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Ba2ZnF6 is one of the few host lattices in which Cu2+ can be stabilized with a dzz ground state by isomorphous substitution of 
Zn2+ (center I). Cu2+ is forced to adopt a strongly tetragonally compressed octahedral coordination in this case due to the strain 
of the ZnF6 host polyhedra, which are slightly distorted in the same way. EPR and ENDOR investigations, which were performed 
on Cu2+-doped single crystals grown by the Bridgman technique, revealed the presence of a second center (11) with a d+z ground 
state (g,, = 2.43,, g, = 2.076). Center I 1  was identified as Cu2+ on an interstitial site with a quare-planar F coordination, which 
is otherwise only known for Cu2+ in CaCuF+ The temperature-dependent g a s  well as copper and fluoride hyperfine parameters 
of center I (4.2 K: g,, = 1.99,, g, = 2.36,) are interpreted in terms of a slight admixture of dx+z caused by vibronic coupling, 
which increases with temperature. The ground-state potential surface, the vibronic wave functions, and the corresponding energy 
levels have been numerically calculated. The transferred spin densities of the two centers, derived from the ligand hyperfine 
structure at 4.2 K (25 & 2%) are comparable to those of Cu2+-doped K2ZnF4 (dzz ground state). The mixing coefficients for the 
dx2-,,2 and dzz orbitals in the ground state M O s  of the three centers are practically identical (a = 0.92). 

I. Introduction 
Ba2ZnF6 is one of t h e  few host compounds in which Cu2+ can  

be  stabilized-by isomorphous substitution of Zn2+-with a dzz 
ground state . '  The ZnF, octahedra are slightly tetragonally 
compressed in t h e  c direction of t h e  uni t  cell (Figure 1).2 The 
bonding anisotropy probably originates from t h e  s t ructural  pe- 
culiarity in the compound, where the equatorial F ligands linearly 
bridge two Zn2+ ions, while t h e  axial ligands are only involved 
in the  coordination to the  large Ba2+ cations. I t  has already been 
shown by EPR spectroscopy on powdered mixed crystals of 
Ba2Znl-,Cu,F6 t h a t  a t  low cu2+ concentrat ions t h e  g values 
correspond to those t h a t  are expected for a d,l ground s ta te  and 
hence a tetragonally compressed Cuf6 octahedron. T h e  host site 
s t ra in  apparent ly  de te rmines  t h e  "sign of t h e  Jahn-Teller 
distortion" a t  low x values (compression), while above x i= 0.6, 
cooperative elastic interactions between neighboring CuF6 poly- 
hedra induced an antiferrodistortive order of elongated CuF, 
octahedra (with an or thorhombic component), in which t h e  long 
Cu-F spacings are located al ternately in t h e  [loo] a n d  [OlO] 
directions of t h e  uni t  celL3s4 

It is t h e  intention of this paper  to  s tudy t h e  interplay between 
t h e  Jahn-Tel ler  effect and t h e  host s i te  s t ra in ,  tending toward 
elongated and compressed octahedra, respectively, in a more 
quant i ta t ive manner on t h e  basis of the EPR and t h e  ENDOR 
spectroscopy of Cu2+-doped Ba2ZnF6 single crystals. The tem-  
perature dependence of the  g values has been interpreted in terms 
of t h e  ground-state  potential surface using a vibronic coupling 
model. A similar calculation has  previously been performed for 
Cu2+ in K2ZnF4,5 which has a similar layer s t ructure ,  bu t  with 
a much less pronounced tetragonal compression of the ZnF, host 
polyhedra. 

Because Ba2ZnF6 is an incongruently melting compound, it was 
not easy t o  grow homogeneous single crystals. Surprisingly t h e  
crystals  contained a small  proportion of a second Cu2+ center  
(center  I I ) ,  which is not present in powder samples  prepared a t  
temperatures  far below t h e  melting point.2 ENDOR in combi- 
nation with EPR spectroscopy has been used to  analyze the  nature  
of center 11, which has a dA9 ground state. ENDOR spectroscopy 
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was also used to  measure t h e  fluoride hyperfine s t ructure  of this 
center  with high resolution, which allowed t h e  determinat ion of 
the  Cu - F unpaired spin density t ransfer  with ra ther  high 
precision. 

11. Experimental Section 
A. Single-Crystal Growth. According to the phase diagram of the 

system BaF2-ZnF, (Figure 2 ) 6  the single crystal growth of the incon- 
gruently melting compound Ba2ZnF, is only possible along the liquidus 
curve connecting the peritectic point P with the eutectic point E. The 
c and T values of these invariant points have been corrected by differ- 
ential thermal and X-ray diffraction analysis to Tp = 814 "C at  c, = 59.5 
mol % BaF, and T, = 788 OC at c, = 53.5 mol % BaF,. Hence, for the 
single crystal growth of BazZnF6, only a maximum concentration range 
of 6 mol % and a temperature interval of 26 OC is available, leading to 
a primary Ba2ZnF6 crystallization of 34 wt % of the ingot a t  most. 
Because of nonlinearity of the liquidus line between P and E ,  the un- 
dercooling and the crystallization intervals depend critically on the cru- 
cible lowering rate and the purity of the starting materials. For com- 
mercial BaF, and ZnF,, special purification procedures were necessary. 
BaF, (Merck, Suprapur) was purified by Bridgman growth under vacu- 
um [ IOd mbar] in graphite crucibles with addition of 1-2 wt % PbF, as 
scavenger. ZnF, (JMC, puratronic) was purified three to five times by 
fractional high-vacuum sublimation with addition of 1-5 mol % NH4HF2 
for fluorination. Grown single crystals of the two components BaF, and 
ZnF, were completely transparent from the UV to the IR edge. The 
melting points of the purified materials were 1321 OC for BaF, and 947 
OC for ZnF,. 

