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Physicotechnical Institute of the Academy of Sciences of the USSR, Kazan 420029, USSR
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Abstract. The origin of the 4f state splitting of rare-earth ion in noble metals (Cu, Ag and
Au) has been investigated. The contributions to the crystal-field and orbit-lattice coupling
parameters from

(i) the potential of host ions screened by the conduction electrons,
(ii) the screening effects due to the local 5d density and
(iii) the covalent mixing of the 4f and 5d states with the s and d bands

havebeencalculated. Asaresult, good agreement withexperimental valuesof the interaction
parameters was obtained for the whole of the noble-metal series. The possibilities of different
experimental techniques for unambiguous determination of the crystal-field parameters
have also been discussed.

1. Introduction

Magnetic properties of a crystal containing rare-earth (RE) ions are mainly determined
by the ion-lattice interaction, leading to the 4f-state splitting. For a regular ion environ-
ment, the splitting is described by a crystal-field (CF) Hamiltonian with appropriate
symmetry. Additional interaction with the crystal distortion is conventionally known
as an orbit-lattice (oL) coupling. Neutron scattering [1], magnetic susceptibility [2],
electron paramagnetic resonance (EPR) [3-5], Mossbauer absorption [6] and other
experiments have provided some information on the CF parameters in a number of
metals. Recently the results of investigations of oL coupling in dilute alloys by mag-
netostriction measurements [7] and EPR analysis on thin films [8] and bulk samples
[9] have been reported. The data obtained show the naive point-charge model to be
inappropriate even for qualitative conclusions. Various mechanisms, namely the 5d
virtual bound-state effects [2], the covalency between the 4f electrons and conduction
band [10] and the screening of the potential of host ions by the conduction electrons [11]
have already been discussed. However, up to now there has been no appropriate
microscopic theory of the RE ion-lattice interaction in metals. Moreover, the relative
roles of various interaction mechanisms available are not quite clear.

Therefore, combined analysis of the possible CF sources in some metallic systems
appears to be of interest. In the present treatment, dilute alloys based on noble metals
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(Cu, Ag and Au) are considered. These alloys have the FCC lattice structure. It is well
known that the cubic cF Hamiltonian may be written [12]

Her = Cuf; (04 + 50%) + Coy,(0F — 210%) (1)

where C,and Cg are the fourth- and sixth-order CF parameters, 3, and y; are the Stevens
factors, and O} are the angular momentum operators. The interaction between the RE
ion and crystal distortion is governed by the oL Hamiltonian [13]

Hor= 2 VIV Ofer, )

nl'a
where V{#) are the OL parameters, O and er, are linear combinations of the nth-order
Stevens operators and the strain tensor components, respectively, transforming as the
ath component of the irreducible representation I' of the point-symmetry group. For a

cubic crystal, there are two principal types of deformation: tetragonal (I';,) and trigonal
(['sg) with

=1 — — =
eSgG - 2(2622 €rx eyy) eSgE - eyz
— 1/2 - —_
e3gv - (3 / /2) (exx eyy) eSgn =€y
e; =& Esgt = €xy = Exy T Epx

where ¢; are the displacement tensor components. The corresponding second-order
operators are

0Qy = 43/2 - J(J + 1)] 0. = (1/4i)(J3 - J2).

Thus the interaction between the impurity RE ion and lattice is characterised by the
set of parameters C,, Cg, VP, and V&), n = 2,4, 6.

The paper is organised as follows. After qualitative discussion of possible mech-
anisms of the 4f-electron-lattice interaction (§2.1), the expressions for their con-
tributions to the parameters of interaction are obtained (§§ 2.2-2.4). The experimental
values of the parametersare givenin § 3 and are compared with our theoretical estimates.
The conclusions are summarised in § 4.

2. Theory

2.1. Origin of the crystal field

Among possible sources of the 4f-state splitting, the host ions’ potential seems to be the
most obvious. However, this potential is affected by the conduction electrons in metals,
and the effective ion charge depends on the competition between two opposite tend-
encies. First, free electrons tend toscreen the ioncharge and, secondly, the orthogonality
between the wavefunctions of the band and core states leads to the removal of the
conduction electrons from the core region. Hence the host ion should be characterised
by a pseudopotential. In [11] the CF parameters were calculated using the bare pseu-
dopotential v%(g) « g~?exp(—g*b*/4) (b is the cut-off parameter). The same pseu-
dopotential has also been employed for analysis of the OL coupling [14]. For all b-values
and different types of screening, the ion-lattice interaction parameters have been found
to be reduced in magnitude with respect to the point-charge model values and to change
the signs in some cases. A somewhat different approach to the screening has been
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performed in [15]. From a calculation in real space using the Coulomb potential the CF
parameters were found to be enhanced by screening due to the decrease in the next-
nearest-neighbour contribution with the sign opposite to that of the nearest-neighbour
contribution.

