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Theory of crystal-field splitting and orbit-lattice 
coupling of rare-earth impurities in noble metals 

G G Khaliullin and S V Buzukin 
Physicotechnical Institute of the Academy of Sciences of the USSR, Kazan 420029, USSR 

Received 20 February 1989 

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 sand d bands 

have beencalculated. As a result, goodagreement withexperimentalvaluesof the interaction 
parameters was obtained for the wholeof the noble-metal series. The possibilitiesofdifferent 
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 [ 11, 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 [lo] and the screening of the potential of host ions by the conduction electrons [ l l ]  
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] 

3C-F = C,/3j(Oi + 5 0 : )  + C6yj(O$ - 2102) (1) 
where C4 and c6 are the fourth- and sixth-order CF parameters, pJ  and yJ are the Stevens 
factors, and 0; are the angular momentum operators. The interaction between the RE 
ion and crystal distortion is governed by the OL Hamiltonian [ 131 

where V p )  are the OL parameters, 0f“J and era are linear combinations of the nth-order 
Stevens operators and the strain tensor components, respectively, transforming as the 
ath component of the irreducible representation r of the point-symmetry group. For a 
cubic crystal, there are two principal types of deformation: tetragonal (r3J and trigonal 
(r5J with 

e3ge = @e,, - exx - e y v )  ejgt = e y z  

e5gq - ex2 

e 5 g c  = exy = E x y  + E y x  

- e3gv = (3”*/2)(exx - eyy) 

e,, = E l ,  

where E,, are the displacement tensor components. The corresponding second-order 
operators are 

Thus the interaction between the impurity RE ion and lattice is characterised by the 
set of parameters C4, C6, V $ ) ,  and Vl“,), 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 parameters are given in § 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 to screen the ion charge 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 [ l l ]  the CF parameters were calculated using the bare pseu- 
dopotential uo(g) cx gP2 exp(-g2b2/4) (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 [lo] C4 was estimated to be about 
&100cm-*. 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 t2g and 5d eg 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 t2g and eg 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 

y d  = ‘U! + [V5d,d/(&d - &5d)ly5d 

where V5d .d  is the hopping integral. Then the relevant matrix element of the impurity- 
ligand Coulomb interaction is 

( Y d ,  y 4 f 1 1 / r 1 2 1 ~ 4 f ,  y d )  = (y!7 y4f/1/r121y4f, yI”,> 

+ [V:d.d/(Ed - E5d)2](y5d, y4f11/r121y4f? y5d) 

+ {[VSd.d/(&d - E5d)l(yVOd, W4f/1/r121y4f, y5d) + 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 V:d,d/(&d - &5d)2 

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 
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where aJ is the Stevens factor, ( r n )  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 d2) = -0.4, 

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

(74 = -0.25 and 0 6  = -0.03. 

~ ( r )  = 2 exp(ig.r) u(g>. 
L? 

This can be rewritten in the form 

(5) 

having better convergence, Here Vp(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 R4f(r). In order to clarify the continuous dependence 
of the screening on the 4f-orbital extent we use R4f(r) = Ar3exp( - ar) and obtain as the 
result 

where rc is the ion core radius and kF is the Fermi wavevector. 
The sums (7) over the reciprocal lattice converge rapidly. The screening factors A 

depend on three parameters: a, kF and rc. The 4f-orbital radius can be estimated by 
fitting to the averages (rfl)4fcalculated in [19], e.g. for an Er3+ ion (Y -- 5 au-’. The values 



Theory of crystal field in noble metals 581 

Table 1. Factors of the host ion field screening for an Er impurity. Values of the Fermi 
momentum kF and core radius rc used in calculations are taken from [18]. 

