PHYSICAL REVIEW B

VOLUME 14, NUMBER 3 1 AUGUST 1976

Quantum critical phenomena*

John A. Hertz
The James Franck Institute and The Department of Physics, The University of Chicago, Chicago, Illinois 60637
(Received 8 September 1975)

This paper proposes an approach to the study of critical phenomena in quantum-mechanical systems at zero
or low temperatures, where classical free-energy functionals of the Landau-Ginzburg-Wilson sort are not
valid. The functional integral transformations first proposed by Stratonovich and Hubbard allow one to
construct a quantum-mechanical generalization of the Landau-Ginzburg-Wilson functional in which the order-
parameter field depends on (imaginary) time as well as space. Since the time variable lies in the finite interval
[0,— iB], where B is the inverse temperature, the resulting description of a d-dimensional system shares
some features with that of a (d + 1)-dimensional classical system which has finite extent in one dimension.
However, the analogy is not complete, in general, since time and space do not necessarily enter the
generalized free-energy functional in the same way. The Wilson renormalization group is used here to
investigate the critical behavior of several systems for which these generalized functionals can be constructed
simply. Of these, the itinerant ferromagnet is studied in greater detail. The principal results of this
investigation are (i) at zero temperature, in situations where the ordering is brought about by changing a
coupling constant, the dimensionality which separates classical from nonclassical critical-exponent behavior is
not 4, as is usually the case in classical statistics, but 4 — z dimensions, where z depends on the way the
frequency enters the generalized free-energy functional. When it does so in the same way that the wave vector
does, as happens in the case of interacting magnetic excitons, the effective dimensionality is simply increased
by 1; z = 1. It need not appear in this fashion, however, and in the examples of itinerant antiferromagnetism
and clean and dirty itinerant ferromagnetism, one finds z = 2, 3, and 4, respectively. (ii) At finite
temperatures, one finds that a classical statistical-mechanical description holds (and nonclassical exponents, for
d < 4) very close to the critical value of the coupling U,, when (U— U,)/ U,«(T/ U.)**. z/2 is therefore the

quantum-to-classical crossover exponent.

I. INTRODUCTION

The spectacularly successful analysis of critical
phenomena in a wide variety of systems using
Wilson’s renormalization-group ideas' has hither-
to been limited to classical statistical-mechanical
models. Such a description is appropriate when-
ever the critical temperature is finite, provided
one is close enough to the instability. Then, when
all fluctuation modes have characteristic energies
< kT,, classical statistics are appropriate. How-
ever, one can also think about a phase transition
in a zero-temperature system which occurs when,
say, a coupling constant reaches a certain thresh-
old. In this case, none of the fluctuation modes
have thermal energies, and their statistics will
be highly nonclassical. By the same token, in the
same system at a finite but low temperature, one
should expect quantum effects to be dominant ex-
cept in a narrow range of coupling strengths near
the critical value. (By low temperature, I mean
kT much less than characteristic microscopic
energies, such as the Fermi energy, bandwidth,
Coulomb or exchange energies, etc.)

In addition to quantum effects at low or zero
temperature in the equilibrium correlation func-
tions and static-response coefficients, we should
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expect quite different dynamical properties. In

the classical case, one can study dynamical criti-
cal phenomena using time-dependent Landau-Ginz-
burg equations or generalizations thereof.>? These
equations contain as parameters transport coeffi-
cients whose existence depends on the presence

of collisions to maintain local thermal equilibrium.
In a zero-temperature problem, by contrast,

there are no collisions, and consequently no trans-
port coefficients and no time-dependent Landau-
Ginzburg equations. Similarly, at low T, the dy-
namics will be effectively collisionless except
very close to the critical coupling.

One feature of the classical problem is the
separability of the statics and the dynamics—the
former may be solved independently of the latter.
We shall see here that this, too, breaks down in
systems where quantum mechanics is important.
Statistics and dynamics are then inextricably con-
nected, and one has to solve for both equilibrium
and nonequilibrium properties together in the
same formalism, rather than doing the dynamics
afterwards. This complication is offset, however,
by the fact that the formalism we shall use makes
this unified approach the straightforward and na-
tural one.

Our principal formal tool for setting up this
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class of problems is the functional-integral trans-
formation of Stratonovich and Hubbard.® It allows
one to construct an exact quantum generalization
of the Landau-Ginzburg-Wilson (LGW) free-energy
functional used in classical problems. The pre-
cise form of this functional will depend on the
character of the dynamics of the system in ques-
tion, but all quantum functionals share the feature
that the order-parameter field depends on time

as well as space. The time variable is, as one
might expect in a quantum-statistical problem,
imaginary and in the interval [0, — i8] (8=1/kT).
The Fourier transform of the order parameter

(in terms of which it is usually simpler to write
the functional) therefore is a function of frequency
as well as wave vector, and the frequencies which
occur are the (Bose) Matsubara frequencies iw,
=2win/B. Section I is devoted to a discussion of
the derivation of this functional for the problem of
interacting paramagnons in itinerant ferromagne-
tism.

With this as a starting point, in Sec. III we apply
the renormalization group and study the evolution
of the parameters in the functional as high wave
numbers and high frequencies are scaled out of
the problem. We show that the quantum LGW func-
tional has a stable Gaussian fixed point under the
renormalization group at zero temperature for
d=1. The T=0 critical exponents are thus mean-
field-like. We then examine the instability of this
fixed point at 7+ 0 and calculate the crossover ex-
ponent which characterizes the eventual switch to
a non-Gaussian fixed point and non-mean-field ex-
ponents. In Sec. IV we discuss the utility of ap-
proximate solutions of the renormalization-group
equations as a substitute for more conventional
perturbation-theoretical techniques in problems
like this, and examine the effect of the hitherto
ignored higher-order terms in the generalized
free-energy functional on such solutions. In Sec.
V we introduce and apply the renormalization
group to several other models in which quantum
effects can be important—itinerant antiferromag-
netism, interacting magnetic excitons, and the
paramagnon problem in the presence of impuri-
ties. Finally, Sec. VI is devoted to a somewhat
different version of the quantum renormalization
group in which all frequency components of the
order parameter ¥(q, w) with same g are scaled
out of the problem together at each stage of the
renormalization-group operation. This procedure
is different from that mentioned above, where one
scales out high w and high g together, in that time
and space are no longer treated on the same foot-
ing. The results are the same, however, and this
formulation does have the advantage thatit, in prin-
ciple, allows one to follow the crossover from

quantum to classical scaling continuously.
An abbreviated account of part of this work was
presented earlier.*

II. GENERALIZED LGW FUNCTIONAL FOR INTERACTING
PARAMAGNONS

The application of the Stratonovich-Hubbard
transformation to itinerant ferromagnetism has
been discussed extensively in the literature.’-?
Here we only outline the steps involved in gener-
ating the free-energy functional. We start with a
Hubbard interaction Hamiltonian,® written in terms
of charge- and spin-density variables:

H' =U Z Y m
7

U U
=2 Z (niy +ny4 2—-‘-1- Z (ngp=myy)%.  (2.1)
1 7

Statistical mechanics requires knowledge of matrix
elements of the operator

eBH = ¢=B% T exp (— fﬂ dTH'(T)) . (2.2)
0

The Stratonovich-Hubbard transformation applies
the identity

ea2/2=f Vd-gx_-” e-x"’/z-ax (2.3)

to (2.2) for each imaginary time 7 between 0 and
B and for every site in the lattice, with the result
that

Z=Tre™ B4

=ZO_[6\Ifexp <—%£Bd7 ZW%(T))
x <TrTexp(— foBdTiZO: oVi(T)n¢0(7)>>o.

(2.4)

Here V(7)=(3U)Y>¥,(7) is a time-dependent mag-
netic field acting on site 7 at “time” 7, and Z, is
the partition function of the noninteracting sys-
tem. [In addition to V, there should be another
field in the exponential inside the expectation val-
ue in (2.4), coupled to the charge density. We
ignore it here, since we want to concentrate on
the spin fluctuations and expect that charge-den-
sity fluctuations will be relatively unimportant.]
The expectation value in (2.4) can be expressed
in terms of the electron Green’s functions of the
noninteracting system,
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1 expli k- (R, - R;) - iE, 7]
0 ==
GIJ(T,T) B; ZE _€k

(2.5)

so that

Z=Zof6‘llexp <— %fﬁdTZ‘If‘}('r)

i

+ Z Tr In(1 -OVG")) , (2.6)

J

®[¥= 22 0,(a, WI¥(G, )P +

q UJ

6<gq

i

Clearly the form is analogous to that discussed
by Wilson for classical statistics. The effect of
quantum mechanics can be traced to the noncom-
mutativity of H, and H’, which forced us to write
e~B% in the interaction representation (2.2), re-
quiring the functional averaging identity (2.3) to
be applied for each time 7. This makes the order
parameter time dependent, with the consequence
that (Matsubara) frequencies appear in (2.7) on
the same footing as wave vectors. It is as if an-
other dimension were added to the system, but,
except at zero temperature, the extent of the sys-
tem in the extra dimension is finite. We shall ex-
amine the effects of the consequent finite spacing
between Matsubara frequencies at the end of Sec.
oI.

