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The ground-state energy for the Anderson model of an impurity atom in a paramagnetic host metal is
evaluated as a function of the impressed magnetic moment. Within the Hartree-Fock approximation we
find that the ground-state energy has an absolute minimum for a finite value of the magnetic moment,
corresponding to a stable localized magnetic moment. When correlations are included within the low-
density approximation, the energy has its minimum for vanishing magnetic moment and the system cannot
magnetize, in agreement with the results of Schrieffer and Mattis. The expression for the ground-state
energy is extended to nonzero temperature and the specific heat due to the dilute impurities is calculated.
It is shown that the anomalous specific heat derived by Anderson within the Hartree-Fock approximation

is spurious.

INTRODUCTION

HE many-electron correlations associated with

the formation and stability of localized magnetic
moments on solute atoms in dilute alloys are only
partially understood at present. Theories for localized
magnetic states have been developed by Anderson,!
Wolff,? and Clogston.® Anderson has introduced a model
in which the impurity atom is represented by an extra
d orbital immersed in the s-band states of the host.
This state is broadened into a virtual level in the sense
discussed by Friedel.* The broadening is caused by a
one-body s-d interaction (scattering matrix element)
which mixes the d state with the band states. The
Coulomb interaction U of opposite spin electrons
occupying the d orbital is the only two-body interaction
taken into account and, with the s-d mixing, generates
the many-electron correlations of this model. In
Anderson’s original discussion these correlations were
investigated by means of a self-consistent Hartree-Fock
calculation, and a stability condition for the existence of
localized moments was obtained along with a determina-
tion of the susceptibility and specific-heat contributions
of these correlations. Recently Schrieffer and Mattis®
have investigated the effects of correlations beyond
Hartree-Fock. A stability criterion based upon the
occurrence of a singularity in the susceptibility was
shown to give the Anderson conditions within the
Hartree-Fock approximation. It is known, however,
that correlations between electrons of opposite spin,
neglected in the Hartree-Fock approximation, are
important. For the case in which the virtual level is
located with respect to the Fermi level so that it
contains only a small fraction of a particle (or a hole)
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the important correlations can be taken into account
by introducing a two-particle (-hole) / matrix. Schrieffer
and Mattis showed that in this low-density® limit the
susceptibility is always finite, independent of the
strength of the Coulomb interaction U. This is in
contrast with the Hartree-Fock result which predicts
that for sufficiently large U the susceptibility will
become singular and beyond this a local moment will
be stable. This is another example of the fact that the
Hartree-Fock approximation can overestimate the
strength of the effective exchange interaction.

In this paper, the ground-state energy for the
Anderson model of a dilute alloy is investigated. By
introducing an external magnetic field, it is possible to
study the energy associated with the many-electron
correlations as a function of the magnetization M of the
d orbital. If the minimum energy occurs for a finite
value of M, then a local moment will be stable. Within
the Hartree-Fock approximation we show that the
criterion for the occurrence of such a minimum is just
that deduced by Anderson and corresponds to a
singularity in the susceptibility. In the low-density®
case, Schrieffer and Mattis showed that the energy has
a local minimum at zero magnetization (i.e., the
susceptibility does not become singular). Here we show
that no subsidiary minimum occurs and therefore there
is no localized moment. It was in fact just this question
of the possibility of a subsidiary energy minimum at
nonvanishing values of M corresponding to a metasta-
ble or stable magnetic phase, which prompted this
investigation. The occurrence of a stable subsidiary
minimum would have far reaching consequences
indicating the necessity of a bootstrap approach in
which the presence of a local moment would have to be
assumed at the start of the calculation in order to
determine the onset criterion for such a moment.

Generalizing this work to nonzero temperature, we
derive an expression for the energy associated with the
impurities. Using this, the specific heat due to the

¢ Here low density refers to a small particle (or hole) occupation
of an impurity d state and not to the concentration of impurities,
which we always assume is sufficiently dilute so that impurity-
impurity correlations can be neglected.
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impurities is calculated. The anomalous term obtained
and discussed by Anderson is shown to be spurious.
The expression which we obtain agrees with some
experimental results on dilute alloys of Ni in Be.”
Here the impurity atoms have a low hole concentration
and therefore the low-density f-matrix approximation
should be valid. Within this approximation, theory
predicts that there are no stable localized moments and
none are observed in the dilute alloys of Ni in Be.