4f electron 5d electron 
k F  r~ 

Host A, A6 A'$ A$) A, As:) Ai;) Ail) (au-I) (au) 

CU 0.00 0.08 -0.03 -0.12 0.04 -0.02 0.06 0.05 0.04 0.72 1.27 
Ag 0.18 0.24 -0.06 0.37 0.10 -0.03 0.25 0.09 0.10 0.64 1.68 
A U  0.36 0.39 -0.08 0.89 0.16 -0.04 0.62 0.22 0.26 0.64 1.91 

I 

40 

4f 
ad S d  

Figure 1. CF screening factors A, (-), A 6 ,  (---), (-. ' - ), 4;) (-X--). AS;) 
(--.-) and A(:) (.  . . ' )  for Au are plotted against the reciprocal radii aof 4f and 5d orbitals 
of the RE ion. d is the nearest-neighbour distance. The arrows denote the values of 

of k, and r, used in the calculations are listed in table 1. We quote them from [18] 
(regarding the d-state radii determined therein as v,) .  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 (Y, kF 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 CY). The divergences 
of Ah2) as a function of kFoccur because of the well known peculiarity of the free-electron 
susceptibility ~ ( q )  at q = 2kF. A strong dependence of the results on the core size r, 
should be noted, the screening (A < 0) being transformed to the anti-screening (A > 0) 
with increase in r,/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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x 

kF d 

Figure2. Screening factors for Au are plotted against the Fermi momentum k F .  The symbols 
have the same meanings as in figure 1. The arrow denotes thevalue of k,(Au) 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 ( rn)5d  [20] are approximated well byRSd(r) = Ar2 exp( - ar) when a = 1.53 au-' 
for Er3+, The corresponding A(5d)-values calculated using formulae similar to (7) (we 
also take into account the fourth-order terms in the 5d-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 Vi;). 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 [ 111 , actually occurs. This divergence is due to unsuccessful 
expansion of exp(ig0r) 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 

where c& and cko are the operators which create and destroy conduction electron with 
wavevector k ,  energy &k and spin a; f i U  and f m o  are the corresponding 4f-electron 
operators; Xcoul and Xso terms correspond to the Coulomb and spin-orbit interactions 
within the 4f shell, respectively; Vmk is the hybridisation matrix element. An appropriate 
canonical transformation allows the off-diagonal operator X I  in (8) to be substituted by 
X 2 ,  satisfying the relation 

Here ( a )  and 1 b) are the eigenvectors of X o .  After the averagingof X 2  over the conduction 
band states, the extra operator acting within the 4f shell takes the form 

where E ,  is the energy required for transferring an electron from the Fermi level to the 
4f" configuration, E-  is the energy required for removing an electron from the 4f shell. 
The difference between the E +  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, 
E ,  processes are predominant for heavy RE ions. The operator Xcov (9) contains the 
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I 

10101 

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

contribution to the msplitting as well as to the OLinteraction. To obtain the conventional 
forms (1) and (2) for Xco,, we use the relation 

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 

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

where r F  is the phase volume bounded by the Fermi surface, T(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 [ill] directions play the leading role here. The covalent contribution to the 
exchange constant Jcov is connected to the corresponding EPR g shift by the relation 

Agcov = [(gJ - l>g/gJl J C O V P S  (13) 
where ps is the one-spin density of s states at the Fermi level. Taking the energy 
perturbation in (9) into account, we obtain 

x k  = g/2k x = g/2kF f f k  = cos 6 k .  

The effect of operator (14) proved to be insignificant, while the contribution to the CF 
parameters caused by (1 1) and (12) is 

c:-' = - ~ ~ ~ ~ { - i  [ r ( i i i ) / r F ]  + O . ~ ~ ~ ~ [ U ( ~ ~ ~ ) / E F ] ( E + / E ~ )  In(1 + EF/E+)} 

CgS = - ~ ~ ~ ~ { % [ r ( i i i ) / r ~ ]  + &[U(111)/EF](&+/EF) ln(1 + +/E+)}. 

Here E+ is taken relative to the Fermi energy cF. 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 

(15) 

= C C. ( E +  - E ~ ) - l V m . , p V l p . m ' f r t r o f m ' o  
mm'o lp 

+ C. C ( E +  - -* V m . j p  v j p , j , p ,  v , ' p ' . m ' f ~ o f m ' o  + ' * * (16) 
mm'u i l 'pp '  

where E!  is the d-band 'centre of gravity', the V-values are the inter-atomic hopping 
integrals, Ijp) 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 

C i - d  -3 32(3v!do f V f d n  - 7 V ? d b ) / ( E +  - E ! )  vi:) = (3  - q f d ) x  

c i - d  = -2 7(v& - $v&n + 3 v & & ) / ( & +  - E ! )  Vi;) = 3( 1 - qid)X (17) 
q f d  = - (R /Vfd)  ( d V f d ( R ) / d  I R = d x= f fJ(v:du + # V & ) / ( & +  - E ! ) .  

