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It is shown that the zero-frequency magnetic susceptibility defined by Kubo is a lower bound for the

zero-field isothermal magnetic susceptibility.

I. INTRODUCTION

ITH a system on equilibrium, one associates

ensemble averages of operators. If the system
is exposed to a time-varying field, the system may
respond, and the initial ensemble averages may be
replaced by averages evolving in time. Kubo' has
discussed the evolution of the averages in terms of a
perturbation-series solution to the Liouville equation.
The perturbation parameter is the coupling between
the unperturbed system and the applied field, and
attention is usually focused only on the first-order
term in the perturbation series—hence, “the theory
of linear response.” The linear term is characterized
by a response function' or equivalently by a double-
time Green’s function.? A Fourier integral of the re-
sponse function determines a quantity commonly
called the frequency-dependent susceptibility.

Prior to the above statistical-mechanical theory,
there existed a phenomenological theory® of linear re-
sponse. The phenomenological theory also yields a
frequency-dependent susceptibility which for zero
frequency reduces to the familiar isothermal suscep-
tibility. However, Kubo noted' that the statistical-
mechanical theory gives a frequency-dependent suscep-
tibility which at zero frequency does not necessarily
equal the isothermal susceptibility.

It will be shown in this paper that at zero frequency
Kubo’s magnetic susceptibility is a lower bound for
the familiar zero-field isothermal magnetic suscepti-
bility.

II. RESPONSE FORMALISM

A concise derivation of the response formalism is
found in a recently published translation of Tyablikov’s
book.2 To establish the present notation and the essen-
tial equations, a summary of the derivation follows.

Let the unperturbed system be characterized by a
Hamiltonian H, and let its equilibrium behavior be
given in terms of the canonical ensemble density oper-
ator py=exp[—B(Fo—Ho)], where the unperturbed
Helmholtz free energy is Fo=—p3"" In Tr exp(—BHo).
Take the perturbing Hamiltonian

H,(¢) =0, for <ty
=H1(t), for l__>_to.

1 R, Kubo, J. Phys. Soc. Japan, 12, 570 (1957).
2§, V. Tyablikov, Methods in the Quantum Theory of Magnetism
(Plenum Press, Inc., New York, 1967), pp. 237-245.
3SH, B. G. Casimir, Magnetism and Very Low Temperatures
(Dover Publications, Inc., New York, 1961), pp. 83-84.
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With the complete Hamiltonian,
H(t) =IHh(4) +Ho
associate the density operator
p(t) = ps(2) +po.

In the following, 7 will be replaced by 1; consequently.
the Liouville equation is written

(id/dt)p(t) =[H(1), p() ],
with the initial condition
p(to) = po.
For an operator L(t), define
L(t) =exp(iHot) L() exp(—iHyt),
so that the Liouville equation is transformed to
(id/d)p(8) =[H(2), poJ4+[HL(D), 3], (=1

with
p1(t) =0.

The latter differential equation is iterated according
to the scheme

(id/dt)pr,i (1) =[H1(8), poJ+CHL (), Briea ()],

with
for >4y

fori=1,2, ...

ﬁl,O(t) = 0:
'ﬁl,l(tﬁ) = 07

The first iteration gives
t
pua() =i [ dn [ (8), ]
to
and the second iteration gives

11 - 1 2 t
p1,2(0) =7:—1/ at [Hl(il),Po:I'l‘(;.) /dtQ
to to

X_/tm dtl [ﬁl (tZ), [Hl(tl)y PO]] ’

thus an arbitrary contribution to the perturbation-
series solution is easily generated.

Now the average of an operator Q is written (Q)
and defined by

Q)=Trp()Q

=Trp1(£) Q-+ TrpQ,
602



165

where it is assumed that the traces exist and satisfy
the usual invariance properties. Therefore, with (Q)
denoting TrpeQ,

(@)—{Q)=Tra($)Q
="Tr exp(—iHot)p1(¢) exp(iHqt) Q.

If, as in the following discussion, only the linear re-
sponse is considered, then p:(¢) is replaced by pu(?),
and

()= (Q)o=Trpu() Q1) +O(H*)

~inf dn T (), )0 (1) + O (H:)

=i—/t dty Tr[Hy (), poJQ(¢— 1) +O(H:?),

with the understanding that dynamical quantities
evolve according to

L(f) =exp(tHot) L(0O) exp(—iHyt).
For the present treatment select
Hl(t) = —‘M]Z(t) )

where %(t) denotes a time-varying magnetic field and
M denotes the component of the system’s magneti-
zation along h. Now consider the response of the
average value of M to the above Zeeman energy of
perturbation.

