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Nonrelativistic and four-component relativistic electronic structure calculations with the discrete variational
method within density functional theory were performed for embedded clusters representing the layered com-
pound EuCgP,, with ThCL,Si,-type structure. A relativistic one-electron model based on Kramers degeneracy
was devised to describe the observed changes in the magnetism of this compound induced by applied pressure,
which include the collapse of the Eu moment and the formation of Co moment$>heMassbauer isomer
shift calculated with relativistic wave functions agrees well with experiment; however, theEd™ valence
change previously proposed is not predicted.
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I. INTRODUCTION of the transition-metal layers of similar compourfds.
In view of the intricate relations between chemical state,

The ternary rare-earth compoun@d,X, (R=rare earth, lattice parameters, and magnetism displayed by EBCove
T=Fe, Co, Ni, andX=main group elemeitare part of a have performed first-principles electronic structure calcula-
large class of layered compounds that crystallize in the&jons in the embedded cluster approatho better under-
ThCrSi,type structuré:® The layers occur in the order stand these properties. A more complete understanding of the
R-X-T-X-R.... These compounds have great interest fromeffect of changes in lattice parameters in Es@owill shed
the point of view of magnetic properties, since they may oflight on the magnetic properties of other rare-earth
may not display magnetism on thelayer. WhenX=P, it transition-metal compounds of similar layered structure. The
was found that the transition-metal layer is magnetic ing|ativistic four-component Dirac approalhwithin density
PrCoP, and NdCgP, (Ref. 3 and nonmagnetic in Pri®,  fynctional theory(DFT),° was chosen as appropriate for
(Ref. 4 and EuCgP; (Ref. 5. In the latter compound, neu- compounds with rare-earth atoms. Moreover, as described in
tron diffraction measurements have shown that the Eu atomg,e pext section, this approach makes it possible to model the
present ferromagneti&M) order in the planes, with in-plane  nonmagnetic Et ground state within a one-electron theory.
magnetic moments, and antiferromagneti®FM) order In Sec. Il we briefly describe the embedded-cluster
among the planes, with an incommensurate spiral structurg,ethod employed, in Sec. Ill we present and discuss the

along the tetragonal axis and Nel temperature of 66.5 K. (agyits obtained, and in Sec. IV we summarize our conclu-
It has been demonstrated that EyBo at pressure gjons.

=3.1 GPa undergoes a structural phase transition in which
there is a drastic reduction of the lattice parametéac/c
=-13%), accompanied by a small increase in the lattice
constanta (Aa/a=+3%).° Since this dramatic change in
the structural parameters could have important consequences The discrete variational meth68(DVM) for solving the

on the magnetic properties, high-presstt#u Mossbauer one-electron equations of DFT was employed in the
effect(ME) experiments were performed for this compoind. embedded-cluster scheme. A 49-atom cluster was con-
The Mossbauer spectrum at 4.2 K and ambient pressuretructed according to the layered crystal structure of
shows the magnetic splitting expected for’Euons, in the  EuCoP,, ' centered at a Co layer represented by 13 atoms
ground state labele8lS;, in L-S coupling. At 5 GPgabove  and containing above and below two Eu and two P layers
the structural phase transitigra complex spectrum is ob- represented by 6 and 12 atoms each, respectively. This Co-
tained derived from both magnetic and nonmagnetic Eu ateentered cluster was chosen primarily to investigate the mag-
oms. This spectrum was interpreted as deriving from thenetism of the Co layer. Local properties such as magnetic
nonmagnetic ground state of Eu(’F, in L-S coupling, the  moments were obtained at the central Co, since its surround-
magnetic component of the spectrum being due to polarizangs are best described. Figure 1 illustrates this cluster, which
tion of the conduction electrons by magnetic Co at6rAs.  was embedded in the potential of approximately 700 external
ordering temperature of 260 K was obtained from the tem-atoms of the solid. A different cluster with 57 atoms and an
perature dependence of the induced hyperfine field, welEu layer at the center was considered to investigatétz
within the range of those obtained for the magnetic orderingsomer shift(lS), as will be described in the next section.

