PHYSICAL REVIEW B VOLUME 54, NUMBER 3 15 JULY 1996-I

Magnetic character of the deformable jellium
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Ground-state properties for the electron gas, in the deformable jellium, are obtained. Periodic expansions for
the state function, with fermion density centered around a cubic lattice, are introduced. The paramagnetic and
ferromagnetic ground-state energies are calculated and compared at each density to determine the magnetic
character of the deformable jellium. More than one transition point between different magnetic phases are
obtained and compared with those reported in the literature with different models. A paramagnetic region at
intermediate densities, in the self-consistent Hartree-Fock approach, is recovered. At these densities a symme-
try transitions from homogeneous to localized solutions is obtained for both magnetic phases, and at lower
densities the electrons are localized into a paramagnetic or ferromadMietier-like crystal respectively.
[S0163-18296)03427-3

I. INTRODUCTION densitie® Then at intermediate and low electron density
regions, when the electronic part of the system develops
The electron gas in jellium is a simplified many-body sys-long-range order, e.g., charge-density waves or Wigner crys-
tem consisting of electrons moving in a background of neu4allization, it is convenient to consider the DJM.
tralizing positive charge. This model provides a theoretical The DJM and the Hartree-FodkiF) approximation have
approach to describe important electron gas properties in twbeen exploited by us in the study of the paramagnetic elec-
and three dimensiorisin the ordinary or uniform jellium tron gas® Our approach has been to obtain self-consistency
model (UIM) the essential approximation is to assume thatwith a set of modulating functions that contain the trivial
the electrons interact through Coulomb forces in a uniformplane wavgPW) as a possible solution. This has turned into
nonresponsive, positive, neutralizing backgro@fi@€alcula-  a very powerful technique that has the capability of describ-
tions in UJM require only one input parameter, namely, theing both the metallic and the low-density regions in a unified
average electron density in the bulk. The stabilized jelliumnonperturbative fashion, which also includes the intermedi-
modef (SJM) is a model in which, in addition to the total ate density region. At large densities the strong electrostatic
energy of the UJM, a structureless pseudopotential is introinteraction among the ions will prevent the background from
duced. Applied to the metal-surface problem the SIJM adaccommodating into the required uniform or deformed struc-
equately describes the basic features of the inhomogeneotre. In this region the PW solution is the self-consistent HF
electron gas near the metal surfdde.the SIM the proper- ground state in the DIJM as well as in the UIM. At low
ties depend upon the average electron density as a functiatensities, on the other hand, the ions and the electrons are
of the interparticle distance in units of Bohr radiug)( and  approximately equivalent except for their masses. In this
upon the valenc& and the crystal structure. sense the DJM is expected to give a better approximation to
A different model is the deformable jelliufDJM) in  the physical system. Accordingly it allows for a lower en-
which the background is statically deformed in ordelde  ergy per particle. The long-range-order solutions obtained in
cally neutralize the electron gas charge den&itythis fact the DJM imply that the DJM introduce more correlations
implies a lower energy per particle and therefore a moreghan the spin correlations introduced by the HF method in
stable system, if a deviation of the homogeneous solution ithe UJM.
energetically favored. In this model the background shows The magnetic character of the electron gas ground state is
its response by deforming itself to preserve local charge newalso a matter of interest. Many powerful methods have been
trality, so that the long-range Coulomb interaction is dimin-developed to calculate the properties of the electron gas in
ished. The DJM retains the simplicity and universality of thethe paramagnetic and ferromagnetic phases. Several ap-
UJM; i.e., all the properties depend pponly. A remarkable proaches can be found in the literature with different ap-
achievement of the electron gas in the DJM is the descriptioproximations. In 1929, Blochconsidered paramagnetic and
of the symmetry transition from the homogeneous phase derromagnetic states in the electron gas described by a PW's
high densities into localized states at intermediatedeterminant. For <5.47 the paramagnetic PW solution is
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more stable than the ferromagnetic one, but fgr-5.47,  obtained that the simple cubfso lattice is the energetically
Bloch obtained a ferromagnetic fluid. In the HF approxima-more stable latticé’ then this crystalline structure with
tion with PW solution this is the only magnetic transition. (N+1)® terms is proposed in this work.
Then it is relevant to improve the approach in discussing the Generalized Fermi surfaces have been successfully intro-
magnetic character of the electron gas ground state. duced to describe the electron das? the Frdilich Fermi

