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Abstract. Electronic structures and hypenine interactions associated with the Cu-O 
environment of T. Y, and T' phases of &a-,Gd,)2CuOn were d i e d .  using the density 
functional theory in an embedded cluster approach. MGssbauer isomer shins. electric field 
gradients and contact h y m n e  fields for Fe-substirut& species were determined for compadson 
with experiments performed on Fe:- Gd)L.85Sro.ISCuOd. 'Thest data are us& to describe the 
response of charge and spin densities around Cu sites to sixfold (T). fivefold (T), and fourfold 
(T') oxygen coordination. 

1. htrodndinn 

An extraordinary amount of attention has recently been focused on (La,-,Gdx)zCul-,Fe,04 
copper-oxide-based ceramics [1-3]. Theoretical and experimental studies of the electronic 
structure have been carried out in the quest for the mechanisms responsible for high- 
temperature superconductivity, and to characterize materials for electronic and sensor 
materials applications. Many hyperfine interaction (HFI) experiments and theoretical works 
have been reported on materials doped with impurities, often connected with studies of 
variation of Tc and changes of oxygen stoichiometry [4-71. 

Among the isovalent rare earth substituents, the Gd compounds (La1-,Gdx)~Cu04 
provide an excellent 'test set' in which the structure is both variable and yet very well 
defined. In this system, there exist three stable phases (T, T" and T'), in which the local 
Cu-O unit is octahedral (sixfold), pyramidal (fivefold), and square (fourfold), respectively. 
[SI In this paper we consider all three cases with composition: T phase (LazCuO4), T" 
phase (@a.1,Gdz)~Cu04) (0.42 < x < 0.49) and T' phase (GdZCu04). The self-consistent 
electronic structure, with resulting energy levels, charge and spin densities, and densities 
of states (DOS) are studied. In addition, 57Fe substitution for Cu in these compounds is 
calculated and compared with the experimental data 

57Fe is expected to substitute for Cu because of its known chemical similarity and size. 
Through Mossbauer spectroscopy, it is a very useful probe for revealing local magnetic 
fields, charge densities, and electric field gradients. However, Fe is not a totally 'innocent' 
bystander in determining the local environment, due to its affinity for oxygen. In view of 
neutron and x-ray studies on related materials, it is clear that the local environment of the Fe 
site in Fe-doped LazCuO4, (La1-,Gdx)2Cu04 and GdzCu04 can be quite complicated. From 
the microstrucmal view, the x-ray absorption and Mossbauer studies of 57Fe:YBazCu307 
allowed us to establish a preferential occupation of the Cu(1) site which may have several 
different local oxygen and Feclustered configurations [%13]. 

0953-8984/95/265025+19$19.50 0 1995 IOP Publishing Ltd 5025 
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In the present work, the electric field gradient (EFG), isomer shift, and magnetic 
hyperfine field are determined for nFe in plausible geometries. A comparison is made 
with experiments in order to find the common and different properties among T, T*, and 
T‘ phases. A primary goal is to establish the relationships between local coordination to 
oxygen and bonding and hyperfine properties. 

2 Theomtical model 

2.1. Local densip discrete variational method 

In tbis work all calculations were performed using the self-consistent first-principles density 
functional theory. Single-particle orbitals are obtained using the discrete variational (DV 
&) method [l4-17]. The Hamiltonian consists of the sum of a kinetic energy operator, 
nuclear and electronic Coulomb potentials, and an exchange and correlation potential. 
Eigenfunctions of the effective Hamiltonian are expanded in a basis of numerical atomic 
orbitals, and the potential is iterated to self-consistency. 

Numerical free-atom basis functions { A j )  were used to obtain the molecular 
eigenfunctions as a linear combination of atomic orbitals (LCAO), 

The Mulliken atomic orbital populations and related partial densities of states can be used 
to develop a detailed chemically appealing description of the local atomic environment. 

2.2. Charge and spin densify 

In the non-relativistic approach, the density of electrons of spin components sr = U  is 

~ m ( ~ ) = C f i o . I * i a ( ~ ) I ~  (2) 
i 

where fi., are the occupation numbers which are chosen for the ground state according to 
Fermi-Dirac statistics, and Q i  are the single-particle orbitals which are self-consistently 
generated. The charge and spin densities are pc = pt + p- and pr = p+ - p-, 
respectively, and can in principle be measured by x-ray and neutron diffraction on single 
crystal specimens. 

2.3. Embedding schemes 

Cluster models are used to describe the local environment of a fragment of an extended solid. 
Many spectroscopic and physical-chemical properties are controlled by near-neighbour 
interactions, so clusters of modest size can be employed. Embedding schemes form part of 
the strategy of setting up boundary conditions and potentials which reflect the interaction 
of the cluster atoms and their electrons with the external ‘host’ [18-19]. 

