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The first theoretical description of the itinerant antiferromagnetic state in heavy-fermion systems is
presented in detail. We analyze the phase diagram, the stability of the phases, the magnetic suscepti-
bility, and the specific heat. For the case in which the gap vanishes in points on the Fermi surface,
the deduced results are in good agreement with the experimental data.

I. INTRODUCTION

During the last few years a great deal of experimental
and theoretical works! have been devoted to understand-
ing the properties of the heavy-fermion compounds. The
theoretical analyses published up to now? have focused on
descriptions of the Kondo lattice and the superconducting
properties of these systems. However, recent experimen-
tal data® emphasize the magnetically ordered ground state
in some heavy-fermion systems. Among these, we must
mention the U,Zn,,,* UCd,;,> and NpBe,; (Ref. 6) com-
pounds, for which, at low temperature, itinerant antiferro-
magnetic properties are claimed.>~® There are other com-
pounds in which the magnetically ordered ground state is
presumed to exist in some temperature domain, such as
U,_, Th,Be;;,” URu,Si,,® UCus,° CePbs,'° but this is an
experimental field that is developing so rapidly that until
now, few relevant conclusions have been produced. These
previously presented experimental data need theoretical
descriptions which should analyze the magnetic properties
of the heavy-fermion ground state.

For the antiferromagnetic characteristics of U,Zn,y,
UCd,;, and NpBe;; compounds the experimental data
strongly indicates an itinerant origin. The magnetic sus-
ceptibility (X) and the specific heat (C,) plots for these
systems; the ordered moment of some tenths of g which
is considerably smaller than the Curie-Weiss effective lo-
calized moment;’ the recent neutron diffraction data;!!
and the fact that the magnetic properties are strongly
affected by substitutions on sites, completely unlike usual
local-moment behavior (like Zn in U,Zn,;),® support this
observation. In order to obtain theoretically such proper-
ties, usually a spin-density-wave (SDW) formation is
claimed. Starting from this idea, we analyze, in this paper
the possibilities of SDW formation in heavy-fermion sys-
tems. We stick to this phase, and so we will neglect (as
the models which analyze the superconducting proper-
ties>!2) other condensed phases. The analysis is conduct-
ed in such a way that the study of the coexistence between
the SDW and the superconducting ground states (which
seems to be experimentally proved>’) becomes possible.
(In fact, this study is underway.) In this paper we con-
centrate upon the possible descriptions of the SDW state
in heavy-fermion systems, together with their characteris-
tics and properties. Some preliminary conclusions were
presented in two short papers.!’ This article contains the
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detailed prescription of the theoretical results concerning
a simple crystal structure.

The paper is organized as follows. In Sec. II we de-
scribe the Hamiltonian and after a discussion concerning
the nesting properties, we deduce the Green’s functions.
The characteristic physical quantities and the phase dia-
gram are described in Secs. III and IV. A comprehensive
analysis of different SDW phases is given in Sec. V. Sec-
tion VI is dedicated to discussions and conclusions.

II. MODEL

The experimentally measured*~¢ specific-heat jump at
the Néel temperature (7 ) is comparable in magnitude
with the normal specific heat C, at T—Ty. Thus, we
consider that the same f electrons which are responsible
for the heavy-fermion properties give rise to the SDW
phase too. Furthermore, the above presented experimen-
tal data show that the itinerant antiferromagnetic ground
state which is realized in a large domain of the phase dia-
gram (PD) substantially differs from the classical
Overhauser-type'* or Fedders-Martin—type!® phase: C,
well below Ty behaves like T3,*~° the gap in certain crys-
tallographic directions must still be zero at T’ =0,'%17 and
the SDW state appears only when the f electrons, which
in the high-temperature domain are localized on the rare-
earth or actinide sites, become coherent and form a
heavy-fermion band.!~3 In these circumstances, we start
our considerations with a Hamiltonian which describes
such a band and has the form'®

H=-1% (ta,i,aj,u+H.c.)

i,j,o

¥
+3 2 Uai,aai,aaf:r_aai,_g . 1)
1,0

The microscopic origin of H; arises from a simple
description of the Kondo-lattice system.'®!® The first
term describes a narrow half-filled band, which gives rise
to the & =—ty, dispersion relation in k space.
t =2Tk /mz, where Tk is the Kondo temperature and z is
the number of the nearest-neighbor sites denoted by i and
j. The second term is the renormalized one site repulsion.
In the case of heavy-fermionic systems, it is known? that
the concrete band structure plays an important role. Be-
cause of this, in this paper we analyze a cubic system,
where vy =2[cos(ak,)+cos(ak,)+cos(ak,)] with a as
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The results however, can be easily gen-
13,20

lattice constant.
eralized to other symmetry species.

