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 Electric field gradients at IHCd in binary oxides

D Wiarda, M Uhrmacher A Bartos and K P Lieb

lI Phy51kahsches Institur, Umversxtat Gdingen, D-3400 Gbmngen, Federal Republic of
Gennzmy .

keceived 15 Septeinber‘ 1992, in final form 19 March 1993

Abstract. The electric field gradients (grGs) of !'!Cd at substitutional sites in binary oxides
of different crystal structures obtained in perturbed angular correlation (PAC) experiments are
~ collected and compared to point charge model {pcM) calculations. The error of the calculated
EFGs is estimated from the experimental error in the crystal parameters. The BCM seemstobe a |
_good approximation for oxides with bond lengths exceeding o =~ 2.1 A and here the theoretical
-shlcldmg factor ¥ can be used: The application of radially dependent shielding factors for
d.< 2.1 A where covalent bonding prevails is discussed. :

1. Introduction

In recent years a large nurpber of electric field gradients (EFGS) of 1Cd 1mpur1ty atoms

on substitutional cation sites in binary oxides has been collected [1]. In most cases the

11y mother activity was implanted into polycrystalline samples and appropriate annealing

procedures ensured the !!'In probe to be-at undisturbed substitutional sites. All next-
neighbours of the impurity probe wiil be oxygen ions, their number, distance and spatial

distribution being - determined by the actual oxide matrix. Furthermore, many of the
oxides studied show predominantly ionic bonding. Therefore the large sample of PAC data
coltected for In/11'Cd in oxides may serve as a basis for empirical comparisons between .
the hyperfine interaction (HFI} parameters found with different oxygen coordinations. As

Min/MICd is an impurity atom, one might ask whether it acts as an ‘ideal observer’ or

to what extent it disturbs its local environment. Therefore it is important to investigate

the influence of the probe atom itself on the measured EFG as well as on the local oxygen

configuration. Several oxides exhibiting magnetic phase transitions have been shown to

-display a critical behaviour independent of the chosen probe atom [2].

The clearest dependence of the EFG on the lattice constant was found for the oxides
crystallizing in the bixbyite structure [3]. This class is now well examined by PAC
experiments using the '¥n/''Cd probe [3,4]. Since In itself crystallizes as InpO; in
this structure (where the 1'1In probe is no impurity atom), it is very promising to observe -
that in all other oxides of this class the PAC data correspond to different EFGs, and not to
that of InyOs. Similar observations were made in other crystal classes and clearly suggest
that, in fact, the impurity probe "!In/!"1Cd behaves as an observer.

" The exact calculation of the EFG in a crystal can be extracted, in pnnc1p1e from self-
consistent field calculations of the total wave function. This has been done in metals -
with nearly all approximations of wave functions and potentials (see for example [5]). In
oxides these calculations are much more difficult as the crystal structure is normally -more
complicated [6]. Detailed theoretical work has been carried out concerning the EFG of Al in
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AlOs (see [7] and references therein). Blaha ef al [8, 9] used the LAPW methad to calculate
the EFG in different oxides, but not for impurity atoms. At present, Kranefeld and Fritsche
[10] are expanding this method in order to calculate the EFG of ''Cd in TiO;. Nagel {11}
used an MSX,-cluster method for calculating the ERG of '"'Cd impurity atoms in CupQ
and Ags0. In the case of «-FeyOs, the EFG of Fe has been calculated by Beri et al [12].
To our knowledge, no self-consistent field calculations of the EFG at !*Cd sites have been
performed so far for the oxides discussed in this paper, with the exceptions given above,

Alternatively, in the case of a pure ionic compound the point charge model (PCM) may
work. In fact, it is often the only access to theoretical predictions. It is the aim of this paper
to compile the experimental PAC data on oxides and to compare them with PCM calculations.
This will to some extent answer the following questions: Under what conditions can the
‘simple’ PCM be used? What are its limitations and for what reasons? What other effects
have to be taken into account? As an example, we mention the cases of S-Fe,Os and
Mn,;05: both oxides have the same lattice structure and lattice constant, but show quite
different experimental EFGs [4], due to their different covalencies. At close distances to the
next neighbours, covalent bonding is expected and the spatial distribution of the electrons
should influence the EFG. The electronic shell of the probe atom itself also has a strong
influence on the EFG. This can be taken into account by ab initio EFG calculations which
have recently become feasible in the case of oxides [7,13, 8] The PCM may incecrporate
these effects by the use of proper shielding factors [14-16].

