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Isotropic one-dimensional RKKY view of the magnetic phase diagrams
of U„M ,M 8…2X2 compounds
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The indirect exchange model of Ruderman, Kittel, Kasuya, and Yosida~RKKY ! is used to calculate the
magnetic phase diagram of U(M ,M 8)2X2 (M5Ni, M 85Co or Cu,X5Si or Ge!. It is found to reproduce, in
a qualitative way, the measured magnetic phase diagram. Estimated values of the electron mean free path,
concentration of conduction electrons, and electrical resistivity, which are deduced from these calculations, are
in agreement with experimental results. Linear augmented-plane-wave calculations are also performed, and
their results are in agreement with some of the RKKY results.
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I. INTRODUCTION

Compounds of the U(M ,M 8)2X2 system (M5Ni, M 8
5Co or Cu,X5Si or Ge! crystallize predominantly in the
body-centered tetragonal ThCr2Si2-type structure~I4/mmm
space group!. They are all paramagnetic at room temperat
(RT;295 K) and undergo magnetic transitions into a vari
of magnetic structures below this temperature~Fig. 1!.1–5

The main features portrayed by these diagrams are
following: ~a! Only the U atoms order magnetically wit
structures characteristic of ferromagnetic U basal pla
stacked along the tetragonalc axis according to the wave
vector k5(0,0,q). The U-ordered moments are parallel
thec axis. The~b! U magnetic structure depends strongly
the M concentration; i.e., the magnetic structure highly c
relates to changes in the concentration of conduction e
trons,z,1,2 and~c! ‘‘oscillatory’’ behavior of TN upon varia-
tions in M concentration.

These unique characteristics of the U(M ,M 8)2X2 system
make it most suitable for the study of the magnetic and e
tronic nature of U.

In the U(5f ) atom the electronic configuration is not a
well known as in the lanthanide (Ln-4f ) atoms: the
5 f -shell radius is significantly larger than that of the 4f shell
and its electron energies are close to the Fermi energy. T
the total angular momentumJ is not a ‘‘good’’ quantum
number.6 In the U(M ,M 8)2X2 compounds, the distance be
tween adjacent U planes is;5 Å, with two planes of non-
magnetic X atoms between them.1–5 Obviously, a direct ex-
change interaction between planes of U is negligible. T
any magnetic ordering of U along thec axis should be re-
lated to an indirect exchange interaction. In this context
U 5 f shell is expected to have a behavior similar to that
the Ln 4f shell. Strong evidence of this similarity was foun
in the (U, Nd!Co2Ge2 compounds where U was found to b
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have magnetically like a light Ln atom.7

The Ruderman-Kittel-Kasuya-Yosida~RKKY ! model is
an indirect exchange model, which correlates the concen
tion of conduction electrons,z, with the ground-state mag
netic structures (T50 K).8–10 Also, when combining it with
molecular field theory, it predicts an oscillatory behavior
TN upon changingz.11 We therefore consider a one
dimensional~1D! RKKY model for the description of the
magnetic interaction and structures in this system.

In the present work we reconstruct the measured magn
phase diagrams of the U(M ,M 8)2X2 compounds~Fig. 1! at
T50 K using calculations in the isotropic 1D RKKY mode
~see the Appendix!. In order to validate some of the RKKY
results, we use linear augmented-plane-wave~LAPW! calcu-
lations using theWIEN95 program.12,13

II. EXPERIMENTAL RESULTS

The measured magnetic structures and the magnetic
sitions temperatures of the U(M ,M 8)2X2 compounds are
summarized in two magnetic phase diagrams forX5Si or
Ge ~Fig. 1, and Refs. 4 and 5!.

These measured magnetic phase diagrams are chara
ized by five different magnetic structures~Fig. 1!. They are
dominated byk5(0,0,1) @AF-I, corresponding to~1 2!
stacking of ferromagnetic U planes# and having smaller
regions of k5(0,0,2/3) @ferrimagnetic, ~1 1 2!#, k
5(0,0,1/2) @AF-IA, ~1 1 2 2!#, k5(0,0,0) @ferromagnet-
ic, ~1 1!#, and incommensurate~IC! sine-modulated struc
tures.

