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The properties of a doubly degenerate Anderson impurity in an electron gas are studied using a
Monte Carlo simulation technique. The model is characterized by the intra-atomic Coulomb
repulsion U, the exchange integral J, the hybridization width A, and the d electron energy level
E, . The effects of U and J on magnetic and orbital properties of the impurity are studied, and
significant differences with predictions of Hartree-Fock theory are found. In particular, the condi-
tion for quenching of the orbital moment is found to be much less stringent than predicted by
Hartree-Fock theory. The magnetic susceptibility is found to follow the universal Kondo behavior
for both J =0 and J5£0. We also study the effect of crystal-field splitting on the Kondo tempera-
tures, and find a surprisingly small effect for large crystal fields, in agreement with recent theoreti-
cal calculations. Our results provide an explanation for the quenching of the orbital angular
momentum observed in transition metals and their alloys, and for the absence of magnetic order in

certain dense Kondo systems.

I. INTRODUCTION

The magnetic properties of dilute alloys with
transition-metal-atom impurities in a normal matrix
have been studied for many years. The localized
virtual-state picture presented by Friedel'! have been
used to explain numerous experimental results qualita-
tively and sometimes quantitatively. Based on Friedel’s
idea, Anderson® proposed a celebrated model, the An-
derson model, for formulating the theory in a way that is
more convenient for quantitative calculations. In the ap-
pendix of his paper,? Anderson generalized his model to
one wtih double degeneracy. While the nondegenerate
Anderson model has been studied extensively by several
approaches and great success has been achieved, the
model with degeneracy is less well understood. Moriya®
has studied a fivefold degenerate Anderson model for
one and two impurities in the Hartree-Fock approxima-
tion scheme. Using the same approximation, Cogblin
and Blandin* have studied the doubly degenerate Ander-
son model extensively. The effects of magnetic anisotro-
py on the model have been studied by Yosida et al.’
with the same method. Like the nondegenerate Ander-
son model, a canonical transformation can also be used
to relate the degenerate Anderson model to the Kondo
model.°~% The influence of the crystal field on the Kon-
do effect has been discussed by Cornut and Cogblin,’ by
Nozieres and Blandin,!” and by Yamada er al.'! Other
approximate calculations have also been carried out like
perturbation theory in the Coulomb repulsion ener-
gy,'*!3 the Green’s function approach of Lucas and
Mattis,'* and a charge-transfer method by Oles and
Chao.'> All these studies are based on some kind of ap-
proximation. Although they sometimes give correct
answers in limiting cases, a nonperturbative study of the
degenerate Anderson model is desirable especially for
cases where various parameters of the model are of com-
parable size and many body correlations play an impor-
tant role.

Computer simulations provide a way to study a model
Hamiltonian nonperturbatively. For the magnetic im-
purity problem an efficient simulation method has been
recently proposed.'® In this paper we will study the
magnetic properties of the doubly degenerate Anderson
impurity model by Monte Carlo simulations. Although
in the transition metals the degeneracy is five instead of
two, the cubic symmetric crystal field can split the d-
electron energy into three and two degenerate levels (7,,
and e,). The effects of degeneracy can be seen clearly
from the study of the doubly degenerate Anderson mod-
el so it is of great theoretical interests.

In the following section we define all the parameters
of the model Hamiltonian and discuss some previous re-
sults. In Sec. III we describe the simulation method we
use to study the degenerate Anderson model and com-
pare Monte Carlo results with exact diagonalization re-
sults to check their accuracy. We study the role of
Hund’s rule, the universal Kondo behavior, and the
effects of crystalline potential in Sec. IV. Finally, we
summarize and discuss our results in Sec. V. In the Ap-
pendix, we discuss the effect of a spin-flip term in the
Hamiltonian.

II. MODEL HAMILTONIAN

The model we study has the form??