2. The electric field gradient

In this paper we are concerned with the EFG measured via its interaction with the electric
quadrupole moment Q of the intermediate level of the probe nucleus "'Cd. The £FG is
the second derivative of the electric potential ¢ and is therefore a symmetric tensor of rank
two: :

V) = 8%p/3x,0x; ey
and the trace obeys the inhomogeneous Poisson equation
Vi + Voo + Viy = dmp _ 2

where p is the charge distribution of the probe nucleus. This tensor can be divided into two
symmetric tensors [5]

Vi =V — &y : : 3

where Vi; is a traceless tensor.

An external field leads to a splitting of the mn substates of the intermediate 5/27 state in
M1Cd, giving rise to a time dependent modulation of the measured y intensities, as described
in [17,18]. An external charge distribution overlapping with the charge distribution p of
the probe nucleus will not cause any changes in the relative distances of the m substates [5].
Thus, in the case of PAC measurements it is sufficient to discuss the traceless symmetric
tensor Vi;. This tensor can be diagonalized and two numbers are sufficient to define it.
Ordering the eigenvalues as

V1| < |Vazi < |Vas| 4
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the couphng constant

_ vg = 8QV33/h - ' - o N - ®
. as a measure of the highest elgenvalue Vaz, and the asymmetry parameter -
1= (Viy — Vn)/ V3. s 7 AR )

are normally used to define _thc Vi

, 3 The EFG. data base in different crystalline structures

Nearly all PAC data with mIn!“lCd in oxides have been obtained by 11lIn“‘ implantations
into polyerystalline samples at energies around 400 keV. The phases were usnally confirmed
via x-ray diffraction analysis. As the probe atom normally forms positive ions, it will
substitute cations in the oxides discussed. -In the following, only HFI parameters of probe
atoms on substitutional- sites are discussed. For an inspection of these assignments, the
- reader should refer to the literature given in the tables. Effects connected to the electron-
capture decay of !!''In ~ '!!Cd, so-called ‘after effects’ are not considered in this paper.
If the measuring teniperature is chosen sufficiently high, the hyperfine parameters v and
will not be affected by add:uonal dynamic 1nteracnons, ie. all PAC data were consnstentiy
analysed via static HFL

3.1 B:.xbyzte structure

The oxides crystalhzmg in the bixbyite structure can be descrlbed in the space group a3
where two inequivalent cation sites exist: 25% of the cations are surrounded by a nearly
regular oxygen octahedron (D site) and 75% by an irregular sixfold oxygen coordination
- (C site). In the PAC spectra taken in this class of oxides two main fractions are visible,
attributed to the two inequivalent cation sites, one with an asymmetry parameter 7 ~ 0 (D
- site) and one with n ~ 0.7 (C site). The expenmental hyperfine parameters are given in
table 1, along with the references.” . :

3.2. Corundum srructurer o

In the oxides ¢rystallizing in the corundum structure each cation is surrounded by a nearly
regular oxygen octahedron. The bond lengths between cations and oxygen ions are rather
small (1.91-2.02 A) as compared to the oxides crystallizing in the bixbyite structure. The
corundum structure is interesting as several theoretical papers are devoted to calculating the
EFG in AlOs [7, 19-25]. In pearly all PAC spectra one fraction with # =~ 0 and a coupling
constant of vy = 130-200 MHz was found. For the measured HFI parameters of TizO; no
unambiguous assignment to the 1attlce sites could be made until now, so here two values
are given in table 1.

3.3. Rutile structure

The rutile structure is one of the most common crystal structeres for AB; compounds with
netahedral coordination {26]. The symmetry is tetragonal with a flat unit cell containing two
" formula uwnits. In the regular rutile structure the cations are surrounded by six oxygen ions,
except in the case of the low-temperature form of NbQ,, which crystallizes in a distorted
" rutile structure. Here two inequivalent cation sites exist. Accordingly, a single EFG-is found
in the oxides TiO,, VO, and SnO; with 1 ~ 0.18 and two ERGs in the case of NbO;. The
_ expenmental valucs and the references are gwen in table 1.
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Table 1. For several oxides with different crystal structures the table first shows the average
distance of a cation to the rext-neighbour oxygen ions. The experimental HFI patameters from
PAC experiments are given which have been attributed to a substitutional probe location. The
next columns display the results of the pCM caleulations including the error due to the uncertainty
of the crystal parameters. Using the standard shielding factor i the PcM prediction can be
calculated. The last two columns give the ratios which are nsed in figures 4 and 5.