Il. THEORETICAL METHOD
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This leads to the usual secular equations, which were solved
self-consistently in the numerical grid. In the Kohn-Sham
Hamiltonian of Eq.(1), a model potential was employed,
obtained by a multipolar expansion of the density centered at
the cluster nuclet? The multipolar expansion is determined
by minimizing the least-squares error of the fit to the “true”
density obtained by solving the Kohn-Sham equations, in
each iteration, and results in a model charge density of over-
lapping charges centered at the nuclei. This multipolar ex-
pansion is used only in the Kohn-Sham Hamiltonian—for
the final results and calculation of properties, the true density
is of course considered. In the present calculations, only
terms withl =0 were retained; it is our experience that the
overlapping variationally optimizet=0 terms on the two
FIG. 1. Cluster[Eu,Co,4P,4] representing the layered com- sites describes rather well the final bond distribution. Our
pound EuCeP,, with Co atoms at the central plane. Tbexis is  computed mean-square error in fitting the density is ad-

perpendicular to the Eu, Co, and P planes. Atoms marked with aequately small for the purposes of analysis of magnetic mo-
asterisk are the ones included in the charge and difference densigents.

maps shown in Figs. 2 and 4, respectively. A Mulliken-type population analysi based on the coef-
o ficients of the LCAO expansion, was performed to obtain
A. Nonrelativistic scheme atomic orbital occupations and effective charges for the at-

In the nonrelativistic DVM’® the Kohn-Sham equations oms in the cluster. Magnetic moments of an atom are defined
of DFT are solved self-consistentljself-consistent field as the difference in the total population for spin up and spin

(SCH] in a three-dimensional grid of points, down. The basis was improved by performing atomic calcu-
lations to generate the basis in the configuration as obtained
(= V224V + Vi) dio(1) = &1 5bi (1), (1)  inthe cluster by the Mulliken analysis after a preliminary set

of iterations.

In the embedding procedure, the potential of the external
atoms is constructed from the electron charge densities and
the nuclei of the atoms surrounding the cluster. To avoid
spurious migration of electrons to the exterior, the potentials
of the external atoms was cut at0.2 a.u. The Madelung
potential was included with the Ewaftimethod. The charge
pU(r):E Nio| dio(P)|% (2 densities of the external atoms were also optimized in the

: manner described for the basis.

where ¢, are the numerical spin orbitals of the cluster, with
occupation numben;, given by the Fermi-Dirac statistics. B. Relativistic scheme

These orbitals are expanded as a linear combination of nU- gqr the relativistic calculationSthe four-component rela-
merical symmetrized atomic orbitalt CAO), obtained by _tivistic DVM was employed®~7in which the starting point

self-consistent local density atomic calculations. The sping tha one-electron Dirac Hamiltonigin a.u.,c=137.037
density[ p;(r) —p,(r)] represents the spin component of the ,, _ 1 o— 1): o T

magnetization.

In the spin-polarized or spin-unrestrict¢8U) 2scheme, hp=ca[p— (1Ic)A]+c?(B—1)+ Ao, (3)
S,=3,;s,; is a good quantum number; howev is not _ . .
controlled and we expect a mixture of stategﬁvéwsz. wherea and g are the 4<4 Dirac matricesp=—ihV the
This “spin contamination” or mixture depends upon the en-MOMentum operator, andi(Ao) a four-component vector
ergy spacing of low-lying multiplets and, in the case of freePOtential describing external fields. We s&t=0 and A
molecules, is sometimes “purified” by spin-projection tech- = Ve Vxe, WhereVc is the electron-nucleus and electron-
niques. In the SU scheme neittey nor (L) are controlled, ~€léctron Coulomb potential antf,, the local exchange-
so that|LSJ coupling of the Russel-Saunders type cannot bé:orrelqtlon potential of DF! In this manner, the reI_at|V|s_t|c
investigated. Orbital-unrestricted methods which permit con€Xtension of the one-electron Kohn-Sham equations is ob-
trol over some aspects of orbital angular momentum hav&ined:
been developed for atomisn, contro) and molecules, but (h&— ey (r,E)=0 @)
they are rarely applied. Furthermore, since DFT is an en- D F e '
semble theory which does not normally treat individualwherey; ,(r,&) is a four-component Dirac spinor apdrep-
guantum statesmultiplets, procedures aimed at extraction resents subclasses of states which we will associate with the
of L, S andJ may be questionable on fundamental groundsKramers doublets. The cluster orbitals,(r,£) are ex-