The following discussion is divided into three parts:
In the first section, an exact expression for the ground-
state energy for the Anderson model of a dilute alloy
is constructed. The energy is given in terms of an
integral over the single-particle d-state Green’s function.
In the second section, we evaluate this expression using
forms obtained for the Green’s function in the self-
consistent Hartree-Fock approximation and the low-
density /-matrix approximation. In the Hartree-Fock
case, Anderson’s results are reproduced and plots of the
ground-state energy as a function of magnetization are
given for a range of d-state level position and level
width parameters. In the low-density /-matrix case we
do not find a stable or metastable magnetic state. This
supports the conclusion of Schrieffer and Mattis that
the Hartree-Fock solution, which predicts a moment
in the large-U limit, is qualitatively in error for the
low-density case. In the final section, an exact expression
for the energy at nonzero temperature is derived and
used to calculate the specific heat.

EXACT EXPRESSIONS FOR THE GROUND-
STATE ENERGY

In Anderson’s model, one assumes that the band
states of the host metal can be treated as independent
quasiparticles characterized by a momentum index %,
a spin index s and an energy €. In the presence of a
z-directed magnetic field H., the band-state energy is
ers=€ex—S\ where s==41 and A=uH,, u being the
Bohr magneton. We consider the system of the band
electrons and a single impurity atom. The impurity is
introduced as an extra localized orbital of energy
€4s= €a— S\, which is mixed with the band states by a
matrix element V4. All two-body Coulomb interactions
are neglected except the Coulomb interaction U
between opposite-spin electrons on the localized orbital.
Using ¢t and ¢ as the Fermi creation and destruction
operators, the Hamiltonian for this system is

H=Z eksnks+z €dsNds
ks 8
+Z (deCksTCds-i_H.c.)‘*' Und,,Lnd. y
ks

where

11k8=6k8f6k87 and nds=cdsth,. (1)

We wish to write down an expression for the ground-
state energy in terms of the single-particle propagator

7A. P. Klein and A. J. Heeger, Phys. Rev. 144, 458 (1966).
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for the extra orbital
Gaa® (t)=—1{0| Tcas(£)cast(0)]0). (2)

Our subsequent analysis is then based upon the evalua-
tion of this ground-state-energy expression using several
approximate forms for Gg4‘®.

In order to relate the ground-state energy to the
propagator (2), we consider the commutation relations

Lcko,H]= €xsCratViacas, 3)
Lcas,H]= €ascast 2 Var*crot Ucanta,—s.  (4)
k

and

In terms of these commutators the Hamiltonian can be
written

H=3 {2 crs'lcrs,H 1+ 3castcas,H]
8 k
+ieasnat i Y Var*eastea). (5)
%

Now it is convenient to introduce the four one-particle
Green’s functions defined by

G (t)=—1(0] Tcw(1)c;51(0)|0), (6)

where ¢ and j stand for indices & or d, and |0) is the
true ground state of the system. The ground-state
energy is simply related to these Green’s functions.
From the equation of motion for the operators cx, we get

d
(0|6ksT[CkS,H]|0>=7tGkk(”)(t) | i=o, @)

or taking Fourier transforms

1
<0|Ckaf[6ksyH:||0>=—/kak(")(w)dw, ®)
e

where C is the contour consisting of the real axis and
a semicircle at infinity in the upper half plane. In the
same way we get the relations

T J ¢

1
<0|cds*[cds,H]|0>=2— / wGag® (W)dw,  (9)

271

1
<()E1’ld,gl0>=——- / Gdd(s) (w)dw , (10)

1
(OlcdsTck_,IO):—/de(x)(w)dw. (11)
2ri J .
Now we have expressed the expectation value of the
terms in the Hamiltonian (5) as certain integrals of
Green’s functions. However these Green’s functions are
not independent, but coupled to each other through the
s-d interaction V. From the equations of motion we get
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the following relations:
wGra® (@)= €xGra® (@) + ViaGaa® (w) (12)
WG @ (@) = Sk + €xsGrnr ) (@) + ViaGar @ (w) . (13)
Elimination gives
Gra® (w)=[Via/ (0= €rs) JGaa” (@) , (14)
and
| Via|?
Gkk(‘) (w) = +__"'Gdd(3) (w) . (15)
W €ks ("-’—eks)2

We also introduce the one-body self-energy S (w)
given by

| Vial?