H=H6+Hd+HL‘d > (1)
where
Hc=z Elko >
k,o

H;=3 E n,,+U S n,n,,
m,o mm'

+3U—=T) 3 npohpmg
ms£m'
o
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Hcd = 2 2 ( Vk,m CI,acma+ Vm,kcriacko )
k,o m

in Eq. (1). m and m’ are the indices of the degenerate
orbitals (1 or 2 here), E,, are the unperturbed d-level en-
ergies measured from the Fermi surface, U and J are the
intra-atomic Coulomb repulsion energy and the ex-
change integral. For the transition metals the spin-orbit
interaction is small compared to each part of the Hamil-
tonian and the crystalline potential so that we neglect it,
and the impurity potential is assumed to be spherically
symmetric. The angular momentum of a conduction
electron is thus conserved and we can expand its wave
function in spherical harmonics Y;”. The matrix ele-
ment V., of the hybridization in the usual case of
21 + 1-fold degeneracy is given by

Vkm=%7 [ e~ ™V, (MR (NY(Q, )rdr dQ

W=

=2 (o Y @)
where R,(r) is the radial part of the d-electron wave
function and vy, is given by

vy =V2/Rk fj,(kr)Vimp(r)Rd(r)rspZdr .

For the doubly degenerate case we studied here, V,, is a
linear combination of Y;™s such that the average of
Vim Vim' over azimuthal angle is proportional to §,,,,

Let us define their phase factor such that
Vim=ViR,(0), m=1,2
8mm ={R,,(6)R,,(60))g .

This Hamiltonian has been studied extensively via a
set of Hartree-Fock self-consistent equations.* Within
the Hartree-Fock approximation, the Hamiltonian for an
electron of spin o can be written as

Ha 22 ExNko +2Emanmo
k m

+ 2( Vkm Clocma'{' mGC;aCko ) ’ 3)
km
where
E,,=E, + > (U-n,,+3 Unp_, .
m's#£m m'

The diagonal elements of the Green’s function are sim-
ply related to the density of states due to the mixture of
the |m ,o ) state with the continuum states:
pmol E)= — 1mG2,. . (E) . @
m

J
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If we assume that the impurity potential is spherically
symmetric then G, can be written as

6mm’

T E—E, —T+iA’

GG (E) (5)

with I" and A independent of the orbital considered and
the energy E.2 Depending on the parameters U, J, A,
and E, , the ground state can have various kinds of or-
dering within the Hartree-Fock approximation.’?~* For
instance, there will be no ordered ground state if
U+J <mA; whereas for U—J <7A < U +J, the ground
state will be spin ordered only, with orbital angular
momentum quenched, and for U—J >wA the ground
state will have both spin and orbital ordering. Although
the Hartree-Fock approximation can give various analyt-
ical conclusions, it is a bad approximation for studying
the magnetic properties of the transition metals. It
neglects the correlations between electrons, and overesti-
mates the tendency to magnetism. It is well known that
the ground state for the nondegenerate Anderson model
is a nonmagnetic singlet!” for any finite of the Coulomb
repulsion U. For the degenerate case the ground will
also be a nonmagnetic singlet rather than a triplet as we
will see in the following.

Another way to study the Anderson impurity model is
perturbation theory,'® in which one takes the Coulomb
repulsion U or width of hybridization A as a perturba-
tion. Taking the interaction part of the Hamiltonian as
a perturbation in the degenerate impurity model, Shiba'?
and Yoshimori'® have derived a number of Ward identi-
ties satisfied by the various vertices, thus obtaining a re-
lation between the specific heat and susceptibilities in the
low-temperature limit. Resistivity was also discussed by
them in the case of half-filled localized electrons. How-
ever, all these analyses were made at and near T=0 K,
hence the results are restricted. No discussion was given
on the change of the Kondo temperature Ty due to the
degeneracy.

III. SIMULATION METHOD

To investigate the properties of a magnetic impurity
with degenerate orbitals nonperturbatively we use a
Monte Carlo technique, following a recently developed
algorithm.!® We write the partition function as

7 —Tre —PH — Tt ILI o~ OTHo T+ H ()
=1
L

=Tr []

[=1
where f=LAt, Hy=H —H;, and H; is given by

—AtH (1) —ATH (1))
e 0 Ie '

, (6)

U U U
Hy==Qnyny —ny—ny )+ > (Znarnyy —ngp—ny )+ —-(2nypny —nyy —nyy)

(U =J)

U
+5 2nyny—ny —ny )+ )

2

(2nypnyy —nyp—ny )+

(U-=J)