In the present work, the self-consistent HF ground-statsea is a relevant example that preserves spherical
energy and the ground-state function for the normal and theymmetry*® In this work spherical occupation is proposed
fully spin-polarized phases of the electron gas are obtainedor both magnetic phases. The paramagnetic state is a Slater
In Sec. Il the DIM is introduced and a periodic expansion isleterminant, with the state functions given by E2), having
proposed for both magnetic phases. To determine the magccupied all one-electron states with wave vedtolying
netic character of the ground state, in Sec. |ll we compare, atithin a Fermi sphere of radiukg, for both spin states.
each density, the energies obtained in both phases. Our reermally n,= 6(kr—k), where @ is the step function and
sults are compared with those reported in the literature wittiN==%, ,n, , . The ferromagnetic state is a Slater determinant
different models. Atomic units are used throughout this workhaving all the electron states within a sphere of radius

with the energy in Rydbergs. 2% occupied, with single occupied spin states. This sys-
tem is an example of anomalous occupation in spin sphce,
Il. THEORY characterized byy = 6(2Y%g—k) andN==n,, .

To calculate the ground-state energy per particle, using

The deﬂmng c_ond|t|on of the DIM is to preserve Ioc_al the state function of Eq2), it is necessary to evaluate for the
charge neutrality in the system. In order to locally neutrahzekine,[iC energy terms of the form
the electron gas charge density the background is statically
deformed. In the independent particle approximation, the (T)  Ag N

. ; : ) 20
mathematical expression that defines the DJM is ; |Chnnl? 1+ §(n>2‘+ ns+n)|, (3

N o rg xNyNz
(Va)+(Ves) +(Vps) =0, @) and for the exchange energy
where(V,) is the energy contribution from the direct term of V) A NN NN
the electron-electron interactiofV.,) and(V,,) are the NV M C*C*C. C. 1(n«.n
electron-background and the background-background inter- N 83rsnz1 % nz3 % mCn,CrCn, | (N1.Ng)

actions, respectively. When a deviation of the homogeneous
solution is energetically favored the condition that defines XF(ny,nz,N3,ny). (4)
the DJM implies a lower energy per pqrticle and therefore ahe symbolE,’f, with N= N(f+f+ Q), has been used for
more stable system. Additionally, the divergences associatedn SN SN and C. for C A.=221 and
with the long-range Coulomb potential in the calculation of = "x=0=ny=0"n,=0 n Tmnyng 0T
the ground-state energy cancel automatically for any solutiof =0-611. When the self-consistent solutions are PW the
in this model. The consequences of the DIJM and the condi-s ~ coefficient reduces to the usual value, 0.986s a sum
tions under which it is satisfied have been discussed in preof terms that are products of Kroneck&functions, and the
vious works®® The DJM together with the HF approxima- functionl stems from the integrals of the Coulomb potential.
tion provide a systematic method to describe the ground-
state properties of the electron gas at all densities. Ill. RESULTS AND CONCLUSIONS

For the state functions in the Slater determinant the usual ) . .
PW's, multiplied by modulating functions are proposed. The smgle—pa_lrtlcle state functions and the ground—stat_e
Constrained by the orbitals orthogonality and to satisfy the2N€rgy per particle for the electron gas were evaluated in

HF equations the modulating frequenay must satisfy terms ofrg. Calculations were done in the DJM, at high,
Qo=2ke. The minimum energy is obtained when intermediate, and low densities. The coefficie@sin Eq.
9o=2ke . The proposed functions are (2) were determined self-consistently with a precision of