Sample Experiment pcM calculation

{d} volexp) vo(latt) vglpem) = volexp) rexp)
Oxide -(A) Reference (MHz) nfexp) Reference (MHz) n{pem) Boovo(iatt) vgllatt) n(pem)
Bixbyite, C site ) . )
In O3 217 [aae 1L 0.7102) 13) 327(36) 0.80(1%) 99(11) 3604 03545

2.19 [33P 11831y 0.71(2) 3] 2.93(36) 0.65(18) 89(11) 40(5)  1.08(61)
Y203 228 39 §92) 0772 [3] 234(6) 064(6) TH2) 382 1.20(42)
S0 212 [37] 132(1) o7 (3] 2.13(18) 0.30(18) 65(5) 62(6) 2.4(18)
- 2,12 [38] 132(1) 07 [3) 2.54(3) 0953 7D 521 0.75(3)
Dy20s 228  [40] 822y 081(5) [3] 3.31(63) 0.59(27) 100(19) 25(5) 13771
YheOs 224 141N 9Ny 0.75(2) [3] 2449y 07109  75(3) 402y  1.06(16) ..

225 [42) 91y 0752 (3] 25427 0.77(9) TV 38(5) 0.97(14)
Hop,Os 228 [41]) 81(2) 0.82(3) . [43] 4.04(36) 0.82(9) 122(11) 2002)  1.00015)
Gd 03 232 - [44) 64(3) 0.984)  [43] 249227 0.7H9)  75(8) 26(4)  1.38(23)
SmxQs 235 [44] 58(2) 091(2) [43] 24027 0.THDY  T3(3) 24(4)  1.28(19)
MnyQ3 204 [45) 208(1) 0.68(1) [4] 12.85(9) 0.27(9) 389(3) 16.2(2) 2.52(38)
pFea0Oz 204 [45,46] 165(1) 0.63(0H 4 12.85(9) 027(9) 38D 12.8(2) 2.33(81)

Bixbyite, D site

Inp03 2.19
. 216
Y204 228
8c03 213
212
Dy:0; 228
Yb 05 225
225
. HopO3 228
GdrQs 234
Sma0s 2,36
MnaO3  2.003
f-Fex03 2,003
Rutife
TiQ;  1.958
Sn07 2053
VO, 1919
NbO3 1.93
Corundam
AlLQs 191
Cra03 1.98
RhoOs 2041
Ti03 2.04
V203 2,07
w-Fe; Oz 2.02
-Gaz0s 2.00

B3 154() 0 13] 5.00(45) 0 151014 313  —
B3P 1541 0 3] 4.65(45) 0 141014)  40(5) —
[39] 150(2) 0 13) 50009) © 1513) 301 —
(37 - 166(2) 0O 3] 511(27) © 155]) 332 —
(38] 1662) 0  [3] 469(5) © 1422) (1) —
[40] 149y 0 T3] 7.57(89) © 09ET  2003) -
[41] 1542) © 3] 5.07(18) 0 1545) 30 —
[42] 154(2) - © 3 44427) 0 134®) 353 —-
(413 149(4) <003 [43] 6.05(45) 0 183(14) 25(3) —
(443 145(5) 0 [43] 4.89(36) 0 481 303 —
144} 144(3) 0 [43] 473(36) 0 4301 30@) —
145) 16(1) 0.112) [4] L70©) 0 523)  68(4) -
[45,46] 183(1) 0.05(2) [4] L70(9) 0 523)  108(6) —
126} 105(1) 0.18(1) [47] 1.15(22) 048(31) 35(7)  SI(I8) 0.38(26)
1261 171) 0.182) [48] 343(2) 0.18(10) 104(1)  34(1)  1.00{6)
[49] 89(1) 020(2) [50}  12(8)  O68(17) 363(242) 7G5}  029(10)
{51,521 201(19) 0.30(4) [53,54] 9(3)  055(35) 27291)  22(10) 0.55(42)
179(15) 0.50(14) 104)  0.35(35) 303(121) 18(9)  1.4(18)
[26] 194(3) 026(4) [55] 2.49(10) 0 75(3) 784 —
[26] 1492) <0.16 [56,57) 1.90(10) 0 583 T8 —
{58] 131(1)  0.19(4) [34] L10GT) © 33(29)  119(106) —
[26] I68(1F <005 = [47] 493(5) © 1492) 34D —
: 137Q2F 0.08(S) [47) 4935 © WD /L —
26] 126(1) © 1591 0.78(5) 0 24() I6I{i1) —
[26] 159(3) 0 [60] 166(15) 0 5005  96(11) —