Furthermore, the electron-electron interactions appear
to dominate the behavior of the analyzed systems at low
temperatures.">* So, in order to describe an SDW state,
besides H; we must take into account these interactions in
a way which emphasizes the difference between the contri-
butions which arise from different spin configurations on
nearest-neighbor sites. For this reason we consider spin-
dependent interactions between the nearest-neighbor sites
in the following Hamiltonian term:

—1 t il al
H2 -7 E Vaf,Uai,aaj,Ua}',U 2 Ial o), —o8i,— 04,0
Lj,o ij,o
1 J T t )
—1 2 Jai.a00;_oa; .

i,j,0

Because the phononic terms are considered separately,
we consider that the terms from H, have a different
nonphononic origin, for a discussion of this see Ref. 13.
Our study shows that these terms are those which greatly
contribute to an SDW state description in the analyzed
systems. We have to mention that the last term was al-
ready successfully used in the explanation of the 1/7; re-
laxation rate in heavy-fermion superconductors,?? while V
and J were tested?! some years ago in an analysis of the
itinerant antiferromagnetic properties. These two terms
arise from a standard (A;8488,5 +A2045°05)-like ex-
change term between the nearest-neighbor sites, where 8,4
and o,s are the Kronecker symbol and the Pauli ma-
trices, respectively. The second term in H, tries to model
the fluctuation effects in a simple manner. As will be seen
later (see Sec. IV), the introduction of I is necessary if we
want to obtain energetically stable odd k-dependent gap
functions.

As we have mentioned before, the phononic terms are
taken into account separately, by the following Hamiltoni-
an term"’

J

t
o@j,0%i0'

lal a4j, s

Nl—-

~|--

2

2 g2atoataaja j, ’

J,0,0

- z Ja_,a;, _,+H.c.). 3)
Lj,o

As expected"? the contributions from H; will not play an
essential role in a SDW phase description [see Eq. (17):
the expressions of the effective coupling constants are only
renormalized by g;]. However, H; is important in the
analysis of the superconducting properties. For this
reason and taking into account the future developments
which need a study of the existence of the SDW and the
superconducting phase, the Hamiltonian we use is
H] +H2 +H3

In order to describe an SDW phase, we must analyze
the nesting properties at first. In our case, being a cubic
system, a Q vector oriented along the [111] direction in k
space,

Quu=(r/a)i+j+k), 4)
produces the required nesting

6k+Q=—Ek , (5)

without which the SDW state cannot be formed.!> Nest-
ing conditions can be obtained for other crystal structures
too, so that, the presented description could be with no
difficulty given for other symmetry species!® too. We
must mention that we have a commensurate spin-density
wave [see Eq. (4)] as the neutron diffraction measurements
suggest.!!
Furthermore, we introduce the following average:

Tio(k):<0;:iaak+gig> s (6)

where Q is fixed at the Q,;; value. The effective Hamil-
tonian which can be obtained, in this way becomes

Ha=~ 3 eialotiot i S 0otk qoler (k)T (k) +g5 (kk)r*(k)]+H.c.] . ™
kk' o

N k,o

We use the notations
gr(k,k)=(g,—8, —V)[6xy(k —k")],

(8)
g3 (k,k)=U +6(g,+J)FIylk +k')F

y(k —k') .

In our analysis we are interested in the following Green’s

functions:
Gk iw,)= « Ak,a ] alj,o »in ’

. + 9

Fg(k’lwn )= « Ak +Q,0 | Qo »iwn >

where G9(k,iw,) is the normal and F?(k,i,w,) is the

anomalous Green’s function. Using standard methods,

from H .4 one obtains

Gk,iv,)=liw, +€)/N, ,
Fo(kjiw,)=g4(k)/N, ,

(10)

[
where

N,=(iw,)?—e}— |g,(k)|?,

g;(k)zﬁ S [gi (k) ok" ) +g 3 (k k= (k")] ;
2

gro(k)=—gs(k).
(1n

The knowledge of the Green’s functions makes it possible
to express the SDW gap and some physical quantities of
interest. This will be done in the following section.

III. CHARACTERISTIC QUANTITIES

The SDW gap can be given in the following way
—1

2 N

Ag(k)= 2 gs(k, kN Tr,o?F°(kiw,) , (12)
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where gg(k,k')=g{ (k,k')—g; (k,k').
(10)—(12) the expression of Ag(k) becomes
-1 gslk,k")As(k")

Astk)=2— — .13
sth="3 N & (0, —el— | Ag(k") |2

Using Egs.

The structure of gg(k,k’) imposes the following expres-
sion for Ag(k)

Ag(k)= % S;(K)A; . (14)

i=0
For the symmetry-adapted functions S;(k), we have

Solk)=1,

Si(K)=vk »

S,(k)="V6[cos(ak,)—cos(ak,)] ,

S3(k)=V"2[cos(ak, )+ cos(ak,)—2 cos(ak,)] ,  (15)

S4(k)=sin(ak,) , '

Ss(k)=sin(ak,) ,

S¢(k)=sin(ak,) ,

where S;(k) are orthogonal functions, each being along a
fixed irreducible representation I'; of the cubic group O,,.
For i=0,1, T,=A4,,, for i=2,3, I';/=E,, and for
i=4,5,6, I';=F,,.'»™2 The odd-parity gap functions
will be denoted with A=A, sink, +A,sink, +A,sink,,
where Ay=A,, As=A,, and A¢=A,. In this way Eq.
(13) is reduced to

(16)

We have E (k)=(g} + | Ag(k)|?)!/? and the effective cou-
pling constants which are renormalized by the phononic
contributions, are

go=U+6(V+J +81) ,
g1=g:=83=(V—-1-g,)/6, 17
84=85s=8¢=2V +I—-g,) .