10~ with respect to the previous iteration for both magnetic

gikr N NN phases. In order to obtain ground-state energy results inde-
d(r)= — 2 2 Chnn pendent olN, the upper limit in the expansion of E@) was
VO om0 =0 XY changed from 1 up to 5. The results are shown for the func-
tions withN =5 (this function has 216 termsWith this state
X cog goNyX)cOg goNyy) O doN,Z). 2) function we get convergence for the energy results, i.e., in-

dependence il for r,=<50 in the paramagnetic phaSand
for r¢=<63 in the ferromagnetic one.
Within the HF approach with the single-particle state

In this expression the vector§<=ka+fky+ Ika and
r=ix+jy+kz. € is the volume in which periodic boundary

condmon; are imposed. The sm'g!e-partlcle state funcuon?unctions of Eq.(2), the electron gas behavior in both mag-
are obtained when the coefficient€, ,, are self- ; ; . : ) )

) i _ Mz i netic phases is qualitatively equivalent. In the high-density
consistently determined by solving the HF equations with thgegion the PW's are the self-consistent HF solutions for these
orthonormality condition. The coefficientS, , ,, are con-  gystems; at intermediate densities a symmetry instability is
sidered independent &, the n=in,+jn,+kn, values de- found and long-range order solutions are obtained for both
termine the crystalline structure, and the term withphases. Ar ,~26 a symmetry transition from the homoge-
ny=ny,=n,=0 is the PW solution. In this approach, it was neous to the corrugated state is obtained in the paramagnetic
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TABLE I. Symmetry transitions from homogeneous paramag- TABLE Il. Ground-state transitions. At,=5.47 the Bloch mag-
netic (PW-P) and homogeneous ferromagnetic solutidP¥/+) to netic transition is obtained from P\W-to PW+ solution. A sym-

localized solutionsI(-P) and (L-F), respectively. metry transition at ;= 32.8 changes the ground state from e
L-F. At rg=36 a magnetic transition changes the ground state from
rg Symmetry transitions L-F to L-P solution. Finally arr ;= 47.5 the last magnetic transition
is obtained, from_L-P to L-F ground state.
26.0 PWP to L-P
32.8 PWF to L-F re Ground-state transitions
5.47 PWP to PWF
phasé (localizedP). In the polarized phase the change from 32.8 PWF to L-F
PW to the localized solutiorflocalized¥) is obtained at t'; to t:z
- to L-

rs~32.8. At very low densities the electrons crystallize in at’-5
Wigner-like crystalwith the sc symmetry of the state func-
tions proposed. In Table | the; values for the symmetry
transitions previously reported are shown.

From the energies obtained, for the two phases the ma 4 o )
netic character of the electron gas ground state is determingiound state is a ferromagnetigigner-like crystal. g
at eachr value. The magnetic character of the ground state In Table Il ther values for the ground-state transitions
is the same as the one obtained by Bfbehtil intermediate are shown. The' last results can be compareq with others
densities. The self-consistent state function obtained here f(ﬂep_orte_:d in the Ilte_zr_ature, for the electron_gas in t_he UM,
both magnetic phases at this region is the PW. In the highWh'Ch include explicitly a two-body correlation function. We

density region (¥r.<5.47) the ground state is paramag- compare our results with Monte Carlo calculations by Cep-

netic (PW-P) and there is a transition to a polarized stateferley and Alder” They have obtained a paramagnetic fluid

(PW-F) atr.=5.47. For 5.4%r <36 the ferromagnetic so- in the intermediate region, and a paramagnetic to ferromag-
<=5.47. . s

lution is more stable than the paramagnetic one. In the inte/2etiC transition at = 7.5i 5. In Rgf. 16,.usmg Pa_tchq)proxr_
val 5.47<r.<32.8 the ferromagnetic PW solution is the mants a paramagnetic system in the intermediate density re-

ground state. After the symmetry transition in the polarizeoglon is_obtained and.one parameter was .‘akef! S0 as o
phase, for 32.81.<36 the localizecF is energetically fa- reproduce the magnetic transition point obtained in Ref. 15
vored ' s atr,=75. The behavior of the electron gas in this work is