2.4. Densify of states 

The energy spect” of valence eigenfunctions is best displayed as an energy- dependent 
density of states. The contribution of state nl of atom U to the DOS is represented by 

Di,(E) = x f & , L ( E  - E p .  0) (3) 
P 
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where f , , ~ , ~  is the appropriate Mulliken population [20] contribution to the pth molecular 
orbital. L(E - q,. U )  is a tine shape function chosen as a Lorentzian of width a. By 
snmming all partial DOSS, we obtain the total DOS 

D ( E )  = D$ = C L ( E  - ep ,  a). 
""I D 

(4) 

. cu 
0 0  
OLS.G~ 
OL.,U 

2.5. Mossbauer isomer shift (IS) 

The "Fe IS of the Mossbauer spectra (nuclear gamma resonance, NGR) reflects the monopole 
interaction of the nuclear charge volume and the overlapping electronic charge density. It 
can be written as 

1s = AIS (5 ) 
where AIS depends upon nuclear ground and excited state radial distributions, and Ap,(O) is 
the difference in electron density at the nucleus for the host crystal and a reference system 
such as metallic iron [21]. Presently accepted values of AB lie in the range -0.25k0.05 mm 
ai s-'. 

2.6. Electric field gradient (EFC) 

Transitions between the I = 9 excited siate and the I = $ nuclear ground state of "Fe lead 
to quadrupolar splitting (QS) proportional to the EFG. A convenient form is given by 

where B = 11.77 mm ai  b-' s-' = 200.1 MHz ai b-' 0, = barn) and Q is the nuclear 
quadrupole moment. Suggested values of Q range between 0.08 and 0.21 b [22]. The 
eigenvalues of the field gradient tensor v;i are labelled in order of increasing absolute value 
as V,,, V,, Vzz. The experimentally determined quantities are the principal value V,, and 
the asymmetry parameter, 

I 1 = I ~ v y y - ~ ~ x ) l v , , ~ .  (7) 
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pi- 2. (a) LaiCuo4 and LazCul-,Fe,O~ 31-atom cluster; (b) (La-,Gd,)2CuO4 and 
(Lai-,Gd,)2Cu1-,Fe~O 31-atom cluster: (c) GdZCuOn and GdzCut-,Fe,04 27-atom cluster. 
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The total EFG required to determine the quadrupolar splitting is found by combining 
the valence electron matrix element with contributions of the exterior crystal ions, core 
electrons, and nuclei of the local cluster with the appropriate sign. For example, 

where Q‘, = Zu - N: is the charge of the ionic core for the ion at site v ,  qu are net ionic 
charges. 

2.7. Magnetic hyperjine field 

Interaction of the nuclear magnetic moment with spin magnetism of electrons at the nucleus 
leads to an energy 

Es = -gNpNHs(O) (9) 
where the Fermi contact field H,(O) = A,p,(O) and A, = 52.42 T a i .  

3. Results 

3.1. Embedded cluster models 

There exist three stable phases T, T*, and T‘ of the (Lal_,Gd,)zCu04 system. Pure 
LazCu04 is found in the T phase, which is shown in figure ](a); the local Cu-0 unit 
is a distorted octahedron (sixfold coordination of oxygen to Cu). (Lal-,Gd,)zCu04 has a 
T* phase in the range 0.42 6 x 6 0.49, which is shown in figure l(b), and the local Cu-0 
unit is a pyramid (fivefold). GdzCu04 adopts the T’ phase, which is shown in figure l(c); 
here the local Cu-0 unit is a square (fourfold). 

For LazCu04 and LazCul_,Fe,O4, we choose 31-atom embedded clusters M-O(4)- 
0(2)-La(S)-Cu(4)-0( 12) (M = Cu or Fe), shown in figure 2(a). For (Lal-,Gd,)~Cu04 and 
~al_,Gd,)zCu,-,Fe,O4, we choose 3 I-atom clusters M-0(5)-La(5Wd(4)-0(4Nu(4)- 
O(8) shown in figure 2@),  with the substituted Fe on the Cu(1) site For GdzCu04 and 
GdzCul-,Fe,O4, we choose 27-atom clusters M - ~ ( ~ ) - G ~ ( S ) - ~ ( S ) - C U ( ~ ~ ~ ( Z )  shown in 
figure 2(c). Here too, the substituted Fe atom is on the Cu(1) site. In every case, Coulomb 
and exchange-correlation potential contributions of the infinite host crystal are included in 
the one-electron Hamiltonian. 

3.2. Electronic structures 

3.2.1. Tghare. Self-consistent-field DV X, calculations for LazCu04 have been previously 
reported [6,7]. As shown in table 1, the effective ionic configutation of Cu was found to be 
Cu’~83+3d9.064s0.074p0~03; i.e., the nominal Cu2+d9so configuration is augmented by covalent 
charge sharing with oxygen ligands. The La ions are quite close to the ‘ideal’ 3+ state, with 
only O.le additionally involved in La-0 bonding. 

Experimentally, low-temperature antiferromagnetic order is found with variously 
reported moments of 0.4 [23], 0.5 [%I, and 1.1 [25] pg per copper ion, in general markedly 
less than the Cuz+ spin-only free ion value of 1.73 pg. The present theoretical results predict 
rather small antiferromagnetically coupled moments at Cu sites in the perfect LazCu04 
crystal, perhaps due to the small cluster size and its symmetry restrictions. Spin on the 
copper ion at the centre is calculated to be only -0.02 p~g. increasing in magnitude a Little 
at the periphew to +0.03 pg. 
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Table 1. Charge and spin atomic orbital populations for T phase M4(4)-0(2jLa(8jCu(4j 
O(12) Clusters. 