Whenever necessary, we will use the notation V=V —g,.
The presented model can be considered as an extension
of the description given by Miyake e al.!® for the case in
which the exchange interactions and the phononic contri-
butions are equally important. The existence of the
effective coupling constants g,, g,, and g, (such effective
constants can be obtained in the superconducting case
too) emphasizes that the competition between the same in-
teractions gives rise to superconductivity or itinerant mag-
netic properties in heavy-fermion systems and in the two
cases above mentioned, only the strength of the contribut-
ing interactions is different (see for example Ott et al.*).
However, we must mention that the gap equation in the
superconducting case differs significantly from Egs.
(14)—(17). This is due to the ¥ term in the first, and the
2g; term in the second gap, Eq. (31) of Ref. 19, because

the even k solutions and the whole PD are totally
different in that case.

The order parameter for the SDW phase [see Egs. (14)
and (15)] is strongly k& dependent. While A, resembles the
classical gap,'*!* the A;, i > 1 contributions describe SDW
states which differ from the Overhauser-type'* or
Fedders-Martin-type!® phases, in agreement with the ex-
perimental'® observation that the gap vanishes in some
crystallographic directions. A consequence of this is the
unusual temperature dependence of the physical quanti-
ties, which describe the heavy fermion systems and cannot
be deduced from the classical models.

In order to be realistic in the construction of the PD,
we have to make the energetical stability analysis, too.
The free energy of the system can be deduced following
Leggett.>* After some algebra, its expression becomes

E (k)
s | A, f2 | cosh——B 2
F=F,+ — ——%In R (18)
’ igo & N % cosh———Bsk
2

where F, is the free energy of the paramagnetic state (all
A;=0). We are also interested in the deduction of some
experimentally measured physical quantities. Thus, we
will calculate the specific heat C,(T) and the magnetic
susceptibility X(7). The expression of C,(T) can be easily
obtained from the entropy?*

21 dE (k)
C,(T)= > N %E(k)

_2 BE (k)
B cosh ™ *——— .,

E(k)+B 5

(19)

The magnetic susceptibility is obtained by means of the
linear response theory. The magnetic susceptibility tensor
Xij» which describes the response of the total induced spin
magnetization in the direction i, under the perturbation of
an uniform static magnetic field in the direction j is ex-
pressed as

Xij=X15; +X2(Ok;Ox; — €ini€nj) » (20)

where §; is the Kronecker symbol and €;jx is the an-
tisymmetrical tensor defined as

Uizﬁaéy=8ijsay+ieiklazlzy ’ 21
ULﬁ being the Pauli matrices. X; and X, are expressed as
YT = =237+ 3 G°(ki0,)G(k,iw,)
k,
L (22)
XAT)= —2#%,3”; S Fok,iw, )F°(k,iw,) ,
k,n

where up is the Bohr magneton. The total magnetic sus-
ceptibility becomes

X(T)=3[X (D) +Xo(T) ]+ 2[X(T)—X(T)] . 23)

From Eqgs. (10) and (20)-(23) one obtains
X(D=p3[+Y(T)+2Z(T)], (24)
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where
B 1 2 BE (k)
Y(T)= TN %c h 2 (25)
and
1 9 €k BE (k)
Z(T)= N % 3, E(k)tanh ) (26)

IV. PHASE DIAGRAM

Concerning the phase diagram (PD), the results were
obtained by using simultaneously the gap equations, Eq.
(16) and the free energy expression, Eq. (18) in order to
obtain energetically stable phases. Figure 1 presents the
results obtained for T =0. As Eq. (17) reflects we have
three global coupling constants which characterize the
model: g, g5, and g4. Depending on these, the PD will
be as in Fig. 1(d). As can be seen, we have only three en-
ergetically stable phases; Ay, As, and A,, Aj; (for the last
phase the A, and Aj order parameters coexist). The solid
curves in Figs. 1(a), 1(b), and 1(c) represent phase separa-
tion lines of PD in the g4=0, g,=0, and go=0 planes,
respectively. The A,, A; coexistence is a regular one, be-
cause these two order parameters have the same symme-
try (Eg). Among these we have regular coexistence be-
tween the Ag and A, phases (both A4,) in the region situ-

ng
T
6

bp83

0 i 2 3 VR

FIG. 1. Phase diagram of the system at 7 =0. (a) The g4=0
plane; (b) the g,=0 plane; (c) the go=0 plane; (d) the global
phase diagram in the (g0/t,82/t,84/t) space; (e) the (go/t,V /t)
plane for I/t=0; (f) the (go/t,V /t) plane for I/t =0.1. The
dashed lines delimitate unstable domains (see text).

ated between the (3) dashed line and the g, axis [Fig.
1(a)], but this is unstable, because it has greater free ener-
gy than the A,, A; phase

Between the dashed curves (1) and (2) in Figs. 1(a), 1(b),
and 1(c) we have irregular coexistence between gaps with
different symmetries: Ay#0, A,70, A;740 in Fig. 1(a);
Ag#0, A4#0 in Fig. 1(b), and A0, A,540, A;£0 in
Fig. 1(c), respectively. These solutions are allowed by the
gap equations, but they are energetically unstable. For
example, at the dashed line (2) [Fig. 1(a)] the A,, A; phase
appears within a A, state. The new phase Ay£0, A,5£0,
A;540 situated below the (2) curve has lower energy than
the Ay~0 phase, but greater energy than the A,=20,
A3540, Ap=0 phase, which can exist in the same region of
the PD. Similar results can be obtained for other irregu-
lar coexistences, too. This conclusion shows that, because
of the differences in the symmetry of the S;(k) functions,
the coexistence between different A; terms cannot appear
unrestricted. This is in good agreement with the results
of Balian and Werthamer?® concerning the coexistence of
different symmetry species.