One of the tests of the isotropic 1D RKKY model will b
its ability to describe the observed sequence of magn
states as a function ofM concentration and, in the case of th
Si series, its ability to predict the existence of the uniq
ferrimagnetic enclave~Fig. 1!.

The value of the lattice parameter ratioc/a was found to
9418 ©2000 The American Physical Society
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be independent of pressure in previous high-pressure~up to
0.63 GPa! neutron-diffraction measurements o
U~Ni12xCux)2Ge2 compounds withx51 and 0.95~i.e., iso-
tropic linear compressibilities for both compounds!.14 Also,
no change in the magnetic structures due to application
pressure of the compounds was observed. This is consi
with the isotropic 1D RKKY model, where no change in th
ordered magnetic state is expected for constantz and c/a.
Moreover, the isotropy of the linear compressibilities, fou
in crystallographically anisotropic~uniaxial! materials, can
probably be explained by a free-electron-gas-domina
compressibility. This is a reasonable result for materials
which the magnetism is mediated by conduction electr
~i.e., RKKY interaction!. Following the free-electron-ga
model,15 the observed compressibilities led toz59.7(2) and
10.1~1! for x51 and 0.95, respectively.14 Thus the addition
of 5% Ni ~change ofx from 1 to 0.95! results in an increase
of ;5% in z.

III. RKKY CALCULATIONS

The magnetic ordering was calculated, using aPASCAL

program, by summation of the Fourier transform of t
RKKY exchange coefficientJ(k) over all U sites inside a
sphere with a radius of 150 Å@Eq. ~A4! in the Appendix#.
For each of the compounds the values ofc/a and l were
fixed andq in @k05(0,0,q)# with minimal magnetic energy
@Eq. ~A3!# was calculated as a function ofz @Eqs. ~A4!–
~A6!#.

Mean free path determination. The magnetic phase dia

FIG. 1. The experimental magnetic phase diagram (TN vs mag-
netic structure! of the U(M ,M 8)2X2 systems withM5Ni and M 8
5Cu or Co and~a! X5Si or ~b! X5Ge. Only the U atoms orde
magnetically with structures characteristic of ferromagnetic U ba
planes stacked along the tetragonalc axis according to the wave
vectork5(0,0,q). The U-ordered moments are parallel toc. Herez
is the number of conduction electrons per U, assumed to be pro
tional to the number of valence electrons of theM atom. Squares
indicate nonmagnetic CaBe2Ge2-type compounds.
of
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gram of UNi2Si2 (c/a52.4037 at;10 K! in the rangez
50 – 20 was calculated for various values of the conduct
electron mean free pathl in the range of 1–̀ . It was found
that for l51 – 5 Å, only the AF-I and ferromagnetic struc
tures are possible@Fig. 2~a!#, which strongly disagrees with
the experimental results@Fig. 1~a!#. For higher values ofl
the calculated magnetic phase diagram shows more com
cated magnetic structures, but an enclave like range ex
only for l.30 Å nearz511. Another enclave appears fo
l5200 Å in the vicinity ofz54 @Fig. 2~b!#. For 200 Å,l
,` no significant changes are observed in the calcula
magnetic phase diagram. Similar results were obtained in
calculations of the UNi2Ge2 compound (c/a52.3049 at;10
K, z50 – 20!. Thus the value ofl5200 Å was used for all
reported calculations.

UNi2Si2 (c/a52.4037). The calculated phase diagram~q
as a function ofz at constantc/a! of UNi2Si2 @Fig. 2~b!#
shows two principal regions that can describe the obser
sequence of magnetic transitions as a function ofM concen-
tration, as well as the existence of the unique enclave@Fig.
1~a!#: The region with z51 – 5 ~region a!, which is in
agreement with previous calculations,1 and the region with
z57 – 14 @region b, expanded in Fig. 3~a!#, for which no
calculations were done previously. In both regions there is
enclave of 0,q,1 between two large areas ofq51. In both
regions, starting from the enclave~which is related to
UNi2Si2! and decreasingz, the magnetic structure changes
AF-I (q51) and then to ferromagnetic (q50) passing
through small regions of structures with 0,q,1. Starting
from the enclave and increasingz, the magnetic structure

al

r-

FIG. 2. Calculated magnetic phase diagrams of UNi2Si2 (c/a
52.4037) at 0 K showing the magnetic propagation vector vs nu
ber of conduction electrons per U atom for~a! l51 Å and ~b! l
5200 Å. The corresponding usual notation of the main structure
shown in the diagram.
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changes to AF-I. This behavior is in very good agreem
with the observed phase diagram@Fig. 1~a!# for both calcu-
lated regions if the changes inz are explained by substitutio
of Ni by Cu ~decreasingz! or by Co~increasingz!; see Sec.
V.