The coefficients v,, in (2.7) (irreducible bare-
m-point vertices in a diagrammatic perturbation-
theoretic development) can in principle be eval-
uated in terms of the band propagators (2.5); v
is just proportional to a loop of m electron propa-
gators, with four-momentum transfers
4y, Wy, - - -, my W, between propagator lines.” The
quadratic coefficient v,, which we will want to ex-
amine here, has an extra term of unity because
of the Gaussian weight factor in the functional in-
tegral,

vz(q, w)=1 _UX(](q, w)) (2-8)

where y, is the function evaluated by Lindhard for
a free-electron model,®
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where the matrix V has elements V;;(7, 7')
=Vi(1)d;,6(1-17).

The exponential in Eq. (2.6) is then a formally
exact free-energy functional &[¥] in which ¥,(7)
[or, in a continuum limit, ¥(x, 7)] is the order-
parameter field. To do much with it, it is gen-
erally advantageous to expand it in a power series
in ¥, leading to an expression of the general form

Z 04(4, @y, 405, G5 W3, 43ws) T (G, @)W (92, w, )T (G5, W) (44, w,)

()

1
+“—m('BN‘ )m?z—), Z vm(qlwl,.. s AmWy )H\Il(q“w) 5(

qu 5( Zw;) + (2.7)
i=1 i=1
1
Xol@, w) = Ekz (B, iE,)G(k +q, iE,+w)
(ek € +q)
; —————_Emiw . (2.9)

For small ¢ and small w/qvg, it has the expan-
sion'®
Xol@, iwm) =N(Ep)[1 - 3(a/2kp)
—3m(lwal/qup)++-+].  (2.10)

As long as we are near the ferromagnetic instabil-
ity UN(E ) =1, this long-wavelength, low-frequen-
cy form of y, gives a good representation of the
paramagnon propagator or its spectral weight
function

Imx(w+i5)=1m(_l%)_w_)>

(2/7T)UF‘IN(EF)0J
¥ {2/ o[l -UN(E ) + +1(q/2kp)]}?

(2.11)

for frequencies where most of the spectral weight
lies, since Imy is sizable mostly near a frequency

=(2/mMvpq[l —UN(Ep) +1(q/2k )l 1< v,4 .
(2.12)

The higher-order loops v,, m =4, are compli-
cated functions of the ¢; and w;, but they share
with v, the fact that they vary with any ¢ on a
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scale of 2k, and with w on a scale of E,. Put
physically, the force between paramagnons has

a range = (2k;)"! in space and a retardation =1/E
in time. When all of the ¢; and w; vanish, v,, is
simply proportional to the (m - 2)nd derivative of
the band density of states at E."

In this section we will see an approximation to
the full functional in which we use the expansion
(2.10) in v,, ignore all ¢ and w dependence on v,,
and discard higher-order vertices completely.
The finite range and retardation effects will be
simulated by cutting off all ¢ sums at =2k, and
all w sums at ®*E,. Choosing units appropriate-
ly, we can write our approximate functional as

SNAE % Z <ro+q2+ I—qw—‘) | ¥ (q, w)P

+ 41;]03 Z ¥(q,, w,)¥(q,, wz)\I’(qa’ “-’3)

Wy

X'I’("q1_q2"q3y_w1—w2_w3)’

(2.13)

where, in terms of microscopic parameters,
ro=1-UN(Eg), (2.14a)
uy,=4UN"(Ep). (2.14b)

This & is of almost the same form as the classi-
cal LGW functional, except for the presence of
the frequency-dependent term in v,, which con-
tains the essential information about the dynam-
ics. It tells us that the decay mechanism for the
paramagnon excitations is Landau damping—the
lifetime of a free particle-hole pair of total mo-
mentum ¢ is (vpg)~', and the correlations enhance
this lifetime (for small ¢) by afactor [1 - UN(E )]},
as reflected in (2.11). This is why w enters (2.13)
in the form |w|/g. If the dynamics were different,
this term would have a different form. We shall
examine examples with different dynamics in Sec.
V.

Our functional (2.13) therefore describes a set
of interacting, weakly-Landau-damped excita-
tions. Terms of higher order in ¥, as well as
higher-order expansions of the coefficients in-
cluded here in powers of ¢ and w, contain no
essential new physics and in fact are “irrelevant”
to the zero-temperature critical behavior in the
sense described by Wilson.!

It is also possible to write the generalized LGW
functional in a form which preserves the rotation-
al invariance of the original Hamiltonian by using
a vector paramagnon field § in place of ¥. We
shall not dwell at length on the formal derivation
of this functional, since this aspect of the prob-
lem has been discussed elsewhere.®"!! Our em-

phasis is on the form of the coefficients to order
S* and their physical implications.

The starting point lies in expressing the inter-
action Hamiltonian as

H'=3U Y (my+n,)=2U Y §;+§; (2.15)
i i

instead of (2.1), which only has S;S; terms. Then
the application of the identity (2.3) leads to an ex-
pression for the partition function [cf. (2.6)]

1 B .
z=zof68exp<—§z: f dTS%(7)+Tr1n(1—VG°)>
: (1]
3

(2.16)

in which V and G are matrices in spin space as
well as in space-time indices, and the Tr indi-
cates a trace over both spin and space-time in-
dices. Explicitly, G° is the spin diagonal with
elements (2.5), and

<i) T,ﬂ]l VI]’ T’)m,>
= (LU)26,,6(1 - 7)8i(7) +(m|T Im") . (2.17)

When the Trln in (2.16) is expanded in powers
of V, the quadratic term of the exponent becomes

LT[t - 20l )] Sala, WP (2.18)

qwor

and the fourth-order term looks like

1
— BY$,
apN qu'Zwiv:‘ (g, wib)
aByd
Xsa(qlwl)sﬁ(qzwz)Sy(q3w3)sé(q4w4)

Xé(iq,-) a(tw,) : (2.19)

i=1 i=1

where v3#7® is proportional to the v, which ap-
peared in the scalar description [Eq. (2.7)],

12878 = L(2)?0, Tr(0%0P005) . (2.20)

The important point is that the dependence of
the quadratic and quartic coefficients on wave-
vector and frequency arguments is the same as
in the scalar case, and the dependence on the
polarization labels follows simply from the Pauli
spin algebra. So in order that four-paramagnon
modes have nonvanishing interactions, the Pauli
matrices corresponding to their polarizations
must multiply to give the unit matrix. One way
to do this is to have @ =8 and y =5; this part of
the interaction is then of the form (S *$)(S-S), as
occurs in the usual LGW functional for a vector
field. But one can also have a=v, =06 or =9,
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B=v, leading to a part of vfj‘"Y‘5 proportional to

Ocis Ogy = Ocryd85 = €apu€ysy- This means there is
also a part of the S* interaction of the form

(§X§) . (§x§). This term vanishes if all frequen-
cy and wave-vector dependence of v, is ignored,
since we could then write its contribution to ¢ as
something proportional to

v, Z‘: [.-ﬂd‘r[:°.-.-(‘r)><_S.,-(‘r)]2 =0. (2.21)

Nonlocal or retarded terms must therefore be re-
tained in order to see any effects of these parts
of the interaction. Such terms, however, are be-
yond the scope of the present discussion, in which
nonlocal effects in v, are irrelevant to the pheno-
mena of interest. Accordingly, our vector para-
magnon LGW functional is

(5= % > (ro +q2 + l-ﬂJ—l>|Sa(q, w)P

qwo q
u
+ ZE’—}V_ Z Sa(qlwl) sa(qzwz)sﬂ(q3w3)
ciwi
af
XSg(= =G, = s, —w; = W, = w3) .
(2.22)

The parameters 7, and u, differ from their scalar
problem counterparts [as in (2.18) and (2.20)],
but this point will not be important here.

There is nothing really new in this section. I
have simply collected from various sources the
points relevant to establishing the basis of the
model functional. The purpose of doing so was
purely pedagogical.

III. RENORMALIZATION -GROUP TRANSFORMATION

Beal-Monod was the first to apply the renormali-
zation group to the quantum functional (2.13).'