[61] 182(2) 0 [62] 3413 0 103(9) 53(6)
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Table 1. (continued)

Sample . Experiment ) © - pcM caleolation
() - vglexp) vollat) - VQV(PVcﬂ?)= volexp) nlexp) -
Oxide (A) Reference. (MHz} n{exp) Reference (MHz) n{pem) Bovo(latt) vg(latt) nipem)
-Cuprite . ’ : S
"CuQ0 184 [26] [24¢1) 0 631 - 3156) O 954(18) e —-
Ag,0 204 [26] 1294) © 271, 23@) 0 705(6) 55(2) —
'Spinel, tetra- and octahedraf sites o _ '
Cox0s 193" [64] o 0 - [65) 0 0 S R —_
1915 {64] 146(1) <0.1  [65] - €08 0 <24 =183 —
Mnz0s 255  [66) 187(2) 0.8%(1) [4] ~ 3519 ¢ 106(3) 53 —
h - 260 166] 87(1) 0.13(6) [4] - T.76(36) 0.07(9)  235(11) gy —
Fes0p 193 [67] ¢ 1] {701 K18 ¢ 363¢91) ] —
' 1915 [67) K I ! 31)) 0 989(30) 13 —
Tenorite . S : - ’ S :
Cu0 223 [68] ©o420(1)y  0.42Q0) [63] 2L3(1) 02821 645(1). . 19.7(1)  1.4%(9)

AgO 227 [26] 3235 0.00(5) [27] 17.1) 0462 5213) 188(4) 0

Sodium éhioridc structure .
f691

CoQO 213 [26] 0o ' -0 0 0 0 —_ —_

NiC 208 "[26] - 0 0 [13 0 0 0 — —

FeQ 216 [26] 0 .0 [701- 0 -0 0 _ —
MnQ 222 [26] . 0 0 [54] 0 0 0 — — -
2 Cu Kee.

b Mo Ke.

¢ Still two assignments possxble.

34 Spine;l Structure

In the normal spinel structure, there exist two cation coordinations connected with different
ionic charge states. The 2% ions have fourfold coordination and the 3% ions have sixfold
coordination. Both sites are relatively regular. In an inverse spinel, the 3% ions are sitnated -
at the tetrahedral site and at the octahedral site 2+ and 3* ions are present. The distribution
of the various charge states over the octahedral sites may cause a problem in the PCM
- calculations. Here we have chosen a mean positive charge of 2.5 for all octahedral sites.
At the tetrahedral site of the normal spinel Cos04 and of the inverse spinel Fe;0s, the
probe atom '!Cd has zero coupling constant. At the octzhedral site the probe will find
a non-vanishing EFG with an asymmetry parameter of # = 0. The normal spinel Mn;O,
shows a distortion at room temperature due to a collective Jahn—Teller effect. Here the PAC
data exhibit rather large EFGs. The data and their references are summarized in table ‘1.

3.5. Tenorite and cuprite structure

In these structures the cations have fourfold or twofold coordinations. Those investigated
most thoroughly are the copper oxides CuOQ (tenorite) and Cu;O (cuprite). In CuO four
oxygen atoms have quadratical coplanar bonding to the copper atoms, while the structure
of AgOis more complicated as two-inequivalent cation sites are present. However, only
one HFI interaction was seen in the PAC spectra [27]. In the cupntes Cu20 and Ag;0 two

anions are hnearly bonded to one ca‘aon '
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3.6. Sodium chloride struciure

In this structure the cations of the transitional element monoxides NiQ, CoO, MnO and
FeQ are sixfold coordinated by a perfect octakedron of oxygen ions. In contrast to the
corundum structure, the EFG produced by more distant ions also vanishes due to the perfect
cubic symmetry of the lattice. Without a local distortion by the probe, a vanishing EFG is
expected and also confirmed by the data. Therefore, this crystal class plays no further role
in the pCM discussion, but the known data and references are incorporated in table 1 for the
sake of completeness. Well defined EFGs may be found in these oxides, too, but they are
caused by structural defects typical for the non-stoichiometry of these oxides.