Single crystals of BazZnF6 were grown by the Bridgman technique 
from nonstoichiometric melts with a starting composition of 41.5 mol% 
ZnF, and 58.5 mol % BaF, along the liquidus line between the peritectic 
point P and the eutectic point E. To find the optimum growth conditions 
for obtaining a maximum yield of perfect BazZnF, crystals, the essential 
parameters (temperature gradients in melt and crystal, lowering rates of 
the crucible, crucible materials and shapes, nucleation and seeding, and 
heating and cooling rates) were systematically varied. The crystal 
growing furnace consisted of a double-walled stainless-steel chamber, 
which was water-cooled and evacuable. As a resistance heater, a self- 
supporting bifilar graphite helix (inner diameter 40 mm, length 1 1  5 mm, 
wall thickness 5 mm) was used. At a growth temperature of ca. 805 "C, 
the temperature gradient in  the zone with the highest temperature of the 
helix was about 65 OC/cm. The crucibles were made from spectroscopic 
grade graphite and had a conical tip with a capillary (diameter SI mm, 
length 35 mm) for nucleation. The crucible lowering rates were about 
0.16-0.62 mm/h. Ba2ZnF6 crystals were grown under vacuum (IOd 
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Figure 1. (A) Unit cell of Ba,ZnF, and coordination polyhedron of Ba2+. 
Possible positions of Cu2+ (center 11) are additionally marked (a* ,  b*).  
Reprinted with permission from ref 2. Copyright 1967 Barth. (B) 
Position of cu2+ (Centre 11) in the plane of corner-connected ZnF, 
octahedra: (+) ZnZ+ vacancy; ( X )  interstitial Cu2+. 
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mbar) in order to reduce the oxygen content to a minimum. Vacuum 
conditions could be used without changing the stoichiometry because at  
the growth temperature of 805 'C there was no noticeable evaporation 
of one of the fluoride components. The heating and cooling rates were 
25 and 5 T / h ,  respectively. The products obtained by this method had 
a cylindrical shape and consisted in the lower part of pure transparent 
crystallized Ba2ZnF6 and in the upper part of a eutectic composition. The 
Ba,ZnF, part consisted of  small single crystals of 40-400 mm3 size. 

X-ray diffraction analysis confirmed the formation of Ba2ZnF6. B ~ & I F ~  
crystals, doped with 0.5-5.0 mol 7% CuF,, were grown with an optimized 
crucible lowering rate of 0.28 mm/h. The procedure resulted in Cu- 
doped Ba2ZnF6 crystals of g o d  quality and homogeneity. They showed 
a weak blue-green color with a distinct pleochroism and a yellow-green 
luminescence at  X = 555 nm (UV-excitation: X = 313 nm). Lower 
growth rates as 0.28 mm/h as well as Cu concentrations of about 5 mol 
7% have led to inclusions of metallic copper in the surface regions due to 
the reducing growth conditions, which do not exclude the formation of 
Cu(0) or Cu(1). Most of the Cu dopant is in the (+II) oxidation state, 
however. 

B. Spectroscopic Measurements. ENDOR Investigation. In an elec- 
tron nuclear double resonance (ENDOR) experiment, nuclear magnetic 
resonance (NMR) transitions of neighbor nuclei of a paramagnetic center 
are detected via the intensity of a simultaneously induced slightly satu- 
rated EPR transition. The intensity of the EPR increases by about 1% 
when nuclear transitions are induced by a suitable radio frequency (rf) 
magnetic field. Thus it is possible to combine the high resolution power 
of NMR with the relatively high sensitivity of EPR.' ENDOR exper- 
iments were performed in an X-band custom-built computer-controlled 
EPR/ENDOR spectrometer by using the stationary ENDOR method.*q9 
For the ENDOR experiments, a microwave power of about 0.5 mW was 
applied to a cylindrical TEolI cavity with a loaded Q of about 10,000. 
The rf was chopped with a frequency of 1 KHz, and the change of the 
EPR absorption (the ENDOR signal) was detected by using an ordinary 
lock-in technique. ENDOR spectra were measured in the frequency 
range from 10 to 160 MHz at a temperature of 4 K. In order to de- 
termine the anisotropy of the ligand hyperfine interactions, the sample 
was rotated in  the (001) and the (010) or (100) crystal planes, and an 
ENDOR spectrum was taken for each angle step using 0.5' increments. 
Special software algorithms were used to process the data and to obtain 
the angular dependence of the hyperfine and ligand hyperfine interac- 
t i o n ~ . ~  
EPR Investigation. EPR measurements have been carried out with 

a Varian E-15 spectrometer operating at  X-band ( u  2 9.4 GHz) and 
Q-band frequencies ( u  = 35 GHz) at 298, =.130,77, and 4.2 K. X-band 
measurements were performed between 4.2 and 298 K by using an Ox- 
ford Instruments liquid-helium flow cryostat. DPPH was used as internal 
standard ( g  = 2.0036). Crystal slabs, which were polished parallel and 
perpendicular to a grown (001) face, were used for the measurement of 
the angular dependencies of the g and hyperfine tensors. For adjustment 
purposes, the crystal was located on the flat side of a quartz rod and on 
the face of a LiF cube in case of X- and Q-band frequencies, respectively. 
Uncertainties are estimated to be f0.002 for the g values and to f 2  X 

111. EPR Results 
The angular dependencies of the g values of the two different 

centers in the three mutually perpendicular planes (001) and (010) 
or (100) are depicted in Figure 3.  The symmetry axes of both 
centers clearly align with the c crystal axis. While the g tensor 
of center I is axially symmetric with respect to the c axis of the 
tetragonal unit cell, there may be a slight deviation from axial 
symmetry for center 11, which will be discussed below. Center 
I corresponds to Cu2+ in the tetragonally compressed F octahedron 
of the regular Zn2+ site. The low-temperature g values (4.2 K), 
g,, = 1.99, and g, = 2.36, (gav 2.24), are indicative of a 
essentially pure d,l ground state (see Discussion) and are very 
similar to those already reported for powder samples.' The g tensor 
is distinctly temperature-dependent, with an increase of g,, and 
a decrease of g,, as the temperature is raised (Figure 4). We 
explain this behavior by an admixture of dA9  into the d s  ground 
state  (see Sect ion V). 

Center I1 is clearly due to Cu2+ with a d+,,z ground state. The 
g values (4.2 K),  gll = 2.43, and g, = 2.076 (gav 2.19=J, are 
not significantly temperature dependent. 

Center I. The gll signal shows a reasonably well-resolved hy- 
perfine structure at lower temperatures (Figure 9, which is caused 
by the interactions with the Cu2+ ( I  = 3 / 2 )  and the six F ( I  = 
I / , )  nuclei. Computer simulations suggest the values IAll(Cu)l 
= 126 (2), IAI(2F(I))I = 137 (2), and IAf(4F(2))1 = 15 (2) (in 

cm-' for the A components-unless stated otherwise. 
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Figure 3. Angular dependence of the g values for centers I and I1 at 298 
K and 35 GHz with the magnetic field rotated in the (001) and (010) 
or (1  00) plane. 
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Figure 4. Temperature dependence observed for gll and g, of center I 
(circles). The variation of the gvalues calculated by the method outlined 
in Section V are shown as full lines. Parameters values A, = 673 cm-", 
hu = 220 cm-I, and f i  = 80 cm-' were used, with the axial strain pa- 
rameter being set at So = -500, -IO00 and -2000 cm-' for curves 1-3, 
respectively (see also Figure 1 1  B-D). 

