PHYSICS OF THE SOLID STATE VOLUME 40, NUMBER 8 AUGUST 1998

Critical dynamics of disordered magnets in the three-loop approximation
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A field-theoretic description of the critical dynamics of magnetic systems with frozen
nonmagnetic impurities is given. The values of the dynamical critical exponent in the three-loop
approximation are obtained directly for three-dimensional systems using the B

summation technique. A comparison is made with the values of the dynamical exponent for
homogeneous systems calculated in the four-loop approximation as well as with the

values obtained by Monte Carlo methods. 1©98 American Institute of Physics.
[S1063-78388)02608-2

It is well known that phase transitions in homogeneousvhere(x,t) is an-component order paramet&f(x) is the
magnets change only for Ising magnets when randomly dispotential of the random impurity field,y~T—Tg(P), Toc
tributed frozen impurities are introduced into the system.is the critical temperature, determined in the mean-field
The g-expansion method makes it possible to calculate théheory, of a disordered magney, is a positive constant, and
critical exponents for dilute magnets.However, the d is the dimension of the system. We prescribe the impurity
asymptotic convergence of theexpansion series in this potential by a Gaussian distribution
case is even weaker than for homogeneous magriBte
renormalization-group approach to the description of disor-
dered magnets used in Refs. 4 and 5 directly for three- Pv=Ay eXF{—(85o)lj dxVA(x)
dimensional systems, made it possible to obtain the values of

the static critical exponents in the four-loop approxmatlon.whereAV is a normalization constant and, is a positive

Howe.ve.r, calculat|on§ to such accuracy are lacking for theconstant, proportional to the impurity concentration and the
description of the critical dynamics of disordered systems,Squared impurity potential

This is due to the rapid growth of the volume of the calcu- The dynamic behavior of the magnet near the critical

lations even in the lowest orders of perturbation theory. temperature, taking account of the spin-lattice relaxation, can

In the present paper a field-theoretic description is cony ., jascribed by a Langevin-type kinetic equation for the
structed for the critical dynamics of disordered magnets di-order parameter

rectly for d=3 in the three-loop approximation. The model
considered is a classic spin system with nonmagnetic impu-

rity atoms frozen at the lattice sites. The model is described 9% _ 2 ﬁJr +Anh 2
. . ot 05 n oth
by the Hamiltonian ¢
H= 1 E J:pipiS-S where )\, is the kinetic constanty(x,t) is a Gaussian ran-
24 dom force characterizing the effect of a heat reservoir and

where § is a n-component spin variable];; are the ex- prescribed by the distribution function

change translationally-invariant short-range ferromagnetic
mtergctl(_)n gonstants_pi is a random variable described by P,=A, eXF{—(M\o)_lf dixdtr?(x,t)
the distribution function

P(pi)=ps(pi=1)+(1=p)a(pi) with normalization constark,,, andh(t) is an external field

with p=1—c, wherec is the concentration of nonmagnetic thermodynamically conjugate to the order parameter. The
impurity atoms. Spin-phonon interaction effects lead in thetime correlation functionG(x,t) of the order parameter is
general case to nonconservation of the total spin of the sysletermined by solving Eq2) with H[ ¢,V], given by Eq.
tem. Taking them into account, a thermodynamically equiva{1), for ¢[ ,h,V] and then averaging over the Gaussian ran-
lent Ginzburg—Landau—Wilson model determined by the fol-dom field » by means ofP,, and over the random impurity
lowing effective Hamiltonian can be introduced to describepotentialV(x) by means ofPy and singling out the part of
the critical behavior of spin impurity systems the solution that is linear ih(0), i.e.,

1
H[<P:V]=Jddx{§[|ch|2+rocp2+v(x)¢2]+ Z_?‘P4 ,

1)
G(x,t) = —=[{e(X,t)) Jimp|

h=0
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where point in the limit with the cutoff parameteA —c by an
ultraviolet divergence at large momerktavith pole-type sin-
[{@(X,1)) Jimp= Bflf D{7}D{V}e(x,t)P,Py, gularities. These poles are eliminated by using a dimensional

regularization scheme, involving the introduction of renor-
malized quantitieS.We shall determine the renormalized or-
:J D{#n}D{V}P,Py. der parameter ag=Z"2p,. Then the renormalized vertex

functions will have the generalized form
The application of the standard renormalization-group tech-

nique to this dynamical problem encounters substantial dif- I'is" (K.@;r,g,8,X\,u)=Z™2™ (K, w;r 9,90, 9, \o)
ficulties. However, for homogeneous systems in the absence 4
of the disorder introduced by the presence of impurities ity;ith the renormalized coupling constargsand 8, tempera-
has been showrthat the critical dynamical model based on turer, and kinetic coefficieni

Langevin-type equations is completely equivalent to the

standard Lagrangian systémith the Lagrangian gO:,U«47nggv So= w9256,
_ LJ¢ oH ro=p2Z,r, Ngl=wp2z, 271 5
=fddxdt[)\51¢72+lqo Aot qD 5@)} T o KM ®

The scaling parameter is introduced to make the quantities
Here the correlation functio(x,t) of the order parameter dimensionless. In Eq4) I'?) corresponds to the reciprocal
for a homogeneous system is determined as of the correlation functiorG(k,w) of the order parameter,
while T*) corresponds to the four-tail vertex functioi§"
G(x,t)=(@(0,0) o(x,t . .
(x0=(¢(0.0¢(x.1) and FE;‘) for the coupling constantg and &, respectively.