4. PCM calculations

* In the PCM the electric potential ¢ is calculated by assuming point charges g,, of the formal
ionic charges of the anions and cations at the crystallographic locations. For a probe atom
located at the origin one calculates

Pod ¥ 2
VEM = Y g, e el - m
- bea |

where 7 runs over all ions in the crystal and g, is the formal charge of the ion. In the past,
several methods have been used to calculate this lattice sum [19, 20, 23, 28] the convergence
of which has to be tested. A regular lattice is described by the three lattice vectors a, b
and ¢, the angles &, £ and y between the three lattice vectors and the vectors (rg)f..; of
the basis [29]. Often the basis is given by the point symmetry groups characteristic of the
specific space group. Three parameters (x, y and z) describe the exact position in the unit
cell of an atom having the formal charge g,. The net charge in the unit cell is zero due
to the electrical neutrality of the crystal. The positions are usvally determined by x-ray or
neutron diffraction. For a regular lattice the summatior of equation (7) is therefore given
by _ :

LI O Y e )

PCM L' Lk Lk

Vitt= 20 D e - ®
I dady k=1 Mg

where 7y is the length of ]
ne= G +rda++db+G+rie )

and the 1, (m = 1,2, 3) are integers accounting for the translation invariance of the lattice,
Bersohn [19] and Sharma and Das [21] made a “polyhedron summation’ of equation (8) by
summing over all ions siteated in the largest sphere contained in the polyhedron

(ha + lab + Ledgem- ' (10)

Convergence is reached when the sums for (M — 1) and M do not differ by more than a
given small number. It is important to calculate the summation for all atoms in the basis in
the same way in order to avoid the appearance of demagnetization factors [28]. The sum
converges, however, if the summation over the unit cell is taken first, due to the charge
nentrality of the unit cell [28]. The summation is then taken over the polyhedron defined
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by (10). There exist also methods to ensure faster convergence of the lattice sum, one by
Artman and Murphy [20] and one by De Wette and Nijboer [28]. Such calculations gave
the same results as the much simpler direct summation, which was-usually preferred.

For the EFG at an Al site in Al; Oy the results of spherical summation and the summation
over the polyhedron are compared in figures 1(a) and (#). For the spherical summation,
the abscissa is the cut-off radius of the sphere around the probe atom in which all charges
are taken into account, while for the polyhedion summation the number M, defined in
equation (10), is given. In the case of AlbOz with a lattice constant of a =235 128 A,

M = 10 corresponds to a polyhedron with an edge-length of 102.6 A and is therefore

comparable to -a cut-off radius of 50 A. For all calculations in this paper the summation
was taken over the polyhedron. In figures 1(c)—(f) the different summation procedures are
- compared for Mny O3, where the EFG is not axially symmetric. Figures 1(e) and (f) show that
the'asymmeny parameéter n stabilizes for the same cut-off parameter as vg. Convergence
was assumed if the results of all six tensor components Vi; did not differ by more. than
10~5 ¢ A3, For an axially symmetric tensor this corresponds to a change in the coupling

constant of less than 2.3 x 1 10~* MHz. The curves in ﬁgurc i are plottcd far beyond the

convergence pomt

g: ab Alp03 a’t neo 'b)_ : |
= " ! - [ [ing04. C-sites
R o [ ,
~ spherical- £ polyhedron-summation | _wpllatt) = 327 = 636 MHz
. YY) P T P . e 1 1 . ) . s
1] 20 40 6 0 10 20 30 o
5 ' —
e - - 8 4
x ek | d} =
= * \W‘*’\r | " 'g |
fusy " , 3 |
= 13 } i - v . — . 3 wr
o . - . 'f - 1
T - b
- T SR T T I SRR SR N Rt . :
o6 | e : I I -
£ - . O F . i E 5
S 04r Lo - 1 & i
0z} I | R N
E - sphericel - polyhedron =summation .
o ) P — L ML N P 9 -” )
] 20 40 0. O 10 20 30 o 2
" cut-off radius [Al _" polyhedron-porometer M : vpilatt} 1MHZ]

Figure 1. Convergence of the £7G in the point charge model for Flgure 2, Distribution of vo(latt) for various
spherical (left) and polyhedron (right) summation: (a, ) 1''Cd . oxygen positions for the case of the C site in
in AlLO3 (n = 0); (cf) H1Cd in Mnz03 (7 #0). * Ing0s. , ‘