units of IO4 cm-I, 4.2 K data, uncertainty width in parentheses), 
with the fluoride hyperfine parameters based on the coordinate 
system of Figure 6 .  The two former values match with those 
derived earlier from powder values.' The four-line fine structure 
of the g,, signal with two less intense satellites a t  higher and lower 
magnetic fields is explained by the assumption of nearly equal 
lAII(Cu)l and IAz42F( I))!  values. As IAl,(Cu)l decreases with 
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Table I. Fluoride and Copper Hyperfine Parameters (cm-I X lo4) 
for Centers I (4.2 K) and I1 (298 K) in Copper-Doped Ba,ZnF, 
Estimated from the EPR Spectra, with Values for K,ZnF,:Cu 
(Center 1; 4.2 K) Given in Parentheses (cm-' X IO4) 

atom A center I center I1  
F(I) 
F(2) 
F(1) 
F(2) 
cu 

a (26) 
A x'v' IS (14) 38c 

139 (133) 
a (49) 139 A 2' 

All 
A,  

126 (76) -148 
22' (-30) -13, -17 

'Not resolved. bEstimated value. CAssuming Ad N Av', 

increasing temperature, IAi(2F( 1))l also becomes slightly smaller 
(Figure 7).  Both variations may be explained by a dx2-y2 ad- 
mixture to the ground state that increases as the temperature rises 
(see Discussion). The expected rather small interaction with the 
equatorial F(2) ligands is nicely resolved at  temperatures 5 9 0  
k by imposing a quintet hyperfine structure on each line (Figure 
SB). 

Unfortunately g, ((001) plane) is not resolved in hyperfine 
structure components at all (Figure 8). This situation is different 
from that of Cuz+-doped K2ZnF4, where hyperfine constants 
IA,(Cu)l, IA&W))I, IA,OF(l))I, and IA&F(2))1 could be 
evaluated from computer simulations (Table I).'o However, in 
the case of Cu2+-doped Ba,ZnF6, lower values are expected for 
some of these parameters. In particular A,(Cu) is estimated to 
be only 22 x cm-I and also lAi(2F(2))1 should be smaller 
than 49 X cm-' (see Section VI), because almost no d.+y2 
admixture occurs a t  4.2 K (in contrast to the mixing coefficient 
of 0.2 for Cu2+ in K2ZnF4).5 This is because the tetragonal 
compression of the CuF6 polyhedra is more pronounced in BazZnF6 
and the transfer of unpaired spin density to the in-plane fluoride 
ligands is reduced in comparison to that of Cu2+-doped KzZnF4. 

The cause of the relatively poor resolution of the spectra of 
center I compared with those of center I1 (see below) is not readily 
apparent. Interactions between the paramagnetic species do not 
seem to be important, as broad signals were also observed for 
crystals containing very small concentrations of Cu2+. Possibly, 
inhomogeneous crystal strain effects are the dominant cause of 
the broadening. If these largely affect the orientation or bond 
distances of the axial fluorides, they would have little effect on 
the center I1 complex, assuming this to be the planar CUF,~- 
species. 

Center 11. The quartet structure of the gll signal (298 K) due 
to A,,(Cu) = -148 (2) X lo-" cm-l is superimposed by (partly 
overlapping) quintets caused by the superhyperfine interaction 
with four equatorial F(2) ligands: IAf(4F(2))1 = 41 (2) X IO4 
cm-l (Figure 5). A rather good agreement of the simulated with 
the experimental spectrum is obtained on the basis of these values. 

In the (001) plane a nicely resolved quintet signal is observed 
in the [110] (or [ T l O ] )  direction (Figure 8B). The splitting is 
obviously due to the interaction with the four equatorial ligands 
that are equivalent in this orientation (Aeff(4F(2)) = 104 (2) X 

cm-I). Each quintet line is further split by the interaction 
with the copper nucleus. However, the structure associated with 
this interaction exhibits translational symmetry, as expected for 
the superposition of two equivalent sets of lines separated by a 
small magnetic field (4 X lo-" T), rather than the inversion 
symmetry expected for a single set of EPR lines (Figures 8C). 
This separation corresponds to a very small in-plane g anisotropy, 
which may be caused by neighboring ZnZ+ vacancies in the lattice 
along the [110] or [I101 directions (Figure 1). The optimum 
simulation was obtained if a small anisotropy of the in-plane 
copper(I1) hyperfine values was also assumed (Table I). The 
signals in the [loo] and [OlO] directions are equivalent and consist 
of a triplet as a result of the interaction with two F(2) ligands 
along z'. Each triplet is split again into a triplet due to the two 
F(2) ligands along  figure 8A). The spectra in the (001) plane 

(IO) Hitchman, M. A,; McDonald, R. G.; Reinen, D. Inorg. Chem. 1986, 
25, 519 
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A 

Figure 5. Single-crystal EPR spectra with the magnetic field parallel to the [OOl] direction: (A) Q-band spectrum at 298 K (above) and simulated 
gll signal of center I 1  (below) [ A H  range = 790 G; IAn(Cu)l = 148 X lo4 cm-I; lAy (4F(2))1 = 38 X lo4 cm-'.I (B) X-band spectrum of center I 
a t  60 K (above) with simulation (below) [AHrange = 850 G; IAH(Cu)l = 126 X 10Jcm-'; 1Af(2F(l))l = 139 X lo4 cm-I; IA,44F(2))1 = 16 X lo4 
cm-I.] (The first two peaks in the low-field region are due to a partial overlap with center 11.) 

Figure 6. Coordinate system used to define the copper (unprimed) and 
fluoride (primed) hyperfine tensors. The fluoride z' axes are always 
pointing to Cu. For center 11, the fluoride F(l) is absent. 

can be simulated reasonably well with the parameter set: 
(2F(2))1 = 139 (2) X lo4, IAy(2F(2))) = 35 (2) X IO4, and 
)AI(Cu)l = 15 (2) X lo4 cm-I. The fluoride hyperfine values 
(Table I)  are consistent with those observed in the directions 
deviating from the Cu-F bonds by cp = 45O [Aerr(4F(2)) = 1 /  
21/2[(A,(2F(2)))2 + (Ay(2(F(2)))2]1/2 = 101 X IO4 cm-I] and 
also with those derived from ENDOR spectroscopy. 

IV. ENDOR Results 
Center I. In order to observe ENDOR signals a sufficient 

saturation of the EPR signal must be achieved without too high 
a microwave power being applied to the microwave cavity (I 1 
mW)." This was.impossible for center I even at the lowest 
available temperature of 3.5 K. Dynamic effects may be re- 
sponsible for the short electronic relaxation time TI, but also 
spinspin interactions between the Cu2+ centers due to clustering, 
which are well-known to significantly lower TI, cannot be excluded 
as a possible reason. 