Covalent mixing of the 4f states with the conduction electrons makes the transitions
within the 4f shell possible via the band. The splitting caused by such processes may also
be represented by the action of the effective crystalline potential. Strong Coulomb
repulsion between the 4f electrons must be taken into consideration and the Anderson
model [16] seems to be convenient for calculations. In [10] C, was estimated to be about
=100 cm™!. It should be expected that the covalency contributes to OL coupling too,
because the covalent coupling of the 4f electrons with ligand d orbitals is strongly
modulated by lattice distortion. At the same time, the modulation of the coupling with
the s band may be weak.

The part of anisotropic potential seen by the 4f electrons should be attributed to the
existence of the impurity 5d level above the Fermi level. Usually this mechanism is
described in terms of the virtual bound-state model (see, e.g., [17]). Within this model,
covalent mixing of the 5d states with the s band permits free electrons to be localised
partially in the 5d states. This may be regarded as the Sd-level broadening. The
occupation numbers of 5d t,, and 5d e, states are unequal, because the states are split by
the cubic CF. Thus, they produce an anisotropic Coulomb potential on the 4f electrons.
If a crystal is deformed, an additional splitting of t,, and e, states arises, which changes
their occupation numbers. Hence the lattice distortion modulates the 4f-5d Coulomb
interaction and shifts the energies of the 4f electrons. However, as will be seen below,
this treatment is not complete and the covalent mixing with ligand d orbitals is of great
importance. The wavefunction of the d orbital may be written as

Wy =W+ [Vsaaf/(ea — €50)]¥sq

where Vs, 4is the hopping integral. Then the relevant matrix element of the impurity-
ligand Coulomb interaction is

(W, lp4f|1/r12|lp4fa Yy = (w3, '“p4f|1/r12|‘p4f, w)
+ [ng.d/(gd - 65d)2]<lp5d7 lp4fu/712|lp4f’ Wiy
+ {[VSd.d/(Ed — &sg)[(WQ, Wael1/r 5| W, Wsq) + CC (3)

The first term on the right-hand side in equation (3) should be attributed to the host ion
potential. The second term is the 5d-electron potential, the quantity V2, 4 /(g4 — £54)?
being the 5d-state occupation number due to the covalent coupling with ligands. This
mechanism contributes to both the CF splitting and the OL coupling of the 4f electrons.
The last term in equation (3) describes the potential produced by the charge density
located in the impurity-ligand region. It is reasonable to call this additional density a
covalent charge.

2.2. Lattice potential screening by free electrons
The simple point-charge approximation gives
C, = %H(Z{ir*)/d*) (1 + 04) Ce = #5(Z(r°)/d")(1 + 04)
V@ = -V = 3Z{rHa,/d*)(1 + 0?) (4)
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where a; is the Stevens factor, (") is the nth moment of the 4f orbital, Z is the host ion
valency and d is the distance between the RE ion and its nearest neighbours. The next-
nearest-neighbour contributions to the interaction parameters are o'® = —0.4,
o, = —0.25and o4, = —0.03.

To take into account the spatial extent of a hostion and screening properties of a free-
electron gas, the point-charge potential has to be substituted by the ionic pseudopotential
v(g) = v%g)/e(g) (here &(g) is the dielectric screening function). We use the empty-
core approximation and the Hartree screening (see, e.g., [18]). It is convenient to
represent the screened potential V(r) as a sum over the reciprocal lattice vectors g:

V(r) = 2 exp(ig-r) v(g). (5)

This can be rewritten in the form

V(r) = V(r) — 2 exp(ig-r) v(g)[e(g) — 1] (6)

having better convergence. Here V(r) is the unscreened point-ions’ potential. To
present the interaction in the usual form (equations (1) and (2)), one should expand
V(r) about the RE ion in terms of spherical harmonics and average the coefficients of the
expansion over a radial function Ry(7). In order to clarify the continuous dependence
of the screening on the 4f-orbital extent we use Ry(r) = Ar’exp(— ar) and obtain as the
result

Cy = H(Z(r*)/d>) (1 + 04 + Ay) Co = #85(Z(r®)/d7)(1 + 06 + Ag)
VR = —(Z0Day/d) (1 + 0@ +AQ) VO = BZ(ay/d®) (1 + 0® + AQ)

he =82 v(1 - $ry)Ed’g* (g} — 3g3gd)
8

Ao = —7%5 2 vEd*g (g% — 15g3g4 + 30giglgl)
4

MY = -2 vG, (65818l — E(gh - gigd)] 29 =32 yG, (5% — teigd)
g 14

y = (16 X 2Y2k/189a,) [(1 + y) ~*/g%(g)] & = x cos(gr.) (7)
£ = gresin(gr.) + cos(gr) (2xG, + n/e(g))
x=%+[(1—xH)/4x]In|(1+x)/(1 ~ x)|

n=%+[G3-x»)/4x]In|(1+x)/(1 ~ x)| x = g/2kg
G, =21 — 30y + 5)?
G, = (198 — 220y + 30y?)y/(21 — 9y — 25y% + 5y%) y = (g/2a)?

where r is the ion core radius and kg is the Fermi wavevector.