2 (2n”n21—nll—nu). (7)
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The six terms in the interaction part H; all commute
with each other and for each one of them we can decou-
ple the interaction via a discrete Hubbard-Stratonovich
transformation,'® say, for the n,yn,; term

exp[ —AT(U/2)n1 +ny  —2n;1n,,)]
=1Tr,exp[MU)o(ny —n,y )],

where o is an auxiliary Ising variable and the couplings
AMU)LMU —J) are given by the equation cosh(x)
=exp(A7rx /2). Taking the trace over fermion degrees
of freedom the partition function can be written as

Z=Tr{aj,” IITldetO“[{aj’I}]’ j=1,...,6 (8)
#:

where Ou is an (N +2)L X (N +2)L matrix, with N the
number of k vectors for the conduction electrons. The
matrix elements of O u are

[Oy]l,l =1 H (9)

n
(0,1, _1=—e=4%e"(1-25,,)

and [0, ]; ;=0 otherwise. The matrix K corresponds to
the noninteracting part of the Hamiltonian and V}* is a
diagonal matrix in space and time corresponding to the
potential due to the auxiliary Ising fields which acts only
at the two orbitals of the impurity site:

VE=A(n,,) | 1){1+Aln,,) | 2)(2] (10)
with

Aln ) =MU—=J)o,+MU)o3+AMU)os ,

Aln, )=MU—=J)a,—MU)o3+MUlog ,

Alny)=—MU=J)o+ MU0, —AU)og ,

Alny )=—MU—=J)o,—MU)o,—MU)os .

The Green’s function matrix G“=O; I satisfies the
Dyson equation:

G,.=G,+(G,—I)e"V-I)G,, . (1

Our Monte Carlo strategy is simple: first we set both
U and J equal to zero and then calculate the nonin-
teracting Green’s function, next we put in arbitrary ini-
tial Ising fields and obtain the d-electron Green’s func-
tion by inverting a 2L X 2L matrix. The Metropolis al-
gorithm is used to determine whether an Ising spin o ;(/)
is flipped and all the time components of the d-electron
Green’s functions Gp(m,m’;l,l’) are updated through
the Dyson equation. Along the Monte Carlo’s updating,
we measure various interesting quantities such as the
magnetic susceptibility X,,, and study the properties of
the system nonperturbatively.

For the algorithm we use, the error only comes from
the breakup used in Eq. (6), which is proportional to
Ar?. We can reduce the systematic error by reducing
AT, i.e., increasing the number of time slices L, but the
computer time increases as L> and the smaller Ar is the
more Monte Carlo sweeps are needed to reach equilibri-
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FIG. 1. Comparison of Monte Carlo (symbols) and exact di-
agonalization results (solid line) for (a) T X orbital susceptibility
Xo» and (b) T Xspin susceptibility X,, as a function of J for a
single degenerate Anderson impurity with a two-site conduc-
tion electron lattice. U =4, T =0.125; and Ar=0.25 (octa-
gon), A7=0.50 (diamond).
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FIG. 2. Comparison of Monte Carlo (symbols) and exact di-
agonalization results (solid line) for (a) (72), and (b) (S?) as a
function of J for a single degenerate Anderson impurity with a
two-site conduction electron lattice. U =4, T =0.125; and
A7=0.25 (octagon), Ar=0.50 (diamond).
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um. To test our program as well as to choose an ap-
propriate value of A7, in Figs. 1 and 2 we compare our
Monte Carlo results (symbols) of TX,,, TX,, (S2), {72),
to be defined below, as function of J for U=4.0,
T=0.125, with the results obtained from diagonalizing
the Hamiltonian exactly (solid lines) for a two-site
conduction-electron system. As we can see, the program
works very well and for values of Ar=0.25, or even
A7=0.50, the systematic error is smaller than the sta-
tistical error. Most results presented in this paper were
obtained on the Cray X-MP at the San Diego Supercom-
puter Center. The code is very easy to vectorize and the
CPU time for a typical run of 10000 Monte Carlo

J
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sweeps with L=16 time slices and 50% acceptance is
about 11 min.