She noted that the time acted like an extra dimen-
sion, and asserted that the critical behavior would
be just the same as that of a (d +1)-dimensional
system. This is not true, however. The frequen-
cy enters (2.13) in the form of a term in & pro-
portional to |w|/g, which is quite different from
the way the wave vector occurs. This anisotropy
partially destroys the analogy between the present
problem and a (d +1)-dimensional classical LGW
problem, and renders her conclusion invalid. We
will see here that it is necessary to generalize
the Wilson scaling procedure somewhat to deal
with the anisotropic coupling.

The general idea of the renormalization opera-
tion is the same as Wilson’s. There are three
steps: (a) Terms in ® which have the wave vec-
tors or frequencies of some of the ¥ fields in an

“outer shell” are eliminated from the functional
integral by carrying out the integration over these
¥(q, w), while holding fixed the ¥(g, w) with small-
er g or w. (b) The variables ¢ and w, which in
the remaining functional integral run up only to

a cutoff less than the original one, are rescaled,
so that they once again take on the range of val-
ues they had in the original problem, before step
(a). (c) The fields ¥ are rescaled, so that in
terms of the new fields and the rescaled ¢ and w,
the terms with ¢® and | w|/g in the quadratic part
of & look just like those in the original functional.
That is, the coefficients of ¢> and |w|/q in (2.13)
must remain at unity under the group transforma-
tion. The only difference will turn out to be that
in step (b), ¢ and w must be rescaled differently,
as a consequence of the anisotropy of the function-
al in the “extra dimension.”

To see why this happens, let us try doing the
scaling isotropically. We use, as we will through-
out this paper, a scaling procedure in which only
an infinitesimally thin shell of ¥’s is removed at
each stage of the renormalization procedure.!®

Suppose that in step (a) we have removed ¥’s
with e=’<g<1 and e~'<|w|<1, with ! infinitesi-
mal. This will affect the quadratic term of (2.12)
in two ways: (i) », will be changed to a new value
¥4 (the change is of order !), and (ii) the sums on
g and w now have ¢ and |w| less than e~*. It is
easier to keep track of the manipulations we make
if we write the sums as integrals, so the quadrat-
ic term (call it ®, originally) now looks like

e-! ;4
QZIZ%BNIO %(7{,+q2+|—%>l‘i(%w)lz-

(3.1)
Rescaling ¢ and w (step b) by letting
w’'=we’, (3.2)

we can write &, as

q'=qé’,

1 ddql d(‘)l
d)é=}éﬁNe-(d+l)lf (2,")44’1

0o

X <r{,+q’2e'2’ + %) 1 ¥(g'e™, we ).
(3.3)

Step (c) would then have us define a ¥'(g’, w’), pro-
portional to ¥(g¢’e~?, w’e~!) with the coefficient of
proportionality chosen so that the coefficients of
q’® and |w|/q are both unity. But this cannot be
dome, since the two terms in (3.3) have different
coefficients (e~(**3)! and e-(**!)! respectively),

so any redefinition of ¥, which multiplies both
terms, cannot make bdotk coefficients unity. One
way to proceed would be to settle for keeping one
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FIG. 1. Scaling procedure (3.4) inq and w space.

of the coefficients, say that of ¢’?, fixed, and
letting the other one vary as dictated by that trans-
formation. Here we shall get around the difficulty
in a different way, however.

Instead of (3.2), we choose a more general scal-
1ng,

q'=qe’, (3.4)

that is, we scale down at different rates in wave

— zl
w' =we*,

L e=l 4 dq; e=2l 4
opd@vru [ 1] G [ 10
o 1=1 i=1
1 4

=exp[-3(d+2)! +4(d+z+2)l]%u{,(BN)2f H

[0} =1

xX¥'(q,, w,)¥'(q;, w)¥'(-q{ -q; -4q;, — w]

where u is different from u, because of the elim-
ination of the shell variables. Hence # must trans-
form according to

uo—~u(l) =ulelt-4+h
=uhe, (3.9)
where
€=4—-(d+2). (3.10)

As in the classical case, integrating out the ¥’s
with ¢’s in the shell will lead to a u/ different from
u, by something of order 2. Hence for small
the change in « from rescaling, which is linear
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number and frequency. This is pictured schemat-
ically in Fig. 1. Then instead of (3.3) we have

1 ddql dw’
(2n)3+1

®) =L ANe-(4+ f

0

‘ w’le"'

7c > [¥(g'e?, we *)F.

(3.5)

x(r(',+q'ze'2’+

It is apparent that if we choose z =3, the coeffi-
cient of |w’|/q’ inside the large parentheses will be
e~?!, the same as the coefficient of ¢’2. Then a re-
scaling of ¥ can make the total coefficient of both
of them unity. One demands

l‘Ill(ql, wr)lz =e-(d+z)l e-zll\p(q/e-l, w;e-zl)lz
or

‘Il'(q', w')=e'<d+"2”/2‘ll(q, w).
Then

(3.6)

,_@f‘d"q'dm’< ’ 72 M) Yt 2
L4 3 ) @nFT ro+q'?+ 7 [¥'(q’, w)?,

(3.7

and we see that under the infinitesimal generator

of the renormalization group, »,~7(l)=r(e?’. This

is the same behavior found for a classical function-
al. Under this transformation, however, the quart-
ic term will become

dw
—2';1‘1’((11; w]_)‘l" (qzy wz)\l"(qu w3)\1‘ (- q1 "qz _qaa W, =W, = “-’3)

ddq'dw, ! ’
Ti?‘)a—:r‘@ (g1, w{)
-w, —wg), (3.8)
inu, will be dominant. We will have
du_ 2
E—€u+0(u ), (3.11)

so that the Gaussian fixed point, withu=0, will
be stable if € is negative, that is, if d>4 -z. One
way of putting this is to say that the effective di-
mensionality is increased by z. In the present ex-
ample, then, where z=3, we should expect a
stable Gaussian fixed point and Landau exponents
for d>1. This result is the central point of this
paper.

One should be careful to note, however, that
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our model functional was derived from the analytic
features of a three-dimensional electron gas. Ac-
tually, one- and two-dimensional electron gases
do not have Lindhard functions which behave like
(2.10). In two dimensions the coefficient of g% van-
ishes,'* while in one dimension y, has its maximum
at =2k, not ¢=0, indicating that the dominant
fluctuations are nearly antiferromagnetic para-
magnons. It is nevertheless interesting to think
about the model (2.13) in arbitrary dimensionality
anyway.

In order to complete the derivation of the renor-
malization-group equations for this problem, it is
now necessary only to do the integration out of the
outer-shell fields ¥(g, w), with e-?<g<1 and e~%
<|lwl<1l. (We continue to write the dynamical ex-
ponent as z even though we know it to be 3 in this
problem because other problems will have other
values of 2z, but will be otherwise very similar.)
Consider the quartic term in the functional. The
important terms to consider (to lowest order in

u) are those with two ¢; or w; in the outer shell,

and where these four-momenta are equal and op-
posite. (This is because they are positive defin-
ite.) Since there are 3(4x3)=6 ways to pick this
pair of ¥’s, we can write

:lﬁg]_ S QW(qa,we)5< _421‘1‘> 5(2 “">

i= i=1

+ gt 3%, 0 TG, OF,

(3.12)
where a prime on a sum indicates summing on ¢’s
and w’s in the shell and a double prime indicates
summing on ¢’s and w’s not in the shell. Errors
we make in this approximation will first appear
in terms of order ¥° in the new functional'® and
are therefore irrelevant here.

The part of the functional integration over the
shell variables is now a product of independent
Gaussian integrals

[ RO Ra=0) o[ L[y, 0qt 12, 30 i 1, wF) 1w, o
= (ro+qz+iqﬂ+% f‘;"l‘l'(q,w)lz>-l (3.13)
Hence
Z=f6\11exp[—% > (ro+q + l—“—"-')l‘l'(q wlf -3 Zo Z”H ‘I’lh,wi)ﬁ(i‘h) 5(2; wi)
—% " In <ro+/7'2+l;';—,ll +%IZ-:’-9 Z”l@(q,w)?)] . (3.14)

The expansion of the 1n to fourth order in ¥ then
gives a change in 7,

70‘76"'70"“% > (ro+q +|qi|> ,  (3.15)

w

and a change in u«,

-2
u —uo—uo—ﬁ ’ <ro+q2+%) (3.16)
q

In a model with a wave-vector cutoff at 2k, (=1)
and a frequency cutoff at E (=1) the (primed)
sums of ¢ and w in (3.15) and (3.16) are over an
L -shaped region of space, as shown in Fig. 1.
We have

i ’ = ! ‘_12 d -1 fdﬂd
BNqu: =2 )21 211,[ dq @
1
L m [Lea G ean

This first term is the integration along the hori-
zontal strip (w|=1, 0<g<1) and the second is the
integrationalong the vertical strip(g=1, 0<|w|<1).
(Qd is the solid angle in ddimensions.) Then (m=1, 2)

BN 2 (““’ *l;dl >

228,1
“@nT

1 -m
qd-1<ro+qz+a> dq

2,1

* @0t f dw(re+1+w)™. (3.18)
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Thus using (3.18) in (3.15) and (3.16), and com-
bining this information with what we discussed
earlier about the changes of » and # from rescal-
ing, leads to the renormalization-group equations

ar y+2 v x%dx }

d—l——27’+3cdu [ln<m)+2‘/; Tarxsll’
(3.19)

du _ . 1 voxMldy

ar ~ €4 Cau |:(r+1)(r+2)+zf0 (x3+rx+1)2}’

(3.20)

where C,=29,/(2m)***. In each equation, the first
term comes from the rescaling and the second
term from the elimination of the outer shell. With-
in each second term, the first contribution is from
the integration along the horizontal strip.