The A, phase can be also considered as a regular coex-
istence state, but we treat it as a single vector solution
with components A,, A,, A,. The existence of this phase
is strongly connected to the I value. To show this, we
mention that in Fig. 1(c) the dot-dashed curve represents

M

T ‘

180 (a) 9 | (b}

B T/t=005 \Tﬂ Ao T/ t=02
Vio | | 1/1=0

FIG. 2. Phase diagram of the system at 75£0. (a) The
(g0/t,V/t) plane for T/t =0.05 and I/t=0; (b) the plane
(g0/t,V /t) for T/t =0.2 and I/t=0; (c) the (go/t,V /t) plane
for T/t =0.05 and I/t=0.1; (d) the (go/t,V/t) plane for
T/t =0.2 and I/t =0.1; (e) the global phase diagram in the
(go/t,V /t,T /t) space for I/t =0; (f) the global phase diagram in
the (go,., V' /t,T /t) space for I/t =0.1.
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the ¥ —I =V +1 line. Because the separation between the
A, and the A,, A; phases [the solid line in Fig. 1(c)] is sit-
uated below this curve, for I =0 the A, phase cannot ap-
pear [Fig. 1(e)]. If I540, the shape of the PD is automati-
cally modified [Fig. 1(f)]. All the other solutions of Eq.
(16), (e.g., A;5£0, Ay£0, A;=0; A,=0, A;+0; or the oth-
er nonmentioned coexistence states) have greater energy
than the stable phases of PD.

In Figs. 2(a)-2(f) we show the PD for T-£0. The space
used is (go/t, V/t, T/t) and I/t is a parameter. For
I/t =0, we obtain the PD from Fig. 2(e). The T =0 sec-
tion of this figure is given in Fig. 1(e) and other two
T /t =const planes are presented in Figs. 2(a) and 2(b).
The paramagnetic phase is denoted by P. As one can see,
we do not have a A, phase in this case.

For I/t=0.1, the PD is given in Fig. 2(f). The
T/t =0, 0.05, and 0.2 sections are given in Figs. 1(f), 2(c),
and 2(d), respectively. The phase transition from the P to
the ordered phases are of the second kind. It must be
mentioned that the A, and the A,, A, phases can be gen-
erated by many solutions of Eq. (16). From these, in the
construction of the PD we have used the one which gives
the minimum possible free energy value (see Sec. V).

The A, phase (since its gap does not present k depen-
dence) resembles Overhauser-type!* or Fedders-Martin-
type!> SDW state. However, in our case, two new ener-
getically stable SDW phases appear, with gaps which van-
ish for certain k directions (as the experimental results
suggested'®!”). Under these circumstances, a description
of the magnetic ground state of heavy fermions becomes
possible, and it is made in the next section.

V. ANALYSIS OF DIFFERENT SDW PHASES

In this section we analyze (separately) the three stable
SDW phases of the PD. Still, we have to underline that
the k sum is performed using N7'3F,
—(a /2m) f+ﬂ/adk;, i =x,y,z and all the integrals which
appear in thTsﬂ/saection, denoted by I9, 19, 133, ...
given in the Appendix.

, are

A. A, phase

The characteristic gap equation for this phase is ob-
tained from Eq. (16) for i =0, and A,;=0 for all i>1.
The precise numerical result concerning the temperature
dependence of the gap and the critical temperature Ty; /t
(in this case i =0) as a function of the coupling constant
8o, is given in Fig. 3(a) and 3(b), respectively. The analyt-
ical expression of Ay(T) at T—0 is

By T)=Ay(T =0)—goT¥21%e 20 T=0"T

, (27)
and can be found by making the following change of the
integral variables: x;=V'Bcos(7x), x, ="V Bcos(wy), and
x3=VBcos(mx). The Ay(T =0)/Ty, fraction is constant,
i.e., approximately equal to 2, for g,/t >2. If we are situ-
ated at a temperature range T < Ty, the gap becomes

Bo=t[koI(Tno, 1/V2)1™21 =T /Tyo)"?,  (28)

Lo (@)
4
(1)
2_
(2)

% 1 2 T/t
Tno (b)
T
1.0 +
0.5}
0'00 2 4 6 go/t

FIG. 3. Characteristics of the A, phase. (a) The reduced gap

Ao/t as a function of the reduced temperature T/t for go/t =9
curve (1) and g0/t =6.3 curve (2); (b) the critical temperature vs
the coupling constant g.

where
ko=3.50t /Tyg, fort/T>>1,
ko=2.62, fort/T~1, (29)
ko=2, fort/T<<1.

The expressions for the Néel temperature are
Tyo=texp[—1/(0.14gy)], for t/T>>1,
Tyno=0.19g,, fort/T~1, (30)
Thno=80/4, fort/T <<1.