S (w)=3 .

k. W— €s

(16)

Thus we can write the ground-state energy

1
O[H|[0)=—1

2wt e

o

o+ eas+S® (w)
"G 3® (w)}dw. an

As in Anderson’s analysis we can neglect the real
part of the self-energy S since it primarily leads to a
level shift which can be taken care of by a redefinition
of e4,. Furthermore we assume the self-energy to be
spin-independent, and take

S (w)=—1I sgnw,
where
I'=7N(0)]| Via|a®-

Here we have assumed that the density of states in the
s band varies slowly and replaced it by its value at the
Fermi surface NV (0). In this approximation we can write

1
— Z kak(’) (w)dw

2wt ) &

e

2t J e \ b w— €xs

i)
—Gaa® (@)w—S (w))dw
dw

= Y ex,=const,
k< kF

since wdS(w)/dw is of the form wd(w). Neglecting this
constant we have

1 w+ e+ (@)
E=(0|H|0)=—% | ———¢

21!'1/ 8 c

2a® (w)dw. (18)

Taking Gy (w)'=w—es;,—S(w) we define a proper
Coulomb self-energy by the Dyson equation

Gii® (w)=Go® (w0)+Go® (w)z @ (w)Gaga™® (w) . (19)
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(-s)

Gdd (@)
(s) _ O

P2 (w) T LY

F1G. 1. Hartree-Fock approxi-
mation of the self-energy.

With this relation, Eq. (18) can be rewritten in a
form which will be useful in the subsequent analysis

1
E=—7Y | (@0—32@)Gau® @)dw. (20)

2t s Jo

EVALUATION OF THE GROUND-
STATE ENERGY

Hartree-Fock Approximation

In the Hartree-Fock approximation the self-energy
Z®) (w) is given by

Gaa"? (w)dw=Un_,, (21)

U
2O (@) =—
2wt J ¢

corresponding to the diagram shown in Fig. 1. Thus we
can write the Green’s function

Gaa® (w)=1/(w—E;+1I sgnw) , (22)
where
E,=eq+Z® (w)=eq— AN+ Un_,, (23)
and #, is the expectation value of n4,, given by
1 1 E,
Ne=—" dwGaq™® (w) =— COt_l(_) . (24)
2w J . T T

The ground-state energy (20) is now

1
E=—73% | {0—3Un_,}Gaa® (w)dw. (25a)

271 s Jo

Folding the contour as in Fig. 2, and rewriting, we have

0
® ImGgq® (w)dw— Unyn_.

1
=-%

T J o

(25b)

To make the integral convergent we only perform the
integration from a cutoff energy, the contribution
from which we consider as a constant and neglect.
Doing this the energy can be written

I' Ej2+TI?
E=Y em+Unn_+> —In ;
B s T

2w

(25¢)

To evaluate the energy from this expression we must

J
-

Fic. 2. Cut struc-
ture of the Green’s
functions and the
contour C.
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E, from Fq. (25) which gives

y(Eo/U+j,-) y)x/U 1 (l( ) g

a r
! £E=Y {ed,,ns—-— In sinwn, { +Unyn_. (28)

2 L 8 ™

y=1 . .
Yo ye5 Denoting the total number of electrons on the impurity
y=1 ) ' / y=5 by N=n,+n_, the energy can be written
e ) ) r
M M E=esN—AM —— In (costM — coswN)
™
(a) +IUN—M?). (29)
yE /U yA/u Here N and M should be viewed as certain functions of
° A, ea, U and T'. As E is the ground-state energy, it is
er stable to variations in N and M. Hence they are
0.3 determined from the requirements
y=1 L y=]
ol )y .5 ' / yes 9E/dN=0 and OFE /oM =0. (30)
1 L L Taking es, U and T as fixed, these equations give the
172 1M e 1M variation of E, N, and M with respect to the applied
magnetic field.