IV. RESULTS FOR THE DOUBLY DEGENERATE
ANDERSON IMPURITY

In this section we present our Monte Carlo simulation
results for the doubly degenerate Anderson impurity
model. We will discuss the formation of the local mo-
ment, and the effect of crystal-field splitting. First we
define the quantities to be studied. We define the mag-
netic susceptibility X,, and the orbital susceptibility X,
by

)(m=fOBdT([n”(r)-r-nﬂ(r)—n,1(7)—nu(7)][nn(0)+n21(0)—n11(0)~"2i(0)]) .

xo’:fo”df<[n”(r)+n,l(f)—n“m—nu(f)][n”(0)+nu(O)-nz,(O)—nu(O)]) )

The spin-spin and orbital-orbital correlation functions
are defined by

}((an-—nle) ’
1

Me

($2)=1

m

(8182, =5(n1—n Nnyy —ny)))
<T§)=—;—2%<(l’lw—n20)2> »

(11,72, ) =4y —ny Ny —ny )

The magnetic local moment (S?2) defined above is for
the single orbital and the total moment is just twice of
(S2)+(S,,,S,,). Similarly, the total orbital moment is
2 ({(72)+{r,,75,)). For the Hamiltonian, Eq. (1), there
exist certain kinds of symmetries. For the case of no
crystalline field, E,=E,, it can be shown that
(7,75,)=0 identically by a canonical transforma-
tion: R 1(9)C” —)RZ(O)CZT’ RZ(O)CZT —-)RI(G)C”; C”
—C,,, C;; —>C,,. If the exchange integral J=0, the
system is rotationally invariant in spin space and it is
easy to show that X, =X, (S2)=(7?), and
(8,82, ?=(71,,7,,)=0 by a canonical transformation:
Rl(e)cll——)RZ(G)CZTi RZ(O)CZT_’RI(G)CH; C”
—Cyp, Gy =Gy

The system we are studying has a quite large parame-
ter space. Throughout this paper we chose a flat density
of states with an infinite bandwidth and we set the
widths of the hybridization to be the same for both or-
bitals A=7V?p(Ep)=0.5, where p(Ey) is the density of
state at the Fermi level. The properties of the system
depend on the Coulomb repulsion energy U, the ex-
change integral J, the d-level energy E, and E,, and the
temperature 7. The Green’s functions for U and J equal
to zero are

G LIN=T S "*" G (iw,),
! (12)
| Vi 12]7
Gmliv,)==5,,, |lio, —Em—g-i—(;n—_—ek— ,

where w,=(2n+1)7/B. In the following subsections
we discuss the effect of U and J on spin and orbital
magnetism, the universal Kondo behavior, and finally
the effect of crystal-field splitting.

A. Spin and orbital magnetism

We consider the half-filled band case, i.e.,
E,=E,=—(3U—J)/2 so that (n,,)=1, independent
of temperature because of particle-hole symmetry. Re-
sults for U =4 as a function of J are shown in Fig. 3 at
temperature 7=0.125. We see that the magnetic sus-
ceptibility X,, and the magnetic local moment (S?2) and
spin-spin correlation (S,,S,,) increases as J increases
while the orbital susceptibility X, and the orbital-local
moment {72) behave in an opposite way, in accordance
with Hund’s rule and in qualitative agreement with
Hartree-Fock solutions. In Figs. 4 and 5 we show re-
sults as a function of U for J=0, and 0.5 at the same
temperature. They do not depend on U as strongly as
for the nondegenerate case. As a matter of fact, when
J =0, the magnetic local moment (S?2) varies from its
noninteracting value 0.125 to | at the atomic limit,
U — «, whereas it goes to 0.25 at the atomic limit in the
nondegenerate case. For J=O0, both the orbital and
magnetic moments are very slowly increasing functions
of U, for finite value of J (=0.5 in Fig. 5), however, the
effect of U is quite different: it enhances the magnetic
moment much more strongly, while it suppresses the or-
bital moment; in contrast, within the Hartree-Fock ap-
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FIG. 3. (a) T X spin susceptibility X,,, (b) T X orbital suscep-
tibility X,, (c) magnetic local moment {S?) and spin-spin
correlation {S,,,S,, ), and (d) orbital local moment {72) as a
function of J for T'=0.125, U =4; A=0.5, A7=0.25.

proximation the effect of U in the presence of J is pre-
dicted to be qualitatively the same as for J =0, in partic-
ular, the orbital moment is always enhanced by U.

