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Using a variational ansatz in which pair correlations between wave vectors of virtually emitted phonons
are taken into account, we have obtained better upper bounds to the polaron ground-state energy than have
been available heretofore for «<3.5. The same variational trial functions are also used to obtain lower
bounds for «<2.5. These lower bounds, although not completely rigorous, represent a considerable im-
provement over the Lieb-Yamazaki values, which are, to the author’s knowledge, the only other lower
bounds in the literature. The variational ansatz chosen is also suitable for practical calculations of the

polaron effective mass.

INTRODUCTION

HE problem of finding the ground-state energy of

the Frohlich Hamiltonian has a fairly substantial

literature,’™* mostly originating in the period 1950~

1955. Aside from its intrinsic theoretical interest, there

are two reasons why this problem again assumes
significance.

First, effective masses have now been measured
directly™” by cyclotron-resonance techniques in a
variety of materials in which the Frohlich electron-LO-
phonon coupling constants « lie in the intermediate
coupling range 1<a<4. It is therefore of interest to
obtain accurate theoretical values for the polaron con-
tribution to the effective mass. Unfortunately, we have
as yet no rigorous way of comparing the accuracy of the
various published polaron effective-mass calculations.
We can only assume that in comparing two approximate
calculations the one giving the better ground-state en-
ergy will likely give the better effective mass. Thus we
would like to have a highly accurate method of calcu-
lating the polaron ground-state energy in the region
0<a<4, particularly if this method could be readily
extended to calculate effective masses.

Second, experiments on the ionization energy of bound
polarons®? require for their interpretation the theoret-
ical difference in energy between the free-polaron ground
state and the energy of the bound polaron. Since these
energies are usually calculated separately, it is impor-
tant to have good values for the free-polaron ground-
state energy.

In this paper the theory of Lee, Low, and Pines'
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(LLP) is generalized to take into account correlations
of the wave vectors of pairs of emitted virtual phonons.
Our theory gives lower variational energies than have
been obtained heretofore for «<3.5. Since the trial
functions used are translationally invariant, our method
also seems well suited for calculation of the polaron
effective mass.

Surprisingly little attention has been paid to the
problem of bounding the energies of low-lying polaron
states from below; yet obtaining good lower bounds is a
most reliable way of estimating the accuracy of a vari-
ational calculation. Using our optimized variational trial
functions and the Temple lower-bound formula, we are
able to obtain lower bounds for the polaron ground
state for « £2.5. In this region we improve considerably
upon the lower bounds obtained by the ingenious
method of Lieb and Yamazaki.?

Finally, we discuss heuristically the relative accuracy
of our upper and lower bounds.

VARIATIONAL UPPER BOUND

In dimensionless form the Frohlich polaron Hamilton-
ian, whose ground-state wave function and eigenvalue
we wish to approximate, is

H=p*+Y nt+2vile *7b+H.c.), (1)

where energies are in units of the LO phonon energy,
#iw, and length is in units of ro=(%/2mw)!/?, with m
the bare mass or band mass of the electron. Momentum
and wave vector are in units of #/7 and 1/7,, respec-
tively. The creation operator for an LO phonon of wave
vector k is denoted by &x', the number operator by'by

by 7, and
4ra \M?21
e ( > N
Q/i’o3 k

e2 171 1
7o hw\e, €o

Q= crystal volume.

Following LLP, we take the exact ground-state wave
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function in the form

e-ir, ankUXO ,

U = e2/k (bxi—bg) , (2)
where X, is a function of phonon coordinates only and
Jx 1s a spherically symmetric function to be determined
variationally. Substituting (2) into (1) gives the Schro-
dinger equation
J(f)Xo=EXo,

Je(f)=3sCo(f)+3C1(f), 3)

3eo(f) = k) +2m—d’,
3 () =22 LA+ fatva](bu+bi)
+23_(k-m) fi fubi"bm
+ 2 (k-m) fi fn(biT b+ Bicd )
+23" (k- m) fr(nmbi+bi'nm), (4)

— o' =28 wefit T (1A fil. ®)

The LLP variational ansatz consists in approximating
Xo by the phonon vacuum state |0) and minimizing
(0]3¢|0) with respect to f. This calculation gives

Sr=—w/(1+k?) (6)

where

and
0]3]0)=—a'=—a.