. . The Z factors are determined from the requirement that the
=0 f D{e}D{e"}¢(0,0(x,1) renormalized vertex functions be regular, which is expressed
. in the normalization conditions
Xexp(—Lle,¢*]),
where w =1 er(4)| _ ,4-d
(9k2 . ’ g ki:0 M g,
Q=f D{¢}D{¢* jexp(—L[¢,0*]). , . T (K, ) B
. o _ o ZTY)—0=n" ", ey =\"1 (6
A generalization of this field-theoretic approach and details @) 1k2,0=0

of its application to the critical dynamics of disordered mag-

! e " We carried out this regularization procedure for the vertex
nets with frozen point impurities and extended defects ar

functions in the three- -loop approximation. For this purpose,

exppunded n Re_f. 8. In ReB a procedure fqr obtql_nmg a we present the values of the vertex functions, appearing in
replica Lagrangian averaged over the impurities, e[he normalization conditions, in the form
generating-functional formalism for coupled Green’s func-

tions, and the diagrammatic rules which eliminate the contri- o
bution of closed loops from the Green'’s functions in all or- F§4)|ki:o=go,2 Aij905b,
ders are presented. =0

Instead of the correlation function it is more convenient 3 o
to study its vertex part, which can be represented in the rg4>|ki=0=50_2 Bij905%b
Feynman diagram formalism in the three-loop approximation hi=0
in the form

or® 3 -
- - gl sl
I'?(k,;r0,90,80,\o) K |2, iJE:O Cijoco.
iw n+2 3
=ro+k*— ——48,D;— —=-03D> ar® .
)\o 18 &( ) :ijzzo Dljgbélo’ (7)
4(n+2) ~0e=0
986D 3~ 1665(D 4+ Ds) where the coefficients are sums of the corresponding dia-
grams or their derivatives at zero external momenta and fre-
(n+2)(n+8) 3 8 2(n+ 2)2 quencies. Thus, the numerical values of the derivatives of the
T8 % Z Di| - 9 9550 E D; diagrams(see Fig. 1 D{ =dD;/d(—iw/\)|x=0,-0, geENEI-

ating the coefficient®;; and obtained by using the subtrac-
39 tion scheme of Ref. 10, are presented in Table |, where
052( 2, D 646%(2 D; 3 J=/dg/(qP+1)2=(S,/2)T(d/2)T (2—d/2) is a one-loop
1= integral with Sy=279%(27)T(d/2), and T'(x) is the
The diagrams corresponding @, are presented in Fig. 1. gamma function. We write the expansion for the quantities
The Feynman diagrams contairdadimensional integration g, 89, Z, and Z, in terms of the renormalized coupling
over the momenta and are characterized near the criticalonstantgy and & in the form

16(n+2)
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where the unknowns;; , b
terms ofA;;, B;i, C;

ij» Cij, andd;; are expressed in

ij» Bij» Cij, andD;; by means of the normaliza-

tion conditions. The next step in the field-theoretic approach

is to determine the scaling function8y(g,6), Bs(9,9),
¥(9,9), v,(9,6), and 1v,(g9,0), which give the
renormalization-group differential equation for the vertex
functions:

14 Jd m
_+;y)\)\___

J P P
Kon TPagg TR T o N 27

XTM(K,w;r,g,8,\,u)=0.
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TABLE I. Values of the derivatives of the diagrams displayed in FigD17 dD; /d(—iw/\)|k=gu=0-

Di/J —1.000000 D;/3° —0.032279 D5 /33 —0.666667
D,/J? —0.130768 D;4J° 0.061515 D,y 38 0.584625
D4/J? —0.666667 D;dJ° 0.004666 D,y J3 —0.092766
D4/J? —2.000000 D;/J° —0.333557 D4y J3 —0.074202
Di/J? —1.000000 D;4J° 0.042034 D5,/ 38 —0.194407
Dg/J® —0.104778 D;4J° —2.053736 D5,/ 38 —2.053736
Dy/J? —0.032835 Dy 33 —2.053736 D4y J3 —2.053736
DIAN —0.032835 D,/ 33 —1.142275 D5/ —1.000000
Dy/J® —0.519431 D3 —0.396553 DigJ® 0.666667
DIAN —0.519431 D433 —1.142275 D4dJ3 0.666667
D;/3° —0.276601 D,/ 3% —0.396553 (DA —2.053736
D,/J8 —0.468697 Dy J® —0.396553 D5y J° —0.074202
D;/J° —0.032279 Dy J° 0.226932 D4y J3 0.000000