M = copper M = iron 

Charge Spin Charge Spin 

Ma 3d 9.06 -0.016 5.85 4.017 
4s 0.07 0.000 0.05 0.078 
4p 0.03 0.000 0.03 -0.033 

Total 1.83 -0.016 2.06 4.128 
Ob 2s 1.99 0.000 1.98 -0.001 

2p 5.84 0.001 5.82 0.041 
Total -1.83 0.001 -1.80 0.040 
o= 2s 200 0.000 2.00 -0,001 

2p 5.94 -0.OW 5.92 0.010 
Total -1.93 0.000 -1.91 0.009 
Lad 5p 5.99 0.000 5.99 0.001 

5d 0.09 -0.000 0.12 0.003 
6s 0.02 -0.000 0.02 0.001 

Total 2.90 -0.OW 2.88 -0.002 
Cue 3d 9.01 0.035 9.05 0.092 

4s 0.15 -0.001 0.15 -0.003 

Total 1.81 0.035 1.75 0.091 

0' 2s 1.99 0.000 1.99 0.000 
2p 5.94 0.001 5.94 0.003 

'Ibtal -1.93 0.001 -1.93 0.003 
08 2s 1.99 0.000 1.99 0.001 

2p 5.93 0.001 5.92 0.005 
TOtd -1.92 0.001 -1.91 0.006 

4p 0.04 -0,000 0.05 0.002 

Cu(l) or Fe on the Cenue of the centre plane. 
O(l) on four (a.  b) centre plane sites. 
O(2) on axial sites. 
La on (a,  b) plane sites. 
Cu(2) on centre plane sires. ' O(3) and O(4) mund Cu(2) atom. 

8 O(4) around Cu(2) atom. 

Fe impurity calculations were canied out on the Fe-centred 31-atom cluster embedded 
in the previously obtained LazCu04 self-consistent lattice. A calculated configuration of 
Fezo6+ 3d5.s5 4 ~ " ~ ~  4po,O3 with the maximal spin of 4.1 p~ agrees with experimental values 
of 3-5 p~ [26] .  Perturbations on surrounding neighbours charge and spin densities are small, 
but perceptible. All six oxygen neighbours lose 0.02-0.03e. and their spin polarization 
moment gains about 0.01-0.04 p~ compared to the Cu-centred case. The spin coupling to 
the next-nearest-neighbour Cu(2) sites leads to a small increase in Cu moment to 0.09 p ~ ,  
antiferromagnetically coupled to Fe. 

Direct valence density maps are rather uninteresting, showing mostly ionic bonding 
character, with some evidence of oxygen polarization and M-O shared charge. Valence 
charge density difference contour maps of LazCul-,Fe,O4 and LazCuOd on a (100) plane 
and (110) plane are shown in figure 3(a) and 3@), respectively. These figures emphasize the 
changes in electronic structure which occur due to metal substitution. No lattice relaxation 
effects were included, so as to make point by point comparisons possible. On the (100) 
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Figure 3. - - -Valence charge density differmce contour map of T phase: ~ ~ . q C u i - ~ F e , O ~ ]  - 
p D ~ C u 0 ~ 1  on (a) (100) plane wnoining four equatorial oxygen, -2.55 c p < 0 . 1 2 e / a ~ ;  
(b) (110) plane containing two axial oxygen, -2.50 < p < O.lOe/oi. Contour interval is 
O.Ole/a~; dotred lines are negative values. 

plane, we can see that the charge densities are increased on the four equatorial oxygen atoms 
after substituting Fe in the centre site. The charge densities on the next nearest Cu(2) sites 
are decreased. The bond length between the four equatorial oxygens and the centre site is 
about 1.89 A, while the bond length between the two axial site oxygens and the centre site 
is about 2.42 A. On the (1 10) plane, after substituting, the axial oxygen charge increases 
slightly and the weak bond charge between the four (U, b)  plane La and the centre metal 
site is also increased. 

The partial densities of states (PDOSS) for LazCuO4 Cu(1) 3d, 4sp, O(1) and O(2) 2sp 
are shown in figure 4(a); those for LazCu~-,Fe,Cu04 Fe 3d, 4sp, Cu(2) 3d, 4sp and O(1) 
and O(2) 2sp are shown in figure 5(a). In these graphs, we choose the Fermi energy (EF) 
of the cluster as the zero point of the energy axis. The Fe 3d PDOS has two major peaks 
about 1-5 eV below the Fermi energy which can be associated with crystal field splitting 
of the d5 t complex of levels. The rather large exchange splitting leads to a similar d5 3. 
complex above EF. In addition to 'crystal field' and exchange splitting effects in the Fe 



5032 Liqun Guo et a1 

Table 2. Charge and spin atomic orbital popularions for 'P phase M4(5)-La(S)-Gd(4)-0(4)- 
Cu(4)-0(8) clusters. 