In the DVM an error functional is defined which is mini- panded on a basis of symmetrized numerical atomic orbitals
mized with respect to variations of the spin orbitag,; . (four-component central field Dirac spingrobtained by

where energies are given in Hartree atomic unigis the
electronic and nuclear Coulomb potential, av. is the
spin-dependent exchange-correlation potential, for which th
local functional of Vosko, Wilk, and Nusair was employ&d.
The charge density for each spin is defined as
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relativistic atomic calculations and optimized as in the non-site and the basis quantum numbers. In complete analogy
relativistic case. The basis was symmetrized with the use ofith the spin-only SU scheme, we multiply the saturation
the properties of double groupSln the Dirac theory each momentmg,=(gj)ug by the net moment population to ob-
basis function and, hence, every eigenfunction is of mixedain the corresponding local moments:

spin T and spin| character—this is fundamental to relativis- et |

tic quantum theory. Moreover, with the exceptionsaitates, Montj = (fonij = Fonij) Msat

every four-component basis function contains a mixture ofyith the site moment

orbital and spin momentum, forming a well-defined total an- )

gular momentunj. M,=2(nlj)M ;.

In relativistic theory time-reversal symmetry leads to the
well-known Kramers doublets, whose degeneracy is lifted b)fu
the exchange field or by any applied magnetic fi€ldn
close analogy with the spin-unrestricted scheme, one m
construct a relativistic moment-polarizedor Kramers-
unrestricted(KU) schemé?® In a system with spherical or
cylindrical symmetry,J, is a good quantum number and the
two sets of Kramers eigenfunctions have>0 andm; <0,

Four-component relativistic calculations within density
nctional theory have been recently reported by Liu and
Dolg for the series of lanthanide atoms, employing the same
Bhoment polarization based on Kramers degeneracy as used
here and implemented independently by tHémhe ioniza-
tion potentials obtained compare very well with experiment.
Early unrestricted Dirac-FocRJDF) calculations for free

; ; atoms withm; polarization by Desclauet al. were highly
respectively, thus clearly revealing the role of the total anguyyccessful in obtaining the moment polarization of the core

lar momen;umlz L +Sand the resulting total mome”ts- IN for the determination of hyperfine interactiofidn the case
SyStemS with lower Syn?me“y’ the Kramers e|g¢nstates a6t free atoms and systems with cylindrical symmetry, the
obtained from properties of the corresponding doubl§jye reversal operator shares the same eigenfunctions with
groups. . . J,; therefore the Kramers-polarized scheme corresponds to
In practical terms, we introduce the densities for each.; polarized
| .
component as The form of the exchange-correlation potentisll,
=V,d p.(r)], a functional of the moment densipy, , em-
= E anriTM(r,g)\pw(r,g), (5) ployed ir_l Fh(_a rtlalativistic calculations, was thg same as i_n the
[ nonrelativistic?! The KU exchange-correlation potentials
with charge densitvo~= -+ p. and moment densit may be viewed as an ensemble average over occupied orbit-
9 Yc=piT Py Y™ alsof a given(Kramerg orientation, in exactly the same

;rme_ ’?i' VVme cr?n:]ltnu;a tomushe tif;e tsg/mblol$, infolr thet tsense as in the nonrelativistic ensemble average for orbitals
amers components to eémpnasize the close analogy 1o rl)ef a given spin orientation. The KU scheme is entirely con-
SU scheme. In fact, for=0 states, the scheme reduces to

. larization. A mai dvant f the KU sch _sistent with the Dirac equation and its symmetries. Relativ-
spin pofarization. A major advantage or the SCNeme 1S;ic (Coulomb and Brejtcorrections to the exchange poten-

that spin and orbital magnetism are treated naturally and B4l have been derivet these are expected to be quite small
an unbiased manner through the Dirac equation. Since timﬁ)r valence levels of t,weavy elemerisThe single-particle
reversal is a fundamental symmetry, separation of densit eory utilized here does not take iﬁto account explicitly
into p,, components represents lifting of r estrictions i.m.posedﬁany—particle effects. Progress has been reported in the treat-
on the usual Dirac SC.F procgdure. Itis also gratlfymg ©Onent of these effects, such as the self-interaction of the elec-
observe features associated with magnetic polarization, W'th['ron gas> relativistic atomic coupled-cluster calculations for

out resorting to artificial insertion of nonrelativistic Pauli Yb. Lu. and L relativistic many-body perturbation theory
spin terms into the effective Hamiltonidh* In such a pro- ¢ " "\ " 2627 o4 Ciher many-body _ relativistic