In the following discussion of the dynamical behavior B, (v*,u*)=0, B,(v*,u*)=0.
we shall require only the functiondy and 85 and the dy-
namical scaling functiory,,, determined by the relations ~ The quantitiesy* and u* are of order 4-d, so that the
series expansions of the scaling functions wdth3 in pow-
ers of v and u are asymptotically convergent. The Pade

dIngZz dIngZ
4—d+ gy 9% 4 gy %

J > a5 ' Borel method has found wide application for summing
g1n 6Z, g1n 82 them_.11 Nume_rical analysis of th_e_ equations for _determining
4—d+ By a9 Y the fixed points and the conditions under which they are
stable shows that in contrast to theexpansion withd=3
dIn Z, dlIn2ZzZ, the accidental degeneracy of the fixed points withl does
"=Bqg a8 C) not arise. Only two of the four fixed points are of interest: the

79 fixed point for homogeneous systems* @0, u* #0) and
The explicit form of the functions, ands, in the four-lo0p  the impurity fixed point ¢* #0, u* #0), which determines
approximation was obtained in Ref. 5, where the couplinghe new critical properties of disordered magnets. The impu-
constantsy and u were introduced, which are related o r|ty fixed point is stable On|y fon=1, while for n=2 the

and o as v=(n+8)Jy/6 andu=—16J6. Prescribing the presence of disorder associated with the presence of the fro-

functions 8 and y, in the form zen impurities is not important for the critical behavior of

3 3 magnets. The impurity fixed point point for the three-

B,=v > BYvul,  B,=u > B v'ul, dimensional Ising model in the three-loop approximation is
ij=o ij=o

given by the values* =2.256938,u* = —0.728168.
3 Substituting the values of the coupling constants at a
%:'2 )’Ejuj, (10 fixed ppint into the sgaling .f.unctior*yh(v,u) allows u's'to
ij=0 determine the dynamical critical exponentcharacterizing
we present in Table Il the values of the coefficients in Eq.the critical slowing down of relaxation processes,
(10) for the three-dimensional Ising modei€1). The na- B -
ture of the critical point for each value of andd is com- Z=2+ (v, un). (1D
pletely determined by the stable fixed point for the couplingg,; the series expansion of (v*,u*) in powers of* and
constants ¢*,u*), which is determined from the require- \;+ \ith 4=3 is, in the best case, asymptotically convergent,
ment that the function vanish, i.e., and to obtain reasonable values it cannot be directly
summed. We summed it by the generalized R&twel
TABLE II. Values of the coefficients in the expressions for the scaling method, which consists of applylng to the series the Borel

functions. transformation

i (W ) - o %

(i.7) Bi Bij Yiij ’)/)\(V,U):E Yi V'U]:f e‘tl“x(vt,ut)dt,
(0,0 -1 1 0 0 0

1,0 1 312 -0.25

0,9 2/3 1 0 yi

2.0 - 95/216 —185/216 0.053240 L(X,y)=2 —a—xiyl, (12)
1,9 —50/81 -104/81 0.030862 o (i)t

0,2 —92/729 —308/729 0.008400 )

(3,0 0.389922 0.916667 —0.049995 and then using the Pad€hisholm approximants
2,0 0.857363 2.132996 -0.152964

1,2 0.467388 1.478058 —0.041167

M N K L -1
0,3 0.090448 0.351069 —0.012642 [M,N/K,L]=> > aijviuj( > bpqvpuq> )
=0 j=0 p=0 gq=0
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The expansion obtained far, (v,u) in powers ofy andu in Ising models make it possible to determine the effect of im-
the three-loop approximation makes it possible to use appurities on the dynamical critical behavior both in real physi-
proximants of the formi1,1/1,1 and[2,2/1,1]. The applica- cal experiments and in computer experiments using Monte
tion of the approximant§1,1/1,1 corresponds to an earlier Carlo methods.

descriptiort? of the critical dynamics of disordered magnets Let us compare with the results of computer modeling of
in the two-loop approximation and gives the value of thethe dynamic critical behavior of the disordered Ising model
dynamical exponentz{z,=2.169849. The approximants the value obtained for the dynamical exponef),.**"**In
[2,2/1,] make it possible to obtain the exponenin the  Refs. 14 and 15 computer modeling of the critical relaxation

form of magnetization in a system with dimensions’ 4gd spin
_ 2_ concentration 04 p=<1 was performed. The Monte Carlo
au B-1 2B°—pB+1 . ) . -
2=2+ —+ ——(au?+ azuv+ ay?) + 3 method combined with the dynamical renormalization-group
B B B method’ was used to determine the dynamical critical expo-