For analysis of the hopping integrals in (17), it is convenient to use the relation [21] 

V / , 1 2 m ( R )  CC [(I1 + m ) ! ( l l  - m)!(12 + m)!(12 - m)!]-' /2(A1A2)1/2R-(11+[2+1).  (18) 
Thisis thecase for strongly localisedfunctions; A is the energy widthof thecorresponding 
state. From (18) it follows that the 4f-d covalency contribution is proportional to the d- 
band width Ad. 

2.4. Effects of the impurity Sd states 

The Hamiltonian needed for calculation of the Sd-states contribution may be written 

% = %d + xs + x d  + %5d,s + x5d.d 

%5d = E!a:c~aTn + XbL x, = 2 & k A k  
m k 
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where E! is the 5d-Tcu-state energy in a cubic host ions' potential, T = t2g or eg, and the 
X &  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: 

= A,(ralC;,  lr'cu')(arf&rnai) cKq(rl) 
Kqrr'aa' I 

(20) 2 K 2 - l  3 K 3 - I  3 2 1  3 3 K  i o  0 01 i o  0 01 ? i o  0 ,i { 2  2 l l G l  
A ,  = 2F" + (2K+ 1)  

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, (a;aar,a,) = t3ra.r,n,f ir ,  then 

C4 = - &(fit - f i , ) [ F 4  -&(9G1 +4G3 +*G5)]. (21) 
There is no 5d contribution to the C6 parameter owing to the symmetry restrictions. The 
quantity fir may be treated as the 5d-Tcu-state occupation number which arises because 
of the covalency effects. Provided that there is covalent coupling with the s band only, 
one can obtain 

n r  = f - (l /n) tan-'(.$/A,,> (22) 
where the 5d-level broadening Asd = x p S  V2y.k. Calculation of the covalency with ligands 
within the second order of the perturbation theory yields 

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-Tcu-state Green function can 
be written as 

G r ( o )  = [U - E! - Z r ( o )  + io sgn E : ) - '  

= T r ( w  - E!  + io sgn E ! ) - '  - iA5d sgn U .  

In (24) the dispersion in the d band is neglected because the energy distance 
E :  - E {  = 5 eV exceeds the d-band half-width Ad/2 -L 2 eV. We obtain as the result 

-exp(iO W )  G r ( w )  = nr  + d [ l -  (1 -4/3r)1/2](nd -nr)  

n r = f -  tan - ' /A Sd ) P r  = Tr/[(Er - & d 1 2  +A&]  (25) 

+= d o  
f i r  = Im U-= 2Jc 
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where E r  and &d are E! and E: energy levels changed because of the covalent repulsion; 
the renormalised covalent parameter is connected with the initial covalent parameter 
(23) by the relation P = Po/( 1 + 4P0); the v d d  are the impurity-ligand hopping integrals; 
the ligand state occupation number nd 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 (a: a r )  in (20) give increments proportional 
to the deformation, and off-diagonal averages arise. The lattice contribution to these 
variations, caused by the XbL term in the Hamiltonian (19), can be expressed as 

Using the explicit form of X&, i.e. 