Center 11. The electronic relaxation time TI for this center was 
considerably larger than that for center I, enabling successful 
ENDOR experiments. It was the main purpose of these exper- 
iments to clarify the lattice position of Cu2+ and to gain additional 
information about the electronic structure of this defect. In the 
first experiment, the static magnetic field was rotated in the (001) 
plane of the crystal. The angular dependence of the fluoride ligand 
hyperfine interactions is shown in Figure 9. This is described 
by the spin Hamiltonian in ( l ) , I l  where the symbols have the 

4 

k= I 
H = g&gB$ + (IkAkS - g i & i k )  (1) 

( 1  1) Schweiger, A. Srrucr. Bonding 1982, 51, 1 
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Figure 7. Temperature dependence of IA,,(Cu)l (left) and IAI(2F( 1))l 
(right) for center I. 

following meaning: &,_electron g factor; pB, Bohr-magneton; Bo, 
static magnetic field; S,  electron spin operator, I ,  nuclear spin 
operator; A ,  ligand hyperfine interaction tensor; gi, nuclear g value; 
pi$ nuclear magneton. 
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Fi@m 8. Single-crystal EPR spectra (35 GHz, 298 K) with the magnetic 
field parallel to [lo01 or [OlO] (A) and parallel to [110] (B). The 
experimental g1 signal of center I1 in the [I101 direction (above) is 
shown together with the simulated spectrum (below) [Mrange = 1400 
G; IA9(2F(2))1 = 139 X lo4 cm-l; IAd(2F(2))1 = 35 X lo4 cm-l; JA,- 
(CU)~  = 13 and 17 X I O4 cm-’1 in part C. A tiny anisotropy of 0,001 
in g, was assumed in the simulation (see text). 

In a simple first order solution of (l) ,  ENDOR lines are ob- 
served a t  frequencies, fENm~, given by 

f E N m R  / hlmsWlhf - d o l  (2) 

where h is Planck‘s constant, ms the electronic quantum number, 
and Wlhf the ligand hyperfine interaction energy, which depends 
on the Ak tensor components. The full bent lines in Figure 9 
correspond to calculated values of ( I ) ,  assuming the interaction 
of Cu++ with four fluoride ions in a square-planar geometry. This 
was verified by measuring the positions of the ENDOR lines, 
j&mR, as a function of the magnetic field, which indeed yields 
the nuclear gi value for fluorine according to eq 2. In Figure 9 
there are two sets of almost parallel bent lines. The lines of each 
set correspond to the values m, = and m, = according 
to eq 2, in correspondence with an electron spin of S = The 
small splittings of the experimental ENDOR, which are not taken 
in account by the calculation are due to second order effects in 
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Figure 9. Angular dependence of ENDOR lines for rotation of the 
magnetic field in the (001) plane [dots, experimental points (+8O cor- 
responds to the magnetic field parallel to [OOl] or [OlO]); full lines, 
curves calculated by fitting of free parameters-see text]. 
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Figure 10. Angular dependence of ENDOR lines for rotation of the 
magnetic field in the (100) or (010) plane ( + 2 O  corresponds to the 
magnetic field perpendicular to the c axis). 

the spin Hamiltonian (eq 1)  rather than to a deviation from an 
exact square-planar arrangement of the fluoride ligands. These 
reflect the strong interaction with those two fluoride ligands which 
lie in the magnetic field direction and give rise to the calculated 
upper ENDOR lines in Figure 9. Though there is no noticeable 
direct coupling between different nuclear spins, the strong in- 
teraction between the electron and a nuclear spin modifies the 
electronic wave function, leading to a line splitting for the in- 
teraction with a different nucleus. This mechanism is termed 
“indirect coupling” between nuclear spins. 

From the symmetry of the lines in Figure 9, it is apparent that 
the Cu2+ must reside on the [OOl] vector, which passes through 
the center of the unit cell sketched in Figure 1. Its exact position 
on this line was determined by an additional ENDOR experiment, 
where the magnetic field was rotated in the (100) or (010) plane 
(Figure IO). The two straight lines between 70 and 80 MHz are 
due to the interaction with the two fluoride ligands whose bond 
directions with respect to Cu2+ are perpendicular to the plane of 
magnetic field rotation. The observed two lines for this interaction 
again reflect the same indirect coupling effect discussed for Figure 
9. The fact that these lines exhibit no angular dependence (except 
for very small second-order effects) provides clear evidence that 
Cu2+ resides exactly on a mirror plane of the crystal perpendicular 
to the c axis. Again, there is no evidence for a distortion of the 
square-planar symmetry of the four fluoride ions around Cu2+. 
The strongly angular dependent ENDOR resonances represented 
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by the dots in Figure IO correspond to the hyperfine interaction 
with the Cu nucleus. This angular dependence is rather complex 
because of the presence of two Cu isotopes, the quadrupole in- 
teraction due to the nuclear spin I = )/, for both Cu isotopes, and 
indirect nuclear couplings with the fluoride ligands. Around Oo, 
it can be described qualitatively by the simple first-order equation 
(2). Because the frequency in eq 2 occurs as an absolute mag- 
nitude, parts of the angular dependence that would correspond 
to negative frequency values are folded back at the zero frequency 
line. A diagonalization of the spin Hamiltonian including, in 
addition to the effects described by eq I, the dipolar and quad- 
rupolar interaction with the Cu nucleus exactly reflects the ex- 
perimentally observed behaviour of the ENDOR lines. 

The interaction constants for the nearest-neighbor fluoride 
nuclei and the Cu nucleus obtained with ENDOR are identical 
with those obtained from the analysis of the EPR spectra. Lines 
due to interactions with nuclei further away from the center are 
not found in the ENDOR spectra. Their interaction constants 
must therefore be smaller by about 2 orders of magnitude com- 
pared with those for the analyzed interactions. 
V. Temperature Dependence of the g Values of Center I and 
the Ground-State Potential Surface 