;:ed_ure,,, t;omett)l_mas denct>.m|rt1_ated theb _spl?-gnlg '_llant‘)'I'calculation§.8 However, it is not possible to implement such
onian, - the orbital magnetization may be inciuded only yrigorous treatments for solids with heavy atoms at the

an gdblht.)%:ntrofductlon of thet ortb;';]al morr;entbilsl add|t|or:gl resent time. A relativistic treatment of many-body effects in
vanabie, theretore, a consistent theory ot orbital magnetis eavy atoms, taking into account the environment in the

: fecinn2l
IS MISSINg. o solid, is possible with the use of crystal-field thed?y°
Here the local magnetization is defined in the usual way, .\ o “this is not a first-principles approach

as All other features of the DVM, i.e., model potential,
variational scheme, embedding, etc., are the same as in the
M(r)=pg> o (gestDW,,, (6)  nonrelativistic case. All SCF calculations were converged to
He i Vin(Ge e <102 in the model charge and spimomenj densities.
which can be displayed graphically and integrated over se- I1l. RESULTS AND DISCUSSION

lected volumes to define moments. For a one-electron inter-
pretation of magnetic moments, we resort to a simplified
model, which displays the main features of localized mo- To investigate the effect of pressure on the magnetic prop-
ments. Using Mulliken atomic population analysis, we erties of EuCgP,, we performed SCF nonrelativistic calcu-
project the Dirac KU functions onto their atomic componentsiations for the cluster depicted in Fig. 1 for the lattice param-
and obtain moment populatio§,; where (’nlj) denotes a etersa andc obtained at ambient pressui@=3.765A and

A. Electronic and magnetic properties
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TABLE I. Charges, spin magnetic momentsand orbital popu- TABLE Il. Charges and orbital populations of EufPp obtained
lations of EuCgP, obtained with nonrelativistic spin-polarized cal- with relativistic calculations. lonic charges are defined as the differ-
culations. lonic charges are defined as the difference between thence between the atomic numbémand the total electron popula-
atomic numberZ and the total electron population of the atom. tions of the atom.

Magnetic moments are obtained from the difference between the

spin-up and spin-down populations. Ambient pressure p=~3.3GPa
Population Population
Ambient pressure p=~3.3GPa
Co 3dzp 3.26 3.27
Population  u (ug)  Population s (ug) 3dy), 4.75 8.029 4.793 8.069
Co 3d 8.040 0.043 8.066 0.405 :Sﬂz 0.114 0.177
4s 0.097 0.0 0.164 0.0 P12 011 0.18
4p 0.288 0.0 0.450  —0.004 4par 0-213 0-334 033% 0-518
Charge +0.58 +0.32 Charge +0.52 +0.24
Eu 4f 6.860 6.852 6.728 6.715 Eu 4fsp 5.87 5.86
5d 0.154 0.035 0.177 0.032 4t 0.65§ 6.531 0.513 6.386
6s 0.043 0.005 0.029 0.003 5dg), 0.11 0.12
6p 0034 0003 0.034 0.003 5ds, 0.153 0.274 0.163 0.286
Charge +1.91 +2.03 6S1/ 0.103 0.068
P 3s 1.906 0.0 1.843 0.0 6P 0.02 0.01
3p 4.473 0.0 4312  —0.020 6D 0.03§ 0.054 o.ozj 0.045
Charge —1.38 —-1.16 Charge +2.04 +2.22
P 35y, 1.900 1.833
c=11.348 A) and at pressure 0f3.3 GPa(a=3.84 A and 3Pz 1'5@4,560 1'47§4 391
3p3p 3.03 2.920 ™