The fact that (3.19) and (3.20) look somewhat
messier than their counterparts in the classical
problem is just a consequence of the way we chose
the cutoffs in our problem—the g cutoff and w cut-
off were independent of each other, so the integra-
tion over the shell variables was along two dis-
tinct strips. We could alternatively make a model
with different cutoffs that simplify the algebra.
One simple choice is to choose a g- and w-depen-
dent cutoff which excludes all ¥(g, w) for which

g +lwl/g>1. (3.21)

The region of modes in ¢ and w space included in
this model is shown graphically in Fig. 2. The w

cutoff is ¢ dependent,
w@)=q-4°. (3.22)

The outer shell now becomes a strip along the
curve w.(q) defined by

e ?'<q®+|wl/q <1 (3.23)
and
Lsv-c fe-lq"'ldqfdw9<l-qz—l—(u—i>
v 2 =, q
| wl )
X8<2 1= _ =21
q” + q e
21
=Ly (3.24)

Everywhere along the strip, by the terms of this
model, 7,+4¢° +|wl/g=7r,+1, so we get the simpler
renormalization-group equations

dr _ 3K, u

B =y Mt (3.25)
2

du_ oy Kaqu” (3.26)

al "€ 1 +7)?’

which have a form identical to those obtained in

[
»
ZEF

*=q
2k

FIG. 2. Region of (¢,w) space contained in the model
defined by (3.21) and (3.22). The hatched region is
scaled out at each step.

the classical LGW problem, except that € (and K,)
are different. In fact, the seemingly arbitrary
cutoff (3.20) is not as contrived as it sounds, since
we know that for small g, the microscopic random-
phase-approximation (RPA) spectral weight func-
tion cuts off abruptly at® w>quvp, although the Lor-
entzian spin-fluctuation model (2.11) does not.
This cutoff enables the full RPA y to satisfy the
f-sum rule. We can then think of the model with
the odd-cutoff rule (3.21) or (3.22) as enforcing

an f-sum-rule constraint for small ¢. This may
be irrelevant to critical behavior, but it is cer-
tainly no more artificial than the original cutoff
procedure.

We next summarize the consequences of the re-
normalization-group equations (3.19) and (3.20) or
(3.25) and (3.26). As we mentioned earlier, for
d+z>4, i.e., d>1, € is negative andu is irrele-
vant, since u(l) dies exponentially with /. The
critical properties of the model are therefore
Landau-like, and RPA theory is qualitatively
correct.’> For d<1 (admittedly a case of only
formal relevance) the group equations are correct
to first order in €, and corrections to Landau ex-
ponents may be calculated from them in the usual
way, to order €. Atd=1, « is marginal, and one
obtains logarithmic corrections to power-law
critical behavior. That this is true follows trivial-
ly in the case of Egs. (3.25) and (3.26) (the case of
the odd cutoff) because their form is just that
studied by Fisher et al.'® It is not quite so obvious
in the other cutoff model, but I prove it in the ap-
pendix.
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The results of this section are not dependent on
the scalar-field description of the interacting para-
magnons. Because the vector-field functional of
Eq. (2.22) differs from the scalar version (2.13)
only in the number of spin components, it is
straightforward to generalize all of the preceding
arguments, in direct analogy to the Wilson theory
for a vector field. The only difference is that the
factor 3 in Eq. (3.19) or (3.25) becomes n+2 =5,
and the factor 9 in (3.20) or (3.26) becomes n +8
=11. These changes, of course, do not alter the
value of € or influence the relevance or irrele-
vance of the parameters » or u.

Although in this paper we shall not try to do any
better than first order in €, it is worth remark-
ing that in generating renormalization-group equa-
tions which are correct to order €2, one finds cor-
rections to the coefficient of ¢* in &, (which leads
to a nonzero n), but no corrections to the |w|/q
term. Consequently, z=3 -7.

We conclude this section by looking at this prob-
lem at finite temperature. The Matsubara frequen-
cies then no longer form a continuum, but are
spaced by 27T. This is of little consequence in-
itially if 7 is much less than the original frequen-
cy cutoff (=E), but as we remove high frequencies
from the problem, we eventually reach a point
where only a few Matsubara frequencies remain,
and we can no longer approximate them very well
by a continuum. Finally, only the w=0 terms will
remain in the functional, and we will arrive at the
classical LGW problem. Beyond this point, the
renormalization-group equations will be of Wilson
form, with € =4 —d, and close enough to the criti-
cal coupling 7, the exponents will be nonclassical.
On the other hand, if T is very low, this true criti-
cal region will be very narrow. The problem can
be phrased in terms of the standard crossover
language,'” where the temperature is the symme-
try-breaking parameter.

Actually, one encounters precisely the same
sort of situation in a finite classical system,
where the wave vectors ¢ also have a finite spac-
ing 27/L between them (L is the linear size of the
system). The scaling naturally breaks down when
the size of the Kadanoff cell exceeds that of the
system. Our problem here is analogous to that of
a (d+1)-dimensional system which is finite (length
B) in the extra dimension. Qur crossover is ana-
logous to that which occurs between (d +1)-dimen-
sional and d-dimensional critical behavior when
the correlation length exceeds the length of the
system in the finite dimension.

To make this idea more quantitative, note that
when the scaling parameter in the renormaliza-
tion group equations has value [, frequencies be-
tween E ze~* and E ; have been removed from the

problem. (We write the original frequency cutoff
E ; explicitly in this section.) Thus the quantum

scaling stops, roughly, when just one finite Mat-
subara frequency remains. That is, [ =1, where

21T =E e~ .

The maximum wave vector left in the problem is
then

q.~kpe~l =kp(2nT/Ep)/* . (3.27)

For ¢>q, and w> T, then, the fluctuations of

¥ (g, w) are governed by the quantum renormaliza-
tion-group equations derived above. In three di-
mensions, our analysis shows that RPA theories
will be qualitatively valid. One way to think of g,
is as the inverse of the length over which one has
to average microscopic quantities in order to be
able to treat them as classical thermodynamic
variables.

In the remaining corner of ¢, w space, fluctua-
tions will be classical in nature. Figure 3 shows
the classical and quantum regions of ¢, w space
at a particular T<<E. It is not obvious from this
discussion how to deal with the dynamics when all
of the finite Matsubara frequencies have disap-
peared. This is because I have been too cavalier
in treating the w’s as a continuum until all but the
very last one was gone. We will see how to do
better than this in Sec. VII.

The crossover phenomenon is most simply dis-
cussed as follows (we talk only about the case
where € <0 before the crossover): For 1« l<],
¥ grows as

(1) =7 % (3.28)

(7, differs from r, because of the effects of some
transient terms in the solutions of the renormal-
ization-group equations). When »(l) gets to unity,
we stop the scaling, since we have scaled the
problem into one with a small [0(1)] correlation
length, which can be treated by perturbation the-
ory. Thus if »(I) gets to unity before ! gets to I,
the transition to the classical LGW functional and
the Wilson renormalization-group equations never
gets a chance to happen. The critical exponents
will deffer from their Landau values, then, only
if »(I)<1, i.e.,

7o<(20T/EgP/* . (3.29)

In the usual terminology,'® 3z isthe crossover ex-
ponent.

Figure 4 illustrates the consequences of this
effect. At each T, we assume we have a different
critical Hubbard coupling strength U,(T); the sys-
tem is ferromagnetic for U>U_(T). Stoner theory
predicts U (T)=U,(0) +aT?, or T,(U)x=[U -U0)]"/%.
As we approach the transition line at fixed T,
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vy L
q F

FIG. 3. Regions of the (¢,w) plane where correlation
functions are dominated by classical (hatched) and quan-
tum (unhatched) effects.

varying U, 7,%<[U -U.(T)]/U.(T). From (3.29) the

crossover occurs when 7,=(T/E z)*#, so exponents
are effectively Landau-like outside and Wilson-like
inside the region between the dotted lines in Fig. 4.