One important limitation of the LLP wave function
is that the probability amplitude Ay of finding a pair
of virtual phonons in the field with wave vectors k and
lis

Asa= (K| U|0)= fifi exp(—32fs), (M
where |kl)=5,0,"|0) and is in our terminology a two-
phonon state. Therefore, we can consider the phonons
as being emitted into the single-particle state f inde-
pendent of how many phonons are in the field. Intui-
tively we expect this approximation to be good when the
electron has time to reabsorb an emitted virtual phonon
before virtually emitting a second phonon, that is, when,
say, _ ~

N+[{0| U (N=N)2U|0)]2<1, (8)
where

N=Ymn,, N=0|UNU|0)=1c. (9)

Evaluating the expectation value in (8), we obtain the
condition

Lo+ (Ga)?2<1l or a<3(n/5—1)2~0.76. (10)

If condition (10) is seriously violated, we would expect
that the electron would often emit a second phonon
while still recoiling from the first emission. Under such
circumstances we would anticipate significant correla-
tion between the wave vectors of emitted phonons. Thus
a proper description for somewhat larger o, satisfying,
say,

(11)

Lo+ (Ra)2 22 (hence « Z2)
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would require replacing the single-particle functions of
(7) by an essentially two-particle function. To accom-
lish this we generalize the LLP ansatz by replacing
|0) by |¢), whose general form is given by

|¢)=d|0)+ 3 d| k)+ > dia | k). (12)

We shall use the convention diy=0 for £>/, and we as-
sume |¢) to be normalized.

It is obvious that (12) allows correlations between
wave vectors of pairs of virtual phonons in the field.
We obtain

K| U|¢)=exp(=32 fuI[([drt+dw)+ frfid+ow], (13)

where

Tr1= fk&l‘f‘fz(ik-f—fkfz(2f7~fsj,s—Zf,(zr)
_kafS(d~15+d~sl)_lef.i)'(d.'ks—*_d‘-sk) .

Obviously any angular correlation between wave vectors
of a pair of emitted phonons, if present, can only be
contained in dyi+dy. In deriving (13) we have made
use of the identity

U=e2Umbmt=/mbm) = g Z/mbmt g=2fmbm g—12/m?
and in particular we have used
0] Ub|0)=— fre2/m?,
O[Ub b 0)= f.fie 12",
To investigate the properties of |¢) further we mini-
mize (¢|3C|¢) with respect to di, dii, and fx. It is easy

to show that for given f the equations determining dy,
di1, and E,(f), the variational energy, are given by

O[5e(f)[¢y=E(f){0l4),
(klse(N)|e)=E.(f)k|4),
(KH[5e(f) @)= E.(/){Kl|4).

Writing out (14) explicitly using (4) and (5), we obtain

(14)

Eto' =2k fitn(k)+ 2 ar frds, (15a)
(Eoto/ —1—k¥)dr=[2k*n(k)+ Z(k)+ar]fr, (15b)
[E,,—l—a'-— 2— (k’i‘l)zjdm: Zkl(fkfz+fzdk+fkd1)
+2k-1fi fi n()+n(k)]
+arfrditaifidy, (13¢)

where di=d/d, dn=dx/d, (15c) is valid only for k<,
and

Pfm(D)=21-mfn(dm+dim), (15d)
le(l)=meam(dml+dlm) ) (156)
fia=vi+(1+8) fi. (15f)