The sums (7) over the reciprocal lattice converge rapidly. The screening factors A
depend on three parameters: «, kg and .. The 4f-orbital radius can be estimated by
fitting to the averages (r"),; calculatedin [19],e.g. for an Er** ion @ = 5 au™'. The values
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Table 1. Factors of the host ion field screening for an Er impurity. Values of the Fermi
momentum kg and core radius 7, used in calculations are taken from [18].

4f electron 5d electron

kF e
Host A, A AR AR Ay AR AQ AP AP () (au)

8

Cu 000 0.08 -003 -0.12 0.04 -002 0.06 005 0.04 0.72 1.27
Ag 0.18 0.24 -0.06 037 010 -0.03 025 0.09 0.10 0.64 1.68
Au 036 0.39 -0.08 0.89 0.16 —-0.04 062 022 026 0.64 1.91

! T T /T T T T

x__;(——X—X—X—X—

S
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0 l 15 20 I 40
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Figure 1. CF screening factors 4, ( Yy Aoy (———), A (— - —), AQ (—X—): A
(—-—)and i) (- - - ) for Au are plotted against the reciprocal radii & of 4f and 5d orbitals

of the RE ion. d is the nearest-neighbour distance. The arrows denote the values of ag3-.

of kp and r. used in the calculations are listed in table 1. We quote them from [18]
(regarding the d-state radii determined therein as r.). The obtained magnitudes of A
(equation (7)) are also presented in table 1. The behaviour of the screening factors as
each of three parameters varies is shown in figures 1-3. Arrows denote the above values
of &, kr and r.. It should be noted that the magnitude of the screening effect changes
slightly on substitution of one RE ion by another (dependence on «). The divergences
of A{? as a function of kz occur because of the well known peculiarity of the free-electron
susceptibility x(g) at g = 2kg. A strong dependence of the results on the core size 7,
should be noted, the screening (A < 0) being transformed to the anti-screening (4 > 0)
with increase in 7./d. This is due to an enhancement of the conduction electron removal
from the host ion core, which increases the effective ion charge. Thus, in noble metals
containing extended d orbitals, the anti-screening effect should be expected.
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Figure 2, Screening factors for Au are plotted against the Fermi momentum kg. The symbols
have the same meanings asin figure 1. The arrow denotes the value of kx( Au) listed in table 1.

Cu Ag Au
re/d

Figure 3. Screening factors are plotted against the host ion core radius r.. The symbols have
the same meanings as in figure 1. The arrows denote the values of r. listed in table 1.
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Screening of the CF seen by the 5d electrons of the RE ion is also of interest. The
averages(r")sq[20] are approximated well by Rs4(r) = Ar? exp(—ar)whena = 1.53 au™!
for Er**. The corresponding A(5d)-values calculated using formulae similar to (7) (we
also take into account the fourth-order terms in the Sd-electron oL Hamiltonian) are
presented in table 1. As an example, the dependences of the A-values on the 5d-orbital
radius are shown in figure 1.

In previous work [9] we have evaluated the screening of the impurity-lattice inter-
action using the Thomas—-Fermi approximation. The interaction parameters have been
found to decrease and to change the sign of V2. The results of the present paper show
that the Friedel oscillations which have been ignored previously change the character of
the screening significantly.

It should also be noted that no divergence of the sums over the reciprocal lattice,
which has been discussed in [11], actually occurs. This divergence is due to unsuccessful
expansion of exp(ig-r) in terms of a power series in g-r. In turn, the results depend
markedly on the choice of pseudopotential model. It is the empty-core approximation
which leads to the anti-screening effect.

2.3. Covalent mixing of the 4f states with the conduction band

To calculate the covalent contribution, we use the Andersen model [16]. In our case,
the Hamiltonian takes the form

%=%4f+%cond+%lz%0+%l

%M = & 2 ﬁma + %Coul + %so %cond = 2 gkﬁka (8)
ma ko

%1 = 2 (mGfr:acko + Vkmcltofmo)
mko
where ¢, and ¢, are the operators which create and destroy conduction electron with
wavevector k, energy ¢, and spin o; fi, and f,, are the corresponding 4f-electron
operators; ¥, and #,, terms correspond to the Coulomb and spin—-orbit interactions
within the 4f shell, respectively; V. is the hybridisation matrix element. An appropriate
canonical transformation allows the off-diagonal operator 3 in (8) to be substituted by
9€,, satisfying the relation

(a|3:|b) = Ka|H,[(E, — ;) ™" + (E, — %) "' %,]b).