In Fig. 1 the around-state ener er particle in terms 0{:1ualitat'ively similar, nevertheless the Ias't magnetictran§ition
g g gy per b is obtained atrg=47.5. In Ref. 17 a different expansion

r is plotted at intermediate and low densities. The continu- h i introduced. wh th irv effect has b
ous line shows the paramagnetic energy and the dashed liggNeMe 1S Introduced, where the symmetry €efiect has been
eglected, nevertheless they use the results obtained in Ref.

the ferromagnetic energy. As can be seen in Fig. 1, a

rs~36 amagnetictransition is obtained, because the para- .I Fia. 2 th d-stat ticle in t f
magnetic solution is more stable than the ferromagnetic one. N Fg. € ground-state energy per particie in terms o
Then a more stable paramagnetic region at intermediate dehs 'S plotted. The energy scale allows us to introduce the

sities is recovered in the HF approach. At lower densities, fofanerlgy vaLues ott;]tamed n Refst.. 15, 16, and (ﬁhﬂ:je cr(])ngr;y—
rs~47.5, the lastmagnetictransition is obtained and the ous line Shows the paramagnetic energy and the dasned fine
the ferromagnetic one. At the range shown, the best results in

localizedF state is energetically more stable fo=47.5.
g_{inally at very low densities the electrons crystallize and the
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FIG. 2. Ground-state energy per particle of termsrof The
FIG. 1. Ground-state energy per particle of termsrof The continuous line shows the paramagnetic energy and the dashed line
continuous line shows the paramagnetic energy and the dashed litiee ferromagnetic one. At this range, the best results in Refs. 15, 16,
the ferromagnetic one. From 54T7,<36 the ground state is fer- and 17 are the Monte Carlo calculations of Ceperley and Alder’s.
romagnetic. Atr~36 up tor =47.5 the self-consistent solution is At r,=50 the dot corresponds to a paramagnetic fluid. The * at
paramagnetic, and finally far,>47.5 the ground state is ferromag- r =75 points the paramagnetic-ferromagnetic transition. Finally the
netic. + atr,=100 corresponds to a ferromagnetic phase.
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the last references are those in Ref. 15r A& 50 (the dot in  rugated state is localized Bf~32.8 and at very low densi-
Fig. 2 they obtain a paramagnetic fluid. A{=75 (the as- ties the electrons crystallize into tiwigner-like crystalas
terisk a paramagnetic-ferromagnetic transition is reportedwas to be expected. It is well known that in the UJM the
Finally at r,=100 (the plug they report a ferromagnetic ground-state structure of the Wigner crystal is bcc. Here the
fluid. The other results obtained in Refs. 15, 16, and 17 astate functions proposed in the DJM have sc symmetry, as a
these densities are very near the points shown in the figuréonsequence a Wigner-like crystal is obtained with sc struc-
but in this scale, it is impossible to distinguish among themfure. Nevertheless the background deformations in the DIJM
A very powerful nonperturbative technique, which allows With the HF approach produce lower energy than the one

a direct evaluation of the ground-state properties of the elec@Pt@ined with bce symmetry in the UIM including explicit

tron gas, has been developed. In a unified approach the lowiV0-Pody correlations. On the other hand, the DJM self-
%bn5|stent calculation in the HF approach reproduces similar

intermediate-, and high-density regions are considered. Thmagnetic behavior of the electron gas at intermediate and

self-consistent energies Obtam?d in both phases are CoMBw densities, as compared to the one obtained when explicit
pared at each, and the magnetic character of the DJM Wastwo—body correlations are introduced into the UJM.

determined. Within this approach, several magnetic regions
were obtained, a paramagnetic region at intermediate densi- This work was supported in part by Consejo Nacional de
ties is recovered and a last magnetic transition is obtained i€iencia y Tecnolo@, projects 4895-E and 400302-3-581E
the low-density region. The symmetry transition to the cor-México D.F., Mexico.
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