The C,(T) expression can be derived from Eq. (19).
For T—0, 3E (k)/dp bring a negligible contribution. For
the first term we use the same integral variable transfor-
mation as for Eq. (27), and we obtain

—Ay(T=0)/T

C,(T)=2T"'2A¥T =0)e {+o(m]. @1

As to the magnetic susceptibility, first of all we have to
emphasize some general properties of Egs. (24)—(26)
which are true for every i state. For T— T;, we have

Y(Ty)=Z (Ty)=X(Ty; )/} . (32)

In the case of classical SDW, Eq. (32) gives the tempera-
ture independent Pauli susceptibility Xp(T)=2N (0)u}.
From Eq. (32) the paramagnetic susceptibility can be
reobtained, for T > Ty; and T—Ty;, by putting A; =0.
However, in this case Xp(T) has a meaning just above
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Ty, because at higher temperatures the system undergoes
a local moment regime. We have to mention that an ex-
act numerical result shows that Xp(7T) is nearly constant
in a relatively large T/t domain, i.e., tXp/u}~0.28 for
T /t €[0.05,0.7]. For a greater T/t it decreases, so that,
for example at T/t =5, tX p/uy is 0.094.

For T—0, at any i, Z(T) becomes a temperature-
independent constant Z (0) and the T dependence of X(T')
is determined by Y (T). For the classical SDW, a similar
situation is obtained with Z (0)=1. For the A, phase, in
the T—0 limit we obtain

(33)

To obtain Eq. (33) an integral representation of cosh™2x
was taken into account, which introduces the x, integral
variable (see the Appendix), after which the same integral
variable transformation was used as for I$. As it can be
seen, one obtains exponential dependence for C,(7T) and
T? behavior for X(T) in the T—0 limit; thus the A,
phase resembles classical SDW state.'*!> However, ex-
perimental measurements>* show a T? behavior in X(T)
and give a T* dependence in C,(T) for T—0. Thus,
probably it is not the A, phase which is realized in the
measured heavy-fermion systems.

B. Az, A3 phase

The gap equations which we must analyze in this case
can be obtained from Eq. (16) for i=2,3 with
Ap=A,=A,=0. The two coupled integral equations
which result allow simple solutions like A,50, A;=0 and
A,=0, A3;5£0, but these have greater free energy than the
coexistence phase. Thus, only the A,£0, A;5£0 phase
will be analyzed below. All such solutions have the same
critical temperature Ty, [Fig. 4(a)], and they can be real
or complex variables. From these, the minimum possible
free energy has the A,=A, A;==iA (or equivalent) solu-
tion, which was used in the construction of the PD. In
Fig. 4(b) we present some exact numerical results con-
cerning the A versus 7T variations at fixed g, /¢ values.

The analytical expression of A(7) in the 7—0 limit can
be given as

AT)=AT =0)—1g, T*A(T =01} . (34)

Equation (34) is found by expanding the tanhx functions
and by changing the integral variables in x,=/f3 cos(mx),
x, =P cos(my), and x; =P cos(wz). The analytical approx-
imations for T, are the following

Ty,=texp[—1/(1.07g,)] fort/T>>1,
T}V2:1'25g2 for t/T~1. (35)
Tyn>y=3g,/2 fort/T <1 .

The Ty,/A(T =0) ratio slowly decreases with g,/t, so
that it becomes 2.5 and 2.08 at 6g,/t =2 and 8, respec-
tively. In the vicinity of Ty,, A can be expressed as

A=t[ky I Ty (S3+S3)/V2)1 V21 —T /Tyy)' 2,
(36)

00 05 10 15 T/t }

FIG. 4. Characteristics of the A,, A; phase. (a) The critical
temperature vs the coupling constant g,; (b) the reduced gap A/t
as a function of the reduced temperature T/t for g,/t =1.16,
curve (1) and g,/t =0.83, curve (2) in the case of the complex
solution; the reduced gaps A,/t and A, /¢ as a function of the re-
duced temperature T/t are presented in (c) and (d), respectively,
for g, /t =1.41, in the case of the real symmetrical solution.

where
kye=0.23t /Ty, fort/T>>1,
k. =0.20 fort/T~1, (37)
ky=+ fort/T <«<1.

6

with S, and S; given in Eq. (15). The specific heat can be
obtained just as in the previous paragraph. Starting from
Eq. (19) and using the same integral variable transforma-
tion as for Eq. (34), in the T—0 limit one obtains

3
CI,(T)z—T-Z—Izé3 : (38)

As we mentioned in Sec. V A, for the magnetic suscep-
tibility in the T—0 limit, we must consider only the Y (7))
term [see Eq. (25)], because the Z(7T) term brings a con-
stant contribution Z (0). With the same technique as for
the specific heat, we find

Y(T)=T1% . (39)

From Eq. (39), one can see that X(T) in the T—0 limit
has the same temperature dependence as for the A, phase.
The important difference arising from the strong k depen-
dence of the A, and Aj gaps is reflected in C,(T), where
T3 behavior is found in the small temperature limit. In
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Eq. (38) this dependence is obtained mathematically by
the integral variable change y,=f cos(mx;). The integral
limits, after the transformation becomes (—f3, +/3) which
in the T—0 limit yield (— o, + ) (see the Appendix).
But in fact, this result is connected to the fact that the gap
A(S,(k)*iS;(k)) vanishes in this case on points on the
Fermi surface (FS) (see Ref. 26). To show this, we em-
phasize that for a half-filled band, the FS is given by
Yx=0. The gap is zero on FS if S,(k)=0 and S;(k)-+0.
These three relations have point solutions: kj0=i1r/2a,
Jj =x,y,z. Expanding now in the first term of Eq. (19) the
cosak; terms from S;(k), i =1,2,3 around k; up to the
J

first order and changing the integral variables in
Y =/37T(kj——kjp) we reobtain, in the T—0 limit, the rela-
tion given in Eq. (38).