Since z>1, the temperature region in which,
for a given U, the classical LGW functional be-
comes relevant has a width at least of the order
of T, itself. The quantum-to-classical crossover
is therefore more easily observed by sitting at a
fixed low 7 and varying U by alloying or pressure.
Note also that just below U,(0), one may be able
to pass from a quantum region to a classical one
and back to a quantum one as T is varied.

Another observation worth making is that in the
case of fixed U =U,(0), where T,.=0, as one varies
T down to zero, one approaches the instability
within a classical region. Therefore non-Landau
(Wilson) critical exponents should characterize
this transition. This result depends on the fact
that z2>1, so that the paramagnetic crossover
boundary in Fig. 4 moves initially toward the left
as T increases from zero.

One may also note that the quantum renormaliza-
tion-group procedure for 1<1 provides a way of
explicitly deriving the LGW functional microscop-
ically. One will usually want to transform back to
the original scale, letting the fact that the momen-
tum cutoff in this functional is generally much
smaller than the microscopic characteristic in-
verse length, ¢, <<k, appear explicitly.

Finally, the description of the quantum-classical
crossover is independent of the number of compo-
nents n of the order parameter (for physically rel-
evant dimensionalities). This is because the quan-

T, (U)

! .
1 Classical
Quontum l, SfOﬁSﬁCS /l

tatistics |, . /
Statis Sl(WIISOﬂ /

[
\exponents)” Quantum

(Landau / Statistics
exponents) \ /

\ + (Landau

/
\\|,/" exponents)

-

FIG. 4. Crossover diagram showing whether long-
wavelength low-frequency critical properties are deter-
mined by classical or quantum renormalization groups,
as a function of temperature T and coupling constant U,
for itinerant ferromagnetic models (2.13) or (2.22).

tum problem has € <0 with € independent of z, and
the determination of the crossover value of / re-
quires only asking when the renormalization-group
equations in the quantum region break down. (In-
side the classical region, critical indices will de-
pend on #, but that is not our concern here.)

IV. APPROXIMATE SOLUTIONS OF THE
RENORMALIZATION -GROUP EQUATIONS

In Sec. III, we looked at the properties of the
renormalization group we had derived insofar as
they bore on the critical properties of the model.
Here we show how we can make approximate solu-
tions of these equations to give more qualitative
information about the nature of the correlation
functions. The form of these solutions is similar,
but not identical to that obtained by simple pertur-
bation theory in U. We start with the model (2.13)
and its associated renormalization-group equations
(3.25) and (3.26). As explained in Ref. 7, this mod-
el affords a credible description of weak itinerant
ferromagnetism and strong paramagnetism when
the band density of states is not too rapidly vary-
ing near Ep. Equivalently, one must have «,
(2.14b) fairly small. (If the density of states is
rapidly varying, one must keep higher-order
terms than u,¥%.)

We deal with the physically relevant case of
€(=-2)<0, so the Gaussian fixed point is stable.
Our approximation procedure is to linearize the
general renormalization-group equations around
this fixed point and solve the subject to the initial
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conditions 7(0)=7,, u(0)=u,. We are therefore
ignoring the effects of ¥® and higher-order terms
which are generated n the exact renormalized
LGW functional as transient terms but die out
(faster than » and «) for large I. The only kinds
of terms we include are those which are present
in the original functional. For u, small, we can
ignore the second term in the equation for du/dl,
giving

u(l)=u0e"€“ . (4.1)

In (3.25) for dr/dl, we ignore the 7 in the denomi-
nator of the second term since corrections to this
would be O(ru). We therefore have to solve

3{— - 27 =3K,uge™ <! (4.2)
The solution is standard:
7(1)=[7o+3K o/ (2 +| €] )]
~ [3K o/ @ +| ])]e <", 4.3)

To apply this to the zero-temperature problem,
we scale (that is, carry out the renormalization-
group transformations) (4.1) and (4.3) until »(I)=1.
Beyond this point, the problem is one whose
Kadanoff cell size exceeds the correlation length,
so it can be dealt with in perturbation theory.

We have 7(1)=1 when

et (ey) [ 49

provided this I, >1 [that is, 7, +3Kuo/(2 +|€])
<«<1]. At this I the correlation length is the Kad-
anoff cell size, that is, the factor by which dis-
tances have been scaled, which is e¢’. Thus

E=(ro+3K uy/2+ | €|) V2=7s42, (4.5)

This just tells us that the effect of the anharmo-
nicity is to shift the instability point from 7,=0

to 7,=0. Such a result could be obtained straight-
forwardly by perturbation theory in u,, but it is
enlightening to see how it emerges from the lin-
earized renormalization-group analysis.

We can also ask about the finite-temperature
problem and the form of the LGW functional after
the quantum-to-classical crossover. The cross-
over occurs when e # =T /Eg, i.e., at [ equal to

I=27'In(ER/T)>1. (4.6)

Thus the Landau-Ginzburg parameters at this
point are

r(1) =7o(Ep/T)'?, (4.7)
u(7)=u0(T/EF)|€|/z. (4.8)

When this problem is expressed back in the scale

of the original one, we simply have a problem
with 7 =7, u.x =%, and a cutoff at ¢g.~
k,(T/EF)‘/‘. Another way to express this result
is to say that perturbation theory is sufficient to
calculate the change in effective Landau-Ginzburg
parameters which comes from scaling the finite
Matsubara frequencies out of the problem (pro-
vided the quantum region € is negative). The
situation would be more complicated (and more
interesting) if the Gaussian fixed point were not
stable for I<]. A hint of what can happen then
can be seen in the € =0 case discussed in the
Appendix.

It is not difficult to generalize this discussion
to a generalized LGW functional with local cou-
plings of all (even) orders in ¥, such as appear
in (2.7), rather than just a ¥* term. We then
need an infinite set of renormalization-group
equations, rather than just two of them. To de-
rive them, we follow the same argument we used
in Sec. III. The nth-order anharmonic term in ¢
has the form

8,= 15" (gnynr
" on!

XE I'LI‘I’(lIn w.‘) 5(2 Qi> 6< "Z wi) . (4.9)

QWi i=1 i=1 i=1
Under the rescaling of wave vectors, frequencies,
and fields (3.4) and (3.6), this becomes

(n)
U - -
® = 0' (BN)l-n/Z(e(d+t+2)l/2)n(e (d+1)1)(n 1)

n
n n n
X3 q::(q;,w;)t}(Zq;)é(z w;).
qw i=1 =1 i=

(4.10)

(The first exponential factor comes from the n
fields rescaled, the second from the rescaling of
the variables of integration.) Thus the rescaling
gives a contribution to

du(")> ~ =
( dl rescaling—enu ’ (4.11)
where

€,=n-(d+z)(zn-1). (4.12)

The fact that all €, are negative for » >4 means
that the Gaussian fixed point ™ =0 is at least
metastable. We shall not consider the possibility
of a different true stable fixed point.

We turn then to the elimination of the shell fields
¥ (g, w) with e”’<g<1and e™** <w <1. Ineach
term (4.9) we separate out the terms with factors
¥ (g, w)¥(-q, ~w), with ¢ and w in the outer shell,
As in previous discussion, the “paired” terms
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like this are important because they are positive
definite, so they dominate those in which only

one ¥ has its (g, w) in the shell as well as those
with two ¥’s with arguments in the shell but not
equal and opposite. The fact that the shell is thin,
on the other hand, permits us to ignore any terms
with more than two ¥’s with arguments in the
shell; if [ is the thickness of the shell, they con-
tribute only to order [%. Furthermore, there are
in(n - 1) ways to pick the pair. Thus the part of
&, involving shell variables is

—_—

Z=| 6¥exp 1 7o+ q? +|—-“li | ¥ (g, w)|? - uo (BN)""/2 T P (q;, w;) 0
2 po q LWy =1

u
+ZZ°

(In this section, all sums on n are taken over even
n only.) In words, the new functional has two
parts, the first of which is just the old func-
tional restricted to the nonshell ¥’s and the sec-
ond of which is an average over the shell of the
logarithm of the inverse RPA propagator plus

the second functional derivative of the original
functional with respect to the shell ¥’s.

As in the preceding discussion of the ¥*-only
problem, we linearize the group equations around
the Gaussian fixed point u'™ =0, and solve them
subject to the initial conditions #«"(0) =uf)").
Things simplify enormously on linearization. On
expanding the logarithm, we get a change in ‘™
proportional to (™2,

ul™ = Ly(2) (gN) 1 Z'(‘Iz‘“l—g,l—)-l

W

lxldx .
%lcd(ln2+zf x3+1>u(" 2)

0

=21C auln+2) (4.15)
The other cutoff model (3.21) gives
6u'™ = 31K qu'"*?) . (4.16)

We shall use (4.16) rather than (4.15); the differ-
ence is only quantitative. Combining the changes
in «" from rescaling (4.11) with (4.16) gives the
renormalization-group equations

du(n)
=, u'™ + 3K u™?