UNi2Ge2 (c/a52.3049). The calculated phase diagram
UNi2Ge2 shows in general the same features, which w
obtained in the calculated phase diagram of UNi2Si2. As was
previously described, the U(M ,M 8)2Ge2 experimental mag-
netic phase diagram@Fig. 1~b!# lacks the unique ferrimag
netic enclave observed in the U(M ,M 8)2Si2 experimental
magnetic phase diagram@Fig. 1~a!#. Notwithstanding, a close
examination of the enclave in the calculated UNi2Ge2 phase
diagram is intriguing@Fig. 3~b!#. Two significant differences
are detected at the corresponding regionb ~Fig. 3!: ~a! The
enclave positions for UNi2Si2 and UNi2Ge2 are atz511 and
12, respectively.~b! The enclave in the UNi2Ge2 phase dia-
gram is almost symmetric, unlike the asymmetric enclave
the UNi2Si2 phase diagram.

The effect of c/a. In order to study the effect ofc/a on the
calculated phase diagrams of the U~Ni12xCux)2X2 and
U~Co12yNiy)2X2 systems, we calculated the magnetic stru
tures as a function ofz ~in the range 7–14! for the com-
pounds for which we have experimental data~i.e., x50,
0.05, 0.1, 0.25, 0.5, 0.75, 0.85, 1 andy50, 0.5, 0.75, 0.9,
0.95, 1 forX5Si; x50, 0.25, 0.5, 0.75, 0.9, 0.95, 1 andy
50, 0.125, 0.75, 1 forX5Ge!. The value ofc/a for each of
the compounds was taken from observed neutron-diffrac
data at low temperatures ~,10 K! and room
temperatures.2–5,14,16

FIG. 3. Calculated magnetic phase diagrams of~a! UNi2Si2
(c/a52.4037) and~b! UNi2Ge2 (c/a52.3049) at 0 K and l
5200 Å, showing the magnetic propagation vector vs numbe
conduction electrons per U atom. The corresponding usual nota
of the main structures is shown on the diagram.
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No significant change is found in the general appeara
of the calculated phase diagrams as a function ofc/a. Nev-
ertheless, asc/a increases~i.e., as we replace Ni with eithe
Cu or Co!, the different magnetic regions~i.e., ferro, AF-I,
ferri, etc.! appear for smallerz values in both calculated
phase diagrams~Figs. 4 and 5!. The width of the ferrimag-
netic enclave goes through a maximum at UNi2Si2 ~Fig. 4!.

IV. LAPW CALCULATIONS

In order to validate the RKKY calculations, the electron
structure of UM2X2 compounds (M5Co, Ni, Cu; X
5Si, Ge! have been investigated using the linear augmen
plane-wave ~LAPW! program WIEN95.12,13 The program
takes the crystallographic structure of a compound and
electronic structures of its atoms as the input and calcul
the number of conduction electrons, the partial density
states~DOS!, and Fermi energy (EF). The number of con-
duction electrons per formula unit of U,M, and X and the
total number of conduction electrons per formula unit we
calculated and are 3–3.5, 0.9–1.3, 1.6–2.2, and 8–10.5
spectively. The DOS scheme of U 5f electrons andM 3d
electrons obtained for UM2Si2 and UM2Ge2 are depicted in
Figs. 6 and 7, respectively. The DOS scheme of UM2Ge2 is
in very good agreement with the results obtained previou
by the augmented-spherical-wave~ASW! method.17

From these results it is clear that the total number of c
duction electrons per formula unit for the two systems is

f
on

FIG. 4. Calculated magnetic structures for the U(M ,M 8)2Si2
compounds corresponding to their lattice parameter ratioc/a and
number of conduction electrons per U atom,z.
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FIG. 5. Calculated magnetic structures for the U(M ,M 8)2Ge2

compounds corresponding to their lattice parameter ratioc/a and
number of conduction electrons per U atom,z. The dashed lines
corresponds toc/a values for which compounds order in th
CaBe2Ge2-type structure@see Fig. 1~b!#.

