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Abslmc~ The intrinsic site optical absorption of EuVO, from 7 € ~  to IDo, IDl, IDz, 
and ID3 exhibits normal behaviour, but sensitive !aser excitation profiles measured in the 
E&: 7F,3 3 s t l o  region (580 om) map out more than 40-9 defect lines spread over 
some 60 Each of these must be due to a distinct type of defect site in the crystal 
~tructure. A number of different EuVO, crystals prepared from Ewes with diEmnt 
compositions have been used to show that some of these point defecu are associated 
with specihc chemical impurities while others seem to be present wen in the purest 
crystals. Electronic &man shifts of the Eu3+: 7 F ~  - SDo optical lines for some of the 
low-symmetly penurbed sites provide additional information on defect gmmeuy and on 
the low-lying ’FI electronic levcls for those specihc penurbed sites. High degrees of 
site dislonion are indicated for some of the sites, and principal axes are shown to make 
oblique angles to normal crystal axes. 

1. Introduction 

In a previous study of stoichiometric europium vanadate EuVO, (Cone et ul 1984), 
optical hole burning techniques were used to investigate crystallographically perturbed 

region (580 nm) showed more than fifty lines spread over some 60 cm-’. Each of these 
extra lines could be ascribed to a distinct type of defect site in the crystal, since the 
7Fu -+’Do transition, being J = 0 to J = 0, has no crystal field splittings. The EuVO, 
crystals had been prepared using techniques of nux growth described in detail by Smith 
and Wanklyn (1974). A basic flux containing vanadium and oxygen was necessary, and 
initially this had been provided by a mixture of Pb,V,O, and V,O,. 

The present work is a thorough survey of twelve different batches of EuVO, 
crystals prepared using several different fluxes and intentional dopings. The observed 
Eu3+ spectra are found, as expected, to depend on the particular flux used, but also 
to show a remarkable degree of uniformity. Many Eu3+ lines are observed in all of 
the EuVO, preparations, while others appear only when the flux contains fluoride 
compounds, for instance. These and other features allow some conclusions to be 
drawn regarding the origin of defect sites in these EuVO, crystals. 

The present work also describes the most complete investigation so far of the 
spectroscopic properties of Eu3+ ions at the ‘intrinsic’ crystal sites in EuVO,, that 
is, at the Eu3+ sites having the D,, symmetry characteristic of the perfect crystal 
structure. For such sites the 7Fu - 5Du transition is strictly forbidden and is 

t Permanent address: Department of Physics, Montana State University, Bozeman, MT 59717, USA. 

(defect) sites in high-quality single crystals. Optical absorption in the Eu3+:’F, + 5D U 
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therefore not observed at all. The many lines observed in the 7Fu -c SDu region 
are necessarily related to defect sites at which the lower crystallographic symmetry 
allows this transition to some extent The transitions 7Fu -+ 5D,, 5D3 are, 
on the other hand, strongly allowed for the intrhisic sites, and the spectra in these 
wavelength regions are thus dominated by the intrinsic site transitions, which are far 
more intense than the transitions originating at the defect sites as a result of simple 
number density comparisons for the qites. Detailed analysis of Zeeman spectra in 
these 7F0 + 5D,, 5D,, 5D, regions shows that the Eu3+ intrinsic site behaviour is 
well understood in EuVO, an essential preliminary to any attempt at the analysis of 
defect site behaviour. 

In other papers (Cone et a1 1992, Sun et a1 1993), the 7Fu 4 5D, region defect 
spectral l i e s  are studied in further detail, using techniques of nuclear qUadrupOk 
optical hole burning, optically detected nuclear quadrupole resonance (ODNQR), and 
time resolved fluorescence spectracopy. 

2. EuVO, preparation and description 

21. EuVO, crystal preparation 
It is appropriate to describe the preparation techniques in some detail, since 
the observed Eu3+ spectra are found to be dependent on the method of crystal 
preparation. Different preparation techniques can affect the purity of the crystals and 
can give rise to different types and abundances of point defects. 

The first crystals studied were prepared using the original technique described by 
Smith and Wanklyn (1974). The rare earth ion Eu3+ was introduced into the flux 
mixture in the form of its oxide, usually 99.9% Eu,03, and placed in a pure platinum 
crucible. The crucible was then sealed with a tight fitting platinum Lid, surrounded by 
alumina powder, and placed inside an alumina crucible. This helped absorb volatile 
materials released during the initial stages. It was then heated to an initial soak 
temperature of 1350T. This was maintained for around 12 h, at which point a slow 
cooliig would start at a rate of 0.6T h-' until a final temperature of around 930T 
was reached. The crucible was then removed and immediately inverted, followed by 
rapid cooling at around l O O T  h-'. This resulted in the formation of good quality 
optically clear crystals near the base of the crucible. 

The later crystal growths were prepared using an improved technique described 
by Mnklyn et a1 (1984). There are several essential differences in this technique 
compared to the original. The crucible design was changed so that crucibles of 
double the normal wall thickness with closely fitting lids were used. In addition an 
inverted inner crucible was used as shown in figure 1. This was packed with the 
starting materials, as was the base of the outer crucible, then inverted and wedged 
in place. The outer crucible was subsequently sealed, and the whole assembly placed 
in the furnace. As the flux melts and evaporates, a layer of crystalline material 
forms around the join of the inner crucible forming an effective seal and preventing 
further evaporation; it also prevents elements constantly present in the furnace from 
contaminating the growth mixture. The initial flux was also changed to incorporate a 
substantial propoition of PbF,. This was in response to other work (Wanklyn 1977, 
1978) indicating that the inclusion of PbF, greatly increases the solubility of the 
other materials and results in fewer larger crystals. Extensive damage to the platinum 
crucibles occurred at the previous soak temperature of 1350T, so this was reduced 
to 1270T. 

