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f-sum rule for the spin conductivity in itinerant magnets
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We derive a rigorou$-sum rule for the spin conductivit (w), valid in the paramagnetic regime

of any itinerant system with nearest-neighbor hopping, assuming only that the potential energy
conserves the total spin at each site. Two such itinerant systems are the double-exchange and
Hubbard models. According to tliesum rule, the integral oveéd () is proportional to the average,
electronic kinetic energy and is inversely proportional to the static susceptibility. The elastic value
D(0) can be obtained directly from the width of the quasielastic peak in neutron-scattering
measurements. For infinite dimensions dynamical mean-field theory impliesDiba) is
proportional to the optical conductivity(w) and that implies th&sum rule forD (w) reduces to the
well-known optical sum rule foo(w). Our results place severe constraints on the appropriate model
to describe the magnetoresistive manganites.2@2 American Institute of Physics.
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Because most models in condensed-matter physics lack 2
an exact solution, rigorous sum rules can help us to under-  S(k,®)= 75 x2(K, ), (1)
stand physical behavior and to estimate the error incurred by

various approximations. One of the most useful sum rules is 1 o

the f-sum rule for the optical conductivity(w). For a tight- Xa2(K,0)= EZ J dt etk (Ri=Ry)

binding model with nearest-neighbor hopping, this sum rule

relates the integral ovar(w) to the average kinetic energy X([Stori(1), St j(0) 1) 2

(K) of the electrons. A correlated, nondisordered electronic

: ; e In the hydrodynamic limit of small momenta and low
system at zero temperature is an insulator ifJing o(«) frequenci)éé8 tr?/e response functiog,(k,w) can be param-

=01 ,
This paper provides a generalization of these ideas to thgtnzed by the form
paramagnetic spin conductivity (w) which was first intro- wk?Dgy
duced by Malee¥for a Heisenberg ferromagnet abovVg. X2(K, @)= ST (DKZ ()]
S

Assuming nearest-neighbor hopping and that the potential

energyV does not change the total spin at any site, the intewhich implies thatS(k,w) contains a quasielastic peak with
gral overD(w) is shown to be proportional t&) and in-  width I'(k) =2D¢k?.

versely proportional to the static susceptibilityThe elastic In place of Eq(3), we employ a somewhat more general
spin conductivity or spin-diffusion coefficientSDC) D,  relatior?® which is valid for smallk but arbitrarye:
=D(0)/2 can beobtained directly from the width" of the _

guasielastic-peak in neutron-scattering measurements around . ik’D(u)x

©=0. In the hydrodynamic limit, T'(K) = 2/r(k) = 2D K2 Xz(k""):'m)(<"'“’+'”):'m—u+ik25(u) :
provides the lifetimer(k) of a magnetic fluctuation with

wave vectok. WhenD¢ becomes very small, such as near a

ferromagnetic transition, the system can be considered a spin __ do D(w)

insulatof even when the particle conductivitf(0) remains D= |5 =——, mu=0, 5
high.

Recent work® in infinite dimensions suggests that spin where >0 is infinitesimal. This parametrization &{k, )
relaxation in itinerant systems is much more complicatedand y,(k,w) is valid for ka<1l andké<1, whereé is the
than in Heisenberg systems. For infinite dimensions, we usmagnetic correlation length aralis the lattice spacing. So
the dynamical mean-field thedrjo show thatD (w) is pro-  for a fixed k<1/a, it fails only in the critical regime very
portional too(w) and that thé-sum rule forD (w) reduces to  close toT¢, when¢ becomes large. Comparing E¢®) and

u=w+iy

(4)

the well-known optical sum rule foir(w). (4), we confirm that the SDC is given dy,=D(0)/2.

Due to the isotropy of magnetic fluctuations abdve, It follows that the spin conductivity can be written in
the total spin correlation function S(R;—R;,t)  terms of the spin-current response functid(w) as
= (S{oti(D)St(0)) of a paramagnet does not contain any off- 2 1 242
diagongl matrix glements. Gen_erally, the Fourier transformed  p ()= 2 im EZXz(k'w): ——ImIl(w), (6)
correlation function may be written as X k=0 wx
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which relates the integral ov&(w) to the expectation value
(@)= —§ lim j dt€“Y[I5(k,1),5(—k,00]), (7)  of the kinetic energy. Equatiofi4) is valid for all tempera-
N o tures and in any dimension.
where y is fixed and arbitrarfowing to the isotropy above In infinite dimensions, the response function can be con-