FIG. 6. Partial density of states~DOS! LAPW calculations made
for UM2Si2.
the range of 8–10.5@regionb in the RKKY calculated phase
diagrams~Fig. 2!# and not in the range of 1–4@regiona ~Fig.
2!#. As we move from UCo2X2 to UCu2X2 , one can see tha
for all compounds the U 5f band is crossed by Fermi energ
with a contribution of roughly 3 U 5f electrons to the con-
ducting band~Figs. 6 and 7!. At the same time, the 3d states
of theM atom move to lower energies away fromEF and the
probability for a 3d contribution to the conduction band de
creases~Figs. 6 and 7!. This tendency is accompanied with
decrease inEF . The resulting effect of this trend shoul
yield an almost fixed magnetic moment on the U atom an
decrease in the magnetic moment of the transition metal w
an increase of its atomic number.

V. DISCUSSION

The results of the isotropic 1D RKKY calculations are
qualitative agreement with the experimental magnetic ph
diagrams. The number of conduction electrons per U atom
the U(M ,M 8)2X2 compounds deduced from the isotropic 1
RKKY calculations could be either in the range ofz51 – 5
~regiona! or in the range ofz57 – 14~regionb! ~Fig. 2!. In
order to resolve which of the two regions describes best
experimental phase diagram, we take into account all av
able experimental data. The analysis is discussed below
summarized in Table I.

LAPW calculations for these compounds result in valu
of z58 – 10.5 conduction electrons per U atom~Table I!.
Moreover, a value of z;10 is evaluated for the
U~Ni, Cu!2Ge2 compounds when applying the free-electro
gas model to the high-pressure neutron-diffraction res
~Ref. 14, Table I!.

One of the most obvious characteristics of the experim
tal magnetic phase diagrams of U(M ,M 8)2X2 is the exis-

FIG. 7. Partial density of states~DOS! LAPW calculations made
for UM2Ge2.
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tence of regions with 0,q,1 ~Fig. 1!. Whereas for mag-
netic structures withq50 or 1 the magnetic period is one t
two halves of a unit cell in thec direction ~5–10 Å!, for
structures like AF-IA~1 1 2 2! it is four halves of a unit
cell in thec direction ~;20 Å!. Obviously, for IC magnetic
structures the magnetic period is much larger. In the RK
model, the amplitude of the spin-density oscillations, tra
ferring the magnetic interaction, is being damped expon
tially with e2Ri j /l @Eq. ~A1! in the Appendix#. Therefore, it
is reasonable that for 1 Å<l<5 Å our RKKY calculations
show only the AF-I and ferromagnetic structures and that
enclave in thez57 – 14 region does not exist belowl
530 Å and stabilizes only forl5200 Å ~Fig. 2!. Thus, ac-
cording to the isotropic 1D RKKY model, we may estima
that in the U(M ,M 8)2X2 compounds the mean free path
the conduction electrons is of the order of 100 Å at lo
temperatures. Such a long mean free path is characterist
the free-electron-gas model for metals at room temperatu15

This approximation is also consistent with the results
tained in the high-pressure neutron diffraction of t
U~Ni12xCux)2Ge2 compounds mentioned above.14

Following the free-electron-gas approximation,15 we use
the relation betweenl and the electrical resistivityrm ,

l5
177

rm
S Mm

zr D 2/3

, ~1!

whereMm is the molecular mass of the material~in g/mol!
and r is the mass density of the material~in g/cm3!. The
mean-free-path dependence on the number of conduc
electrons for different electrical resistivities is depicted
Fig. 8. This figure can be used in two different ways:~1!
Takingl.30 Å for UNi2Si2, where the enclave first appea
at z;10.5 ~regionb!, leads to an electrical resistivity ofrm
,16mV cm ~Fig. 8, Table I!. On the other hand, takingl
.200 Å for UNi2Si2, where the enclave first appears atz

TABLE I. Comparison between calculated and experimen
magnetic phase diagrams of the U(M ,M 8)2X2 system.z is the num-
ber of conduction electrons per U atom,l is their mean free path
and rm is the electrical resistivity. The calculatedrm is deduced
from z andl corresponding to the enclave appearance and using
free-electron-gas model@Eq. ~1!#.