c=9.59 A).531 AFM coupling was induced among the Eu
layers (and FM coupling within each laygrin order to
model the neutron scattering resultén L-S coupling the
ground state of Bt (4f7) is 8S,,,; i.e., magnetic withJ
=7/2, while the excited Eli (4f°) state is nonmagnetic, only by +0.12, far less than theelproposed in the qualita-
"F,. As we have discussed above, in the nonrelativistic onetive E** model. The P ions became somewnhat less negative.
electron picture there is no way of representing the coupling To start the iterations, a spin magnetic moment ofu@.6
of L and S to produce a specifid. In the SU scheme, the was induced on the Co atoms in both cases; this moment
strong 4 localization and resulting strong exchange forcespractically disappeared in the self-consistent procedure for
tend to align all 4 electrons to produce a high-spin magneticthe calculation at ambient pressure. For the calculation at
configuration in all cases. Therefore SU calculations corhigher pressure, however, moments on the Co atoms were
rectly predict high spin for both Eli and EG*, but are  maintained. For the central Co atom, whose environment is
unable to describe the counterbalancidg=(L — S|) orbital  best described in the cluster, the value isu}4 other atoms
contributions. in the plane are also magnetic, but in some cases with nega-
For the nonrelativistic calculations, the basis set employetive moments. Although atoms on the surface of the cluster
contained the orbitals® 4s, and 4 on Co, 4f, 5d, 6s, suffer from spurious bond-truncation effects, this AFM cou-
and 6 on Eu, and 3 and 3 on P. Convergence of thef4 pling obtained in the SCF procedure suggests a complex
was achieved by employing a significant “thermal broaden-magnetic structure within the Co layers.
ing” in the SCF iterations over the narrow band df kvels This result shows that the changes in the lattice param-
at the Fermi level. The “thermal broadening” was gradually eters brought on by applied pressure favor the appearance of
decreased until almost totally removed in successive sets ohagnetism in the Co layers, as indicated by experirient.
iterations, to the point that decreasing it further did notThat this effect may already be seen at the nonrelativistic
change the results. Core orbitals were kept “frozen” after thelevel indicates that relativistic effects play no major role in
first iteration, and valence orbitals were explicitly orthogo-the pressure-induced magnetization of Co.
nalized to the core. Table Il shows the orbital occupations and charges for the
In Table | are given the charges and orbital populationgelativistic calculations in which no polarization is consid-
obtained with the nonrelativistic calculations for lattice pa-ered. For these calculations, botlis4 and 4f;, were in-
rameters at ambient pressure and@.3 GPa. In both cases a cluded in the variational space. The other orbitals of the basis
large spin on Eu is obtained. The populations on Eu show are Eu %3, 5ds,, 6Sy0, 6Py, and @gp; Co 3dgp,
significant hybridization of the #with 5d, less with & and ~ 3ds», 4Sy, 4Py, and 4o3,; and P 3., 3py», and
6p. The 4f-5d hybridization becomes slightly higher with 3ps,. Results are given for the innermost atoms, as ex-
applied pressure, as would be expected. Pressure causeplained previously. Due to the spin-orbit interaction, fag
significant decrease of the positive charge on Co by fillinghas lower energy thafy,, in the atom and solid; accordingly,
the 4s and 4p orbitals. The charge on Eu, however, increasests population in the solid reaches almost the maximum value

Charge —1.46 —-1.22
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TABLE Ill. Charges, orbital populations, and moments of Epf&o0btained with moment-polarized relativistic calculations. lonic
charges are defined as the difference between the atomic niZnabelrthe total electron population of the atom. Orbital moments are defined
as the difference in the populations of each component of the Kramers doubletgjiofethe corresponding orbital. Euf4, is “frozen”
in the core with six electrons.

Ambient pressure p=~3.3GPa
Population m(ug) Population m(ug)
Co 3dgp 3.26 0.08 3.23 0.28
30, 4.743 8.014 0.313 0.395 4_753 7.988 1.10} 1.384
4s,, 0.100 0.001 0.186 0.003
4Py 0.11 0.0 0.23 0.0
s 0213 0.328 _ 0_002] —0.002 0_47j 0.707 _ o.ooe} —0.006
Charge:+0.56 pur=0.39 Charge:+0.12 unr=1.38
Eu 4fg, 6.0 6.0
4 0.554 6.550 1_704 1.700 0_394 6.396 0.132}0.132
5d3p, 0.12 0.00 0.12 0.0
50/, 0. 17j 0.297 O_qu 0.034 0 173 0.307 0_0} 0.0
651/ 0.116 0.008 0.043 0.001
6p1s 0.01 0.0 0.01 0.0
6312 0.02% 0.045 o.ooz} 0.002 o.osj 0.050 o.o} 0.0
Charge:+1.99 pur=174 Charge:+2.20 pnr=0.13
P 3, 1.894 0.001 1.784 0.0
3P 1.52 0.00 1.46 0.0
3pap 30 43 4.569 o.oog 0.009 2.90ﬂ 4.362 003(} 0.030
Charge:—1.46 pur=0.01 Charge=1.15 u1=0.03