= (4.17)

We solve them by Laplace transform. Define

#7(9)= [ die7sut"(1) (4.18)

JOHN A.
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. u(n) . "n-z
¢, = W(BN)l /ZZ ‘I;Il‘l’(qnwx)

“o
x5 <f q‘> a(i w¢> Zw' [¥(q, w)|?.
o l ’ (4.13)

Now the coefficient of the shell ¥’s is no longer
just a quadratic function of the nonshell ¥’s, but
includes the sum of all of the expressions like
(4.14) over all n. In place of (3.14) we find

(BN)-n/z Z " H Y(g;, wy) <Z q,)& ( w,)}}. (4.14)
Wy i=1 i=1
and take the Laplace transform of (4.17),
87 ™M (S) - uf” =€, ™ (S)+ 3K it ™ 2(S). (4.19)
Then
(2) 1 —(4)
7@ = zKqu (S)
()= - € * S-¢,
; uff) _Kdu(q)
S—¢, (S—e)(S—e4)
. (3 Kd)zu(s) |
B-6)B-e)(5-¢€) (4.20)
In taking the inverse Laplace transform
r(1)=u'®(1)
dee’s | LK ul® )
T om —-€, e €,)(S - 64) ’
(4.21)

we are interested only in the large-I behavior, so
we need worry only about the poles at the largest
€,, that is, €,=2. Then

€, —e.1 (e, — €4)(€, — €¢)
4.22)
But since €,~¢€,,,=d+2z-2=A, this is
1 (4 1 2, (6)
sK,u (3 K4)%u,
(1)~ 2'<u§,2)+ 2 ‘/'30 2 szz 0
(%Kd)sugs) )
*T3xaa’ T
. o Kd n/2 gn)
=¢ '2(2—&> "1—"‘(2n)| (4.23)
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There is a simple way of looking at this result.”
The coefficient of e?' is just the average of the
second derivative of the function

— 1
u(x) = Z n—'uf,")x"

n=0

(4.24)

over a Gaussian distribution of x with variance
K,/A. To see this, just evaluate

(u”(x)) - i (n__l_muén)<xn—2>

n=2

_w 1 (n+2) Kd nf
—Zﬂuo” 2 (n—l)!!(Z

°° u(n+2) <Kd>n/2
n/2 T\ A ’
~ 2"2%(zm) I\ A

which is just what appears in (4.23). Hence the
arguments which led to (4.5) give a correlation
length

E=((u) 2 =g+ (" = 7)) ] 72

A dimensionless parameter measuring the de-
viation from the pure RPA result is

g =<%>1/2=<(2ﬂ)'{”3&d+z—2)>1/2 : 4.27)

In three dimensions, 0=0.,0518.

(4.25)

(4.26)

V. OTHER MODELS

It is apparent from the discussion in Sec. III
that the value of the dynamical exponent z is
crucial in determining the qualitative structure
of the renormalization-group equations, and that
itsvalue (i.e., 3)inthe paramagnonproblem isa con-
sequence of the fact that frequency occurs in the
generalized LGW functional in the form of a term
in the quadratic part of & proportional to | w|/qg.
In this section we examine some other systems,
finding their z’s and discussing the consequences
for the T =0 critical behavior and the low-T cross-
over to normal critical exponents. We shall not
derive the quantum LGW functionals for these
systems; rather, we shall appeal to the physical
interpretation of the LGW coefficients to argue
what qualitative form they should have.

Example 1: divty itinevant fervomagnet. Fulde
and Luther have shown how impurities lead to spin
diffusion in the RPA,'® that is, the spin-fluctuation
spectral weight function has a form

x"(q, w) =x(q)Dg*w/ [« + (Dg?)?] (5.1)

when gl< 1, where [is the electronic mean free

path. This should be contrasted with the Landau-
damping form (2.11). We can incorporate these
effects into our formalism by using a quadratic
part of & of the form

__1_ 2 |w|> 2
®,= 3 qzw <ro+q +W | ¥(q, w)] (5.2)

instead of the expression in (2.13). The imaginary
part of the reciprocal of the coefficient in (5.2)
is then of the form (5.1). The only significant
difference between this problem and the previous
one is in the rescaling. When g—- q’=g¢e' and we
let w—- w' =we”, ¢#=¢"%¢™?" and |w|/Dyg*
=(|w’|/Dyg")e'*2?; thus we must choose z =4
to make the two coefficients identical, so that they
can be made equal to unity by a scale change in ¥.
Therefore one expects Landau critical exponents
in any positive dimensionality for this problem.
There will also be minor quantitative differences
in the form of the group equations for this case,
since in eliminating the shell variables, one now
encounters integrations of the form (D,=1)

- Ly ey
I,,,—BNg (ro+q2+ p (5.3)

instead of (3.18). The second terms in the brack-
ets in (3.19) and (3.20) are therefore replaced by

b xMdy L x3qy
Zfo a1 M 2 ) G eie
(5.4)
respectively. [If we construct a model with a
cutoff in analogy to (3.22), we get equations like
(3.25) and (3.26), except that K, is multiplied by
a factor d/(d+1).]

Actually, the introduction of randomness should
actually be regarded as having a more fundamental
effect on the LGW functional than just making the
dynamics diffusive. The parameters 7, and u,
should become random functions of position with
specified probability distributions, as in the work
of Lubensky and Harris® and of Grinstein and
Luther.® However, their work indicates that this
has little effect on critical properties when the
order parameter is a three-vector, as it really
should be in this case.

Example 2: itinevant antifervomagnet. In this
case the instability is at a finite wave vector @,
so fluctuations near this wave vector have no
special g dependence like those imposed by rota-
tional invariance on the ferromagnetic fluctuations
of long wavelength in the previous examples. We
characterize their decay by a single relaxation
time 7, and express this in writing the quadratic
part of & as

d’zz%Z(7°+q2+lwl‘r)|{l(q,w)lz. (5.6)

aw
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In order that the second and third terms here scale
in the same way, we must take z=2. The Gaussian
fixed point will therefore be stable in greater than
two dimensions in this case. There will also be
minor changes in the form of the group equations,
as in the previous example, but we will not write
these here. This model also describes incipient
charge-density wave or superconducting fluctua-
tions.

The order parameter should, strictly speaking,
be a vector in this problem as well. In fact, if
there are m inequivalent values of @ at which the
instability can happen, ¥ should be a (3m)-compo-
nent vector. Similarly, for a charge-density
wave instability, where the charge density is a
scalar, the order parameter has m components
if there are m inequivalent values of the instability
wave vector, and for a superconductor, ¥ has two
components. But, again, the points we discussed
in Sec. III do not depend on the number of compo-
nents of ¥.

One must use extreme caution in applying the
model (5.6) to one-dimensional metallic models,
or to higher-dimensional ones with one-dimension-
al features such as flat pieces of Fermi surface.
In these cases, the coefficients 7,, u,, and all
higher-order #") have a singular temperature
dependence as T -0, and each « is more sin-
gular than »"~1, One therefore may not truncate
& at any finite order at low temperatures.

Example 3. singlet—ground-state magnet (sin-
glet-singlet model). In these systems, a non-
vanishing matrix element of the z component of
the total atomic angular momentum between two
crystal-field-split levels leads to a magnetic
state for sufficient exchange strength.*® (The
problem is isomorphic to that of an Ising model
in a transverse field equal to the crystal-field
splitting.) Even in the absence of magnetic order
the exchange allows the crystal-field excitons to
propagate in the lattice; the excitation structure
is reflected in the RPA susceptibility

X0, 0) = oy (@ real), 5.1

where w?(g) is an even function of ¢ whose q-
independent part goes to zero as the instability is
approached. This is often described as a soft
magnetic exciton. In properly chosen units, and
for sufficiently small ¢,

W (q)=7,+q" . (5.8)

We can put this information into a generalized
LGW functional by writing a quadratic part of &,

1
szié: o+ q®+] w|2) | ¥(g,w)|2. (5.9)

[The change in relative sign of ¢? and w? between
(5.7) and (5.9) is because the w’s in (5.9) are
(imaginary) Matsubara frequencies.] This heu-
ristic procedure has been justified microscopical -
ly by Klenin and the author.?! The quadratic term
looks like (5.9), and at zero temperature the
quartic term is of the form we have been using
here.?! At finite T, there are anomalous singular
quartic terms proportional to e~ *™/T  which we
can ignore here for very low temperatures. In
this problem, then, time acts just like another
dimension [(5.9) is Lorentz invariant], the dy-
namical exponent z =1, and three dimensions is
the dividing line between Landau and Wilson
critical exponents.??+23

The singlet-triplet model, which has very dif-
ferent critical dynamics in the classical statistical
region at finite temperature because of its rota-
tional symmetry,? is not expected to behave
very differently from the singlet-singlet model in
the quantum scaling region, since as we empha-
sized above, the vector or scalar character of the
order parameter is irrelevant to the critical
dimensionality and crossover index.