1 nentz. For homogeneous and weakly disordered systems
au+ E(a2u2+ azuv+a,v?) with p=0.95 and 0.8, the following values were obtained for
the exponents:z(1.0)=1.97+-0.08, z(0.95)=2.19+0.07,
and z(0.8)=2.20+0.08, which are in good agreement with
Fo(1,18), (13 our computational results. In Ref. 16 the values of the expo-
nent z were obtained on the basis of an analysis of the
where;Fo(1,18) is the confluent hypergeometric function, asymptotic properties of the dynamical autocorrelation func-
while the functionse; and g can be calculated from the tjon for a system in a state of equilibrium and demonstrating
following relations: strong fluctuations of the magnetization. Thus, the following
values were obtainedz(1.0)=2.095+0.008 for a uniform
, system, z(0.95)=2.16+0.01, z(0.9)=2.232+0.004, and

1
X (agU?v+ aguv?)— =

B

+i( 2 2
5 (asU v+ aguv?)
B 2

_ Y20 7Y1,0Y30

d1=7%Y1,00 A2=
2 3720 7(0.8)=2.38+0.01 for weakly disordered systems, and
Y11 Y1,0Y03 Y0.2 z(0.6)=2.93+0.03 with p=0.6. Adhering to the concept
BT T By, M2 that the fixed point of the critical behavior of weakly disor-
’ dered systems, which does not depend on the impurity con-
Y21 Y11Y30 72,0703 centration, is also a fixed point for any impurity concentra-
%776 6v20 B 602 tion, in Ref. 16 the asymptotic value of the dynamical
exponent was estimated to bhe2.4+0.1. The value of the
a6:7_12_ Y11Y03_ Y027¥3,0 exponentz obtained in Ref. 16 for a homogeneous system
6 602 6720 strongly conflicts with the results of the field-theoretic ap-
B=BLU+t By proach, while forp=0.95 the agreement between the values
! 25 is good. Our point of view concerning the universality of the
Y30 Y03 critical behavior of disordered systems was stated in Refs. 14
B1=— 37,0 2=~ 3700 and 15, where we suggested that the universal critical behav-

. ] ~ ior of weakly disordered systems be determined from the
. Thi use of the coupllng constants at the impurity fixed,na10g0us behavior for strongly disordered systems and we
point v* =2.256938 andi* =—0.728168 gives the follow- a4yanced the hypothesis of step universality of critical expo-

ing value for the dynamical exponent: nents for three-dimensional disordered systems.
Zi(r?];): 2.1653109. (14) The prediction of the theory as to the effect of impurities

) on the dynamical critical behavior of magnéksgher value
The small change in the value of t.he gxpon:e,gg calculatgd of Zmp(d=3) compared wittz,,{d=3)) can be detected in
in the three- and two-loop approximations shows that highers nymper of experimental methods: inelastic neutron
order corrections will give only very small changes. The Ca"scattering—the linewidth | T—T¢/** at q=0 and

culations performed in Ref. 12 on the basis of the xg? at T=T,: ESR and NMR magnetic resonance—the
(] 1

expansion in the two-loop approximation gave at the samg;iqih of the resonance lind woc | T— T @2+ 7-27 \where

time the valuezi(,f])f 2.336, which substantiates the need 10, js the Fisher exponent; measuring the dynamical suscepti-

use the renormalization-group procedure directly vaith3 bility for a high-frequency external magnetic field(w)

to describe the critical behavior of dilut_e magnets. <@ Y7 gt T=T,, wherey is the susceptibility exponent;
_In Ref. 13 we performed a calculation of the dynamical jrasonic experiments, where the sound absorption coeffi-

critical exponent for the homogeneous three- and twogiant a(w)=|T—T| @ 2w2g(w/|T—T,?), the sound

dimensional ferromagnetic systems in the four-loop apprOXiUispersionCZ(w)—C2(0)oc|T—TC|*“f(w/|T—TC|Z”). un-

mation on the basis of the Ginzburg—Landau—Wilson dy'fortunately,

) s . we know of no works where an experimental
n_amlca! relax_atlon model. Spef)lflcally, for the f‘hree'investigation of the dynamical critical behavior of weakly
dimensional Ising model the val =2.017 was obtained

> “Poure ' dilute Ising-like magnets was performed.
for the dynamical exponent using the Pa@®rel summation

technique. The large numerical differences between the val- This work was supported by the Russian Fund for Fun-
ues of the dynamical exponent for homogeneous and dilutdamental Research under Grant No. 97-02-16124.
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