As the temperature is raised from 4 to 290 K, the principal g 
values of center I tend to converge (Figure 4). The effect is very 
similar to that reported recentlysJO for the analogous CuF6+ 
complex present in Cu'+-doped KzZnF4, and to that observedB2 
for the centers C U ( N H ~ ) ~ C I ~ -  and Cu(NH3)(H,0)C14'- formed 
when Cu** is doped into "&I. The unusual behavior of these 
systems is thought to be due to the vibronic admixture of a small 
proportion ofd+? orbital into the predominantly dg ground state. 
A theoretical model has been developed that satisfactortly explains 
the temperature dependence of the g tensors of these complexes, 
and we report here the application of this approach to center I 
of Cu'+-doped Ba,ZnF,. The methodology of the calculations 
follows the procedure described previo~sly. '~~~J~ Basically, the 
method involves calculating the gvalues from the vibronic wave 
functions which are solutions to a vibronic Hamiltonian perturbed 
by a strain caused by the inequivalence of the fluoride ligands. 
The overall molecular g values a t  any temperature are obtained 
from the weighted average ofthegvalues ofthe individual vibronic 
energy levels as given by the Boltzmann population distribution. 
It is assumed that there is rapid exchange between the thermally 
populated vibronic levels on the time scale of the EPR experiment. 
The vibronic Hamiltonian is that of the usual Jahn-Teller cou- 
pling, Hrr, with the addition of terms representing the strain, Hsr. 
The approximation is made that the strain term does not destroy 
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the symmetry of the cubic part of the Hamiltonian, which takes 
the general 

where A,, A,, and K3 are the first- and second-order coupling 
constants and the cubic anharmonicity of the tetragonal component 
of the Jahn-Teller active c, vibration Q,, respectively, and ux, u,, 
and I are defined in eq 4. The energy of the cg vibration would 

be hu in the complete absence of the Jahn-Teller effect, and S, 
and S. are the tetragonal and orthorhombic components of the 
strain, respectively. All parameters in eq 3 are in units ofcm-I. 

(12) Riley. M. J.; Hitchman, M. A.: Reincn, D.: Steffen. G. Inorg. Chem. 

(13) Riley, M. J.;  Hitchman, M. A.: Wan Mohammed. A. J. Chem. Phys. 
1988, 27. 1924. 
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Figure 11. Left-hand side: Circular C ~ S S  sections of the Mexican hat 
potential surface along the angular cmrdinate at the radius po (=A,/hu).  
Right-hand side: Contour plots of the lower adiabatic surfaces. The 
contour interval is 40 cm-'. and negative energies are shown as dashed 
lines. Parameter values A ,  = 673 cm-', hu = 220 cm-', and 0 = 80 cm-' 
were used in each calculation, with the axial strain parameter being set 
at SI  = 0, -500, -1000, and -2000 cm-' for plots A-D, respectively. 

The desired energy levels and wave functions of the CuF6& 
complex are obtained by diagonalizing the matrix formed by 
applying Hamiltonian ( 3 )  to a truncated set of vibronic basis 
functions. This basis consisted of the two e, (dA+ dg) metal 
orbital wave functions and the N [=IJ2(ny + l)(n, + 2)]  two. 
dimensional harmonic oscillator wave functions of the cg vibration 
up to the level ny Because of the strong coupling, the linear 
displacement p is large, and a sizable basis set of vibrational wave 
functions is needed. In the present calculations a value of nv = 
30, corresponding to a basis size of N = 992, was found to provide 
a satisfactory convergence (this was tested by monitoring the effect 
of varying the basis size). Due to the large size of these matrices, 
a diagonalization routine was adopted that incorporated condensed 
storage techniques by using the Lanczos a lg~r i thm. '~  Neglecting 
the kinetic energy terms, in the absence of lattice strain, vibrational 
anharmonicity, and second-order coupling, the adiabatic potential 
described by the above equation takes the form of the well-known 
"Mexican Hat" surface. Here the potential energy minimum has 
the form of a circular well, with a substantial radial displacement 
in the e,  mode p. but no dependence on Q, ie. with the two com- 
ponents Q, and Q, remaining equivalent: 

Q, = p cos Q Q, = p sin Q ( 5 )  

The second-order electronic and anharmonic terms discriminate 
between Q, and Q., and hence produce the "warped" Mexican hat 
potential surface, with energy minima occurring a t  4 = 0, 120, 
and 240° for A,  > 0. They correspond to tetragonal elongations 

(14) OBrien, M. C. M.; Evangelou. S. N. J.  Phys. C. 1980. 13, 611. 
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of the ligands along z ,  x ,  and y, while the three saddle points a t  
4 = 60, 180, and 300° correspond to tetragonal compressions. 
The "rim" of such a Mexican hat potential surface is shown on 
the left side of Figure 1 1 A, while the corresponding energy contour 
plot is shown on the right side of this figure. Because of the cubic 
dependence on p ,  the inclusion of the anharmonicity parameter 
K3 in the calculations causes computational problems when, as 
in the present case, the displacement in p is large." Although 
it is more likely that the cause of the warping is in fact anhar- 
monicity, probably supplemented by configuration interaction 
between the metal a l  (dz) and alg (4s) orbitals,I6 the correct form 
of the potential surface may be represented quite satisfactorily 
by using just the parameter A2,I29I3 and for the sake of simplicity, 
this procedure was adopted in the present calculations. 

Parameters Used in the Calculations. The values chosen for 
the linear coupling coefficient and the energy of the Jahn-Teller 
active cg vibration were those used previously5 for the analogous 
CuF,4- complex in Cu2+-doped K2ZnF4, A I  = 673 cm-' and hu 
= 220 cm-'. The symmetry of the problem is such that only the 
tetragonal component of the strain is nonzero. It may be estimated 
from the energy of the optical transition to the upper Jahn-Teller 
surface, as given by 

AE ~ E J T  + 2lSol (6) 

where the Jahn-Teller stabilization energy is EJT - A12/(2hu). 
This transition occurs at - 6300 cm-l for center I,I9l7 which implies 
a value of So - -1090 cm-I, the negative sign indicating an axial 
compression of the ligand field. 

The barrier height 28 between the wells of the warped Mexican 
hat potential surface in the absence of the strain interaction (Figure 
11A) is related to the second-order coupling coefficient by the 
expression 

B A 2 ( 4 / ( w ) 2  (7) 

This parameter is generally difficult to estimate.16 Values between 
z 50 cm-I and /3 - 200 cm-l have been reported recently for 

a range of copper(I1) complexes'J2J3 and were also explored in 
the present calculations. 

The procedure used to calculate the g values involves estimating 
the admixture of excited electronic states by spin-orbit coupling.1° 
A value of X = 830 cm-l was used for the spin-orbit coupling 
constant, and the excited state energies, E(xz,yz) = 9500 cm-I 
and E(xy)  = 12 500 cm-I, were those obtained from the single- 
crystal polarized electronic spectrum of the center.17 Covalency 
effects were accounted for by orbital reduction factors,I8 and 
optimum agreement with experiment was obtained with k, = 0.86. 