Here |a) and |b) are the eigenvectors of #,,. After the averaging of ¥, over the conduction
band states, the extra operator acting within the 4f shell takes the form

1-n, Ry >
% = VoV, + t o 9
cov E mk ¥ km (g_ _ £, — & fmofma ( )

mm'kc &g

where ¢, is the energy required for transferring an electron from the Fermi level to the
4f" configuration, €. is the energy required for removing an electron from the 4f shell.
The difference between the €. and ¢; levels is due to the strong Coulomb interaction
between the 4f electrons. We do not deal with the ions on the edges of the RE series (Ce
and Yb), for which one of these levels may closely approach the Fermi level. In addition,
€, processes are predominant for heavy RE ions. The operator ¥, (9) contains the
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(001

(200)

(010}

Figure 4. (a) The Fermi surface of a noble metal, (5) together with a section of it in the (110)
plane. Distortions of sphericity are seen in the [111] and [200] directions.

contribution to the CFsplitting as well as to the or interaction. To obtain the conventional
forms (1) and (2) for .., we use the relation

Shatea=Sexenenr (000 ) Sem/ (000w

Kq

where the sum of one-electron spherical harmonics C, should be expressed in terms of
Stevens operators.

For simplicity, the s and d conduction bands are considered to be independent and
are described in the nearly-free-electrons and tight-binding approximations, respect-
ively. The s-band isotropy affected by the lattice potential is damaged. Then, the
contribution to (9) caused by the perturbation of free-electron wavefunctions is

3 3\ /3 3\ !
= 3 @0 (0 (0] e nen® eyt
an

V.V
Fm(g) = E mk ¥ k+g.m

Ny
v (&x — 5k+g)(5+ — &)

F,(g) are calculated in the coordinate frame with z||g using unperturbed energies and
wavefunctions. Taking the non-sphericity of the Fermi surface into account in (9), we
obtain

I'g)2x+ 1

%g))x = _Jcov 2 —(_glk__ C:q(g) E Cxq(rt)
Kqg FF 4 i

(12)

.5 Vi

Jcov = <Jcov(kF7 kF)>§2 JCOV(k7 k) =7

m €4 T &

where T'g is the phase volume bounded by the Fermi surface, I'(g) is the phase volume
occupied by the protuberance on the Fermi sphere in the g direction (figure 4). ‘Necks’
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in the [111] directions play the leading role here. The covalent contribution to the
exchange constant J,,, is connected to the corresponding EPR g shift by the relation

Agcov = [(gl - l)g/gJ]Jcovps (13)

where p, is the one-spin density of s states at the Fermi level. Taking the energy
perturbation in (9) into account, we obtain

vi(g) 2k + 1 1
%c(:gv JCOV C;: CK rl cK k
27 s 2(8) 2 Cygr) 2 o<)x Fipe— (14)
=g/2k x = g/2ke o = cos B,.

The effect of operator (14) proved to be insignificant, while the contribution to the CF
parameters caused by (11) and (12) is

CH = —J o {—F [T(111)/T] + 0.15 &[v(111)/er] (e /er) In(1 + ep/€ )}
CEs = —J o {33 [T(111)/Te] + &[v(111)/e6] (e, /er) In(1 + e5/e 4 )}

Here ¢, is taken relative to the Fermi energy €. We have found the contribution of the
4f-s covalency to the oL coupling coefficients to be negligible.

The operator governing by the covalent coupling with the d band can be derived
from (9) in the form
%gcﬂ = 2 E (8+ - 52) - Vm.jp Vjp.m’f;lofm'a

mm'c jp
+ 2 “’2,(54-_8(1) 2Vm;pV]p]p i'p’ mfmofmo (16)
mm'o jj'pp

where €9 is the d-band ‘centre of gravity’, the V-values are the inter-atomic hopping
integrals, |jp) is the d orbital with angular momentum projection p at site j. In this
mechanism, the impurity-ligand-impurity electron transfers produce the most impor-
tant contribution. The processes described by (16) which are accompanied by the ligand-
ligand transfers are not significant owing to strong angular dependence of the hopping
integrals. Finally, we have

(15)

Cid = —_(3Vfdo + Vi, — TVhe)/(er — €2) Ve = (- gu)X

Cil = —3(Vi, — Vi + 8Vie)/ (84 — €3) VE =301 - )X (17)
g = —(R/V3a) (ded(R)/dR)IR=d X="% a;(Vi, +8Vie)/ (e, — €3).

For analysis of the hopping integrals in (17), it is convenient to use the relation [21]
Vi (R) o [(Ip + m)I(ly = m)!(l + m)!(l; — m)!I] V2 (A Ay) 2R, (18)

Thisis the case for strongly localised functions; A isthe energy width of the corresponding
state. From (18) it follows that the 4f-d covalency contribution is proportional to the d-
band width Ag.