M = copper M = h n  

Cham Spin Cl" Spin 

M' 

Total 
Ob 

Total 
OF 

Total 
L a d  

TOM 
Gd' 

3d 9.15 
4g 0.07 
4p 0.02 

1.75 
2s 1.98 

-1.75 
2s 1.99 
2p 5.84 

-1.83 

2p 5.77 

5p 5.95 
5d 0.17 
6s 0.02 

2.87 
4f 7.10 
50 5.98 

-0.001 
0.000 

-0.000 
-0.001 

-0.000 
0.004 
0.004 

-0.000 
0.000 
0.003 
0.000 
0.000 
0.000 
OB00 
6.886 
0.003 

5.62 
024 
021 
1.93 
1.98 
5.78 
1.76 
1.98 
5.86 

-1.84 
5.91 
0.17 
0.03 
2.88 
7.12 
5.98 

3.905 
0.019 

-0.001 
3.919 

-0.002 
0.025 
0023 

-0.002 
0.019 
0.017 
0.002 
0.004 
0.000 
0.006 
6.871 
0.002 

5 d O . 1 1  0.0230.11 0.024 
6s 0.03 -0.00 0.03 -0.001 

TOwl 2.77 
La' 5p 5.99 

5d 0.08 
6s 0.02 

Total 2.92 
0 9  2s 2.00 

2p 5.85 
Total -1.85 
CUh 3d 9.09 

4s 0.15 
4p 0.04 

Total 1.73 

6.911 2.76 
0.000 5.99 

-0.000 0.07 
-0.004 0.02 

0.000 2.91 
0.000 2.00 
0.047 5.86 
0.047 -1.86 
0.033 9.07 
0.001 0.17 
0.000 0.05 
0.034 1.70 

6.896 
0.001 
0.001 
0.002 
0.005 
0.000 
0.037 
0.037 

-0.577 
-0.020 
-0.008 
-0.606 

a Cu(1) or Fe a~ the centre. 
O(1) on four (a, b) centre plane sites 
o(2) on top axial site. 
La(1) on lop axid site. 
Gd on four (a. b) plane sites. ' La(2) on four (a. b) plane sites. 

g O(3) on four lower (a. b) plane sites. 
cu(2) on centre plane sites. 

3d PDOS, we can clearly see strong Fe d l0  p covalent bonding structure extending to the 
bottom of the valence band, -9 eV below EF. The Cu 3d PDOS has only one large peak, 
centred about 2 eV below EF.  While the spin-dependent exchange splitting is quite small, 
we can see evidence of Cu U0 p covalency in structure near the bottom of the valence 
band, as seen with Fe. The weak Cu or Fe 4sp character is spread across the entire valence 
band as expected for very diffuse states. The main features of the PDOS obtained in cluster 
calculations are seen to be rather similar to those found in periodic band structure studies. 
The PDOSs of 0 2s. 2p states which dominate the region down to EF - 20 eV are quite 
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. 4 0  -30 -20  - 1 0  0 1 0  

Energy (eV) 
F V  4. PDOS of (a) LazCuO4, (b) (Lal-,GdX)2Cu04, and (c) GdzCuQ. O(1) 
oxygen; O(2) are in axial or a p i d  positions. Curves are offset vertically for energy viewing 

quatorial 

similar, for either Cu- or Fe-centred clusters. In the centre plane, the 0 2s character is 
mostly concentrated -20 eV below EF,  and 2p states form the valence band extending 
to -10 eV below the Fermi energy. There is a predicted relative shift of about 2 eV 
for the PDOS of the axial O(2) relative to equatorial O(1) ions in the T phase, with O(2) 
being less bound, due to the larger bond length. 
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3.2.2. T* phase. The crystal structure for (Lal-,Gdx)zCu04 and (J.al-,Gd,)2Cu~-,Fey04 
was taken from the work of Gang Xiao et al on (Lal-,Gdx)l.~5 Sro.l5Cu04 (0.42 < x < 
0.49) [SI. As shown in table 2, the effective ionic configurations of centre Cu was found 
to be ~ u 1 . 7 5 + ~ ~ 9 . 1 5 ~ s 0 . ~ ~ ~ 0 . 0 2  W. ith a very small antiferromagnetic (AF, with respect to Gd) 
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spin moment -0.001 pg .  The oxygen effective charge in the centre plane (Ma bond 
length 1.92 A) is about -1.75e, with a very small spin moment 0.004 /LB. On the axial site 
(M-O bond length 2.41 A), the net oxygen charge is -1.83e and the moment 0.003 /LB. 
The effective charges for La ions on four (a.  b )  plane sites and the top axial site are all about 
+2.90e, with a low, ferromagnetically coupled moment -0.OOO1 p ~ .  For Gd atoms on four 
(a ,  b) plane sites, the effective charge is about t2.77e, with a large moment f6.91 p ~ ,  
We will see that this is very similar to the Gd configuration calculated for the GdzCuO4 T' 
structure. 

Fe impurity calculations were carried out on the same cluster, with Fe substituted on 
the Cu(1) site. The resulting valence electron charge and spin populations are given in table 
2. The effective charge of the centresubstituted Fe was found to be +1.93e, with a spin 
moment 3.92 p ~ ,  AF coupled to Gd. We also found, in this case, that the spin moments for 
oxygen in the (Q, b) plane and axial sites, and for La atoms both on four (a ,  b) and top axial 
sites, are greatly enhanced, with values 0.02, 0.02, 0.005,0.006 p g ,  respectively, oriented 
parallel to Fe. 