Ciib = 1(7z4 - 4z2r2 - r4 + 14x2y2)/r4 C$b = (7z2 - r2)xy/r4 

we find the 4f-electron OL parameters 

Calculations similar to those in § 2.2 yield for the 5d-electron-lattice coupling coefficients 

Here a part of the next-nearest surrounding spheres in uf") is small: d$ = 
-9.5 x The screening factors were calculated above (see 
table 1). 

o$) = -6.2 x 
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We treat the splitting Aet = E, - E, between the t2g and eg states as caused by two 
effects. The initial splitting determined by the lattice potential was included in E ! .  It 
equals 

A:, = (5Z(r4)),,/6d5)(1 + o4 + A,). (32) 

Using the ion values for (r4)5d [20], we find that A:, = 0.42 eV (Cu), 0.25 eV (Ag) 
and 0.28 eV (Au). However, the covalent repulsion of the levels reduces A:t because 
Tt > T, and leads to the disappearance of the final splitting. We believe that in fact there 
is no compensation, and this indicates that the use of the ion (r"),,-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 (a:edjp)-type arise in the charge density. It can easily be obtained that 

( a : a d j p )  Vjp.ra(nd -nI')/(Ed - E r ' ) .  (33) 

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

The relation 

(5dmI C K O / ~ ~ + '  Idm(R)) = sddm(R)/(R/p)K+l (35) 

is valid when m = 0; here S d d  is the overlapping integral and p is parameter. 
Inserting (35) into (34), one can find that the covalent charges Z' (R)  = 
4[(nd - ny)/(Er - &d)]Sddo(R)Vddu(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 host ion 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 C,(K) 3.4 -3.2 5.0 0 4.0 9.2 9.1 [ 9 ] ,  thiswork 

Ag c6 (K) 1.7 -2.4 7.2 0 1.2 7.7 10.3 [5] 

0 2.2 7.6 6.4 [4] 

Ag C,(K) 15 -11 -3 -58 5 -52 -52[5] 

AU C,(K) 18 -24 -6 -32 10 -34 -39[4] 
AU C,(K) 1.8 -5.1 8.7 

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

C4 = &Z’(d)(r4)/(d/p) c6 = &Z’(d)(r6)/(d/p)’ 
(36) vs;) = (2qdd -3)B vi:) = 3(2qdd + 1)B B = Z’(d)(r*)~x,/(d/p)~, 

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 Ar8-r7 = 3 4 K  for Ag-Er, Ar8r7 = 1 K for Ag-Dy and 
Ar8-r7 = 19 K for Au-Er. The Mossbauer spectrum analysis also is very arbitrary in the 
determination of the CF parameters. For example for Cu-Dy alloy it was found that C4 = 
-28 t 58 K and c6 = 20 K [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 = a + 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 x( T )  
measurements in [5] for the Ag-Er and Ag-Dy systems have given A = 30 k 5 K, x = 
-0.33 t 0.02 and A = 11.5 +- 1 K, x = 0.53 t 0.01, respectively (wherex has the same 
meaning as in [ 121). The corresponding values of C4 and C6 for an Er3+ 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 Er3+ and Dy3+ ( J  = 9)  ions have similar values of C4 and C6 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 t 6 K for 
-0.4 S x s -0.2. The ground state of the Dy3+ ion in an Au host is known to be the Ts 
quartet [3]. This signifies that xEr S -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 C4 and c6 are 
presented in table 2. 

In our previous work [9] the CFparameters 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 Dy3+ ion, they produce 
xDY = 0.64 with the Ts quartet in the ground state. At the same time, it is known [22] 
that the Dy3+ ground state in Cuis the r7 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 =s -0.2. As a result, the new set of the CF 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). Vp) 
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 eioc = seav, then Vr(magn) = Vr/s in the first case and 
vr(EPR) = VrS in the second case. Hence V ,  = [Vr(magn)Vr(~~~)]1 /2  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; c6 = 3 K) and an incorrect sign of C4. 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, Vi:) = - V$) = 10 K. 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 + Ag5d* (37) 

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

b = (nk/gpB)(Agit + 3Ag&v + a Ag:d) (38) 

where k is the Boltzmann constant, p B  is the Bohr magneton and a depends on the 5d- 
state energy structure. Using the equations obtained in [24] we find that within the t2g 
model (the density of Sd-electron states at the Fermi level has mainly t2g character) 

A g 5 d  = 3[g(gJ - l)/gJIAOpt + 4[g(2 - gJ) /gJIAlp t  = + Ag2 

b j d  = (Jdk/gpBB)($ Ag: + & Ag:) (39) 