One way to look at this problem or the preceding
example is to think of the frequency label of ¥ as
labeling different components of an infinite-di-
mensional vector field,

2,233 05+ |4, @)%, (5.10)
qm

with 7§ =7,+| w,|? in this example, or rT'=7,
+| w,| in the antiferromagnet. (These frequen-
cies are measured in units of the high-frequency
cutoff.) This point has been made independently
by Young.?® In carrying out the renormalization
group on this anisotropic classical problem,
initially the behavior of the group transformations
is as if the spin dimensionality is infinite, pro-
vided that the anisotropy is small. As the scaling
proceeds, however, all m values except m =0 be-
come irrelevant, and there is an eventual cross-
over to a scalar-field problem. The crossover
exponent can be extracted simply in this picture
by the same sort of arguments we used in obtain-
ing (3.29). The scaling stops when 7°(1) =7 Je?}
~ 1, and if the other » (1) =7 ¢ *' have not reached
unity well before this, the critical behavior will
not be characteristic of a scalar field. Whether
this has happened depends then on whether 7§
>¥J, that is, |w,|%27, (example 3) or |w,|Z7,
(example 2). This gives a crossover exponent of
1 for the antiferromagnet and 3 for the singlet—
ground-state problem, in agreement with the
prediction 3z obtained from the (d +1)-dimensional
scaling procedure in Sec. III.

The crossover diagram looks slightly different



14 QUANTUM CRITICAL PHENOMENA 1179

from Fig. 4 in this case, and is shown in Fig. 5.
From mean-field theory, we find that the curve
T.(J) rises from zero at the critical exchange
J, with all of its derivatives infinite. Since the
crossover exponent is 3z =3, the crossover bound-
aries approach the T =0 instability point with
infinite slope, in contrast with the itinerant fer-
romagnetic case of Fig. 4, where they came in
with zero slope. In both cases, however, the
approach to zero temperature with coupling fixed
so that T, =0 is in a classical statistical region.
This is not necessarily universally true, how-
ever, as the following example shows: Suppose
that we designate the variable coupling parameter
(U or J in previous examples) by x, i.e., 7=x-x,.
Suppose further that the phase boundary 7,(x)
rises from zero at x,(0) with a power law
[x = x,(0)] B, Then if the crossover exponent ¢ is
greater than 3 (or equivalently, if z <2/B) the
paramagnetic crossover boundary will move left-
ward from x, as T rises, as in the previous ex-
amples, but if $<j3, it will begin by moving right-
ward instead. The simplest way to see this is to
look at the crossover boundaries as functions of T,

x*(T)=xc(T)taTz/'=xc(0)+a’T‘/EtaT2/z
(5.11)

(a and @’ are constants). If 2/z<1/B, the TV
term is initially negligible relative to the T2/
term, so the net sign is necessarily negative for
the paramagnetic crossover boundary. But if
2/z>1/B, the T?/* term is a small correction on
the TY/# piece so the total term (5.11) is neces-
sarily positive for small enough T. The latter

T
[}
T ()

\ ’
\ 4

\ . ,'
\Classical -
/
\ ’
\ ’

Quantum \ [ ~

\/ Quantum

-
-

=J

FIG. 5. Crossover diagram for the singlet-ground-
state ferromagnet (Ising model in a transverse field).
(J is the exchange coupling.)

/.

| .
;Clossucul,'
[

Quantum

e

- X

FIG. 6. Crossover diagram for a hypothetical system
withf=1and ¢=3%. X isa coupling-strength parameter.

situation is shown in Fig. 6, where we take 8
and z =1 for illustrative purposes.

One sees that here at 7 =0 critical point [with
x=x,(0)] is approached entirely in the quantum
region as T is lowered to zero. Furthermore, in
this case the width of the temperature region in
which classical statistics hold (for a fixed x) also
becomes negligibly small relative to T, itself,
unlike the previously encountered situations,
where no crossover could be observed as a func-
tion of T for temperatures near T,. The nature
of the phase transition when T, =0 and the exis-
tence or nonexistence of a crossover near T, as
T is varied both depend on the relative magnitudes
of ¢ and B.

One can generalize the discussion of this section
to any quantum LGW functional with a ¥* inter-
action which is local in space and time and whose
quadratic part is of the form

m

¢2=Z<’o+q°+%*>l‘l'(q,w)lz. (5.12)

Under the rescaling transformation, this becomes

=(d+2)l 10,=0l lw'im (m’ o -mse)l
®,=¢ Z To+q' %% + oymre

dw!

x|¥(g’e”’, w'e™™)|?, (5.13)
so the fields must rescale like
(g, w)=e "t Er N2y (g™t e (5.14)
and z must be chosen to satisfy c=mz -m’o, i.e.,
z=(c+m’)/m. (5.15)
When the rescaled fields are substituted into the
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quartic term in ®, one finds u,-~ u,e’, where
€=20-d-2=2-1/mlo-m'/m-d, (5.16)

in contrast to the classical result € =20 - d.'® The
dimensionality is effectively increased by z, as
before, and z will always be positive in the phys-
ically relevant cases m, m’ >0. One example of
a model in which z is negative would be the case
with m =1, m’ <0, in which the decay rate of fluc-
tuations of wave vector g is proportional to
q“"""—that is, long-wavelength fluctuations de-
cay faster than short-wavelength ones. (I am

not aware of any physical situations with this
property.)

A feature shared by all of the examples dis-
cussed here is that they are characterized by a
competition between two parts of the Hamiltonian,
one of which wants the system to order and the
other of which minimized when there is no long-
range order. If the former is just barely strong
enough to counteract the latter, T, will be much
lower than the characteristic energies of either
part, and many finite-w ¥’s must be integrated
out of the problem before it can be cast into
classical LGW form. Our discussions here are
relevant to any such situation. An example of a
system where these effects are negligible is an
ordinary Heisenberg magnet, since there T, is of
the order of the only characteristic microscopic
energy J, hence near T, no modes have charac-
teristic energies >T.

VI. ALTERNATIVE FORMULATION OF THE
RENORMALIZATION GROUP

In this section, we set up the renormalization
group in a diagrammatic language!'? and perform
the scaling in a different way. We will scale out
shell variables explicitly only in g; the scaling in
frequency will be taken care of implicitly by
Bose functions which appear in the integrals, We
start again with the scalar paramagnon problem.
The elimination of the shell variables is expressed
as a Hartree (single-loop) self-energy correction
to the free propagator (¥,+¢%+|w|/q)™ and in-
ternal-loop corrections to the four-point interac-
tion vertex u, (Fig. 7). In both of these correc-
tions, the internal loops have their momenta be-
tween e~ and 1. If we also restricted their
Matsubara frequencies to lie between ¢™* and 1,
these self-energy and vertex corrections would
lead to the terms in brackets in (3.19) and (3.20).
Here, however, we choose to sum over all fre-
quencies. The scaling is thus in vertical strips
in (g, w) space (Fig. 8). We therefore have a
self-energy correction

or

Su

(b)

FIG. 7. Lowest-order diagrams for the change in
parameters 7 (@) and % (b) under the renormalization
group. A bar through a propagator indicates that its ¢
is in the outer shell e *<q <1.

3u
5r= —2 ! , W 6.1
AN qzw x (g, w) (6.1)
and a vertex correction
9u 2
U= — 0 1,2
u N EW x3(q, w), (6.2)

where x (g, w) =(7,+q%+|w|/q)™" is the free-
paramagnon propagator. (Here the prime on the

4E¢ J,/W

= (
2kg
FIG. 8. Scaling procedure used in Sec. VII. The

dashed line marks the f—sum-rule cutoff imposed to
make (7.4) finite.
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sum indicates that ¢’s, but not w’s, lie in the
shell e <g <1.) The Matsubara sums can be
converted to integrals over real frequency, using
the spectral representation

“d
X(q, w,) = :’iu(q:uw), (6.3)
so that
3u “dw N
57——1\,—"02 @ w)n(w) + 2] (6.4)

and

9u0 dwdw X" (g, w)x"(q,w’)
du=-— n
w -w

><[n (w) =n(w")]. (6.5)

The first of these is formally logarithmically
divergent as it stands, since the Bose function
approaches zero and x” goes like 1/w for large w.
We remedy this deficiency by noting that the

true spectral weight function from which our
model (2.11) was derived has an abrupt cutoff
when w=qvp. We therefore cut the integrals off
at w=¢g=1.