2.4. Effects of the impurity 5d states

The Hamiltonian needed for calculation of the 5d-states contribution may be written
% = %Sd + %S + %d + %5(1‘5 + %Sd.d

— 0+ / 8p A
%5(] = 2 ErQraQry + %OL (}65 = 2 Ephy
T k
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%d_zeddm p T 2 ]PJP /p IP

Hsg,s = > (Vrax@faCx + HC) Hsg.q = > (Vra,jpafad;, + HC) (19)
TFak TCajp

where £? is the 5d-Ta~state energy in a cubic host ions’ potential, I' = t,, or e, and the

# oL term has a form similar to (2) and describes the change in the lattice potential under

distortion. The presence of the 5d-electron density in the impurity vicinity leads to the

extra operator affecting the 4f electrons:

Hsass = Z A (la|C; q|r’a,><al"afal"a >E qu(r)

kg a’
2k 2\ /3 k3! 32I1\2133«k
AK=2F’<+(2K+1)< > ( ) 2( ) { }G’
000 000 rN000/ 221
where F*and G* are the Coulomb and exchange Slater integrals, respectively, and (. . .)
denotes the thermodynamic average with the Hamiltonian (19).

The contribution of operator (20) to the CF splitting can easily be found. For the
regular lattice, {af,ar ) = Oro.re fir, then

Cy = — 15(A, — A )[F* — 16 (9G' +4G° + F: G)). (1)

(20)

There isno 5d contribution to the C¢ parameter owing to the symmetry restrictions. The
quantity Air may be treated as the 5d-T a-state occupation number which arises because
of the covalency effects. Provided that there is covalent coupling with the s band only,
one can obtain

nr=14—(1/7) tan"" (e%/Asq) (22)

where the 5d-level broadening Asy = mp, V2. Calculation of the covalency with ligands
within the second order of the perturbation theory yields

Ty
nrzﬂ(%:(_g—l(z_:g)—f TF_EVFajp (23)

This is not correct in the case of strong covalent coupling. Therefore, we use the Green
function method, allowing us to carry out partial summation of the perturbation theory
series, to calculate the thermodynamic averages. The 5d-T"a-state Green function can
be written as

Gr(w)=[w— &} - Zr(w) +i0sgn e?) !
Zp(@) = X Vi p Ga(@) + 2 VEasGi(®) (24)
i k

=Tr(w — e} +i0sgn £3)™! — iAs4 sgn w.
In (24) the dispersion in the d band is neglected because the energy distance
e) — €Y = 5 eV exceeds the d-band half-width A,/2 = 2 eV. We obtain as the result
. ~dw .
i =t ([ 52 expli0.0) Gr () ) = e + 411 - (1 =48) 2 Jn, = )

np =14~ (1/7) tan~"(er/Asq) Br = Tr/[(er —€4)* + AZy] (25)
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T, =3Vig + 4Via: + 5Vigs Te = $Viso + 6Vign + $Vias

where e and g, are € and €] energy levels changed because of the covalent repulsion;
the renormalised covalent parameter is connected with the initial covalent parameter
(23) by the relation 8 = B°%/(1 + 439); the V4 are the impurity-ligand hopping integrals;
the ligand state occupation number ny equals unity.

This mechanism produces the OL interaction in two different ways: via the change in
the lattice potential and via the modulation of the covalent coupling with ligands. When
cubic symmetry is distorted, the averages (af ar) in (20) give increments proportional
to the deformation, and off-diagonal averages arise. The lattice contribution to these
variations, caused by the #(,; term in the Hamiltonian (19), can be expressed as

Natpary) =T | KoL Ta)[(nr —nr)/(er —er) = Br/(er —€4) = Br/(er — €q)]-

(26)
Using the explicit form of #¢ , i.e.
Hor = 2 vfer, CR()
nla
C =127 =) CGL =i’ @)

Ciy = 3(7z* — 4z2°r% — r* + 14x%y %) /r* C§ = (722 = rP)xy/r?
we find the 4f-lectron OL parameters
VE = = &A:05{lp. +2B./(ec — £)](0§ + v&))
+ P+ 2B/ (e — 9)J(0§ — 0§}
V) =~ fidzarllo + 2B /(e ~ el + o) 28)
+[(n = ne)/(ee — &) + Be /(e = £5) + B/(ec = £0)](0§) — )}
A =2F = §(G' - BG* + BEG®)  pr=[1As((er/Asa)? + 1]

Calculationssimilartothosein § 2.2 yield for the 5d-electron-lattice coupling coefficients

v@ = —~(3Z(2/d*) 1 + 6@ + i)

2y /43 @ 2)
Y = BZY )1+ 0™ +29) (29)

<

s
»
1l

p§) = —(185Z(r*)/24d)(1 + o) + A9)
bl = —(252(*)/2d%)(1 + o) + AL)).

Here a part of the next-nearest surrounding spheres in vf” is small: ofp =
=9.5x 107% 0% = —6.2 x 1072, The screening factors were calculated above (see
table 1).