4.1. Shiclding factors

If the distortion of the probe atom’s electronic shell due 'to. the external crystal field is
not considered in a self-consistent field calculation, it has to be accounted for by suitable
_ shielding factors [14-16]. Shielding factors yu,, which describe the enhancement of the
- EFG due to an infinitely far away charge, have been calculated for several atoms [16]. The
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measured field gradient is then expressed as
V}‘l}ucleus — (1 _ 'Voo) V:rxt _ (11)

if V7 is the BFG produced by the external charges at the site of the probe nucleus.
Relativistic Hartree-Fock—Slater calculations of y, were carried out by Feiock and Johnson
[16]. Most ions with high atomic number Z show a negative sign of y,, leading to an
enhancement of the EFG V. The reported value for 11Cd is yoo = ~29.27 {16].

If the electronic shell itself produces an additional term V{i*!, the total EFG can be
written as [5, 6]

“;ét_ucleus = (1= ) V:“ +(1—R) V‘_sjhell' - (12)

Beri et al [12] showed for @-Fe,O; that further contributions to the EFG have to be considered
and that every contribution has 2 distinctly different effective shielding factor. Once again,
these calculations have not been performed for impurity atoms.

There exist theoretical predictions for the radial dependence of the shielding factors
for different probe atoms [30]. Here the effect of a point charge at different distances
from the electronic shell of the probe atom has been calculated without accounting for a
charge transfer between shell and point charge. For distances below the mean radius of a
2s electron no screening is observed. Only for higher distances does the shielding factor
increase and for large distances the total shielding factor of . is reached [30]). Arends et
al [30] suggested a parametrization of this behaviour:

7(r) = vooll1 — {1 +explr — o)/ 1)} (13)
where rg and r; are adjustable parameters.

. 4.2. PCM error estimations

Especially in the case of the oxides crystallizing in the bixbyite structure, the different sets
_of coordinates have a large effect on the calculated hyperfine parameters. This fact was
exploited by Bartos et al [32] who were able to refine the atomic positions by means of the
measured HF parameters assuming a fixed value of B = (1—¥x) = 30.27 for the shielding
factor. Nevertheless, errors of the structure data are a common problem in performing PCM
calculations in oxides, which has not been taken into account up to now. The possible errors
of the HFI parameters were estimated by calculating the EFG for the values p — Ap, p and
P+ Ap of every crystal parameter p. For each combination of ail p, a PCM calculation was
performed which gave a value for vgy(latt) and n(pem). As the result either a friangular or
a Gaussian distribution for vp(latt) and for n{pcm) was obtained. As an example figure 2
shows the distribution of vg(latt) for the C site of In;O3 for the coordinates obtained with
Cu Ko radiation, reported in [33). For the sake of simplicity, the mean values of these
distributions and their widths o were adopted in the following discussion and are listed in
the tables. The coordinates used in the calculations are either the most recent x-ray data or,
if available, single-crystal neutron difiraction data, It should be mentioned that the ‘naive
choice’ of the coordinates, without considering any errors, in most cases was in reasonably
good agreement with the mean values. If there are no high-accuracy determinations of the
atomic positions, an uncertainty of the PCM of 5-12% has to be expected.
In figure 3, we plot the calculated EFG

vo(pem) = (1 — yoo)vp(latt) = 30.27vg(Jatt) | (14)
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Bixbyite, C-site
- Bixbyite, D-site
Autile ’
Corundum |
Cuprite
Tenorite

Spinel

+ Cuzo

800}

= « o€ p v o

- 0 Ago0

6001

\.btexb)éo.ﬁlh,\b(pcm)

L00r

. Ypem) = 30.27vyflato MHz] -

ot | e
'/2 % A (e,p,-;wdp;m)

S0 100 200 300 400

vdmrp? [MHz)

- F'gnre 3. The predicted coupling constant vg(pcm) = Puvp(latt) is plotted versns the
expenmental value vg(exp). .

versus the cicperimentally determined vg(exp) to give a first impression of the consistency
of the approach. The scatter is dominated by the error of the PCM results, whereas the
experimental nncertainty of vQ is usua]ly smaller than the dot size. Figure 3 will be
discussed below.

A different way of presenting thlS compansou is plottmg the ratio B(exp) =
vg(exp)/vo(pem) (cf figure 4). This allows deviations from the ‘standard’ shielding factor
to be tested. As we expect a-radial dependence, S(exp) is plotted versus the average bond
length {d) which averages over the distances between the probe and all next-nelghbour
oxygen atoms. Again, mdmdual numbers can be found in the tables.