6, both for ambient and applied pressure. Only a fraction ofjivesS=7/2 andS= 3 in these cases, but gives no informa-
one electron occupies thef#, orbital. Comparison with tion onL. A rigorous analysis of the local magnetism at Eu
Table | shows little difference in the populations and chargesites would require the construction of proper many-electron
for Co and P; for Eu, a slight increase in thé-¢5d,6s,6p) wave functions using the local double-group symmetry.
hybridization occurs in the relativistic case, resulting in aHowever, this would take us beyond the domain of DFT.
smaller total 4 population for both pressures. This is due to  As the nonpolarized calculation has sho@able Il), the
the known relativistic effect of expansion of thdé #érbital ~ spin-orbit splitting of the 4 levels is enough to result in the
and concomitans,p contraction. Positive charges on Eu are almost complete filling of the lower energy4,. Therefore,
somewhat higher in the relativistic case. initially we performed SCF moment-polarized calculations
To investigate the magnetic properties with the relativistickeeping the Eu s, of the basis in the valence space, as in
KU theory, we removed the restriction of Kramers degen-the nonrelativistic calculations. However, it soon became
eracy as described abo¥%&*~'8The driving force of the po- clear that the failure of the “standard” exchange-correlation
larization is the same exchange-correlation potential as in thpotential to deal adequately with the strdid) electron cor-
nonrelativistic casé* We shall simply call these calculations relation within the 4 orbital resulted in an exchange split-
and the derived wave functions “moment polarized”; alter- ting much larger than the spin-orbit. Consequently, for these
natively, a perhaps more rigorous denomination would besalculations the electrons filled preferentially the orbitals
“Kramers polarized.” pertaining to the same members of the Kramers doublet, re-
To model the magnetic and nonmagnetic states of the Eaulting in much higher values df To obtain the configura-
ions, we focused on the value dbf the state€S,, (EL*") tions that may lead to the desired valueslpfve therefore
and 'Fo (EW®") and its relationship to properties of the one- kept the 4, orbital completely filled and “frozen” in the
electron density functional distribution. A state will=7/2  core in the polarized calculations.
may be constructed with the one-electron configuration In Table Il are given the charges, populations, and mag-
(f52)P(f72)9 with seven electrons by completely filling the netic moments obtained in the polarized relativistic calcula-
4f5,, orbital and placing the remaining electron in thigA4. tions. Theg factor of a given atomic orbital is given by the
The removal of the lattefor quenching of its polarization  well-known expressiorwith s=1/2)
will result in J=0. However plausible from the point of view
of energetics, this scheme would lead also to the conclusion G+ +s(s+1)—I(1+1)
thatL =3, S=1/2 for f" andL =0, S=0 for f° contrary to g=1+ 2j(j+1) ' @
the actual many-electron state quantum numbers. As men-
tioned previously, the nonrelativistic SU scheme correctly Comparing the electron populations and charges given in
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FIG. 2. Electronic charge density maps obtained from the rela- 20
tivistic polarized calculations, on a plane containing threis, per- 10
pendicular to the Eu, Co, and P planes. This plane intersects nucle.
of Eu, Co, and P atoms, marked with an asterisk in Fig. 1. Contours
are from 0 to 1, with intervals 0.03883.
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FIG. 3. Valence (8+4s+4p) DOS of Co(central atom in the
plane obtained with the relativistic polarized calculations. The up-
per part of figure shows the DOS of positive moment levels; the
Table Ill with Table II, we see that the main change broughtiower part shows the DOS of negative moment levels.