To complete the variational equations (15) we must
minimize E,(f) with respect to f at fixed functions dy
and di; by taking the appropriate functional derivative
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TasLE I. Comparison of variational energies £, and 17, from Eqs. (18) and l‘eynman s calculation, respectively.
Energies are in units of #w. N, is defined by (¢| U n.U|¢) and d is defined in (12)
et 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
E, —0.5040 —1.0160 —1.5361 --2.0640 —2.5993 —3.1421 —3.6915 —4.2471
Ly —0.5032 -1.0130 -1.5302 —2.0554 —2.589%4 —3.1333 —3.6885 —4.2565
N, 0.258 0.532 0.822 1.126 1.442 1.768 2.100 2436
a* 0.9990 0.9957 0.9901 0.9817 0.9710 0.9581 0.9436 0.9280
in (13a). This gives us our final equation where
C+2kI
20wkt (1+k2) fid+ 2k (k) frit+ (1+£2)de=0.  (16)  G(k,1) = [k(1+k2)2 ]! [ 4RICH-C2 ln<~—~——>:l
. - - . C—2kl
Using definitions (15d) and (15¢), Eqs. (15b) and
(15¢) can be easily transformed to a pair of coupled C=2+4k*+12—Iy—a,
three-dimensional integral equations for n and Z. Be-
d the si a (7
cause di; has the simple structure O — / ik Gk,
—k-1 4l /o
- - ’ B .
2 k-+1)2—E,— Lta—141
+(k+D) « h(l) = —8 0]
X positive function independent of angles, (17) Eyta—1—1
all angular integrals are readily performed analytically, The equation for /2,, (18a), be@mes
and the problem reduces to a pair of one-dimensional B2
¢ : . A ' , 2 e (k)
integral equations, which can be solved numerically by Ey=—a+— d -, (20)
iteration. Taking an initial guess for Z,, fi and dy, T Jo (14422

we iterate on 5 and Z until these functions become
stable. We then adjust the values of E, and f; from
(15a) and (16), respectively, and again solve for » and
Z. The process is continued until self-consistency is
obtained as evidenced by the stability of successive
values of E,.

Interestingly enough, we find that our optimum fy
is very close to the LLP value (6) and that the increase
in variational energy due to the replacement of (16) by
(6) is less than ~0.19, of the ground-state energy for
the range 0<a<4. If we do replace (16) by (6), our
Egs. (15) simplify considerably, for in that case ¢’ =«

and ar=Z(k)=0, giving
Eo=—atTEAa(E),  (182)
(Evta—1—k)d,=2k2fin(k) (18b)

[£ vt a—2— (ktD)*Tda= 2k-I fufi L1+ n(B)+n(D)]
+ e+ frdi) . (18¢)

Because the marginal improvement afforded by Egs.
(15) and (16) seems hardly worth the additional com-
plication, we shall consider |¢) to be determined by
Eqs. (18) in all subsequent discussion.

After performing the angular integrations analy tically,
we obtain from (18b), (18c), and (15d) the integral
equation

n()=[P=h) ]

o L, 4a—1+k2
X[g(l)—***/ dkn ()G (k, l)( ****** )], (19)
4l ) o E,4a—1—F2

As before, our procedure is to guess 7(1) and £,, iterate
(19) at fixed E,, then recalculate £, from (20) and
repeat the process until ¥, is stable. Convergence is
sufficiently rapid to permit solution of (19) and (20)
by hand calculation for o Z4.

The weak-coupling limit of (19) and (20) is found by
replacing C by 24-%2+1% and k2p(k) by g(k), giving the
result

2a
hm E,=—a

g(k)
(#1:];272——— —a—0.01592002.

In their paper, LLP obtained essentially (21) by
treating JC;(f) in (4) in second-order perturbation
theory. However, the perturbation correction of Eq.
(42) of LLP is too small by a factor of 2 and the numer-
ical evaluation there is not accurate. Hohler and Mullen-
siefen? have also obtained result (21) by fourth-order
perturbation theory in the representation of (1).