Calculated Experimental
Characteristic Regiona Regionb results

z ~RKKY ! 1–5 7–14 10a

z ~LAPW! 8.0–10.5
rm ~mV cm! ,4.5 ,16 80b

l ~Å! .200c ;11d

.30c ;6d

X5Si Enclave area at Cu
side vs Co side

Bigger Smaller Smaller

AF-I area at Cu
side vs Co side

Bigger Smaller Smaller

aHigh-pressure neutron-diffraction results, using the free-elect
gas model~Ref. 14!.

bHondaet al. at low temperature~Ref. 18!.
cl at which the enclave appears.
dFrom electrical resistivity, assumingz at which the enclave ap
pears, and the free-electron-gas model.
-
n-

e

of
.
-

on

;4 ~region a!, leads to an electrical resistivity ofrm

,4.5mV cm ~Fig. 8, Table I!. ~2! The experimental electri-
cal resistivity of UNi2Si2 at low temperature isrm
580mV cm.18 Using this value, we estimatel;11 Å for
regiona andl;6 Å for regionb ~Fig. 8, Table I!. The total
electrical resistivity, being the sum of electrical resistiviti
caused by different mechanisms, includes also the Ko
effect, which, if exists, raises the resistivity. Thus the ex
tence of the Kondo effect in UNi2Si2 can explain the discrep
ancies between the calculated and experimentalrm and l
values~Table I!. Even though both regions could explain th
experimental electrical resistivity, the values correspond
to regionb are closer to reality.

Two qualitative characteristics observed in the expe
mental magnetic phase diagram of the U(M ,M 8)2Si2 com-
pounds are that~1! the enclave at the Cu side of the pha
diagram is smaller than on the Co side@Fig. 1~a!#—i.e., it is
asymmetric relative to UNi2Si2—and~2! the AF-I area at the
Cu side of the experimental phase diagram is smaller t
the AF-I area at the Co side@Fig. 1~a!#. Assuming a correla-
tion between the number of valence electrons of theM atom
and conduction electrons this atom donates to the unit c
the number of conduction electrons per U atom,z, is ex-
pected to decrease for a continuous substitution of Co by
and then of Ni by Cu. This assumption is in agreement w
the LAPW results~Figs. 6 and 7! and with the high-pressure
neutron-diffraction results.14 Therefore, the Co~Cu! side in
the calculated phase diagram corresponds to higher~smaller!
z values than the enclave’s. Thus the two qualitative char
teristics mentioned above are in agreement with regionb and
in disagreement with regiona @Fig. 2~b!, Table I#.

From the summary of the above discussion, presente
Table I, we conclude that the experimental results cor
spond to regionb. Therefore, we find that the number o
conduction electrons per U atoms in these compounds i
the order of 10~Fig. 2!.

l

he

-

FIG. 8. Mean free path of the electrons,l, as a function of the
number of conduction electrons per U atom,z, for several electrical
resistivities in the regime of the free-electron-gas model.
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Discrepancies between the experimental and calcul
phase diagrams exist and are worth discussing, as they
lead to the refinement of the theoretical model.

The main difference between the experimental magn
phase diagrams of U(M ,M 8)2Si2 and U(M ,M 8)2Ge2 is the
appearance of the ferrimagnetic enclave in the former@Fig.
1~a!# and its absence in the latter@Fig. 1~b!#. This is in agree-
ment with the RKKY and LAPW calculations, which sho
no ferrimagnetic enclave for the UNi2Ge2 compound. Nev-
ertheless, the RKKY calculations suggest that there will
such an enclave when we will replace Ni with Coz
>11.5). Candidate compounds for examination of this p
diction, such as U~Co0.5Ni0.5!2Ge2 and U~Co0.75Ni0.25!2Ge2,
crystallize in the CaBe2Ge2-type structure (P4/nmm space
group! and could not be discussed in the frame of the pres
work.