Theory of crystal field in noble metals 591 

3 3  3 3  3 c  



592 G G Khaliullin and S V Buzukin 

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 

Ag,, &C"V Ags, Ag b J S ~ P S ~  Ag b 
Host (lo-*) (lo-*) (lo-*) (GK- ' )  (lo-*) (G K-') 

Cu 1.3 -2.1 5.2 4.4 6.0 1.4 4 5 1 6 [9] 
Ag 1.3 -2.7 6.6 5.2 9.0 1.8 6.5 ? 1 

8 5 5 10.5 t 1.5 [25] 
7 ? 1 [4] 

Au 1.3 -3.2 3.0 1.1 2.7 0.35 3 5 4  2.7 t 0.5 [26,27] 

A, = &,(3G' + 4G3 + $ G 5 )  

If the 5d level is unsplit, then 

A1 = &(4G' + 3G3 - 3-$G5). 

(40) 
Ag5d = 5k(gJ - l)/gJlA0p5d + 20[g(2-gJ)/gJlAIp5d = Agl + Ag2 

b5d = (nk/gpu)(& Ag: + ib Ag:). 

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 Er3+ 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 t2g model (equation (39)). Assuming that Agat = 0.013 (as was done in 
[24]), we obtain Ag,,, and AgSdfroIn equations (37)-(40). These values and experimental 
data used are listed in table 4. Now the covalent contribution (15) and (17) to the CF and 
OL parameters can be estimated. Knowing Agcov and using ps = 0.15 eV-'/atom, one 
can obtain the exchange integral J,,,. We take the eF- and &!-values from the noble- 
metal band-structure calculations in [28] and the parameters for the Fermi surface from 
[29]. Other parameters employed are u(ll1) = 1 eV (it corresponds to the r,-values 
chosen above), E+ = 2 eV and qfd = 6; Vfdo = 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 
[lo]. It is interesting that 4f-d covalency is important only for C4, while C6 is mainly 
determined by the mixing of the 4f states with the s band. The large magnitude of C6 for 
noble metals proved to be connected with anisotropy of the Fermi surface. 

In table 4 the values of J 5 d p 5 d  = (g/gJ)(gJ - l)(A,pSd) 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 E, = 1 eV for the Ag host and A5d = 
0.5 eV in all cases, we obtain the 5d-state structure of the Er3+ ion in the three metals 
(figure 5). The positions of the &d levels are also shown in figure 5. They are lower than 
the d-band 'centre of gravity' E ! ,  The Jsd-value of 0.14 eV obtained is less than the J5d-  

value of 0.4 eV calculated using atomic Slater integrals [20]. There are many reasons for 
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cu Au I 

Figure 5. Electron state energy diagram of RE ion-noble metal system. The positions of the 
s and d bands, impurity 5d states with t2g and eg symmetries and ligand d levels E ~ ,  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 4f-5d 
interaction has been considered. At the same time, the reduction in theJ5d 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 C4 = -20 K. The smallness of the value 
obtained is due to strong compensation between direct and exchange contributions. The 
use in (21) of the values of Gk decreased by a factor J5h /Jg t  leads to C4 = -100 K. The 
integrals F k  in metals are likely to decrease too, but there is no experimental information 
on such estimations. We take F4 = 0.65F;, and Gk = 0.35Gtf. The values of C4 cal- 
culated with these magnitudes of the Slater integrals are presented in the sixth column 
of table 2. It is probable that the Gk (with different k-indexes) change differently upon 
a transition from an atom to metal. From [30], G'  seems to be the most sensitive quantity 
to various approximations. 

For the hopping integrals in (31), we use again the relation (18) and take Vddo = 1 eV 
for copper. The ion values for (rfl)5d are employed in (29). The OL parameters calculated 
from equations (28) and (31) are listed in the sixth and seventh columns, respectively, 
of table 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 VddSdd CK Ad. 
For copper, using the radial functionR3d(r) [31], we obtain the valuesSddo = 4.75 X lo-*, 
p = 1.65 and 2' = 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 
Vi:) when one goes from silver to gold, which seemed to be surprising earlier [8, 231, 
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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