We present another solution for the A,, A; phase. The
two coupled integral equations mentioned at the begin-
ning of Sec. VB also give two real and symmetrical solu-
tions with the same free energy, which is however, greater
than the free energy of the A(S,(k)+iS;(k)) phase. We
illustrate these solutions with the numerical result of A,,
As, versus T, for the g,/t =1.41 value [Figs. 4(c) and (d)].
In this case, the gaps in the T—O0 limit can be given in a
condensed form, as

ANT)+ANT)=ANT =0)+ANT =0)—2T*[I}*(AXT =0)+AAT =0))+2I3° Ay(T =0)A4(T =0)+0(T®) . (40)

In the vicinity of T'y,, we obtain

A4+ A3=tH Ky I3(Tny,S3/V2)1—T /Tyy) , (41

where k,, =2k;,.. C,(T) and X(T) have the same expres-
sions as in Eqgs. (38) and (39), in which I23, i =2,3 are
changed with I%® i =2,3. The Ty,/A(T =0), i =2,3 ra-
tio is almost the same for a great variation domain of g,
and it is close to 3.03 and 1.92 for higher and lower gap
solutions, respectively.

The recent neutron diffraction measurements'  show
that the magnetic moments on nearest-neighbor U sites in
U,Zn,; have antiparallel orientation. This means a strong
repulsive interaction between two heavy electron spins sit-
uated on adjacent sites, i.e., a large V contribution. This
means that the A,, A; phase has a great chance to emerge
in the heavy-fermion systems, because this SDW state ap-
pears as a stable one (see Fig. 1) for great V' coupling con-
stant value, and give T? and T? behavior for X(T) and
C,(T), respectively, in the T—O0 limit, in agreement with
the experimental data.>* It must be mentioned, that the
measured C,/T+#0 (i.e.,, yo) for T'=0 value is due to
electrons for which the nesting is not accomplished.

11

C. A, phase

The three coupled gap equations which characterize
this case are given by Eq. (16) with i =4,5,6 and A, =0
for all i =0, 1, 2, and 3. The equations obtained allow
many solutions (real or complex) which appear at the
same Néel temperature Ty4. The numerical results con-
cerning the T'y4-versus-g4 curve are presented in Fig. 5(a).
The analytic expressions for T4 are the following:

Tys=texp(—12t/g4), fort/T>>1.
Tyn4=0.10g,, fort/T~1. 42)
Tns=g4/8 for t /T <<1.

At this stage, we must mention that Tn; —for all the
three analyzed SDW phases in the great coupling constant
limit g'/t >>1—can be expressed in the following con-
densed form:

TN[ :g'/4 N (43)

f

where g'=g,, 6g,, and g,/2 for i =0, i =2, and i =4
phases, respectively. This is an interesting result, which is
also illustrated by the numerical data in Figs. 3(b), 4(a),
and 5(a).

Some of the possible A, solutions are presented in Fig.
5(b) together with their energy (8E =E —E) at T =0 in
function of g4. The relative positions of the curves remain

Tne

t

LoE (b)
t

1.5

FIG. 5. Characteristics of the A, phase. (a) The critical tem-
perature vs the coupling constant g,; (b) some possible solutions
for the A, phase together with their ground-state energy, com-
pared to the energy of the paramagnetic phase 8E =E —E, (see
text); (c) the reduced gap A/t as a function of the reduced tem-
perature T/t for g,/t =14, curve (1) and g,/t =10, curve (2);
the reduced gaps A"/t and A’/t as a function of the reduced
temperature T/t for g,/t =12, curve (1), g/t =8, curve (2),
84/t =12, curve (3), and g4/t =8, curve (4).
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the same for 7540, too. The lowest free energy for the A,
state could be given by a solution of the form:
| Ag | 2=A%(sin%ak, +sin2aky +sin%ak,). But such a solu-
tion cannot be obtained. Under these conditions, the
lowest free energy is given by the solution: |Ag |2
=A2(sin2akx+sin2aky) [see curve (1) in Fig. 5(b)]. This
solution is a complex one and has the form
A 9= A(sinak, *i sinak, ), or an equivalent one. This gap
was used for the construction of the phase diagram. In
the free energy scale the A’=A’'sinak, solution follows
[curve (2) in Fig. 5(b)], followed by solutions such as
A"=A,=A,=A, [curve (3) in Fig. 5(b)] or A=A, =4,
with A, =0 [curve (4) in Fig. 5(b)]. What is important for
the A, state, is that it has the same symmetry properties
as the other i >1 SDW states, from the point of view of
the k—k +Q transformation (this is relevant for the
SDW and not k— —k as in the superconducting case).