in by the polarization is an even smaller positive charge on

Co induced by pressur@nd thus a more metallic character DOS at Co with and without applied pressure. It may be seen
of the bonding in the Co planedue mainly to a largerg  that a secondary peak is present at the Fermi energy, and this
population. Other than this, charges and populations are ver§ polarized in the solid under pressure. Similar peaks in the
similar in the two sets of calculations. The decrease of théegion of the Fermi energy were found for the Ni DOS in
positive charge on Co is accompanied by a decrease of tteglculations for the layered compoun®#li,B,C,**** some
magnitude of the negative charge on P. Thus the bond bef which present superconductivity. In Fig. 4 is displayed a
tween Co and P becomes more covalent in nature. In Fig. map of the density of the relativistic polarized electrons on a
are shown electron charge density maps on a plane along tifane containing the axis. The effect of pressure on the

c axis. It may be observed that the Eu ions are quite isolatednagnetism is quite clear, suppressing the moments on Eu
lines show the quite strong covalent bonding between Co andnd enhancing those on Co. The same effect may be seen on
P. One striking result is that, for all three sets of calculationgelativistic polarized electrons density maps on the Eu plane
(nonrelativistic, relativistic, and relativistic polarizethe in-  (Fig. 5 and on the Co planéFig. 6).

crease of the positive charge on Eu brought in by pressure is
quite small (maximum +0.2), all charges obtained being
close to+2.

In the polarized calculations, a net 0.6 polarized electron§vit
were placed initially in the 8 orbitals of the Co atomé&cor-
responding to 1.3&g) and one polarized electron in the Eu
414, (corresponding to 40g). After the SCF iterations, for
the calculations at ambient pressure the moments on the Co
atoms were reduced considerably; on Eu, the initial moment
was reduced to slightly less than half, due mainly to deple-
tion of the 4f,,, orbital resulting from the hybridization with
the valence orbitals. For the calculations with applied pres-
sure, on the contrary, the initial moment on Co is slightly
increased after the SCF iterations, whereas the moment o
Eu almost disappears. Therefore, it is seen that this one
electron relativistic theory is capable of reproducing the ex- )
perimentally observed magnetic behavior of Euowith % ; P & &
and without applied pressufdt should be observed, how-

B. Isomer shifts

15y ME experiments revealed a large change in the IS
h applied pressure, which was interpreted as deriving
from a change on the charge on the Eu ions freghto +3.°

Since our electronic structure calculations did not show such

@

ever, that the maximum possible value @ffor Eu in this
model is 4ug, and not g as in thelL-S coupling state

8
S

P=0.0GPa

P=33GPa

FIG. 4. Kramers-polarized electrons difference density maps ob-

The changes in the magnetism of EyBpinduced by tained from the relativistic polarized calculations, on a plane con-
pressure may be visualized better by density of Stdd€3S)  taining thec axis, perpendicular to the Eu, Co, and P planes. This
diagrams and electron density maps. DOS in the DV clusteglane intersects nuclei of Eu, Co, and P atoms, marked with an
method are obtained by enlarging the discrete energy levelssterisk in Fig. 1. Contours are from 0.001 to 0.25 and fre@n001
of the cluster with LorentziarfsIn Fig. 3 are depicted the to —0.25, with intervals 0.0083a3.
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Eu plane Co plane

P =0.0 GPa
] P = 0.0 GPa

P=33GPa
P=33GPa

N /|

FIG. 6. Kramers-polarized electrons difference density maps ob-
FIG. 5. Kramers-polarized electrons difference density maps obtained from the relativistic polarized calculations, on the Co plane.
tained from the relativistic polarized calculations, on one of the EuContours are from 0.001 to 0.5 and from0.001 to —0.5, with
planes. Contour specifications as in Fig. 4. intervals 0.0166/a8.

a large change in the charge, we have calculated the IS using
the relativistic SCF charge densities. The IS is definéd as

1IS=27ZA(r{)Ap(0)=aAp(0). (8)

No significant changes in this expression are needed in a
relativistic theory®

To calculate the IS, another embedded cluster, with 57
atoms, was considered, especially designed for this purpose; |
this is depicted in Fig. 7. In this cluster, a layer of Eu is
placed at the center; the IS is calculated at the central Eu
atom, whose environment is most similar to that in the bulk
solid. Both nonpolarized and polarized relativistic calcula-
tions were performed, with the same atomic orbitals in the FIG. 7. Cluster[EuCo,4P,4] representing the layered com-
valence basis set as for the other cluster, to which wer@ound EuCeP,, with Eu atoms at the central plane. Thaxis is
added the Eu &, and 54, which are essential for calcu- perpendicular to the Eu, Co, and P planes.
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TABLE IV. Theoretical and experimental isomer shifts.