Discrepancies exist also with regards to the exact valu
q for the various structures. Theq value of the ferrimagnetic
enclave in the experimental U(M ,M 8)2Si2 phase diagram is
0.667, whereas the calculated value is not less than 0
This discrepancy may be a result of the use of an isotro
model applied to an anisotropic~tetragonal! crystal structure.

The mutual effect ofz andc/a on the magnetic structure
of the U(M ,M 8)2X2 compounds is depicted in Figs. 4 and
for U(M ,M 8)2Si2 and U(M ,M 8)2Ge2, respectively. We find
that for a givenz, by changingc/a it is not possible to
reproduce the sequence of magnetic transitions found in
experimental magnetic phase diagrams~Fig. 1!. Conse-
quently, any discussion of the magnetic interactions in
U(M ,M 8)2X2 compounds in the framework of the isotrop
1D RKKY model, requires that changes in the transitio
metal concentration will correspond to changes in the nu
ber of conduction electrons per U atom, as well as the
servable changes in thec/a values.

VI. CONCLUSIONS

In this work we discuss the validity of the RKKY mode
description of the magnetic interactions in the U(M ,M 8)2X2
systems. From a comparison of calculations using isotro
1D RKKY, LAPW, and free-gas-electron models, with th
experimental magnetic phase diagrams, we conclude the
lowing.

~1! The isotropic 1D RKKY model gives a qualitativ
description of the experimental magnetic phase diagram
the U(M ,M 8)2X2 systems.

~2! The magnetic ordering in these systems depe
strongly on the number of conduction electrons per U ato

~3! The estimated value of conduction electrons per
atoms in these systems is 10. This number varies in the ra
8–12 as we change the transition-metal concentration
U(M ,M 8)2X2 .

~4! The estimated values of the mean free path, electr
resistivity, and number of conduction electrons per U ato
deduced from the isotropic 1D RKKY and free-electron-g
models, are in agreement with experimental results.

~5! Some discrepancies between the experimental ph
diagrams and those calculated using the isotropic mo
were found. Future study of these discrepancies, for
ample, using an anisotropic 1D RKKY model, may lead to
deeper theoretical understanding of the magnetic and e
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tronic nature of U in the compounds discussed.
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APPENDIX

Isotropic 1D RKKY model. The RKKY model describes
the indirect exchange interaction between a pair of magn
atoms via polarization of conduction electrons. The inter
tion of spin Si localized atRi with the spin density of the
conduction electrons polarized bySj at Rj results in an indi-
rect interaction ofSi with Sj described by the Hamiltonian19

HIE52
9p

2
z2

Jsf
2

EF
(
iÞ j

F~2kFRi j !~Si•Sj !e
2Ri j /l, ~A1!

where

F~x!5
2x cosx1sinx

x4 , ~A2!

z is the number of conduction electrons per magnetic ato
Jsf is the exchange constant of the interaction of the locali
spin with the conduction electrons,EF is the Fermi energy,
andl is the mean free path of the conduction electrons.20

The interaction energy is deduced from a variational
lution to the Hamiltonian in Eq.~A1! and by using the Fou-
rier transform18

E52N(
k

J~k!uSku2, ~A3!

whereSk is the Fourier transform ofSi , N is the number of
magnetic atoms,J(k) is the Fourier transform ofJi j ,19

J~k!5
1

2N (
i , j

Ji j e
ik•Ri j , ~A4!

and Ji j is the RKKY exchange coefficient. Assuming
spherical Fermi surface,19

Ji j 5
9p

2
Jsf

2
z2

EF

F~2kFRi j !e
2Ri j /l, ~A5!

wherekF is deduced from the isotropic approximation1

kF5
p

a
A3 6z

p

a

c
. ~A6!

Minimal magnetic energy would be achieved for maxim
J(k) @Eq. ~A3!#. A PASCAL program was written, using the
above equations, to calculateJ(k) for fixed values ofz, c/a,
andl. The calculations yield the value ofk0 for which J(k0)
is maximum. The magnetic structure with minimal ener
will thus consist of ferromagnetic planes modulated withk0
along c. In this work we discuss zero-temperature calcu
tions only.
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