(M Y— (M Yy=i f " ()
X[ M (), po]M () +O(H2)
- /t Bt b (i— ) +O(HD),

where ¢ ({—#) is the response function which is defined
by
(/)¢ (¢—t) =Tr[M (1), po]M (2)

= —Tr[po, M (1) 1M (2).

At this point it is worthwhile to note the following
identities?:

4 Identity (3) is established easily by induction, whereas (1) is
established by letting g(A\)= exp(A4)B exp(—A4)—B and
f(>(\i)= exp(—A4)g(), then g'(A\) = exp(A\4)[4,B] exp(—r4)
an,

A
™) =/ d\ exp(Md4)[4, Bl exp(—M4),
0

which immediately gives the desired integral representation of the
commutator f(@8). Identity (2) is established in a manner anal-
ogous to (1).
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Identity (1):
[D, exp(—BH,) ]=exp(—FBH,)

X/B d\ exp(NHy)[[Ho, D] exp(—\H,).
0
Identity (2):
(9/0h) exp[—B(Ho—hM)]=exp[—6(Ho—hM)]

X f " I\ expD\ (Ho—hM) AT exp[—\(Ho— ) ].

Identity (3): For a set of operators {Cy, Cy, + =+, C,}
TrD[Cn, [Cosy =+ +, [Cy, CoJ-++T]
=Tr[+++[[D, C.J, Cov], +++, Ci]Co.
From the definition of
L(ty=(d/d) L)
=exp (1Hot) i Ho, L(0) ] exp(—iHot) =i[Hy, L(f)]

and the definition of g, it follows from identities (1)
and (3) that

—Tr[po, 4(t1) 1B(2)
=Trp[B(t), A(4)]
=Tr[ 0, B(£)]4 (1)
=Tr[po, B(0)]4 (,—1)
=—"Tr[p, 4(0)]B(t—1)

’

B .
=— f d\ Trpo exp(NHo) A (#) expl —\Ho) B(¢)
0
. 8 5
=zf @\ Trpo exp(NHo) B () exp(—NH;) A (t,)
0

(]
= / ax Tl'po CXP()\H@) A (tl) exp(——)\Ho)B(t),
0

where the last form was arrived at by changing the
integration variable. The response function and the
corresponding double-time Green’s function? can thus
take on a number of disguises. For this occasion, select
the last one for which

o(i—t) = (d/dr)g(),

where

(]
g(r) = —/ d\ Trpo exp(NHo) M (0) exp(—N\Ho) M (7)
0
and
T=}— tl.
In accord with Kubo,! define the frequency-dependent
susceptibility

x(s) = lim “dr exp(—iwr—er) (d/dr)g(r).
€ 0
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With w=0, integration by parts yields the following
expression for the zero-frequency susceptibility:

x(0) = —g(0)+ lime [ “dr exp(—er)g(r).
>0+ 0

III. UPPER BOUND FOR x(0)
Consider the set of eigenstates | /) of Hy, where
Ho l l>=Ez l l>.

The trace appearing in g(r) may be separated into
three contributions, so that

g(r) =—51(0) —55(0) —s3(7),
where

51(0) =5; Lexp(—BEy) /Trp] | (1| M | 1) 2,

52(0) =B [exp(—BE:)/Trpo] | (| M | m) P,
lm
(l#m, El= Em) y
P exp(—BE) _
s3(r) = fo iz limj o eplM (B Fa)]

Xexp[—i(Er—Eu)7]| G| M |[m) P, (Ei7En).

Each term is easily integrated, i.e.,

lim e / " dr exp(—er)1(0) =5,(0)
>0+ 0

and similarly for s:(0). Furthermore with %=

(Ei— En) #0,

lime / oodT exp(—er) exp(ixr) =0;

ot Yo
thus s3(7) contributes nothing to x(0), and
x(0) =—g(0) —51(0) —5:(0).
Notice that for non-negative temperature
—s52(0) =0.
Next consider s;(0) in terms of

vi=exp(—BEi)/Trpo

and
pm=| M| 1);
then
¥:1=20
and

Z Yi= 1

l
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From the Schwarz inequality,

B(22 Y 2=B (3 vitl2y )
! 7

=8y 2 yw?=s(0),
1 7
and we have

x(0) S —g10)=5:(0) S —g(0) =8( X vun)*,
thus
x(0)% [T =0 M0 ()]
But the right side of the inequality is just the zero-
field isothermal susceptibility x7°, since
xr"= {—(9/0h)*[—B" In Tr exp(—B(Ho—hM) )]} s

_ _6_1[((6/811) Tr exp[—B(Hy— kM) :])2
B Tr exp[—B(Ho—hM) ]

B ((6/6h)2 Tr exp[ —B8(Hoy—hM) ])]
Tr exp[—B(Ho—hM) ]