588 G G Khaliullin and S V Buzukin

Covalent coupling modulation provides
Sataary) = [(nr —na)/(er — €q) — (np —ny)/(er — e)[Arr/(er — er)]0T 1o 1a
Arr =4#{(1-46r)"* + (1-4Br)"]. (30)
Then, the covalent contribution to the OL parameters is

V) = —dAa{lpe - (ng —n.)/(e. — e)](QF + QF)/(ec — £0))Ace

+p.— (na—n)/(e. — e[GO — OR)/ (e — £4)]Au}
VE = —&Ara,{lp.— (ng—n)/(e. — e)][GOY + O)/(e. —€4)]A

+[(ng —ne)/(e. —€4) = (na —ny)/(e. — €4)]

X [(QF - 09/ (e. —e)]Au} (31)

Q% =2(3-qa)Q? 0F =6(1-94)0%?
0F = 36+594)0W O = $(5+2q4)Q%

0 = Vs + Vigzr —2Vias QW = Vigo— $Vigz +$Viss
qa = —(R/Vaa)(dVa(R)/AR)|g=0-

We treat the splitting A, = €. — &, between the t,, and e, states as caused by two
effects. The initial splitting determined by the lattice potential was included in &f. It
equals

Al = (5Z(r*)sa/6d°)(1 + 04 + L4). (32)

Using the ion values for (r*)s,4 [20], we find that A} = 0.42eV (Cu), 0.25eV (Ag)
and 0.28 eV (Au). However, the covalent repulsion of the levels reduces A because
T, > T, and leads to the disappearance of the final splitting. We believe thatin fact there
is no compensation, and this indicates that the use of the ion (r")s4-values is not correct.
The more these states are extended, the greater the initial splitting is. Therefore, we
treat A, as a fitting parameter.

As mentioned above, when the impurity-ligand electron transfer is considered, the
cross terms of (af,d;,)-type arise in the charge density. It can easily be obtained that

<al"a/djp> p I'a/(nd - ”r)/(gd - 51‘)- (33)

Then the electrostatic potential of the covalent charge on the 4f electrons is governed
by the operator

%Sdcov = 8 or E <rK>4f<5dm‘ K+1 |dm(R)>Vddm(R)C (R) 2 qu(ri)' (34)

—£&r KgRm
The relation
(5dm| Co /r**! |dm(R)) = S 4am (R)/(R/p)**! (35)

is valid when m = 0; here Sy is the overlapping integral and p is parameter.
Inserting (35) into (34), one can find that the covalent charges Z'(R)=
4[(ng — nr)/(er — £9)]Saao( R) Vaao( R) are located on the impurity-ligand ties at a distance
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Table 2. Crystal-field parameters for an Er impurity

Covalency

CF Screened effects Covalency

parameter hostion —————————— Occupancy effects,
Host  (units) field 4f-d 4f-s 5d 5d-d Theory Experiment
Cu C(K) 23 —-15 -4 -52 14 ~34 —36 (9], this work
Cu Ce(K) 3.4 -32 5.0 0 4.0 9.2 9.11[9], this work
Ag  C,(K) 15 -1 -3 —-58 5 =52 —5215]
Ag  Ce(K) 1.7 -2.4 7.2 0 1.2 7.7 10.3[5)
Au  G(K) 18 -24 -6 =32 10 -34 —391[4]
Au  Ce(K) 1.8 -5.1 8.7 0 22 7.6 6.4 4]

R/p from the RE ion. Their contribution to the 4f-electron-lattice interaction parameters
is

Cy = HZ'(d)r*)/(d/p)’ Co = #62'(d)(r*)/(d/p)’

Vi) = (294 —3)B VE =3(2g4 +1)B B = Z'(d){r)a,/(d/p)°. (36)

3. Comparison with experiment

In this section we are mainly interested in the Er and Dy impurities. For the first time,
the CF parameters for noble metals have been obtained from the magnetic susceptibility
measurements in [2]. However, from these experiments, only the energy separation of
the first excited level from the ground state have in fact been derived with satisfactory
accuracy; these are Ar,r,=34K for Ag-Er, Ar.,=1K for Ag-Dy and
Ar.r, = 19 K for Au-Er. The Mdssbauer spectrum analysis also is very arbitrary in the
determination of the CF parameters. For example for Cu-Dy alloy it was found that C, =
—28 = 58K and C¢=20K [6]. In [4] it was shown that some information on the CF
splitting can be obtained from the departure of the EPR linewidth thermal broadening
from a linear AH = g + bT law and from g-value anisotropy at high magnetic field.
Hence, only an analysis of various experimental data enables reliable determination of
the CF parameters to be made. The EPR, magnetisation M(H) and susceptibility (7'
measurements in [5] for the Ag-Er and Ag-Dy systems have given A =30= 5K, x =
—0.33£0.02and A = 11.5 £ 1 K, x = 0.53 = 0.01, respectively (where x has the same
meaning as in [12]). The corresponding values of C,and C¢ for an Er’* ion in an Ag host
are given in table 2.