Results of the Calculations. Good agreement between the 
calculated g values and those observed experimentally over the 
temperature range 4 to 290 K was obtained by using the values 
So = -1000 cm-l and 0 = 80 cm-' for the strain and warping 
parameters, respectively (curves 2 of Figure 4). This value of the 
strain is identical with a previous estimate based upon the 
structural parameters of the host latticeI9 and is about twice that 
deduced5 for the CuF,' center in Cu2+-doped K2ZnF4 (So - -540 
cm-l). Assuming a similar basic Jahn-Teller stabilization energy 
in the two lattices, the energy of the transition between the lower 
and upper Jahn-Teller surfaces should shift to higher energy by 
twice the difference between the strain parameters (eq 6), or -900 
cm-l, on going from Cu2+-doped K2ZnF4 to Ba2ZnF6, which agrees 
quite well with the observed shift of -1 100 cm-1.1*19 The increase 
in magnitude for So deduced for the CuF,& center in Ba2ZnF6 
compared with that in K2ZnF4 also agrees well with the structures 
of the two hosts. Both involve in-plane coordination by bridging 
ligands and axial coordination by terminal ones. In K2ZnF4 all 

(15)  OBrien, M. C. M. Vibr. Spectra Struct. 1981, IO, 321. 
(16) Deeth. R. J.; Hitchman, M. A. Inorg. Chem. 1986, 25, 1225. 
(17) Stratemeier, H.; Riley, M. J.; Hitchman, M. A.; Reinen, D.; Steffen, 

G.; Recker, K.; Wallrafen, F.; Matthies, H. To be submitted for pub- 
lication. 

(18) Gerloch, M.; Miller, J. R. frog. Inorg. Chem. 1968, IO, 1. 
(19) Reinen, D.; Krause, S. Inorg. Chem. 1981, 20, 2750. 
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six Zn-F distances are equal within experimental error?O so that 
the strain must be caused exclusively by the stronger a-bonding 
power of the terminal fluorides compared with the bridging 
fluorides. In Ba2ZnF6, however, the terminal bonds are signifi- 
cantly shorter than those to the bridging ligands (196 pm compared 
with 205 pm).2 

The value of the warping parameter @ 2: 80 cm-' deduced for 
center I in Ba2ZnF6 seems reasonable, falling between that es- 
timated for the similar center in K2ZnF4 ( B  = 50 ~ m - ' ) , ~  and for 
the centers CU(L)~C~?-, L = H 2 0  or NH3, formed on doping Cu2+ 
in NH4Cl (6 - 100 cm-I).l2 A considerably higher warping 
parameter (p  - 300 cm-I) has recently been estimated for Cu- 
(H20)62+ in a range of host 1a t t i~es . I~  It has been suggestedI6 
that a more pronounced warping of the Mexican hat potential 
surface is indeed expected for a complex involving isolated ligands 
compared with a lattice with interconnected polyhedra such as 

Potential Surface of Center I. The calculations for Cu2+-doped 
K2ZnF45 suggest that the d,i orbital contributes only -1.9% 

the next level a t  -84 cm-I and ~ 6 . 9 %  for the following one at  
-178 cm-I, with a progressive increase for still higher levels. The 
effect on the g values is most pronounced for gll, and even at  
absolute zero, the d+? component causes a slight shift (-0.01) 
from the value expected in the absence of vibronic coupling. As 
the temperature rises above -50 K, thermal population of the 
higher levels causes increasing contamination of the "average" 
wave function by the d+? orbital. Because gll is much higher 
for a d2-2 than a dz2 ground state, gll rises continuously (Figure 
4). The reverse is true for g,, so that as the temperature rises, 
g, falls gradually. 

As has been discussed in detail el~ewhere,'~~,~~'~~'~,'~,~~ the form 
of the potential surface of a six-coordinate copper(I1) complex 
is strongly influenced by the ratio of the warping parameter to 
the strain parameter. The former is a measure of the tendency 
of the Cu2+ ion to adopt an elongated tetragonal geometry. If 
the effect of the strain is to oppose this, which occurs when the 
axial ligands produce a stronger a-perturbation than the in-plane 
ligands, a warped potential surface often results, which gives rise 
to unusual dynamic behavior. As the magnitude of the strain 
increases from zero to a modest value, -500 cm-', the familiar 
three-well warped Mexican hat surface ( B  = 80 cm-l) distorts, 
with shallow minima lying between the angular coordinates 4 = 
1 20° and 240° and describing orthorhombic ligand geometries 
(Figure 11 B). The saddle point at 4 = 180° between the minima 
is only a few wavenumbers high, well below the lowest vibronic 
level, and corresponds to a compressed tetragonal geometry. The 
ground-state wave function is therefore extensively delocalized 
to either side of 4 = 180°, with about 4% d x i 2  character. The 
g values expected for such a surface are pictured in curves 1 of 
Figure 4. Even at low temperature, these exhibit a significant 
shift from the values expected in the absence of vibronic coupling, 
and the deviation increases dramatically as the temperature rises. 
Behavior of this kind is observed for the center Cu(H20)-  
(NH3)C1:- in NH4CI,12 and also for the CuF6& center in K2ZnF4, 
though here it is thought that the value of B is not quite sufficient 
to produce orthorhombic minima in the potential s u r f a ~ e . ~  For 
larger ratios of p to Sg, the barrier height may be large enough 
to allow localization of the lowest vibronic wave functions within 
each well. Such a situation is thought to occur for the center 
CU(H~O)~CI?- in Cu2+-doped NH4C1I2 with estimated parameters 
/3 N 100 cm-' and S, = -200 cm-'. Here, orthorhombic g values 
are observed at low temperatures, coalescing to produce a tet- 
ragonal g tensor as the temperature is raised, allowing thermal 
population of more delocalized levels. 

A strain parameter of -1000 cm-' localizes the surface mini- 
mum firmly at  a compressed tetragonal geometry (4 = 180°), 
but the potential rises only gently along the angular coordinate 
(Figure 11C). Behavior of this type has also been noted for the 
center C U ( N H ~ ) ~ C I ~ ~ -  of Cuz+-doped NH4C1.I2 

(20) Herdtweck, E.; Babel, D. Z. Kristallogr. 1980. 153, 189. 

Ba2ZnF6. 

to the lowest vibronic level. d is contribution rises to -5.0% for 
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When the strain is doubled again, the potential becomes strongly 
localized at  the 4 = 180° minimum with a compressed tetragonal 
geometry (Figure 11D). The groundstate is d,z, and the gvalues 
are almost independent of temperature (curves 3 of Figure 4). 
VI. Discussion of the Hyperfine Parameters 

Center 11. The copper hyperfine parameters of center I1 with 
a d&g ground state are described by eq 8. The values of P and 

ground state MO: 4g = ad,+a - ~ ' L , z - ~ z  

All = p[-aZ(K + 4/77) + 77(g, - go) + gll - go1 (8) 

A ,  = p[-aZ(K - 77) + I1/4(gl - go)] 

K for the free Cu2+ ion, which are generally used, are 0.036 cm-l 
and 0.43.21*22 The best fit a mixing coefficient for adapting the 
experimental All and A ,  values (Table I) to eq 7 is 0.92,. 