Tc) andJ? is the spin current in the directiopwith polar-  Siderably simplified by using dynamical mean-field theory.
ization 8. These relations imply thaD(w)=0 for all  Due to the absence of off-diagonal matrix elements afigve

frequencie$. and the lack of current vertex correctidnis infinite dimen-
Consider a tight-binding Hamiltonian with the forkh sions, the spin-current response function can be written as
=K+V, where the kinetic energy operator is () =I(i om= w+in) where
: T : -
K__tE (CR aCR a+CR aCR a) E Eka aCk,a (8) H(Iwm):m; G(k,lV|)G(k,|V|+|O)m)UE’y- (15)

(i)

Herec;ia andcg , are the creation and destruction operatorsHere G(k,i ) 5= G(K,i ) 8,4 is the one-particle Green’s
for an electron with spirv=1 or | at sitei. For simplicity, ~ function, which is a function of the Matsubara frequencies
we have assumed a single band but #saim rule derived ©n=2m=T andy,;=(2|+1)=#T at temperaturd. It follows
below still holds for multiple bands so long as the hoppingthatD(w) is simply related to the particle conductivity(w)
remains between nearest neighbors. If the system contaif® D(w)= 0(w)/2)(e and that the SDC is related td40) by
both local and electronic spin degrees of freedom, then th®s=o(0)/4x€?. So in infinite dimensions, thiesum rule for
total spm at sité can be writtenS,;; =S + Sec;, Wheres D(w) is equivalent to the the optical sum rule fotw):*°
—(1/2)cR aOapCR B is the electronic spin. The potential en-

d 2e’a’
ergyV is assumed to conserve the total spin at sie that f —wo(w)z N (K). (16)
[V,Sti]=0. Both the Hubbard and double-exchange models z
obey these assumptions. With the effective mass defined by nif=—(2a%2)
The spin current is obtained from the equation of cont|—><<K>/N >0 the right-hand side reduces to the well-

nuity for the total spin: known expressiomee?/Nm* = (wj/4) (VIN).

Sta Now we briefly explore the consequences of freim

M = [She HI=k-a,3%(K), (9) rule for the double-exchange modéf? where the Hund's

energyV=—2J,3;5- S, acts to align the local and itiner-
t _ ant spins. At least qualitatively, the double-exchange model

Iok)= ?2 e WRiclk ,ols(Cr1a p~Cr-a p) is believed to describe the magnetoresistive manganites,

i ' L7 L which become metallic beloW. Recently, thef-sum rule
: s for th_e optical cond_uctivity has been used te unders_tand the
= 52 Uk! /Chr 0T apCk! +k,B (10 physms of manganites beloW. and to appraise the limita-

k' tions of the double-exchange mod&t*®The f-sum rule for
where a, is one of z/2 primitive lattice vectors and, ,  the spin conductivity provides similar insight into the appro-
= Je,/k,, is the electron velocity. Based on the definitions Priate models to describe the spin dynamics of the mangan-
of xo(k, w) in Eq. (2) andJ%(k) in Eq. (10), we find that ites aboveTc .

Neutron-scattering measureméfits on manganites like
La,Ca ,MnO; with x~0.3 indicate thaDg exhibits little
temperature dependenceTaapproache3 . Moreover, spin
diffusion seems to persist even beldw, where the quasi-
elastic peak iny,(k,w) coexists with spin-wave peaks. The

t f-sum rule for the spin conductivity can help determine

[32(K), St k1= Zk.ayz {CJFrei «CRi+a a whether such behavior can arise from an exact treatment of

' the double-exchange model in three dimensions. Assuming
+C’g{_ WCR—a s (12 that the magnetic transition is second order, tiyetiverges
S and the integral oveb(w) must vanish a§ —Tc. Since
so that D(w)=0 for all w, this implies thatD (w)—0 for every o

17 do do (ka)? aqq, in par_ticular, thabs—0 asTgTC. So away from the

_f —w)(z(k,w)=sz —D(w)=-— (K) critical regime where the magnetic correlation lengtbhe-

T 2 2Nzy comes large and our parametrization of the response function
(13 fails, the double-exchange model predicts thatshould ex-
where the first equality follows from Ed6). hibit dramatic temperature dependence in the vicinity ef

Thus, we finally obtain thé-sum rule for the spin con- This prediction cannot be reconciled with the measurements
ductivity: described above.

) Therefore, it is necessary to go beyond the double-

f %D( )= — a (K) (14) exchange model in order to explam the spin dynamlcs of the

2Nzy manganites even abovg. . It is now well-establisheld that

dow 1
| Zoxtco-gra(i sud. a1

but the commutator is given by
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