Apply identity (2) and the cyclic-invariance property
of the trace to see that

(8/0k) Tr exp[—B(H,—hM)]

=B TrM exp[—B(Hy—hEM) ]
and

{(8/0h)® Tr exp[ —B(Ho—hM) T} 1o
=B/ﬂd>\ Tr exp[ —BH, M (—i\) M (0).
0

This demonstrates that

X (0) =xr°
IV. REMARKS

Kubo has discussed! conditions for which x(0) = xz?,
and a very interesting calculation’ of x+(0) for the
two-dimensional Ising model indicates that x+(0)=
xr®+ for the hexagonal lattice and x+(0) <xz%+ for the
square lattice. A physical explanation of this sensi-
tivity to lattice structure is given by the authors.

For [M, Hy]=0, x(0)=0; whereas the zero-field
isothermal susceptibility xr° and the corresponding
adiabatic susceptibility x,° may both be nonzero. An
example of just such a situation is provided by the
exactly soluable X-¥ model for which xr and x, are
readily calculated from formulas given by Katsura®

8G. A. T. Allen and D. D. Betts, Can. J. Phys. (to be pub-

lished).
6 S. Katsura, Phys. Rev. 127, 1508 (1962).
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and by using the thermodynamic relation’
T(0M/oT)?
+‘-—C—,
h
where Cj is the specific heat at fixed field.
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The dc conductivity of the “excitonic insulator” recently discussed in the literature is calculated in the
semimetallic region. The calculations are based on recent work on the description of the excitonic phase
in the presence of impurities. It is shown that the conductivity decreases below the transition temperature
to the excitonic state. For low impurity concentrations the system acquires insulating properties. For
higher impurity concentrations the conductivity is still nonzero at 7'=0. Thus, metallic properties prevail
in the excitonic phase. It is pointed out that this behavior depends essentially on the form of the excitation
spectrum of the system, i.e., the presence or absence of a gap. At the transition temperature the conductivity-

versus-temperature curve has a finite slope.

I. INTRODUCTION

ECENTLY, several papers have discussed the

properties of an excitonic phase which is expected
to occur in solids with small energy band gap.!? The
phase can be described as a condensate of bound pairs
of electrons and holes due to an effective attractive
interaction between conduction-band and valence-band
states. In the normal state one considers both a positive
band gap (semiconductor) and a negative band gap
(semimetals). The most extensive study of the prop-
erties of this phase has been given by Jerome, Rice,
and Kohn! Besides the question of experimental
observability, they have discussed in detail the ordering
phenomenon which takes place in the new state.

* Supported in part by the Office of Naval Research and the
National Science Foundation. .
T Present address: Institute for Theoretical Physics, University
of Koln, Kéln, Germany.
( 1 D7) Jerome, T. M. Rice, and W. Kohn, Phys. Rev. 158, 462
1967).
2L. V. Keldysh and Yu. V. Kopaev, Fiz. Tverd. Tela 6, 2791
(1964) [English transl.: Soviet Phys.—Solid State 6, 2219
(1965)7J; Yu. V. Kopaev, Fiz. Tverd. Tela 8, 223 (1966) [English
transl.: Soviet Phys.—Solid State 8, 175 (1966) ]; A. N. Kozlov
and L. A. Maksimov, Zh. Eksperim. i Teor. Fiz. 48, 1184 (1965) ;
49, 1284 (1965) [English transls.: Soviet Phys.—JETP 21, 790
(1965) ; 22, 889 (1966) J; J. Zittartz, Phys. Rev. 162, 752 (1967).
Other references can be found in Ref. 1.

While the thermodynamic properties of the excitonic
phase are similar to those of a superconductor, the
electromagnetic properties are perhaps more interesting
from an experimental point of view. According to the
work of Jerome, Rice, and Kohn! the excitonic phase
turns out to be an insulator. This is especially interest-
ing in the case where the underlying two-band model
has a negative band gap (semimetallic region) and
therefore would conventionally have metallic properties.

This paper deals with the electrical conductivity of
the excitonic phase at low temperatures where the main
scattering mechanism is due to impurities and imper-
fections. Jerome, Rice, and Kohn! have calculated the
frequency-dependent complex conductivity for the pure
system and have derived the dc conductivity by using
Kramers-Kronig relations and a simple ansatz for
taking scattering into account. The more rigorous
calculation in this paper does not confirm their results.
The reason for this is that the impurities play a rather
intricate role. In a former paper® we have considered
the influence of randomly distributed impurities on the
excitonic phase. We found that the situation is very
similar to the case of magnetic impurities in super-
conductors, i.e., the impurities have a pair-breaking

3]. Zittartz, Phys. Rev. 164, 575 (1967). This paper will be
referred to as I.