Valence charge density difference contour maps of (Lal-,Gd,)~CuO~ and 
(La1-,Gd,)zCu1-,Fe,04 on (100) and (110) planes are shown in figure 6(a) and 6(b), 
respectively. On the (100) plane, we can see that the charge densities of the four equatorial 
oxygen atoms are noticeably increased after substituting Fe for Cu as in the T phase. The 
balance between four equatorial 0(1) atoms and the O(3) atom on upper or lower (Q, b)  
plane sites has been altered, since the charge density contours are a little deformed toward 
O(3). The charge density around the axial O(2) atom is increased toward the centre site, but 
decreased toward the axial La(1) site. We have already noted that 0(1) and O(2) leave very 
similar spectral distributions, see figures 4 and 5 .  On the (110) plane, the charge densities 
around the Gd and La(2) ions are all increased after Fe substitution. Referring to table 2, 
we find that both charges decrease 0.01e compared to the pure Cu case; i.e. become locally 
less ionic. 

The PDOS for Cu(1) 3d, 4sp, O(1) and O(2) 2sp in (Lal-,Gdx)zCu04 are shown in 
figure 4(b), for Fe 3d, 4sp, Cu(2) 3d, 4sp, O(1) and O(2) 2sp in (Lal-,Gd,)2Cul-,Fe,O4 
are shown in figure 5(b). Main features of T and T* phase DOS are very similar. The T" 
Cu 3d peak is relatively narrower, and the covalent Cu-0 structure does not extend as far 
below EE. The PDOS of the axial oxygen O(2) lies above that of centre plane 0(1) atoms 
by 1 eV, again correlating with its increased bond length. 

3.2.3. T' phase. For GdzCuO4, the effective configuration of Cu shown in table 3 was 
found to be C ~ ' . ~ ~ + 3 d ~ . ~ 4 s ~ . ~ ~ 4 p ~ ~ ~ ;  covalent charge sharing with oxygen in the (Q, b) 
plane. leads to an effective charge of 1.57e. The net Cu charges T (1.83) > T* (1.75) > T 
(1.57) thus correlate directly with the number of oxygen ligands. Spin on the copper ion at 
the centre is only about -0.02 p~g oriented in the opposite sense to the large Gd moment. 
Peripheral Cuq, also in the (Q, b) plane show a large m-coupled moment of -0.65 p~g. 
The Gd ions on the axial sites or on the (Q. b) plane, are found to have an effective charge 
about +270e, a little less ionic than the normal hivalent state. The Gd moments, near the 
attainable maximum, are all parallel with magnitude about 6.806.90 p ~ .  

Fe impurity calculations were carried out on the 27-atom cluster Fe-O(4)4d(8w(8)- 
Cu(4)-Gd(2) embedded in the previously obtained GdzCu04 self-consistent lattice, yielding 
a configuration of Fe'~w3d6~0'4s0-'14p0~Q with spin moment of f3.82 p~g. Covalent 
interactions with oxygen add O.lle and 0.04e to Fe 4s and 4p atomic orbital occupation. 
The fourfold equatorial oxygens exhibit ferromagnetic coupling to the central metal ion, 
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Table 3. Charge and spin atomic orbital population for T' phase M-0(4)-Gd(8)-0(8)-Cu(4!- 
Gd(2) clusten. 

M =copper M = h I  

Charge Spin Charge Spin 

Ma 3d 9.25 -0.019 6.01 3.791 
4s 0.14 -0.003 0.11 0.019 
4p 0.04 0.001 0.04 0.009 

Total 1.57 -0.021 1.84 3.817 
Ob 2s 1.97 O.0Ol 1.97 0.001 

2p 5.73 -0.013 5.76 0.100 
Total -1.70 -0.012 -1.73 0.101 
Gdc 4f 7.20 6.770 7.20 6.772 

5p 5.97 0.007 5.97 0.010 
5d 0.10 0.024 0.10 0.022 
6s 0.03 0.001 0.03 -0.003 

TOwl 2.70 6.802 2.70 6.802 
Cud 3d 9.15 -0,633 9.14 0.684 

4s 0.19 -0.014 0.19 0.022 
4p 0.03 -0.001 0.02 0.001 

Total 1.63 -0.648 1.65 0.707 
GdC 4i 7.11 6.843 7.11 6.857 

5p 5.96 0.019 5.96 0.023 
5d 0.12 0.037 0.10 0.032 
6s 0.03 0.001 0.04 O.OM 

Total 2.78 6.900 2.80 6.914 

2p 5.57 0.136 5.59 0.181 
TOwl -1.56 0.136 -1.59 0.182 

a Cu(1) or Fe &i the centre. 