(b)

Fic. 3. Curves of yE,/U and y)\/U for: (a) —ea/U=14,
and (b) —e;/U=%. y=U/T.

solve the Egs. (24) self-consistently for n, and use
these values in (25c). In this way we find the ground-
state energy as a function of the chemical potential ,
the external magnetic field H,, the impurity level
position eg, the strength of the Coulomb repulsion U
and the strength of the s-d scattering I'. The value of
the chemical potential is set by the host metal.

In order to investigate the magnetic behavior of this
system, it is useful to study that part of the ground-state
energy which is not associated with the coupling to the
external field H.,. This is given by

Ey=E+4uMH,. (26)
Here uM is the magnetic moment caused by the d
electrons and
M=n,—mn_. (27)
By using Egs. (24) and (26) with H, as a parametric
variable, we can study Eo as a function of the magnetiza-
tion M for various values of the parameters g, U and T'.
If Eohas a minimum for a finite value of M, we conclude
that the system will have a localized moment. Note
that the introduction of H, is merely a formal device,
since in any laboratory field the magnetic energy
—H_.Myu is negligible compared to U and I'. As an
illustration we have carried through this graphically
for four different cases, namely —e/U=2% and 1%,
U/T=1and 5. In Fig. 3 we give E, as a function of M
and also the magnetic field as function of M.

We can get a bit more insight into the behavior of
the ground-state energy as a function of M by rephras-
ing the problem slightly. Using Eqgs. (24) we eliminate

Itis, however, moreinteresting to take the magnetiza-
tion M as independent variable. We are interested in
the internal part of the ground-state energy E, which
does not depend on the external field as a function of
M in the interval 0<M <1. The variation of E, with
magnetization is

0Ey 90E, N O0E. 0N OdE,

O on oM oN oM ont

Using Egs. (26), (29), and (30), we find
dEo/dM =T[sineM/(cosM —costN)]—L1UM . (32)

It follows from Eq. (29) that E, is an even function of
M tending to + infinity as M — N, and to a finite
value as M — 0. Furthermore, the curvature of the
derivative is positive since

3 E,

oM?

31)

2— (coswM — coswN)sinwr M costN
= 20

(cosmM — coswN)?

(33)

This means that E, can have at most one extremum
which has to be a minimum. Consequently, if and only
if the sign of the derivative at the origin is negative, a
minimum will occur.

For small values of M,

dEo/dM =M (3Tw[1/sin? G7N)]—30U). (34)
(-s) (-s)
Gdz () Ggq (")

U+ R N
P2 (W ! u(s) ul o+ N
Gyqlw+w')

F16. 4. Low-density approximation to the self-energy.
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The condition for a localized moment in the Hartree-
Fock approximation is therefore that

(U/Tr)sin?(3wN)>1. (35)

This is the same as Anderson’s condition.
In the special case — 4/ U=3%, we find that Egs. (30)
can be solved analytically giving N=1 and

2r
Ey= U{—i—iM2———ln cos(%wM)} ,

U

(36)

I‘
)\=dEo/dM=U['“%M+E]— tan(%-/rM)} . @37

Within the Hartree-Fock approximation the occur-
rence of a minimum in E, at finite M is simply related
to the sign of the curvature 9*Eo/0M?* at M =0. Also
it is related to the sign of the weak-field magnetic
susceptibility X, as can be seen from the following
argument. For small M we can write

E=—H uM+aM*+0(M?).
Equation (30) then gives

wH.=2aM+0(M?),
or
a=uH,/2M = p2/2X.

Hence we can write generally for small M
Eo= (u*/2X)M?.

Thus we see from the small-M limit that the criterion
for the appearance of a local moment is associated with
X changing sign. In the vicinity of the magnetic thresh-
old x exhibits a simple pole [1— (U/#T)sin?(3wN) ]
and switches from 4+« to — .