B. Universal Kondo behavior

For a nondegenerate Anderson impurity at sufficiently
low temperatures, the Kondo effect leads to the spin of

FIG. 4. (a) T Xspin susceptibility X,,, and (b) 7T X orbital
susceptibility X, as function of U for T =0.125, J=0.0,0.5;
A=0.5, Ar=0.25.
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FIG. 5. (a) Magnetic local moment (S?) and spin-spin

correlation {S,;,S,,), and (b) orbital local moment {72) as a
function of U for T =0.125, J =0.0,0.5; A=0.5, A7=0.25.

the localized moment being totally compensated by the
spins of a cloud of conduction electrons. This is expect-
ed to be also true for the degenerate Anderson impurity.
The conduction electrons will keep the same orbital an-
gular momentum before and after being scattered by the
impurity. Thus each spin of the localized moment in its
own orbital will be totally screened by the conduction
electrons with the same orbital angular momentum.
Several authors have used the Schrieffer-Wolff (SW)
transformation to relate the degenerate Anderson model
to the Kondo model.5~ ! Although they differ from
each other somewhat, the results are essentially the
same. However, the SW transformation is a second-
order perturbation in which the atomic part of the Ham-
iltonian is much larger than the hybridization part so
the results do not relate to the degenerate Anderson
model directly. With Bethe ansatz one can get a solu-
tion for the degenerate Anderson model with an infinite
U (Ref. 20) but it is hard to get the correlations function
even in this infinite U limit. In this section we present
our simulation results for the magnetic susceptibility and
local moments.

We find, as one expects, that the system develops a lo-
calized moment and the Kondo effect leads to the com-
pensation of the moment as the temperature is lowered.
For the nondegenerate Anderson impurity it is shown
that the magnetic susceptibility X,, follows a universal
curve?! for temperature T <A. For the doubly degen-
erate Anderson impurity we find that the magnetic sus-
ceptibility X, also follows the universal curve. In Fig. 6
we show the results of TX,, versus In7T for the cases of
U=1,2,3,4 and J=0. The solid lines there are the
universal curve with the Kondo temperatures indicated
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FIG. 6. T Xspin susceptibility X, for U=1,2,3,4, and
J =0; the solid lines are the universal Kondo curves for the
four values of Tk given in the text and indicated by arrows.
A=0.5, A7=0.25.

by the arrows in the figure and given by the following
formula:

TKzDoeA(frU/SAM) , (13)

where M is degeneracy number, which is 2 in our case.
The Kondo temperatures for the cases studied are
Tx=0.2503, U=1; Tx=0.1897, U =2; T, =0.1413,
U =3; and Tx =0.1039, U =4. We see that the Kondo
temperatures for the degenerate case are much higher
than for the nondegenerate case. Our estimated Kondo
temperatures fit Eq. (13) within an uncertainty
|ATx /Ty | <5%. The exponential dependence, i.e.,
the factor 1/M in Eq. (13) can be obtained via a SW
transformation. The prefactor D, used in Eq. (13) is as-
sumed to be the same as in the nondegenerate case. We
don’t have an analytical solution here to justify this as-
sumption. The correction to the prefactor, if this as-
sumption is wrong, will be very small according to our
numerical calculation.

When J5£0, the system is not rotationally invariant in
spin space and some equalities like X,, =X, showed be-
fore do not hold. The magnetic susceptibility X,,, how-
ever, still follows the universal curve as shown in Fig. 7,
where the parameters and the corresponding Kondo
temperatures are (a) U=1, Tx=0.157; U=2,
Tx =0.0973 for J=0.25, and (b) U=1, Tx=0.0907;
U =2, T =0.0408 for J =0.05. These Kondo tempera-
tures are much lower than that of the J =0 case because
of the Hund’s coupling. In Fig. 8 we show the tempera-
ture dependence of the orbital susceptibility X, for
J=0.25, U=1 and 2. It depends on U weakly, is small-
er than the magnetic susceptibility X,, and decreases
somewhat more slowly with temperature.