Now we study the above mentioned A § complex solu-
tion. In Fig. 5(c) we present the exact numerical results
concerning the A-versus-T variations at fixed g, values.
The A(T =0)/Ty, ratio is close to 1.6 for small g/t
values and it slightly increases with the coupling constant.
For example, if g,/2t =8, we have A(T =0)/Ty,=1.78.
In the small temperature regime, A(T) can be analytically
approximated by

AT)=A(T =0)—g,T*ANT =0)I% . (44)

Equation (44) is obtained by expanding the tanhx function
and by changing the integral variables in
x; =P(cosmx +cosmy +cosmz), X, =[3 sinrx and
x3=PBsinmy. In the vicinity of T4, A can be expressed as

A=1[koIYTya(S5+SH/V 2" V21 =T /Ty)"?,

(45)
where
kye=3t/Tyy for t/T>>1,
k4 =2.55 fort/T~1, (46)

ky=2 fort/T<<1.

For the specific heat we used the same integral variable
transformation as for Eq. (44), obtaining in the T—0 lim-
it

C,(DN=T1} . 47)

With the same technique, the Y (7) function from X(7),
in the T—0 case is

Y(T)=T41% . (48)

As Eqgs. (47) and (48) show, the A ? solution gives a T2
dependence in X(T) and a T* behavior in C,(T), in the
T—0 limit. As in the case of the A,, A; phase these re-
sults are connected to the fact that the A § gap vanishes in
points on the FS. In this case the three equations which
determines the gap zeros on FS are: y, =0, S;(k)=0,
and S5(k)=0. The kjo becomes: k2=0, kf:iw/a, and
k}=+m/2a; or kl}=+m/a, k}=0, and kl=xtmw/2a.
Thus, from the X(T) and C,(T) point of view, the A9
solution also could describe the measured data. But (see

Figs. 1 and 2) this phase is strongly connected to the I
value and the experimental information obtained up to
now suggest a small I contribution, which does not allow
us to obtain a stable A, solution. In future measurements
we shall have to analyze the A(T =0)/Ty; values too,
since they could offer useful information about the con-
crete existing SDW phase. Furthermore, we analyze a
metastable Ay phase, namely the A"=A,=A,=A,
symmetrical and real solution. We present this phase, be-
cause of its interesting properties.

The numerical results concerning the A’ /t-versus-T /t
dependence for fixed g4/t values are presented in Fig.
5(d), curves (1) and (2). The A”(T =0)/Ty4 ratio in this
case is close to one for small g, /¢ values and it slightly in-
creases with the coupling constant. For example, if
g4/t =8 we have A"(T =0)/Tys=1.14. In the small
temperature regime the gap can be approximated by

A" (T)=A"(T =0)—2g,T*A"(T =0)I}; . (49)

In this case, the integral I} is obtained in a different way.
We introduce new integral variables as x;=p(cosmx
+cosmy +cosmz), Xx,=pf(sinrx +sinmy +sinwz), and
x3=2z. The integration domain, after some algebra, is
transformed to domain D given by

(x;—B cosmxy ) +(x, — B cosmx; )2 =482 .

For T—0, D passes over the whole (x;,x,) plane. The
temperature dependence is then obtained directly from the
coefficient of the I} term. The gap expression, for the
T—Tyyis

A=tk IY( Ty, (Ss+S5+S56)2/V3)] 7172
X(1=T/Tys)'?, (50)

where k,, =k, and the S; terms used in Egs. (45) and
(50) are given in Eq. (15). The specific heat and the mag-
netic susceptibility for T—0 are found using the same
procedure as for the I} term:

C,(D=T1} , (51)
and
Y(T)=TI} . (52)

As it can be seen, an unusual temperature behavior is
found at low temperatures, for the physical quantities:
X(T) depends on T and C,(T) behaves as T? for T—0.
All these results are due to the specific k dependence of
the gap function: A’ vanishes on lines on the FS. In this
case, besides the y, =0 relation which gives the FS, we
have only the S,(k)+S5(k)+S¢(k)=0 equality, which
determines the zeros of the gap on FS. If we fix the k,
value, the two relations mentioned above give point solu-
tions for k, and k,, but a continuous variation of the
solutions is obtained with k, used as a parameter which
moves on the FS. Thus, the gap vanishes on lines on the
FS and this property (in agreement with other results?®)
gives the obtained dependences for the physical quantities
in the T—0 limit.

In Fig. 5(d), comparatively, we present another temper-
ature dependence of another metastable A, solution,



36 SPIN-DENSITY WAVES IN HEAVY-FERMION COMPOUNDS: ... 707

namely the A’/t-versus-T /t curve, which describes the
A'=A'sinak, gap. We mention that this gap also van-
ishes on lines on the FS.

Unfortunately, the metastable A, states, like A’ or A”,
have greater free energy than the stable A phase and
thus the existence of the A, solutions which vanishes on
lines on the FS is less probable.