CORRELATION EFFECTS

If the impurity has a small number of electrons (or
holes) occupying the d level (I'/E<1), the correlations
are predominantly 2-particle since higher particle
correlations are suppressed by increasing powers of the
effective number of particles I'/E. In this case, as
discussed by Schrieffer and Mattis, the two-body
contributions to the self-energy can be obtained from
the diagrams of Fig. 4. In this approximation, the
self-energy is

1
0 () =— / ot )Gaa D @)l . (39)
27t J .

Here the ¢ matrix is given by
Hw)=U/[14Ug(w)] (39)
with

- (40)

2

1
b (@)= — / Gaa® () Gaa ) (— ).
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Schriefferand Mattis showed that the zero-field suscepti-
bility remains positive (and finite) in the low-density
limit, independent of the strength of U. This behavior
of the zero-field susceptibility does not rule out the
possibility that a localized moment exists in the
low-density approximation. To investigate this, it is
necessary to determine the behavior of the ground-state
energy as a function of the magnetization. A subsidiary
minimum could exist at a finite value of M and not be
reflected by the behavior of the zero-field susceptibility
which senses only the behavior of the energy in the
region of small magnetization. Here we will present
results for the low-density approximation which show
that the ground-state energy is a monotonically increas-
ing function of M so that no localized moment can
occur.
In order to solve Egs. (38) and (40) self-consistently
we approximate (38) by
2O (w)=Uetin_s, (41)
where
Uetsr=U/[14+Ug(0)]. (42)
Using this self-energy in the Green’s functions we find

1 E, E_
———————(arc tan—--arc tan———) , (43)
r T

0)=
¢( ) T(E++E—)

where E, is now defined as
E3= éd'—S)\-“- Ueffn_s .

The number of electrons is the solution to the coupled
equations,

ns= (1/7)cot™(E,/T). (44)
With the help of this expression ¢(0) can be rewritten in
the following way

1—N costM —costN
T sintNV.

$(0)= (43)

Substituting this expression into Eq. (42) we find how
the effective potential depends on NV and M. As in the
Hartree-Fock case we are interested in the ground-state
energy in the absence of an external magnetic field.
Taking U instead of U in Eq. (29) this energy is

Ey= €N — ('/7)In} (cosmM — coswN)
+i(N2=M*)U/[1+Us(0)].

In the same way as before from Eq. (31) we have

1dE, sintM

— = 1

T'dM coswtM —costN

(46)

U/T
14+ Us(0)

Ny UL Ny 08(0)
by \1+U¢(o)><_FaM)' 47)
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Neglecting the last term in Eq. (47) which is positive
and noting that U/[14Ue(0)]<1/¢(0) it follows that

F16. 5. Cut and poles
of E(T).

1 dE, sintM M
rdM~ cossM—costN 2T (0)

sintV

M { sintM

M 1-—1\7]' 8

coswM — costN

In the low-density limit the total number of d electrons
(holes) is small, say N <3 (N¥>$%). Thus we find that
E, always has a positive derivative for positive M,
and the only minimum that can occur is for M=0.
Consequently a subsidiary minimum cannot exist and
within the low-density approximation there is no
localized moment.

THE SPECIFIC HEAT

In order to determine the impurity contribution to
the specific heat, we calculate the energy associated with
the presence of an impurity at nonzero temperatures.
Using the standard imarinary-time Green’s-function
techniques, Eq. (20) goes over to

E(T)=kT 3 (iwn—3% 2@ (twn))Gaa® (iws) . (49)

By writing this as a contour integral, Fig. 5, we get

1
E(N)=—% —

s 2wt

Gaa® (@) (=150 )
X f(w)dw, (50)
where f(w) is the Fermi function

J@)=Le 1

By deforming the contour so that it runs just above and
just below the cut along the real axis, we find

~+00+18

E(N)=-X f()

o J _otis
1
X—Im{G44® (@) (0—3Z® (w))}dw. (51)
T

We are interested in evaluating this for situations in
which only the real part of Z is important (e.g.,Hartree-
Fock approximation). In this case Eq. (51) can be
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simply written as an integral over the spectral weight

1
AW (@)= —— ImGaa® (@), (52)
™

and if Z; denotes the real part of £ we have for the
energy per impurity

+a0
E(T)=¥ / A0 () (@0 12,0 @) fw)des.  (53)

The above form clearly exhibits the energy as the
weighted average of w where the weight is the average
occupation f(w) times the effective density of states
A(w). The term —3Z(w) prevents double counting the
two-particle interaction energy. This term just cancels
the anomalous specific-heat contribution discussed by
Anderson.