We also show results for the magnetic local moments
(S2) and the spin-spin correlation {S,,S,,) in Figs. 9
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and 10 for the same parameters used for the susceptibili-
ty. The local moment forms at temperature T =~A, and
slightly decreases at lower temperatures. According to
the Hartree-Fock solutions,>~* the ground state will be
magnetic if U +J/mA>1. Although results based on
the Hartree-Fock approximation are incorrect in most
cases, this criterion seems approximately true if used for
judging the appearance of the susceptibility peak at in-
termediate temperatures. We can see from Figs. 6 and 7
that TX,, increases first as the temperature is lowered,
indicating that the system develops a localized magnetic
moment, for the cases J =0, U =2,3,4; J =0.25, U =2;
and J =0.5, U =1,2, and then drops to zero as the tem-
perature goes to zero due to the Kondo compensation,

|1v1|v|.
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I e:U=21=025 7

|l'11|]7
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FIG. 7. (a) T Xspin susceptibility X, for U=1,2, and
J =0.25; the solid lines are the universal Kondo curves for the
two values of Tk given in the text and indicated by arrows.
A=0.5, Ar=0.25. (b) T Xspin susceptibility X, for U=1,2,
and J =0.5; the solid lines are the universal Kondo curves for
the two values of Tk given in the text and indicated by arrows.
A=0.5, Ar=0.25.
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while for the cases U =1, J =0 and 0.25, TX,, decreases w e T T 4
to zero monotonically, showing that the system is com- v oozl * * °* ¥ _
pensated before it develops the local moment. Note that - N g 1
the number 1 used in the above criterion should not be . ! ¢ @ ]
taken too seriously. The results for the orbital local mo- T T
ment {72) are shown in Fig. 11. Unlike the magnetic 0.00 ) _2 o »
case, the orbital local moment increases somewhat as the In(T)

temperature approaches zero. Our results agree with the
Hartree-Fock prediction that the orbital local moment is
an increasing function of U —J, they show that J
suppresses the orbital moment rapidly, while U can ei-
ther enhance or suppress it depending on the value of J.
It is obvious that the disagreement between our results
and the Hartree-Fock solutions does not come from
symmetry breaking because the Hartree-Fock approxi-
mation starts from breaking the symmetry, even the up-
down symmetry in the z direction. In fact, as mentioned
by Cogblin and Blandin,* the set of Hartree-Fock self-
consistent equations does not change at all when includ-
ing the spin-flip term for preserving the rotational sym-
metry in spin space.

0,18 + T T T T [ T T T T T T T T ! t
- 0:U=4 e:U=2 b
i »:U=3 a:U=1 j
A 0.16 :—- d_
o N r [ @ ¢ % : i 1
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v L e ® 0 * e ]
L]
014f— « o « 2 * , * —
L . ° ° 4
r a () i
0' 12 1 1 1 1 1 [ L 1 1 1 l 1 1 s . l 1
—4 -2 (¢} 2
In(T)
FIG. 9. Magnetic and orbital local moment {(S2)=(7?) for
U=1,23,4, and J=0; the arrow indicates the high-

temperature limit. A=0.5, Ar=0.25.

FIG. 10. (a) Magnetic local moment (§2) for U=1,2, and
J =0.25,0.5; the arrow indicates the high-temperature limit.
A=0.5, Ar=0.25. (b) Spin-spin correlation (S,,S,,) for
U=1,2, and J =0.25,0.5; the high-temperature limit is zero.
A=0.5, Ar=0.25.

C. Crystal-field splitting

One important feature about transition-metal ions is
that the unpaired electrons lie in the outermost shell of
the ion. Therefore they are easily influenced by the
external charge distribution of their neighboring ions so

A S B S S
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“ [
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FIG. 11. Orbital-local moment {72) for U=1,2, and