From the fluoride hyperfine structure analysis, we conclude that 
center I1 corresponds to a square-planar C U F ~ ~ -  entity, possibly 
with a further remote fluoride environment above and below the 
plane. Fluoride coordination in the axial directions would not lead 
to an additional ligand hyperfine structure by covalency effects 
because of the shape of the dxz-,,z orbital and because dipolar 
contributions are expected to be very small cm-l).lo Be- 
cause the orientation of the CuFZ- entities corresponds to the xy 
plane of the ZnF64- octahedra (Figure 3), two reasonable in- 
terstitial lattice positions for center I1 exist in the unit cell of 
Ba2ZnF6 (Figure 1). One of these sites (b*) is very near to a 
barium ion (1.6 A), which would imply that Ba2+ is formally 
substituted by Cu2+-a rather unrealistic assumption. The second 
possible square-planar C U F ~ ~ -  center (a* )  is part of the planes 
that contain the Zn2+ ions. In this case the Cu"-Ba" distance 
(2.5 A) is large enough to avoid a strong electrostatic repulsion. 
Indeed the ENDOR investigations indicate a mirror plane per- 
pendicular to the c axis, supporting the assumption that center 
I1 corresponds to an interstitial Cu2+ ion coupled with an empty 
Zn2+ position as shown in Figure 1B. A small anisotropy with 
respect to the [110] and [TlO] directions is expected for this site, 
because the occupancy of neighboring Zn2+ sites is irregular. The 
EPR spectra indeed give evidence for this lower symmetry effect 
in these directions (see Section 111). 

From the ligand hyperfine structure, we can estimate the un- 
paired spin density transfered from Cu2+ to the four F(2) ligands. 
The respective MO is a-antibonding, as given in eq 8, if one 
neglects the tiny admixture of d,, and d,,, d,, by spin-orbit 
coupling. Hence the equations, relating the principal A ( F )  values 
to the fractional unpaired electron density in the fluoride 2s and 
2p,, orbitals cf, and f,,,), are rather simple:i0~23*24 

= hAs + 2fpuAp + 2AD 

Ax'f = f ,As - f p P p  - AD (9) 

Here, A, and A,  are splittings due to unit unpaired spin density 
in 2s and 2p fluorine orbitals, which are reported to have values 
of 1.764 and 0.059 ~ r n - ' , ~ ~  or 1.341 and 0.049 cm-', respectively, 
for the fluoride ion.I0J3 AD is the dipolar splitting and is calculated 
to have a value of = 3  X 1P cm-' for the estimated Cu-F spacing 
of 1.90 The calculated transferred spin densitiesf, andf,, 
are collected in Table 11. The estimate of the total spin density 
transferred to the four F ions of center I1 ( ~ 2 7 % )  is higher than 
that transferred to the six F ions of the compressed CuF,& center 
in K2ZnF4, -22%. In particular the spin density delocalized onto 
the four in-plane ligands of the latter complex is lower by a factor 
of 2 3  (Table II ) ,  which agrees with the fact that the electron 
density of the d s  orbital along the x and y directions is three times 

Steffen et al. 

(21) Abragam, A.; Bleaney, B. Electron Paramagnetic Resonance of Tran- 
sition Ions; Clarendon Press: Oxford, U.K.. 1970; Chapter 17. 
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Table 11. Spin Densities From EPR Ligand Hyperfine Values for 
Center I (A) and I 1  (C) in Cu2+-Doped Ba,ZnF, and for Center I in 
Cu2+-Doped K,ZnFd5 (B) 

atom h* % f p '  ,% 

F(2) [s0.2]" [=1.2]" 
A F(1) [=0.4]" [=8.0]" 

B F(1) 0.45 6.7 
F(2) 0.2 1.8 

C F(2) 0.55 6.2 

"Parameters from tentative choices for Ay,,(F(l)) = 40 X lo4 c d  
and A,(F(2)) = I O  X lo-" cm-' (see text). 

smaller than that of the d,z+ orbital. 
The transferred spin densitiesf,, andf, correspond to mixing 

coefficients a'po = 0.49, and a's N 0.1 5, if the symmetry adapted 
ligand LCAO in eq 8 is specified with respect to the pi and 
s ligand orbitals. From these values, one obtains an a coefficient 
of 0.9 1 ,, utilizing the normalization condition for the ground state 
MO in eq 8 and tabulated overlap integralsZS (estimated Cu-F(2) 
spacings N 1.88 A, from C ~ C U F , ~ ) ,  in very good agreement with 
the value calculated from the Cu2+ hyperfine structure. 

Center I. The g values a t  4.2 K indicate an almost pure dZz 
ground state and hence a compressed CuF6 coordination as a static 
and not partially dynamically averaged effect: 

ground state MO: 4g = a d,z - a'L,2 

We can no longer assume for this center, however, that the iso- 
tropic hyperfine constant K has the characteristic value Kjd = 
0.43,2',22 because symmetry allows an admixture of the 4s wave 
function into the 3d,z ground state. The isotropic hyperfine 
constant K4, is -5.56,24 and hence a reduction in the magnitude 
of K with respect to K3d or even a negative value is expected. If 
the mixing coefficient y of the 4s orbital in the ground-state MO 
is small with respect to a, the equations for All and A, in eq 10, 
which are valid for a pure d s  ground state, may still be used, but 
with an effective K deviating from K~ toward K~ Because A, could 
not be observed, we have calculated K using the experimental 
AII(Cu), gll, and g, values (Table I), as well as the a parameter 
of center I1 (0.92,). From eq 11, a mixing coefficient y N 0.22 

y2 a2(K - K3d)/K4s (11) 

can be estimated from the obtained K = 0.10, corresponding to 
a s character of the ground-state electron of 5.0%. With K = 0.10, 
A,(Cu) is calculated (eq 10) to be 22 X lo4 cm-I, which is not 
resolved in the EPR spectrum. 