EuCo,P,
Nonpolarized relativistic
Applied pressure (GPa) p(0)(ay™ Ap(0)(ay?)
~33 Lsip-4p1p 578 431.07
Valence 624.06
Total 579 055.13
0.0 1S1/2-4p1/2 578 430.86 26.06
Valence 598.21
Total 579 029.07
Polarized relativistic
Applied pressure (GPa) p(0)(ay™ Ap(0)(ay?)
~3.3 Lsip-4p1p 578 431.05
Valence 611.34
Total 579042.39
0.0 Lsip-4p1p 578 430.86
18.15
Valence 593.38
Total 579024.24
E 3+
112+ 579 026.34 } 3451
Eu 578 992.13

AIS(EuF;—EuR,)=+13.58 mm/s® . «=0.397 mm a}/s
EuCo,P,-AIS (mm/s)

Nonpolarized relativistic +10.34
Polarized relativistic +7.20
Experimental +7.71 (T=300K)®

+9.80 (T=4.2K)®

“From Reference 36.
PFrom Reference 6.

lating the 1S* Ap(0) is a small difference between two very +1.99. It is seen that the theoretical numbers obtained for
large numbers; therefore, after optimization the basis obthe IS are in the range of the experimental values. Since our
tained for ambient pressure was used in all cases to assuetectronic structure calculations do not take the temperature
the cancellation of numerical errors necessary in the calculdnto account, it is more coherent to compare with the experi-
tion of Ap(0). In addition, a more precise polynomial grid mental value at 4.2 K. As for the two theoretical valiesn-
of points is constructed inside a sphere of radius 2.0 a.ypolarized and polarizedin principle the polarized calcula-
centered at the nucleus of the central Eu to assure a bettdon is a better approximation, due to the added degree of
description of the wave functions in the core region. In thefreedom. On the other hand, as explained earlier, only in the
relativistic theory, all orbitalss;,, and py,» penetrate the nonpolarized calculation are both thés4 and 4f;, kept in
nucleus. To obtain the contribution from the core orbitalsthe valence space. Since thé drbitals play a significant
1s,,-4p4, Which are “frozen” in the cluster calculations, role in the isomer shift, due to their shielding of thg, and
atomic SCF calculations were performed for Eu ions with thep,,, electrons?® the nonpolarized model may be thought of
SCF orbital populations obtained for the cluster. A finite ra-as more complete for the determination of the IS. In this
dius R=1.2AY3fm=6.3903fm was considered for the case, the accord between theory and experiment is seen to be
nucleus of'®¥Eu, which is necessary to obtain finite values excellent.
of the wave functions at the origin. To obtain the paramater ~ We have therefore seen that the theory is capable of re-
in Eq. (8), free-ion SCF calculations were performed for producing the experimentally found change in té&Eu IS
Ev?* and Ed* and related to the experimental IS values of of EuCoP, induced by pressure. On the other hand, we have
EuF, and Euk, respectively’® These compounds were cho- also shown that this change in the IS is not due to a change
sen since they may be considered to contain the most ioniitom ionic charge+2 to +3, since the theoretical charges
bonds, and thus the free-ion approximation is more justifi-obtained are all aroundt2. Therefore, the increase Afp(0)
able. Furthermore, deriving with values ofp(0) obtained  with pressure must be due to a pressure-induced compression
with the same methodology assures considerable cancellaf the wave functions, brought on by the pronounced de-
tion of errors. crease of the interatomic distances along ¢hexis, analo-
The results are summarized in Table IV. For this clustergous to volume effectd observed in metals. This compres-
the change of the Eu ionic charge induced by pressure wasion of the wave functions at shorter interatomic distances
even smaller than for the previous clustéiom +1.91 to (= higher pressupeis a consequence of the Pauli exclusion
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principle, which causes a distortion towards a higher amplimagnetic moments on Eu and, inversely, develop magnetism
tude near the Eu nuclei, due to increased orthogonality efen the Co layer. The ionic charge on Eu, however, does not
fects with the neighbor atoms. This well-known volume ef-change significantly with pressure, remaining approximately

fect is sometimes denominated “overlap distortioff” +2. The change on thé&®Eu Mossbauer isomer shift in-
duced by pressure does not correspond to a change in the
IV. CONCLUSIONS oxidation state of Eu from+2 to +3, but rather is promoted

L by distortion of the wave functions caused by decreased in-
We have performed nonrelativistic and four-componentearatomic distances along tloeaxis.

relativistic electronic structure calculations with the discrete
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