J =0.25,0.5; the arrow indicates the high-temperature limit.
A=0.5, A7=0.25.
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that the crystal-field term should be included in the
Hamiltonian even though it is quite smaller than the
atomic part of the Hamiltonian. We can simply lump
the crystal-field splitting effect into the unperturbed d-
electron energy level E,, such that E,E,, where the
only changes made are the representations of the wave
functions for impurity and conduction electrons if we
consider a cubic symmetry case.” When taking the crys-
talline potential into account the system might be quite
complicated:'® the Fermi surface of the host may be-
come anisotropic, the widths of the hybridization will be
different in different orbitals and depend on energy, etc.
We will neglect these effects assuming they are not very
important, especially in the low-temperature regime.
The noninteracting Green’s functions, i.e., the inputs in
the Monte Carlo simulations are obtained from the same
expression as before [Eq. (12)]. The crystal-field (CF)
splitting effect are measured by AE,=E,—E,. In Fig.
12 we show the results of TX,, versus InT for the case of
U=2,J=0,and AE;=0, 1, and 2. The solid line is the
universal Kondo curve with T =0.333£0.017 corre-
sponding to no CF case E,=E,=—U/2. (For the case
of U=1, 3, and 4, we found the same results, i.e., the
magnetic susceptibility X,, following the universal Kon-
do curve.) As we can see from the figure, above the
Kondo temperature the magnetic susceptibility is
suppressed as the crystal field increases. However, as
the temperature drops below the Kondo temperature
they become more or less identical. As pointed out by
Cornut and Coqblin,9 there exists a InT high-
temperature behavior, a InT low-temperature behavior,
and an intermediate InT behavior in the presence of the
crystalline field. So they do not follow the universal
Kondo curve for higher temperature as in the case
without the crystal field. Another point worth mention-
ing is the importance of the two d-level mixing. One at
first might think that as one of the d levels move far

T T T T T T T T l
:U=2J=04E=20
:U=2)=0AE =1

0.4 — fU=21=08E=2 —

X O o 0

: U =21] =0 AE = 2 Decoupled

0.0 I PR 1

In(T)

FIG. 12. T Xspin susceptibility X, for U=2, J=0,
AE;=0.0 (octagon), 1.0 (diamond), 2.0 (square), and decoupled
two degenerate levels (cross). The solid line is the universal
Kondo curve for the case of AE; =0 with Tx =0.333+0.017.
A=0.5, Ar=0.25.
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apart from the other one the result will be close to that
of the nondegenerate impurity. This is incorrect as
shown in Fig. 12. However, if we decouple the two d
levels by setting U and J equal to zero for electrons in
different orbitals in the Hamiltonian then the results be-
come identical to the nondegenerate case as one expects.
We also show this result in Fig. 12 (crosses), with Kondo
temperature T, =0.0865. Our results show that the
participation of the other level, though it is small
({n,)=0.14 for AE;=U), is important for increasing
the Kondo temperature, in agreement with the result ob-
tained by Yamada et al.!' using scaling theory for the
dense Kondo system.

V. CONCLUSION AND DISCUSSION

We have studied magnetic properties of a doubly de-
generate Anderson impurity model using a Monte Carlo
simulation technique. Our results for the model are
essentially exact, as demonstrated by the agreement of
Monte Carlo and exact diagonalization results for a par-
ticular case (Sec. III).

Just as in the nondegenerate case, the model displays
no sharp phase transition as a function of the parame-
ters, as one expects. Still, it is of interest to compare its
properties qualitatively with the predictions of Hartree-
Fock (HF) theory, because previous studies are mostly
based on it. For the properties related to spin magne-
tism (spin magnetic moment and susceptibility) Hartree-
Fock gives roughly qualitatively correct answers: they
are enhanced by both U and J. However, contrary to
HF predictions it is not the condition (U +J) /A that is
relevant, since the effect of J is markedly more pro-
nounced than that of Uj; in neglecting the effect of corre-
lations between electrons of opposite spin, HF overesti-
mates the effect of U. The discrepancy becomes more
pronounced for the orbital properties (orbital magnetic
moment and susceptibility). Here, HF predicts that the
relevant parameter is (U —J)/7wA, and orbital magne-
tism should be zero or monotonically increasing with
U —J. In contrast, we found that the orbital moment
and susceptibility are slightly enhanced by U for J =0
but suppressed by U for J =0.5 as shown in Figs. 4(b)
and 5(b). Thus our results have shown that to have the
orbital angular momentum quenched the condition
U —J <7A is not required. The fact that in transition
metals and their alloys the orbital angular momentum is
found to be always quenched, even in cases where U is
expected to be substantially larger than J, is qualitatively
explained by our observations, while one needs consider-
able fine tuning of the parameters within the Hartree-
Fock approximation.’