Assuming a positive All and a negative A ,  value for the Cu2+ 
center in K2ZnF4 (Table I), eq 10 yields K = 0.27 and a = 0.92,, 
which is the same a value as for center I1 in Ba2ZnF6. From eq 
11,  the 4s admixture to the 3dz2 ground state amounts to 2.6% 
(y = 0.16). The a, K ,  and y values given here are different from 
those reported before,'O which were based on the assumption of 
positive All and A, parameters. In comparison with the results 
for Cu2+-doped Ba2ZnF6, the choice of a negative A, value for 
the Cu2+ center in K2ZnF4 leads to more reasonable and consistent 
bonding parameters, however. The transferred spin densities1° 
(Table 11) correspond to mixing coefficients a',,, = 0.27, 0.36, 
and = 0.09, 0.09, for the equatorial plane and the axial di- 
rections, respectively, if the symmetry adapted ligand LCAO Ls 
in eq 10 is split with respect to the p and s ligand orbitals and 
the equatorial and axial bond directions. If the normalization 
condition for the ground-state MO is applied and tabulated overlap 
integralsZs are used for the estimated equatorial (2.10 A) and axial 
bond lengths (1.89 A),'OJ9 one obtains from the a' mixing 
coefficients a = 0.92, in perfect agreement with the value derived 
from the Cuz+ hyperfine structure. 

(25) Smith, D. W. J .  Chem. SOC. A 1970, 3108. 
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The 4s admixture is about twice as large for center I in BazZnF6 
than for the analogous center in KzZnF4. Apparently the 3 d d s  
interaction is comparatively stronger for Cu2+-doped BazZnF4 as 
a consequence of the more pronounced tetragonal compression 
of the CuF6 octahedra. Obviously the larger extent of the tet- 
ragonal compression of the ZnF6 host sites in Ba2ZnF6 compared 
to K2ZnF4, respectively, has some interesting and far-reaching 
consequences. 

It is noteworthy that both AIIICu] and AI[2F(l)] decrease in 
magnitude as the temperature is raised (Figure 7). In each case, 
this may be explained in terms of an increase in the d,Z+ con- 
tribution to the ground-state wave function that accompanies the 
thermal population of higher vibronic levels of the ground state 
(see section V). For the metal hyperfine parameter, the decrease 
is caused by the fact that All is expected to be positive for a dz2 
groundstate but negative for a d,r+ groundstate. The variation 
of Azt[2F( I ) ]  reflects the decreasing d-electron density of Cu2+ 
in the directions toward the axial ligands with increasing tem- 
perature. 

Unfortunately the hyperfine splitting of the g, signal is not 
resolved. It was also not possible-as in case of Cuz+-doped 
K2ZnF4-to deduce the relevant A 4 4 F (  I)), Af(2F(2)), and 
A,(Cu) parameters from the angular dependence in the (100) 
or (010) planes, due to the presence of the two signals of centers 
I and 11, which overlap in the critical regions. Because the 
Az42F( 1)) and Ayy(4F(2)) parameters are practically equal in 
both cases, one may suggest, however, that also the Af(2F(2)) 
and Ady(4F( 1)) values are not very different. The careful spectral 
analysis shows that the mentioned parameters should be 1 4 0  X 

cm-I. If this value is adopted for AZt(2F(2)), estimated 
equatorialf, and& spin densities of -0.2 and -1.2%, respectively, 
result from eq 9 with AD = 2.3 X lo4 cm-' lo (Table 11). This 
reduction of equatorial spin transfer with respect to the Cu2+ center 
in K2ZnF4 is expected to be accompanied by correspondingly 
higher axial spin transfer, in order to produce a total transferred 
spin density of (at least) 22%, which was found for Cuz+-doped 
KZZnF4.'O The choice of a Ad,,(4F(1)) value of 10 X 10" cm-I 
yieldsf, = 0.4% and&, - 8.0% for the axial directions (eq 9 with 
AD E 2.8 X cm-l)lo is in agreement with this assumption. 
The ratio between the suggested axial and equatorial spin transfer, 
which should be 2 for a pure dg ground state and equal axial and 
equatorial bond lengths, seems to be larger (= 3) than for 
Cu2+-doped K2ZnF4 (1.8). This trend is expected, because in case 
of center I in BazZnF6 the dX2;,,2 admixture to the ground state 
vibronic wavefunction is negligible and the axial compression and 
equatorial bond extension more pronounced than for the CuF6 
polyhedron in K2ZnF4.I7 In conclusion, one may state that the 
transferred spin densities and mixing coefficients are similar for 
center I in KzZnF4 and Ba2ZnF6, presumably with a relatively 
more pronounced covalency in the z direction with respect to the 
xy plane in the latter case. 

General Discussion. The transferred spin density in Ni*IF, 
polyhedra is reported to be = I  6.5%22 and hence lower by a factor 
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of about 1.5 than the corresponding magnitudes for the analyzed 
square-planar Cu"F4 and tetragonally compressed Cu"F6 entities. 
This can be understood by the action of the strong linear Jahn- 
Teller coupling in the latter cases, which produces much shorter 
bond lengths in the equatorial and axial directions for d A s  and 
d,z ground states, respectively, thus increasing the d covalency 
along the mentioned bonds. The spin transfer in C U ( O H ~ ) ~ ~ +  
polyhedra (measured on "0) is 22%26 as for Cu2+-doped K2ZnF4, 
in accord with the nearly comparable ionicity of H 2 0  and F as 
ligands. For C U ( N H ~ ) ~ ' +  complexes, a total spin transfer of 27% 
and an CY value of 0.90 are r e p ~ r t e d , ~ '  which magnitudes nicely 
reflect the more pronounced covalency of the NH3 compared to 
the F ligand of the CuF6 centers in K2ZnF4 (and Ba2ZnF6). For 
the case of the equally tetragonally elongated C U ( N O ~ ) ~ ~  oc- 
tahedra in various nitro complexes, a considerably enhanced total 
spin transfer of 39% and an CY value of 0.87 is observed.% Indeed 
the N ligator atom of the NO2- ligand exhibits a much larger 
nephelauxetic effect than NH3 (octahedral Niz+; for NH,, 6 = 
0.85; for NOz-, 6 - 0.70),29 which indicates a large increase of 
the d covalency of the Cu-N bonds. It should further be noted, 
that the bond contributions from d(metal)s(ligand) overlap are 
rather small for the F ligand. The ratio between the ligand p 
and s mixing coefficients in the ground-state M O  of CU(NO?)~& 
is 1.6 and corresponds approximately to sp2-hybridized orbitals 
a t  the nitrogen ligator atoms, while this ratio is 23 for F. 

Square-planar C U F ~ ~ -  entities are only known to exist in the 
compounds Ca(Sr)CuF4 (bond lengths 1.88 A).3o The molecular 
g values (gll = 2.47, g, = 2.075)31 are very similar to those of 
center I1 in BazZnF6 and additionally confirm the proposed nature 
of the center. It should finally be mentioned that center I1 is not 
observed in the EPR spectra of powder samples BazZnI-,cu,F6, 
which were prepared under different experimental conditions.' 

The results of the optical single-crystal spectroscopy will be 
published separately;" a preliminary account of the luminescence 
properties has been given already.32 
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