Analysis of the experimental data available for Au and Cu can be greatly simplified
assuming that Er** and Dy** (J = 4®) ions have similar values of C, and C in the same
hosts. Of course, the parameters change from one ion to another, in particular on the
edges of the RE series (Ce and Yb), but our assumption seems to be reasonable for
neighbouring ions (Er and Dy). This is substantiated by the data in [5]. Then the cF
parameters can be determined when the A-values for both ions only are known. From
the EPR measurements for the Au—Er system [4], A has been found to be 16 = 6 K for
—0.4 < x < —0.2. The ground state of the Dy** ion in an Au host is known to be the I'
quartet [3]. This signifies that xx, < —0.34. Thus, among the sets of parameters given in
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[4], we can choose A = 16 K and x = —0.36. The corresponding values of C,and Cg are
presented in table 2.

In our previous work [9] the CF parameters for Cu-Er system have been derived from
high-field magnetisation measurements. However, the obtained constants W = 0.58 K,
x = —0.4, are doubtful because, as they are transferred on the Dy** ion, they produce
xpy = 0.64 with the I'y quartet in the ground state. At the same time, it is known [22]
that the Dy** ground state in Cuis the I'; doublet. We have carried out a detailed analysis
and found that only the OL coupling parameters and the A-value can be obtained from
high-field magnetisation measurements with good accuracy. Satisfactory adjustment to
the experimental curves plotted in [9] (see figure 4 therein) is possible for
—0.4 = x =< —0.2. As aresult, the new set of the Cr parameters for the Cu-Er system
(see table 2) is obtained.

When interpreting various experimental data in order to determine the OL para-
meters, one can be restricted by the second-order terms in the Hamiltonian (2). V{?
obtained from the EPR measurements on film samples [8] are given in table 3. We assume
that they are greatly reduced in magnitude. The possible reasons for such a reduction
have been discussed previously [9]. The values of the parameters derived from the
magnetostriction [7] and EPR [9] measurements on bulk samples are also given in table
3. We think that the difference between them is connected with the change in elastic
properties in the impurity vicinity. If the local deformation is related to the average
deformation over a crystal as e, = se,,, then Vp(magn) = Vy/s in the first case and
Vr(EPR) = Vs in the second case. Hence Vi = [Vr(magn)V(EPR)]? is likely to be a
more reasonable value. .

As seen from table 2, the CF parameters do not change significantly through the
noble-metal series. The point-charge model predicts greatly reduced magnitudes of the
parameters (C; = 20 K; C¢ = 3 K) and an incorrect sign of C,. On the contrary, the oL
coefficients vary more considerably from host to host up to a sign change (see table
3). The interaction between the 4f electrons and trigonal deformations proved to be
predominant while, within the point-charge model, V§) = -V =~ 10K. An account
of screening in the form described in § 2.2 leads to the values of the constants listed in
the third columns in tables 2 and 3.

Useful information needed to estimate the contributions from other mechanisms can
be obtained from the EPR data. The total g shift in the metal is

Ag = Agat + Agcov + Ang' (37)

It is the sum of contributions from direct Coulomb interaction between the 4f and
conduction electrons, from 4f-s covalent mixing and from 5d-state occupancy, respect-
ively. Relaxation takes place through the three channels independently and the thermal
broadening b = d(AH)/d T is

b= (k/gus)(Bga + Y Agly + a Agdy) (38)

where k is the Boltzmann constant, ug is the Bohr magneton and « depends on the 5d-
state energy structure. Using the equations obtained in [24] we find that within the t,,
model (the density of 5d-electron states at the Fermi level has mainly t,, character)

Agsq = 3[g(g; — 1)/g11Aop. + 4[g(2 — 8,)/8/1A10. = Agy + Ag>

bsy = (7wk/gup)(3 Agi + 5 Ag3) (39)
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Table 4. Experimental values of the EPR line g-shift and thermal broadening coefficient b =
d(AH)/dT for an Er impurity, together with the results of theoretical treatment of these
data according to equations (37)—(40).

Theory Experiment
Agy Ageoe  Dgy Ag b Jsapsa  Dg b
Host (107%) (1073 (1073 (1073  (GK™) (107 (1073 (GK™
Cu 1.3 =2.1 5.2 4.4 6.0 1.4 4+1 619]
Ag 1.3 -2.7 6.6 5.2 9.0 1.8 6.5+1
8x5 10.5+1.5[25]
7+1[4]
Au 1.3 -3.2 3.0 11 2.7 0.35 3x4 2.7+ 0.5[26,27]
Ao = %3G + $G° + BGY) Ay = Ao (4G +3G* - BGO).

If the 5d level is unsplit, then

Agsq = 5[g(g; — 1)/8,)A0psa + 20[g(2—2,)/8/1A1psq = Ag1 + Ag>
bsq = (wk/gug)(3 Agt + 15 Ag3).