Of 2s 2.00 -0.000 2.00 0.000 

O(1) on four (0, b )  centre plane sites. 
Gd(1) on four (a, b) plane sites. 
Cu(2) on centre p h e  sites. 
Gd(2) axial sites. 
O(2) on four (a. b) lower plane sites. 

with moment +0.10 p ~ ,  in marked contrast to their interaction with Cu. 
Valence charge density difference contour maps of Gd2CuI-yFe,04 versus GdzCu04 on 

the (100) and (110) planes me shown in figure 7(a) and (b), respectively. On the (100) plane, 
we can see that the equatorial O(1) charge densities and especially the bond region densities 
are increased after substituting Fe at the centre site. The bond length between oxygen and 
the centre site is about 1.95 A, which is intermediate to the values for the T phase. The 
charge densities on the next-nearest Cu(2) sites are somewhat decreased compared to the 
pure Cu case. 

The axial Gd(2) atoms have reduced interaction with the oxygen atoms 0(2) in the 
upper and lower ( U ,  b)  planes. On the (110) plane, we can see the charge density differences 
around the Gd atoms much more clearly. After substituting Fe for Cu, the fourfold Gd(1) 
atoms show a small increase in charge densities, polarized toward the axial Gd(2). while 
the charge densities around the Gd(2) atoms decrease. Thus secondary-bonding interaction 
effects due to Fe extend outward to at least third neighbours. 

The PDOS for Cu(1) 3d, 4sp and O(1) 2sp in GdzCuO4 are shown in figure 4(c). 
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Figure 6. - - - Valence charge density difference contour map of T phase: the difference 
~~al ,Gd,)~Cu,- ,Fe ,O~)1  - p[(La1-,Gd,)2CuOd on (a) (LOO) plane containing four 
equatorial oxygen, -150 c p < 0.30e/a& (b) (110) plane containing one axial oxygen, 
-0.55 c p c 0.80e/d. Contour interval is O.Ole/o:; dotted tines are negative values. 

Corresponding Fe 3d, 4sp are shown in figure 5(c). As may be expected from the foregoing 
discussion, the fourfold-coordinated Cu d bond i s  further narrowed in comparison with 
T and T” phases, and the ‘covalent tail’ is further weakened. There is one major peak 
for the Fe 36 PDOS around the Fermi level and several smaller peaks 3-8 eV below the 
Fermi level. Unlike the T and T* phases the Fe 3d speceum does not resolve itself into 
identihble ‘crystal field’, exchange splitting, and Fe U0 p covalency features. Rather, 
they are overlapping and mixed here, forming band extending to about 8 eV below EF,  
appreciably less (-10-11 ev) than that of the fivefold- and sixfold-coordinated phases. A 
small charge transfer to the Cu 4s. 4p states is noted. 
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.. 

Ffgure 7. - - - Valence charge density difference contour map of TI phase: 
p[Cd~Cn1-,Fe,0,)] - p[Cd,CuOa] on (a) (100) plane containing four equatorial oxygen. 
-3.40 c p c O.Me/a;: (b) (110) plane, -3.30 < p c O.OSe/a~. Cantour interval is O.Ole/ni; 
dotted lines are negative values. 

3.3. Hype&e interactions 

Theoretical &d experimental Mossbauer spectroscopy studies have been made concerning 
the hyperfine structures in iron-substituted superconducting oxides [4-71. In order to give 
an accurate description of p,(O) and p,(O), core polarizatiodrelaxation effects have to be 
considered. In the present work, core contributions were determined by separate numerical 
atomic calculations using the self-consistent atomic configurations. In this way basis set 
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truncation limitations were entirely avoided. The charge densities obtained here provide a 
means for interpreting the Is of the three compounds, which we wish to relate to coordination 
and bond length. 

The calculated EFG tensors for iron in T, T' and T' phases are listed in table 4. 

lsble 4. Hyperfine parameters for substitutiooal Fe impurity in T, T', and T' phases. Values are 
given for vdence eleetmn matrix elements v;," = a(3.z; - r2)/rS. The total m required 
to determine the quadruple splitting is found by combining wnviburions of exterior crystal 
ions, care electrons, and nuclei of the local duster with the appmpriate sign, as discussed in 
text. 

Tphare T'phase T'phasel 

charge density 
f i (0)  (e/aa) 
Valence 4.24 4.01 3.97, 3.88 
core 11868.97 11869.00 11870.18, 11870.92 
Spin densiiy 

Valence 0.65 0.47 0.31. 0.44 
care -1.10 -1.09 -1.31. -1.10 
Total -0.45 -0.62 -1.00, -0.66 
Fe 3d moment (~lg) 4.02 3.91 3.79, 3.9s 
EFG tensor 
(e&) v, = v,, -0.49 -0.38 -0.53, 052  
VZZ 1.00 0.76 1.07, 1.02 

a In ?* phase, values are given for simple fourfold substitution, and f a  a fivefold site with 
additional 0 at axial position as in T'. 

Pm @/Q 

In table 5, calculated and experimental results are presented for isomer shift, quadrupole 
splitting, and magnetic hyperfine field for Fe impurity clusters representing T, T* and T' 
phases. The experimental data refer to specimens containing 7% Sr substituted for La, 
i.e. ~a~_,Gd, ) , .~~Sr~ . l~(Cul_ ,Fey)O~.  Measurements have been made over the range of 
iron concentration y = 0.005 to 0.05; the y = 0.01 data are discussed here. According to 
our present understanding, we may distinguish five different spectra corresponding to five 
different hjpothetical Fe environments generated in the T + T + 'F phases encountered 
under Gd substitution for La. In the 0 Q x Q 0.4 range one finds 

(A) the 'ideal' T phase distorted octahedral sixfold site, and 
(B) a site associated with oxygen interstitials. 