Our results also showed that the Kondo compensation
occurs similarly in the orbitally degenerate case as in the
nondegenerate case. For J =0, the magnetic susceptibil-
ity X,, is the same as the orbital susceptibility X, and
they follow the universal Kondo curve with the Kondo
temperature given by Eq. (13). For J=£0, the magnetic
susceptibility X,, was again found to follow the universal
Kondo curve, with a substantially reduced Kondo tem-
perature. Finally, we have studied the effect of crystal-
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line potential on the Kondo temperature. In agreement
with recent calculations, our results showed that the
effect of a crystal field is much smaller than one might
have expected, in that the Kondo temperature T is not
affected much by the presence of a crystal field AE; even
for AE;>>Tg. As discussed by previous authors,”!!
this provides an explanation for the absence of magnetic
ordering in dense cerium compounds.

As emphasized by Coqblin and Blandin,* the Hartree-
Fock approximation suffers from two defects: it neglects
correlations of electrons of opposite spin, and it breaks
the spin-rotational invariance. In the present calcula-
tions we have remedied the first defect, but only partially
the second; while our Hamiltonian does not break the
up-down spin symmetry, it does break the full rotational
symmetry in spin space for J0. This can be corrected,
as described by Caroli et al.,?”> Dworin and Narath,?
and Parmenter.?* The additional term to Eq. (1) is

*—
_'%'J:t 2 C:tacm ~0C&z’—acm'a+%1i 2 Mol —o -
mo

m#m'c
(14)

It appears to be possible to include this term in a Monte
Carlo calculation, although it becomes considerably
more complicated. In the Appendix we discuss some ex-
act results including this spin-flip term in the Hamiltoni-
an.

An important question in the theory of magnetism is
whether band degeneracy is essential for metallic fer-
romagnetism in transition metals and their alloys. Re-
cently we have studied the nature of the magnetic in-
teraction between two nondegenerate magnetic impuri-
ties in a metal that are coupled through a direct transfer
integral.”> We found that the impurities never display
ferromagnetic correlations, in contradiction with previ-
ous results based on the Hartree-Fock approximation.?®
Ferromagnetic correlations may appear when there are
degenerate orbitals, and we are currently investigating
this question?’ by studying a pair of degenerate Ander-
son impurities.

APPENDIX

As we discussed in the conclusion, to have a rotation-
ally invariant Hamiltonian the spin-flip term Eq. (14)
should be included. To obtain a qualitative idea of the
effect of this term we have studied the degenerate impur-
ity with a two-site conduction electron system by exact

1.0:lVYI[TIIIiIIIVIIIII}: 0.10 !IIIEKIYT]Tﬁ;IIIlI:E
0.8 - (a) TX,, 3 r (b) TX, 1
E = i ]
9 /5 0'05—\\__1
F 00000 4 -
0'4: o0 3 Mo, 1
E 3 L “%0g 4
02 E — i °290000000)
OO AluJJtululll“uF‘ OOOM
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0.5:””][1[111”1'”17: Q.15 T TTTTT
045.. (c) <8,2> 3 N <oz> j
E E r O0oo 1
0.3 —m/t 0-10 (=~ 2%¢02000004g]
02 — i 3
0.1E— - 005 =
0.0 bkl i ST T T v
0 1 2 3 4 0 1 2 3 4
U U
FIG. 13. (a) T Xspin susceptibility X,, (b) T Xorbital sus-

ceptibility X,, (c) total magnetic moment (S?2), and (d) total or-
bital moment {72) as function of U for J=0.5 and J4 =0
(solid lines), J =0.5 and J. =J (octagon); T =0.125, A=0.5,
AT=0.25.

diagonalization with and without the spin-flip term.
Figure 13 shows results for various quantities at 3=28 for
J=0.5,J,.=0and J,=0.5. The dependence on U does
not change qualitatively when the spin-flip term is in-
cluded: the spin-spin correlation and susceptibility are
enhanced by U, while the orbital-orbital correlation and
susceptibility are suppressed. The effect of J. is to
suppress the spin and orbital susceptibilities with respect
to the case J,.=0. The spin-spin correlation is
suppressed while the orbital-orbital correlation is
enhanced. We expect the same qualitative features for
the case of an infinite conduction band.
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