It should be noted that gold has a number of features in physical properties different
from those of copper and silver. Au is characterised by a larger elastic modulus; the
impurity Yb ion in Au has a magnetic moment; the Au d band is twice those of Cu and
Ag. These peculiarities indicate an enhancement of d-orbital covalency effects in gold.
Therefore, we believe that the 5d level of Er’* in Au is greatly increased in energy and
remains almost unsplit. Hence the 5d model (equation (40)) appears to be suitable for
Au. On the contrary, splitting in Cu and Ag hosts probably occurs (let us assume
these values to be 1 eV and 0.5 eV, respectively) and we treat the EPR data within the
framework of the t,, model (equation (39)). Assuming that Ag,, = 0.013 (as was done in
[24]), we obtain Ag., and Agsyfrom equations (37)-(40). These values and experimentat
data used are listed in table 4. Now the covalent contribution (15) and (17) to the cF and
OL parameters can be estimated. Knowing Ag.., and using p, = 0.15 eV~!/atom, one
can obtain the exchange integral J,,. We take the - and £3-values from the noble-
metal band-structure calculations in [28] and the parameters for the Fermi surface from
[29]. Other parameters employed are v(111) = 1eV (it corresponds to the r.-values
chosen above), e, =2eV and gy = 6; Vi, = 0.14 eV for copper. The results of the
calculations are given in the fourth and fifth columns of tables 2 and 3. It turned out that,
although the covalent contribution is remarkable, it is not as large as was assumed in
{10]. It is interesting that 4f—d covalency is important only for C,, while Cy is mainly
determined by the mixing of the 4f states with the s band. The large magnitude of C¢ for
noble metals proved to be connected with anisotropy of the Fermi surface.

In table 4 the values of Jsq0s9 = (g/8,)(g; — 1)(Agpsq) are also given. For Au this
quantity is much less than that for Cu and Ag. This supports the above assumption on
the upward shift of the 5d level. Assuming that &, = 1 eV for the Ag host and Ay =
0.5 eV in all cases, we obtain the 5d-state structure of the Er** ion in the three metals
(figure 5). The positions of the g4 levels are also shown in figure 5. They are lower than
the d-band ‘centre of gravity’ £3. The Jsg-value of 0.14 eV obtained is less than the Js4-
value of 0.4 eV calculated using atomic Slater integrals [20]. There are many reasons for

(40)
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Figure 5. Electron state energy diagram of RE ion-noble metal system. The positions of the
sand d bands, impurity 5d states with t,, and e, symmetries and ligand d levels g4, are shown.
The energy of 4f"s — 4f"*! excitation is also represented.

the exchange integral decrease in metal. In [30] the screening of the Coulomb 4{-5d
interaction has been considered. At the same time, the reduction in the Js4 integral may
be caused by the wider spatial extent of the 5d orbital. Using the atomic Slater integrals
one can calculate the 5d contribution (21) to be C, = —20 K. The smallness of the value
obtainedis due to strong compensation between direct and exchange contributions. The
use in (21) of the values of G* decreased by a factor J& /J2§* leads to C, = —100 K. The
integrals F¥ in metals are likely to decrease too, but there is no experimental information
on such estimations. We take F* = 0.65F% and G* = 0.35G%,. The values of C, cal-
culated with these magnitudes of the Slater integrals are presented in the sixth column
of table 2. It is probable that the G* (with different k-indexes) change differently upon
atransition from an atom to metal. From [30], G' seems to be the most sensitive quantity
to various approximations.

For the hopping integralsin (31), we use again the relation (18) and take V4, = 1 eV
for copper. The ion values for (r”)s4 are employed in (29). The OL parameters calculated
from equations (28) and (31) are listed in the sixth and seventh columns, respectively,
oftable 3. It should be noted that the fourth harmonics in the 5d-electron oL Hamiltonian
play a remarkable role here.

To estimate the covalent-charge contribution (36), let us suppose that VSqq = Ag.
For copper, using the radial function Rz4(r) [31], we obtain the values Sgq, = 4.75 X 1072,
p=1.65and Z' = 0.04. In spite of the small covalent charge, its contribution is large
enough (see the seventh column of table 2 and the eighth column of table 3).

Thus, using EPR data and some resonable physical arguments to estimate the con-
tributions, we have succeeded in obtaining satisfactory description of the experimental
constants of the RE ion—lattice interaction for all the hosts discussed. The sign change of
V§) when one goes from silver to gold, which seemed to be surprising earlier [8, 23],
proved to be mainly determined by the enhancement of covalency effects and the upward
shift of the 5d level of the RE ion.
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4. Conclusions

The analysis carried out in this paper shows that in metals the magnitude of the 4f-
electron~lattice coupling is a result of the combined action of several equivalent mech-
anisms. One could not obtain a fair description of all interaction parameters by assuming
that any one separate mechanism is predominant. The interaction has mainly a local
character, covalency effects between the 4f and 5d states of the RE ion and d functions
of the ligands being of great importance.

In spite of the fact that the theory is developed for noble metals, we believe that after
a corresponding modification it can be applied to simple and transition metals.
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