In the 0.4 < x Q 0.8 range one finds spectra B and 

(C) associated with the 'ideal' T* fivefold pyramidal site. 

For complete Gd substitution, x = 1, we observe spectra C, and 

(D) associated with an oxygen interstitial, fivefold distorted pyramidal, and 
@) the 'ideal' T' phase fourfold site. 

The assignment of spectra A-E to specific site geometry and oxygen coordination is 
consistent with the observed amplitude dependence upon oxygen content, and the known 
propensity of iron to accumulate oxygen in its coordination region. 
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Table 5. Calculated and experimental isomer shift (mm s-l), quadtupole splitting (mm s-'), 
and magnetic hyperfine contact field (T) for Fe substihltion on Cu site in T, T+ and T phases 

T phase T* phase T' phase 

A B B  C C D E  

IS experiment' 0.00 -0.02 0.00 0.02 0.04 -0.38 -0.13 
m a d  0.00 0.05 -0.40 -0.23 

rhea@ 0.94 0.72 0.96 1.01 

mad -23.5 -32.4 -34.5 -52.2 

QS exp2dlEnf 1.69 1.46 1.04 0.73 0.60 0.68 1.62 

Q experimenf i 4 1  +46 -143 - 

Expimental resub for T, T and T systems with res@ to T phase; with reference to wFe, 
IS(T phase) = 0.27 mm s-' [27]. The measurements were made on Sr-doped compounds as 
follows: T phase: L ~ I . ~ S S ~ ~ . I ~ ( C Q I - ~ F ~ ~ ) O ~ ;  F phase: ~.;r).~sGdo.~s)1.s~Sals(Cu1-,Fe,)04; 
T phase: G ~ I ~ ~ S I O . ~ ( C U I - , F ~ , ) ~ ~ ,  with x = 0.01. Species A, B, C, D, E are discussed in 
text. 

Calculated results with reference to T phase using IS = A n  Ap,(O), AIS = -0.25 mm 0; s-l, 
Experimental data [271. 
Calculated wilh B = 11.77 mm ai b -' s-I, Q = 0.08 b, see (6). 
EXp.?ShEntal [ZS], 3% FdCU SubStiNtion, at 4.2 K. 
A, = 52.42 T 4. see (9). 

One aim of the present cluster calculations is to verify whether these assignments are 
compatible with theoretical electronic structures. In order to minimize systematic errors due 
to basis set incompleteness, cluster size effects, relativistic effects, and intrinsic errors of 
density functional theory, table 5 shows the calculated Is results with respect to a reference 
state La~Cul-,Fey04, y + 0 using equation (5) with A B  = -0.25 mm U: s-'. For the 
T' phase we considered fourfold substitutional Fe (-0.23 mm s-I) and Fe in fivefold 
coordination (-0.40 mm s-I) similar to that found in the T* phase. The results are 
reasonably close to the experimental data, noting again the essential Sr content (due to 
lattice stability requirements) of the specimens. 

We further considered some effects of local lattice relaxation on the sixfold, fivefold, and 
fourfold Fe-0 bond lengths in T, T', and T' phases respectively. The calculation results 
show that the IS increases in each phase as the bonds shorten at the rate &s/ (SR/R)  Z 
T (-2.0) .e T(-2.2) < "(-5.2) mm s-I. Concerning the T' phase, we see that a 3% bond 
contraction of the relatively open fourfold coordination could reproduce the experimental 
value at -0.38 mm s-]. However, that would leave unexplained the -0.23 mm s-' value 
which we have assigned as the unrelaxed fourfold site. A more natural explanation, which 
also fits the data, is that Fe has sometimes accumulated an extra apical oxygen (-0.40 
mm s-I) essentially identical to that found in T'. In any case, our results demonstrate that 
the IS is a sensitive function of the F e 0  bond length and coordination. 

Using (6) and (7) with Q(57Fe) = 0.08 b and the data in table 4, we find ~ s s ( ~ ~ F e )  = 
0.94 mm s-', 0.72 mm s-', and (1.01,0.96) mm s-', for T, T*, and T' phases respectively. 
The experimental data for QS in the three phases are reported in [27]; several distinct spectra 
are observed. In the T phase, Qs of about 1.69 nun s-' and 1.46 mm s-', in the T" phase, 
1.04 mm s-' and 0.73 mm s-l, and in the T' phase, QS = 0.60 mm s-', 0.68 mm s-', and 
1.62 mm s-I. The 57Fe nuclear quadnipole moment Q is generally estimated to be in the 
range 0.08 M . 2 1  b, with the smaller values preferred. Thus we use the value Q = 0.08 b in 
the data presented in table 4, for unrelaxed lattice sites, and in the case of T', an additional 
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fivefold site with interstitial oxygen. The multiplicity of experimental data makes unique 
definition of sites difficult. We see that measured T phase values are 55 and 80% larger 
than calculated values; this could suggest a larger value of Q, or a locally relaxed lattice 
geomeby. The calculated sensitivity of QS to local Fe-0 bond contraction is rather large: 
~ Q S / ( ~ R / R )  E 1.0 mm s-’ for T and T’ phases, and 5.5 m s-’ for T* phase, However, 
a 6% bond contraction in sixfold coordination only raises QS to 1.0 mm s-l. We suggest 
that a value of Q Z 0.13-0.14 b would be generally more consistent with experiment. 

