

FM spin exchange J
No particle tunneling

+ |n-plane time-independent electric field for bottom layer

+ Reservoir (free Fermionic bath): gives steady-state



RG analysis

+ Solutions to RG flow:

£ + 3
I—::’f N = Trﬁ' 0
vg(d) = wvgb?

b)) = b °,
ﬁ?".b:l — ﬁ;b_‘l

Inb
AB) = VPlA+36 [ doe % f(Tae™,re )
0




Summary

studied the steady-state nonequilibrium magnetic
quantum critical phenomena in open systems

generalized renormalization group scheme
to nonequilibrium systems

voltage playing a role of effective temperature

sub-leading scaling may differ from equilibrium
analogs for “tensorial” order parameters

identification of universality classes
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Symmetry Breaking ?

f.i'__. ;\'F et T H "«.- E}'_

¢
&

irsa: 11030119
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Heisenberg Magnet

The noise is given by E(q.t)E:(q. 1)) = 2Eé,.6(q + ¢)o(t — t'

r

E—- r‘ for T =0.V £0

The solution of the Langevin Equation

™ I:. '_'r o r.'_ri
I_E._"" -'_;'—'—r‘lrlnr- =2l I":E i s L L

mo(g.t)m_(q't')) =

: Ly Ory :
rJ_'_._IrJ_I.‘ — —1 _'rl' SO
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Heisenberg Magnet

The physics of the disordered and quantum-classical
crossover regimes is weakly dependent on the spin symmetry

Differences appear in the ‘renormalized classical’ regime
corresponding to adding a weak non-equilibrium drive to
an ordered state

The Langevin Equation in the ordered phase (near QCP)

A O AN ( : by AV
- Oy —

x| @vii=¢ (V/T.A/T < 1)

spin precession the Landau-Lifshitz-Gilbert Eq.

spin-torque effect when ', (=)Ta(=)-To(=2)Trl=) # 0
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Solutions of the Scaling Equations

Classical Regime V >r (2=2)
Using i =wV. vp =iz, v3 = 3 and vy = {3
T['_ = 28 + 311§
I—l’fr— =121 — I.‘-'a'."f[ _fT‘r"T‘r 4 _fTH"‘I + 121, f'_:__f;?'l
.;':;:j.i. = llm.l_'_fﬁ‘h' — 30, Vs fh'!f £ f-h’_{ \
e h.jf_‘ﬁ.% — 36wy f';_fﬁ'l

U1 is relevant U2 is marginal v3 4 are irrelevant

Voltage driven transition in the classical regime is described by
s d—2 theory; similar to the effect of temperature
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Solutions of the Scaling Equations

The quartic interaction is irrelevant/relevant for d+z>4 or <4

d=z=2 case is marginal; details of the crossover complicated
At the end of scaling 4(b") ~ 1

- . ; — & i) - =
oMb*) = 1b"1“r ~ 1 b* ~ r— /- r=4 —»9,

V(b*) = b*]°V ~ r 32y
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Renormalization Group

JT!!H T{
— = 2Z1 1O)
dinb
.'fl_lf: -
= :1 ;h:
dinb
10 S i
f :'_}ﬁ—*—('lffgl.hl
dinb E
du; : ,
=4 — (d+ 2)|u; + O(u;u;)
dinb ; ; |

Voltage is a relevant perturbation
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