To perform the integration in (33) we make use of
the formula

k2 T? dg -
=, (54

Wl w=0

-+ %0 u(T)
/ §()f) = / ¢@)dut

where u(T) is the temperature-dependent part of the
chemical potential. Terms of order 7% and higher are
neglected. In the following we assume that u(7) is
proportional to 72 Thus we have

w2k T?
6

w=o>} . (55)

The contribution to the specific heat C from the

impurity is C=9E/dT so that neglecting terms of order
T? we have

w(T)
E(T)——-Z{/ A () (w—3Un_,)dw+

614(3)0”)
X (A ®0)—3Un_q—

dw

c=x 14003
= {EE 0)(=3Un_,)

0 94 ® on_,
+/ ((w—%Un_,) —3A4AO (W)U )dw
—o T aT

Q=o)} . (56)

In the same way as Eq. (53) was obtained, it follows
that the average number of d electrons at temperature
T is given by

T 94 @ (w)
(A ©(0)—3Un_

Aw

+

- / A© () f(w)do, (57)

Taking the derivative with respect to temperature and
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using Eq. (54), we obtain to order 7172
M, [0 4@ (w) O
__=/ — o —A @ (0)
aT J_, dT aT
w2k*T A ()
+ EE— (58)
3 Jw w=0

From the definition of the spectral weight function
Eq. (52) we find that the temperature dependence is
contained in the self-energy ;. Assuming that this does
not depend on the frequency, we have

dA@  3A® §2,@

- (39)
aT dw 9T
Making a partial integration we can write
0 9A®  9zy@
/ w =, . (60)
—~w OT aT

Rearranging terms using Egs. (38), (59), and (60) the
specific heat is

w2k*T 0Zo®  In, ]
C=Z[ A (0)—|—%<n8 — 21(’)>} . (61)
. k oT oT

Here the first term on the right-hand side of Eq. (61) is
just the ordinarily expected contribution. Making the
Hartree-Fock approximation for =, we now show that
the remaining terms vanish. In the Hartree-Fock
approximation we simply have Z®=Un_, and the
assumption that 2 is independent of w made in (59) is
valid. Inserting this expression for the self-energy into
Eq. (61) we obtain

C=3nkT 3, A®(0). (62)

Thus in the Hartree-Fock approximation the specific-
heat contribution associated with the impurities shows
no irregularities and depends simply on the density of
states at the Fermi surface. A measurement of the
specific heat will therefore give information about the
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increase in the density of states due to the added d state.
See (6).

CONCLUSION
The essential results of the above analysis are:

(1) If one treats Anderson’s extra-orbital model of an
impurity in a dilute alloy within the Hartree-Fock
(HF) approximation, the energy of the system plotted
as a function of magnetization M has a minimum at
M=0 for A(0)U<1, and at a nonzero value of M for
A(0)U>1, where A(0) is the density of states of the
self-consistently determined virtual level without spin
polarization evaluated at the Fermi surface. The value
of M at the minimum is in agreement with that found
by Anderson by solving the HF equations.

(2) If one treats correlation effects for the above
model in the low-density limit, the energy has a
minimum at M =0, regardless of the size of U, and is a
monotonically increasing function of |M |, having no
subsidiary minima. This result completes the discussion
of Schrieffer and Mattis regarding the absence of a
localized moment, in Anderson’s model at low tempera-
ture, in a treatment which includes correlation effects
in the low-density limit.

(3) A correct treatment within the Hartree-Fock
approximation of the specific heat C associated with the
impurity does not give rise to the anomalous term
obtained by Anderson. Rather, one finds the intuitive

result,
C=1rBT T, 4 (0),

where A4 (0) is the density of states of the self-
consistently determined virtual level for spin orientation
s evaluated at the Fermi surface.

The above results are in agreement with the recent
experiments of Klein and Heeger? on Ni in Be.
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