VI. DISCUSSION AND CONCLUSIONS

Many experimental data obtained in the last few years
prove the existence of an itinerant antiferromagnetic state
in heavy-fermion (HF) materials. Our analysis models
this phase in the HF systems by a spin-density wave
(SDW), the characteristics and properties of which are an-
alyzed in detail in this work. For this purpose, we start
from the idea that the same f electrons which give the HF
properties also give rise to the SDW characteristics. The
used Hamiltonian is based on a simple description of the
Kondo lattice systems.!®!® In this Hamiltonian we intro-
duced new terms (V,J,I) which emphasize the differences
between the contributions which arise from different spin
configurations on nearest- neighbor sites. Contrary to the
classical SDW phase,'* !> in this case of HF materials, the
use of the explicit band structure is of great importance.
For this reason we present our analysis in the case of a
simple crystal structure. However, the results can be easi-
ly generalized to other symmetry species (see Ref. 13).

The description presented herein represents a model in
which the exchange and the phononic contributions are
equally important. It emphasizes that the competition be-
tween the same interactions give rise to superconductivity
or SDW properties in the HF systems, and in the two
mentioned cases, only the strength of the contributing in-
teractions is different.

After we study the nesting properties, we define the
SDW gaps and deduce the characteristic Green’s func-
tions of the model. Making use of these, we analyze the
gap equations, the phase diagram of the system, the ener-

getical stability, the specific heat C,(T) and the magnetic
susceptibility X(7) of different SDW phases. Our study
emphasizes that the possible SDW states reflect the sym-
metry of the crystal lattice. Besides the A, solution which
shows some similarities with the classical Overhauser-
type'* or Fedders-Martin-type!® phases, two other new
stable SDW phases can appear which have k-dependent
order parameters (as the experimental data suggested'®'7).
The magnetic phases which we describes are commensu-
rate with the lattice (in agreement with the measure-
ments'!). They are characterized by a well-defined Q vec-
tor which is given by the nesting property. The experi-
mental data show that only a fraction of the Fermi sur-
face is opened by the SDW gaps,“!®!7 because only a
fraction of the band satisfies the nesting conditions in the
measured materials. The recent neutron diffraction mea-
surements!! show a strong ¥ coupling constant (and a
weak I contribution) which give rise to a stable A,, A,
phase and which explains the 7> dependence in X(T) and
a T3 behavior in C,(T) in the T—0 limit. All these data
emphasize upon the fact that the A,, A; SDW phase has a
great chance to describe the magnetically ordered ground
state of the HF systems. We mention that the deduced
behavior for C,(T) and X(T) is connected to the fact that,
for the A,, A; phase, the gap vanishes on points on the
Fermi surface.

In the theoretical description to come, one must consid-
er the SDW and the superconducting phases together.
This is claimed by recent experimental data?’ which sug-
gests the coexistence of the two mentioned states. The
study of this coexistence is in course of development.
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APPENDIX: INTEGRALS APPEARING IN SEC. V

Hy)= [ ldx, [ dx, fo‘dwz
R=/7) ["“ax, [ “dx, [
18=<1/27r3)ff°° xi [ dx2f+ dx3f dx,
where € =2t (cosmx| 4+ cosmx, +cosmx;).
I =0/a) [ dx, [T7dx, [T
1=/ [ d lf”

1 =72 [T dx, [T
1}3— /) [

3 =1/ [

% tanh £
€ 2

dx;cosh™

de [ 7
+°°df

dx3[exp

o, f
o, [

1 €
— ——cosh™2—
€

cosh™

dx;y{[exp(—E;3..)][(6(x;—x;

2x

“ dxyexp[ —2tHx; 4+x,4+x3)2/A(T =0)] .

x4 tanh(E/2)

t —t——————————
| xiHxotxs D= (Ey/2)

We used the notation E3 =4t%(x, +x,+x3)?+x3:

P +2(xy +x3—2%3)2]/Ep 3, )

5 f*“ dx3E3 ;. cosh™X(Ey 3. /2) ,
HEj3.:/2)
—E3)(x1—x3)*/E3 5,1,

f * dxs[exp(—Ey 3., I[(x1 —x2)(x, +x3 —2x3)/E; 5,1,
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1233=(1/7T3)f+°°dx1 f_
=2 [T dx, [

dx, f
“dx, f

* dx3E} 3,,cosh™

where

Ey;5.,/2) ,
* dxicosh™*(E, 3., /2) ,

E}3c=4t2(x1+x2+x3)2+AHT =0)[6(x | —x3)*+2(x| +x3 —2x3)?]

and

E} 3, =412x 4%, +x3)2 +[V6A,T =0)(x; —x,)+ V2A5(T =0)(x, +x,—2x3)]?

Also,
rhi=/m) [T ax, [T dx, [ 1
1% =(1/7) f+°°d f * dx, f()*
I4=(1/7% f”’ lf*‘”dx2 f0+

I =(8/V 372 )f+°°dx1 ff

* dx;[exp(
* dx3E, cosh™

* dxjcosh™

I =(4/V 372 )f+°°dx, f+°°dx2E§;,cosh‘2(E4;,/2) ,

Is=@/V3%) [ " dx, [ dxycosh A (Ey, /2)
where

E3 =431+ AXT =0)(x3+x})
and

EL, =4t} +x3(A"(T =0))* .

—Eg)l(x3+x3)/Eq. 1,
HE4 /2),
HE4./2),

? dx,[exp(—E,,)1(x}/Ey,) ,
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