Two limiting cases are apparent: In the high-T
limit, the Bose function may be approximated by
T/w for w<1. Then the frequency integral (6.4)
just gives Tx (g, 0), the equal-time correlation
function in this classical limit. Similarly, the
frequency integral in the vertex correction (6.5)
is just proportional to T'x*(g, 0). Only static
susceptibilities enter the renormalization-group
equations. In this way, the dynamics become
irrelevant to the static critical behavior in the
high-temperature problem.

In the low-T limit, the Bose function is - §(-w),
or n(w) +3=% sgnw. Here we recover the quantum
limit we have discussed above, except for nu-
merical factors which are a consequence of the
cutoff model we use here. (It is different from
both of the models described in Sec. III.) We
obtain

3
3 Z: f TX" (g, ) sgnuw (6.6)

and

MG, [~ dwdw’ x"(g, w)X"(g,w’)
N & J, 2 W -w

du=—

X (sgnw - sgnw’). (6.7)

These answers are just what one gets by treating
the Matsubara frequencies in (6.1) and (6.2) as a
continuum and integrating from zero to unity.

The point to note here is that we can in principle
deal with the more general expressions (6.4) and
(6.5). But as we scale down in frequency, the

argument of the Bose functions must also be
scaled by a factor e™*', Explicitly, the renor-
malization-group equations are

ar

7 2r+3uC¢f dwx" (1, w)[n(we ™) +3)],

(6.8)

d dw,d
o ==, [ Tdyn, 00,

y (n(wle'“) - n(w,e “”)) )

Wy — W,
(6.9)

Unlike previous renormalization-group equations,
they depend unavoidably on [ on their right-hand
sides, through €(l) and the Bose factors. The [
dependence of € has the following origin: In the
diagrammatic perturbation theory, each succes-
sive order in u, involves two propagators and one
integration over k and summation over w. The
rules are given in the original scale with the
unrenormalized propagators. Now in terms of
the rescaled wave vectors and frequencies (¢’, w’)
the propagator is

x(g, ) =[ro+ (g% +| w| /gNe™'] 1. (6.10)
But we want to write things in terms of the re-
normalized propagator

(g’ w)=(rge™ +q” +| w'| /)7, (6.11)

which differs from (6.10) by a factor ¢*. This,
together with the phase-space renormalization,
forces us to renormalize the interaction to #,,
so that the physically relevant quantity

uoz:x =, Zx (6.12)
q' W
remains invariant, For example, in the diagram

of Fig. 7(b), we want to renormalize the inter-
action so that

dw, dw
qu’xz(q,w)woZ’f—;z—zx”(q,wl)x"(q, wz)
qw Q

x(’%&%@) (6.13)

remains constant. One can see that this renor-
malization depends on the temperature. For
the high-T case, this just becomes

Tuy 3 %@, 0)=Tuge™ ) ' [e*'%(q’, 0)]°
q a’

=T4, 3 ' ¥*(¢",0), (6.14)
<

so we must choose i#t,=u,e“ %", Then e=4-d,
as in Wilson theory. But at zero T, (6.13) is
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—2el dw dw;

w3 [

=, Z [ 22830, )", 0 )(—————-—ng""'sgm"2

wy —w;

so that uo=u0e““'2)'

[e?'%" (g, w})]e 2’)1"(4,w£)]<

sgnw! — sgnw{.)
e T (w! —w!)

(6.15)

, or €=4-d-2z. That is, € changes from 4-d-z to 4 -d as [ passes through ]

(3.28). In the intermediate region, one can formally determine €(l) by defining

1
120=uoexp<f e(l’)dl’).
0

That is,

B J dw, dw, X" (@)x" (W {[n(w,e ") = n(wye )] /(w, = w )}
€D=d-d-zv fdwl dw, Xl” (‘-‘-’1))(”(‘-‘-’2){["(“)1) - n(wa)] /(wz - “’1)} =

where ¥ ”(w) means x”(1, w). In either limit,

1« ], we could of course have found €(l) without
recourse to analysis of any particular diagram,
since for /<< ] the Matsubara frequencies effective-
ly form a continuum and the sum of w may be
approximated as an integral, while for 1> only
the w =0 terms matter. But the full formalism
[(6.8) and (6.9), with (6.15)] gives one a well-
defined, if messy, calculational procedure for
treating the crossover region.

It is also worth pointing out in passing, although
this limit is not the subject of this paper, that in
the high-temperature problem the procedure
outlined here gives one a handle on the dynamical
problem without recourse to the Langevin-equa-
tion approach generally used to discuss critical
dynamics. The results are the same, of course.
The perturbation series which comes out of the
generalized LGW functional here is equivalent,
after analytic continuation of frequencies to the
real axis, to the perturbative solutions of the
Langevin equations of time-dependent Landau-
Ginzberg theory,? provided that the Bose func-
tions are always replaced by their classical
limits T/w.
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APPENDIX: THE ONE-DIMENSIONAL PARAMAGNON
MODEL

The solution of the problem expressed by (2.13)
on its borderline dimensionality (1) makes a nice
example of how the quantum renormalization
works, even though, as I mentioned in Sec. III, it
has nothing to do with one-dimensional interacting
electrons. Part of the model, of course, is the

(6.16)

—
specification of the cutoff, and here we use the
first of the two schemes discussed in Sec. III, in
which the wave-vector and frequency cutoffs are
each taken (independently) to be unity. The re-
normalization-group equations come out slightly
different from (3.18) and (3.19) because it does not
make much sense to talk about a solid angle in one
dimension. Instead of (3.16) we have

I IR I
BN Z a1 27 - 21r+2 L, 2w J-1 2m?
qQw
(A1)

SO

(wl\™ 2zl [* , 1\
BNZ (rorar+tel) =) aa(ryra+ )

Thus (3.18) and (3.19) become (€=0, z2=3)

1 2
dr_27+?ru |:1n<r+2>+3 x2dx ],
(4]

dl r+1 (x3 +rx+1)?
(A3)
du 9u? x2dx
a - <(r+1)(r+2)+3f (x3 +rx+1)2>'
(A4)

For small » and ¥ we can ignore the 7 in the de-
nominator of the equation for du/dl, so that

du 9u?

@ (A9)
whose solution is

u(l)=(ug* +91 /w27 . (A6)

We then substitute this expression into (A3), and
keep terms to first order in 7 on the right-hand
side.’® The expansion of the integral gives



Voxdx (' xdx
1+x%+7rx 4 1+x3

-37r+0(r?), (A7)

SO
dr 3
E—ZT+W(}\—T), (A8)
where
b oxdx
A=In2 +[ }3—” . (Ag)

The solution of (A8), ignoring transients which
decay as 1/1, is

r(l) =7,e?' [1,/(L, +1)] s (A10)

where l,=7%/9u,. As in Sec. IV, 7, differs from
7, because of the transients. The linearized equa-
tion is valid up to the I =/, where =1, but we need
go no further, since at this point the effective
Kadanoff cell size is equal to the correlation
length, and perturbation theory will suffice to
finish the problem. To find the correlation length,
then, we set 7(!,)=1 in (A10) and use e’1=§. Then

£=7,1"2(n1/r)"’® | (A11)

which is exactly the € =0 result found from the
more usual sort of renormalization-group equa-
tions (like 3.25 and 3.26).® This is not surprising,
since the linearized equations in the two cases

are the same.

This analysis tells us that there is an ordered
state at T =0 if the coupling strength is large
enough. It is interesting to look at this case
(7,<0) at finite T, since we know there can then
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be no order. When the lAast finite Matsubax:a fre-
quency is scaledout, ! =I =3In(Ex/T), so (I »>1,)

_ [(E.\2/3 37 1/3
0=l (F ) gm) "
~ 112
u(l)zé_l_n(—E;/—TT) (A13)

I have not found any reasonable way to use the re-
normalization group (or at least its momentum-
space version) on the classical one-dimensional
LGW problem that remains at this point. However,
this problem has been studied using other meth-
ods.?® One finds, for |7|>u, a correlation length

g=r()| ™2 expl [7(D) [*//u()]

oS () ()] no

However, this is the correlation length in a prob-
lem whose scale differs from that of the original

problem by a factor e'=(Er/T)'/3. Thus the true
£ is larger by a factor e?’,

= |7 ,-1/2<3u,,1n(EF/T)>'/ﬁ
- 0 172

o[BI () ( 2) ). wun

The quantum effects manifest themselves in the
fractional powers of In(Ez/T) which produce cor-
rections to classical one-dimensional LGW be-
havior.
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