The calculated Fe magnetic hyperfine fields H,(O) are -23.5 T for T phase, -32.4 T 
for T’ phase, and (-52.2, -34.5) T for T’ phase. Experimental absolute values for spectra 
B and C are 46 T and 43 T respectively; while even at a temperature of 4.2 K no clear 
magnetic hyperfine pattern is found in the T‘ phase, only a rather broad line indicating 
the presence of relaxation effects [28]. This can be rationalized in terms of fast Fe spin 
fluctuations, permitted by the weaker coupling to neighbouring Cu of fourfold-coordinated 
Fe. Applied field measurements are being undertaken to resolve this point. 

The Fe magnetic hyperfine field is dominated here by the negative core polarization 
contribution. For a fixed 4sp population the core field will be proportional to the driving 
3d electron moment; the proportionality of the moment and Hs(0) is often assumed in 
analyses of experimental data. However, with variation of the dffise 4sp occupancy due to 
interactions with ligands, this proportionality is lost, as can be seen in table 4. The sizable 
positive 4s contributions to H,(O) have to be invoked to explain properties of iron alloys 
and metallic impurity systems. Only the electronic spin contact contribution is considered 
here and no attempt has been made to include orbital and dipolar contributions from other 
crystal sites, as they are considered to be relatively small. The calculated Hs are in only 
fair agreement with experiment; the most obvious defect being the too-weak predicted field 
for the octahedral T phase site, which is correlated with the too-small Cu moments also 
calculated. In view of the sensitivity of Hs to the diffuse 4s contributions just discussed, 
it seems that further magnetic studies should be carried out in the context of larger cluster 
models. 

4. Conclusions 

We have reported theoretical calculations of electronic structure and hyperfine interactions 
of iron substituted for copper in T, T*, and T’ phases of O;al-xGd,)zCu04, using an 
embedded cluster model. The local density results have been discussed in the light of 
Mossbauer measurements and structure data for sixfold (T), fivefold (T’) and fourfold (T’) 
oxygen coordinations to Cu and Fe. We find that while formally divalent, the net charge 
on Cu diminishes with reduced oxygen coordination T > ‘Ig > T’: 1.83 > 1.75 > 1.57e. 
Thii reflects the reduced ionic binding capacity of 6-, 5-, and 4- ligands, and appears 
primarily as an increase in the Cu 3d population. The predicted net Cu spin, induced by 
the large but distant Gd moment, remains very small, attaining -0.02 p B  in T‘. This is 
one order of magnitude smaller than experimental values. Iron substituting for Cu is also 
formally divalent, with calculated net charge trend T > T’ > T: 2.06 > 1.93 > 1.84e 
similar to Cu. A high Fe spin moment associated with the d6 occupancy is found, with 
values T > T* > T’: 4.13 > 3.91 > 3.82 p~g,  which are consistent with large experimental 
H,(O) values. 

The experimental IS falls generally within the range normally associated with the d5 
configuration of trivalent iron [29], with one exception, the line ‘D’ of the T’ phase. Our 
calculated 3d populations (e.g. 3d5.85 in unrelaxed T phase) include both an ionic ‘crystal 
field’ component and a contribution arising from Fe-0 covalency. In strongly covalent 
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oxides, the latter contribution can amount to 0.5-1.0e 1301, thus accounting for the apparent 
discrepancy between the experimental assignment of ionic state and calculated charges. 
On the other hand, the S?+ + La3+ substitution in the real materials creates a change 
imbalance which has to be compensated by the lattice. It is possible that iron located near 
Sr sites may adopt the Fe3+ state, and further calculations to explore this possibility would 
be interesting. Work in progress seeks to determine electronic structure associated with 
divalent dopants [31]. 

Hyperfine properties (IS, Qs, Hs) associated with the Fe-substituted Cu site show trends 
similar to experiment, but interpretation is complicated by the presence of multiple sites in 
each phase. We have considered a local lattice relaxation model with six-, five- and fourfold 
oxygen atom contraction around the centre iron, to demonstrate the high IS sensitivity to bond 
length. The second, larger Is (-0.38 mm s-') seen experimentally in the T' phase is sbong 
evidence for an Fe site which has accumulated an additional oxygen ligand. The calculated 
IS = -0.40 mm s-' is close to experiment, while the calculated QS = 0.96 mm S-I is 
larger than experiment (0.75 mm s-I). We have already noted that QS calculated for T and 
T* phases are about $ of experiment at values, perhaps due to the choice of Q 2 0.08 b. 
However, lattice distortion is also indicated as important in T', since the theoretical QS for 
the fourfold site is too large. We suggest that energy minimization studies of local relaxation 
will be needed to resolve further details of the local geometg. The predicted large moment 
and 52 T contact field in the fourfold T' site await experimental confirmation. 
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