5. Discassion

Returning to figure 3 we see a clustering. of data points along the dotted line vg(exp) =
30.27vg(latt) = vg(pcm). These are mainly the bixbyite data. A second line vo(exp) =
3vg(pem) is clearly distinguishable which describes many corundum oxides. The two
tenorite values (CuO and AgO) correspond to vg(exp) = 0.64vg(pcm). This line represents
an upper limit for the bixbyite data cluster; the corresponding lower limit is given by
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Figure 4, The experimental shieiding factor 8(exp) = vg(exp)/vg(pem) is plotted versus the
average Cd-O bond length {d).

vglexp) = 1.2vg{pcm). Completely outside these regions we find the two cuprites Ag,O
and CuO and less far away from the line vg{exp) = vg(latt) the D-site data of 8-Fe,03
and Mll203.

One might ask what causes such a clear difference between the group of corundum
oxides and the D site of the bixbyites: in both cases ''!In/!''Cd sits at the centre of a fairly
regular oxygen octahedron. The mean bond length in the bixbyites is about d ~ 2.2 A, i.e.
considerably larger than in the corundum class with 4 >~ 1.95 A. For that reason we have
listed the average distance to the next neighbours, {d}, in the table and have used (4} as
abscissa in figure 4. For purely ionic bonding with bond lengths large enough to justify the
use of yo, equation (11) should be a good approximation. Indeed, for bond lengths larger
than 4 =~ 2.1 A the weighted average value of the experimental shielding factors Blexp) is
32.3 £ 2.4, which is in perfect agreament with the theoretical value of 8., = 30.27 [16].
On the other hand, if we use the limits found in figure 3, we see in figure 4 nearly all data
within the range 19 < A(exp) < 36 for {d) > 2.1 A. The rather large experimental errors
of the crystal parameters in the oxides partly account for the scatter of the S(exp) values.

For (d) < 2.05 A, the data seem to split into two groups, one centred around
Blexp) ~ 85 and the other one falling below B(exp) = 10. In earlier publications [1,34]
we attributed the high S(exp) value to the corundum structure, but now with this much
larger data base, it becomes evident that bixbyites and rutile also show a large f(exp) if the
bond length is small enough. The bond length 4 = 2.1 A finds a convincing explanation if
we calculate the sum of the radii of Cd?* and 07~ ions. Using the radii listed by Pauling
[35], we obtain deoy =~ 2.1 A and diep 22 2.5 A. These figures suggest that above d >~ 2.1 A
the probe atom is predominantly in an ionic bond for which case equation (11) is a good
approximation, For smaller bond lengths the electronic shell is altered due to a contribution
of covalent bonding and therefore a new contribution to the EFG arises. Different signs of
this contribution may explain the ‘splitting’ of the B{exp) values into two subgroups. The
influence of covalent honding was also shown by the MSX,, calculations of Nagel in Cu,O
[13] where the EFG of the 0—Cd-0 bond is predominantly due to the covalent contributions
of the p orbitals.

A different consequence of covalent bonding could be that 1 Cd introduces lattice
distortions which are obviously necessary if !!1In/""'Cd has to be placed within short bond
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lengths. In the case of the rutile TiO;, such distortions have been considered in the PcM by
- calculating the shifts in the nearest-neighbour shell and, indeed, a better agreement between
experimental and theoretical HFI parameters was reached [36].

- In the following we compare the experimental asymmetry parameters with thosc'
calculated by the PCM. In the PCM the axial symmetry of the EFG (n = 0) will be preserved
even if the experimental errrors in the crystal parameters are taken into account. This is due
‘to the fact that specific point symmetry groups are fixed. In such cases the average distance
{d), given in the tables, reflects only the error of the lattice constants which is smaller by
one order of magnitude. As a consequence, if the local environment s highly symmetric,
one obtains an axially symmetric EFG, regardless of the shift parameters used for this point