We remark that from (17) di and |dii| both reach
their maximum when k and I are antiparallel so that, at
least if the coupling is not too strong, the two-phonon
amplitude given by (13) is a maximum for given |k|
and |1| when the magnitude of the total phonon wave
vector, | k41|, is a minimum. This result is undoubtedly
a consequence of the presence of the recoil term,
(2C kny)?, in 3Co, which becomes very important when
two or more virtual phonons are present in the field.
We expect that for coupling strengths substantially
violating (11) additional angular correlations involving
three and more phonon wave vectors will assume im-

21
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TagLe II. Comparison of lower bounds for the polaron ground-state energy from the present calculation, A,, with the Lieb-Yamazaki
lower bounds Ary. Also compared are v, with the corresponding quantity from LLP, yrrp. All energies are in units of #cw.

o 0.5 1.0 1.5 2.0 2.3 3.0 3.5 4.0
Ay —0.5052 —1.027 —1.576 —2.172 —2.872

ALy —0.5227 —1.0998 —1.748 —2.487 —3.339 —4.322 —5.450 —6.730
Yo 0.00121 0.0105 0.0381 0.0962 0.198 0.357 0.585 0.895
YLLP 0.0417 0.1667 0.375 0.667 1.042 1.500 2.042 2.667

portance in keeping the recoil term small. Whereas Eqs.
(15) could readily be extended to include three and
higher phonon states, the resulting integral equations
to be solved become much less tractable numerically
because of the difficulty of performing analytically the
angular integrations.

In Table I we present a comparison of our variational
upper-bound calculation and the Feynman theory!!
energies /¢y for 0<a<4. Note that the percentage dif-
ference between the Feynman energy and £, decreases
as « increases until £; finally becomes lower than 7,
at 3.5<a<4.0. For a>4, £, becomes worse and worse
relative to £; with increasing a but remains lower than
the Lee-Pines energy'? for a 9.

Finally, we note that Haga'® has compared the exact
results for the Gross model with a variational ansatz
analogous to Egs. (18) for that one-dimensional model.
He finds substantial agreement between exact and vari-
ational answers for « <3 both for the ground state and
low-momentum excited states.

LOWER BOUND

Our discussion of lower bounds for the polaron ground
state is based upon the Temple formula, given by

Eo>Er=@|3e[y)—v/(Li—@l3]¥), (22a)
v=[5e[)— (laely)?, (22b)

where [, is the exact ground-state energy and /¢ is
the energy of the lowest lying of the exact excited states
admixed in the normalized trial function |¢). The in-
equality (22a) is valid only when (|3C|¢) < I

Since we have admixed only states of zero total mo-
mentum in our trial function, we expect that 19, > Fy+1;
the first excited state consists of a zero-momentum
polaron with a free phonon of zero wave vector.'s To
optimize Er we should not choose |¢)=|¢), but rather
we should vary our parameters d; and di to maximize
the right-hand side of (22a). This, however, is a com-
plicated procedure and it seems doubtful that a signifi-
cant improvement could be obtained. By virtue of (14)

HR.P. i‘eynman, Phys. Rev. 97, 660 (1955).

12T, D.Lee and D. Pines, Phys. Rev. 92, 883 (1953).

13 E. Haga, Progr. Theoret. Phys. (Kyoto) 13, 555 (1953).

1 For a simple derivation, see, for example, T. Kinoshita, Phys.
Rev. 105, 1490 (1957).

16 The assumption that the ground state is the only zero-mo-
mentum polaron state with energy less than E¢+1 can be proved
rigorously to order a in the weak-coupling limit. For the range

0<ax<2.5, this assumption is at present only a conjecture which,
however, the author regards as highly plausible.

it is a relatively simple matter to compute y,= (¢|3C2| ¢)
—(¢|3C|¢)?; moreover, v,, which would vanish if |¢)
were exact, is itself of interest since it gives a measure
of how good our wave function |¢) really is. Thus we
obtain lower bounds A, from

Er>Ny=E,—vy,/ (14N, —L,), (23)

where, to ensure that \, is in fact a lower bound, we
have replaced £; in (22) by 14\,, which bounds £;
from below.