~ ~_symmetry group. This is true for the oxides crystallizing in the corundum structure and for

the symmetric D site in the bixbyite structure. In- these cases. the data yield » ~ 0. For
5 # O the shift parameters used for the refinement of the specific point symmetry group can
substantially alter n{exp) and therefore introduce rather large uncertainties in 7.
, In figure 5 we plot the ratio n{exp)/n(pem) versus the average bond length {d}. The
. figure contains the data of rutile and the C-site-bixbyite oxides.- Again, above a bond length
of d =~ 2.1A the agreement between experimental and theoretical data is rather good. Below
this bond length n(pem) clearly exceeds n(exp). Rather large deviations occur again in the
- cases of B-Fe;Os and Mny03 where the experimental value of n(exp) ~ 0.6 is at variance
" with the theoretical value 7(pem) = 0.27. A similar disagreement is visible in the case of -
- 8cy0s if ‘we use the coordinates of [37], but not if we use the coordinates of [38]. This
again demonstrates that the. crystal parameters have a crucial effect on the PCM results. |

. ] hl ,}4{4%?
PILRL

1.8 a0 i 22 : 24

lexpl 74 lpem)
o

“bond length @ [A]

Figure 5. The ratic #(exp)/n(pem) is plotted versus Flgm'e 6. Structure of the 1rregula.r oxygen octahedron . -
the average Cd-O bond length (d). . ~ (D site) in the bixbyite Mn,Os3.

. Asthetwo bixbyite oxides 8-Fe,03 and Mn»O; are clearly déviate from the systematics
of figures 4 and 5, we show the local structure of the irregular site in the MnyOs in figure 6.
"The bond lengths range between 1.89 and 2.24 A and therefore cover a region where,
according to figure 3, the experimental shielding factor will change dramatically. Therefore
we tested in. this case a radial-dependent shielding factor, using the parametrization given
in- equation (13), which still does not take into account any covalent bonding of the probe
atom. Values for rp and r| were chosen yielding y(r) ~ 0 for r < 1.5, where accurdmg
to Foley and Tycko [30] no screening occurs, and y{(r) = v, for r 2 2.1 A where a
constant shielding factor y{r) = 3, is sufficient to describe the data. The chosen valves
~of rp = 2.0 and 7y =0.1 are not unambiguous, but reproduce the trend of the dependence
. of the coupling constant and the asymmetry patameter. This phenomenological approach
- results in vg(pem) = y(r)vg(latt) = 165.5(9) MHz with = 0.66(3) for the C site. For the
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symmetrical D site, vg(pem) = 60(2) MHz and = 0 were calculated. Only in this case
does the radially-dependent shielding factor give better agreement with the experimental
HFl parameters. However, in the rutile oxides TiO; and SnQO, the theoretical asymmetry
parameters are still higher than the experimental values. This may point to lattice distortions
due to the probe atom [36].

6. Conclusion

The systematics of EFGs at substitutional ''Cd in binary oxides presented here combines,
for the first time, the hyperfine parameters of always the same impurity atom in several
classes of compounds with different crystal structures, ionicities, magnetic and conduction
properties but the same atoms as the next neighbours. In many oxides the PCM has been
shown to be a good approximation for calculating the EFGs. The calculated values crucially
depend on the crystal parameters and their experimental errors. This can cause a problem
in oxides as the oxygen coordinates are often not very precisely known. Within these PCM
errors, a good agreement between experiment and calculation was found for bond lengths
larger than & =~ 2.1 A. Here the theoretical shielding factor Be = 30.27 for an infinitely
far away charge can be used. This distance corresponds to the sum of the radii of an 0%~
and a Cd?* jon. ,

At smalier distances, where overlapping orbitals are present, the bonding and the
electronic shell of the probe atom are changed and therefore other contributions to the
EFG have to be considered. The data at shorter distances indicate that the extra EFG may
have a different sign compared to that of V33(latt). Furthermore, the calculated asymmetry
parameters do not fit to the experimental ones. This one may take as a hint that the extra
EFG has a different sign and orientation. Alternatively we assume that the probe causes a
distortion among its next neighbours as suggested in TiO, and SnO» [36]. Such a distortion
is more probable in the case of short bondlength. It would cause a different EFG, but the
distortion cannot be predicted by the PCM. The use of a radially-dependent shielding factor,
in a parametrization given by Arends and Pleiter [31], proved to be useful in some cases
where the bond length varied over a large range for one specific local environment as for
example in Mn;Q5 in comparison with other bixbyite oxides.

Despite the success of the PCM in predicting the EFG at !1'Cd in oxides with the Cd-O
bondlength exceeding 2.1 A, a better theoretical understanding of the EFG would be desirable
which could be achieved, e.g., by performing ab initio calculations. The large amount of
new experimental data collected here might initiate a new attack upon this still unsclved
problem.
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