Solving (23) gives

No=3— 1+ (I —dy ) 2]+, (24)

We notice from (24) that no real solutions exist for \, if
v>0.25. This is not a property of the general Temple
formula (22a), but is rather a consequence of our lack
of a sufficiently good lower bound for £; when v>0.25.
However, even if we had some independent lower bound
B for E, satisfying £,—B<1, inserting 8 for \, on the
right-hand side of (23) would give a value of \, on the
left-hand side which is lower than 8 when v,>0.25.
Thus the Temple formula is useful in estimating lower
bounds to the polaron ground-state energy only for a
such that v<<0.25.

The size of v depends, of course, on the goodness of
the wave function used to calculate it. If we use the
LLP wave function in (22b), we obtain

’YLLP=ZZ(m'n)2fm2fn2=%a2; (25)

which, as we shall see, is considerably larger than v, for
a4,

Equations (14) or, equivalently, the fact that |¢) is
the exact ground state of 3C in the subspace restricted
to zero, one, and two phonon wave functions, implies

'yv=Z'<¢UIJCll‘><i|5'CI¢,,>, (26)

where the sum ), is restricted to intermediate states
[2) containing three or more phonons (states of the
type |klm), | klmn), etc.). We obtain explicitly

Y= {22 (m-n) me2fn2[2dk2+%2 (dk12+dlk2)]
+42_(-m)* £ 20 (1)
+Z ()]
+§az (162+k1) (([k12+(ilk2)
+83 (kD2 fufan(D) (dir+d)
+42 1 (1)
AT [2B20) — 2BO)F )+ (D))
X (1+Z([/,»2+Ztlk12)—l s
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where

B(O) =12 (k-D*fiuldat-du)
F(D)=2k fr(datdi) . (27)

In Table IT we compare, where possible, \, and lower
bounds Ary computed from the theory of Lieb and
Yamazaki®; also compared are v, and yrrp. We note
that A, becomes very close to E, for small ¢, and repre-
sents, wherever calculable, a considerable improvement
over Ary. Of course, the method of Lieb and Yamazaki
has the advantage that it is applicable for all a.

Finally, we come to the question of fixing more pre-
cisely where in the range between E, and A\, the ground-
state energy actually lies. Here we enter into the realm
of conjecture. However, it seems clear that the true
energy lies closer to E, than to \,.

To justify this statement we consider the energy
differences & and ¢ defined by

0=Ey—\,,

e=FE,—FE,.
Defining the eigenfunctions of 3¢ by 3CX,=EX;, we
expand |¢) as

|¢)=2_ciXi.

e=Z(E;— Eo)c,ﬂ. <29)
Now consider Er from Egs. (22). It is not hard to see
that Egs. (22) can be rewritten
(¢| (5— E1)(3¢— Er) | ¢)=0=3(E;— Ey)
X (Ei— Eot+A)c:?,

(28)
Then

(30)
where
A=Ey—Er.
Thus
- AZ (El— El)Cig‘ = Z (El—“ El) (Eq,_ E())C,'2
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or
A(l— €)= (FE;— Eg)%;*—e.
Defining
R,=3(Ei— Ey)%:?/ 3 (Ei— Eo)c
and

M= (E;—Ey)c?/Y %0 ¢, (31)

it is easy to prove that R,> M ,, and since from (23) we
have Er>\, (and therefore §>A), we can write

3/e>A/e>R,—1>M ,—1. (32)

Presumably |¢) accounts well for the admixture of
one- and two-phonon eigenstates of 3o and Xo. Thus we
expect that, at least for « Z3, the main contribution to
>0 ¢iX; comes from three-phonon and higher-phonon
states. Now comes the crucial assumption of our argu-
ment: The eigenstates of 3C are sufficiently similar to the
eigenstates of 3¢ for « <3 that the main contribution to
=0 €iX; comes from states X; corresponding to the
three- and higher-phonon states of 3Co. These states X;,
like their corresponding eigenstates of 3Co, have energies
E;— E, greater than ~3.

If this assumption is granted, we have to conclude
from (31) that M ,X<3 and therefore from (32) that

8/e32.

Actually we think that (33) is conservative—we would
not be surprised to find §/e greater than 3 or even 4,
depending upon the value of a.

Computations of the effective mass are in progress.

(33)
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