R L Cone et a1 
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Figure 1. Double platinum crucible arrangement 
for flu g h  of highpurity EuV04 aysials. Thc 
inMned inner crucible bemmes sealed to Ihe outer 
by the flux, preventing the e n y  of contaminants 
from ihe furnace. 

Later growths used somewhat different starting materials for the flux mixture in an 
attempt to identify common factors between the flux mixtures used and the final effect 
on the defect spectrum of the crystals. Some crystals were also grown with other rare 
earth ions intentionally present in low concentrations. 'Ihble 1 gives an overview of the 
various EuVO, growths used in this study. Each is described further below. 

Gmwth A was a post-1984 growth made from 99.9% E%O, and a flux containing 
simply an excess of V,O,. The mixture was contained in a new inner and new outer 
crucible. Thii was a deliberate effort to make a batch of EuVO, as pure as possible. 

Growth B was prepared in a similar manner using even purer starting compounds. 
The Eu,O, was 'specpure'; i.e. at least 99.99% Eu. 

Growth C was obtained fmm IBM Research Laboratories, Yorktown Heights, NY, 
USA, and had been grown from a pure mixture involving only V,O, and 100 ppm Gd3+. 

Growth D represents the original EuVO, used in the original work by Cone et a1 
(1984) and in the comparative study on EuAs04 (Cone et af 1988). 

Growth E with 1% Eu3+ in GdV04 was prepared for comparison with EuVO,, 
as Gd3+ is next to Eu3+ in the periodic table, and both ions have very simiiar 
ionic radii. GdVO, also undergoes an antiferromagnetic transition at 2.5 K, thereby 
allowing the possibility of studying the Eu3+ defect structure in both paramagnetic 
and magnetically ordered regimes. 

Growth F with 10% Eu3f in YVO, likewise provided a potentially interesting 
comparison with stoichiometric EuVO,. 

Growth G was designed to maximise the amount of lead and other contaminants 
taken up in the EuVO, lattice. 

Growth H was similar to G except that the crucible, though thoroughly cleaned, 
was not new, and Sm3+ was added as a dopant. This was therefore the most 
contaminated EuVO, growth on the list. 

Growth I was the result of an initial flux mixture that did not contain any trace 
of lead-only KF and K,O. Thii was also one of the first growths to use an inner 
crucible. 

Growths J and K were formed in identical fashion to growth I, with the exception 
of the rare earth dopants Ho3+ and DySt respectively. 

Growth L used another new nux mixture that did not contain any lead or fluorine 
contaminants-only excess K,O. This was however prepared in a single rather than 
double crucible, and the crucible though cleaned was not brand new. Hence, there 
is a strong likelihood of external contamination having occurred here, from volatile 
contaminants always present in the furnace being absorbed in the platinum crucible. 

OUTER 
mwKE 
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2.2 Exlernal morpholop of the EuVO, ctystals 

The majority of crystals examined were of high optical quality, with no indication 
of macroscopic defects. Microscopic examination did reveal regions of trapped flux 
inclusions, though these could easily be avoided during laser excitation experiments. 
Growths A, I and L were near-colourless transparent crystals, D and G were 
slightly yellow, while E and H were brown. All crystals were paraltelepipeds having 
typical dimensions 6mm x 3mm x 2 mm, with the longest dimension parallel to the 
crystallographic c-axis and natural faces containing either the a-c or a’-c planes. 

3. Experimental techniques 

Optical absorption spectra in the 7Fu + 5D,,,,, regions were recorded using a 3.4 m 
Ebert spectrograph with a grating with 1200 grooves mm-’ and with wavelength 
calibration being provided by the emission spectrum of an atmospheric iron a r c  There 
were no temperature dependent changes in transition energies in the liquid helium 
range, and all crystals were always studied while immersed in liquid helium at 1.5 K. 
Excitation spectra in the 7F0 -t 5D, range were used to measure weaker absorptions 
attributed to the intrinsic site and to thevarious defect sites. The excitation spectrawere 
produced with a Coherent CR599D1 cw laser using Rhodamine-6G dye (- 580 nm); 
this laser was also used for the hole burning and ODNQR experiments discussed in 
other papers (Cone et a! 1992). The excitation spectra were recorded as a function of 
frequency, with the laser frequency measured using a double Michelson interferometer 
referenced to an He-Ne laser. Excitation spectra in the 7Fu -+ 5D,,,,, regions were 
produced at Montana State University by a pulsed tunable dye laser system used in 
conjunction with a 1 m Spex monochromator as described more fully elseu.here (Sun 
et a1 1993). TWO superconducting magnets were used in this work a 6 T axial acces at 
Montana State University and a 9 T radial a m s s  solenoid at Oxford. 

R L Cone et a1 

Table 1. 

Growth 
A EuV04 
B EuVOa 
C: EuVO,:O.Ol% Gd3+ 
D EuVOd 
E GdVO;:l% E$+ 
F W04:10% Eu3+ 
G EuVOl 
H EuV04:l.S% Sm3+ 
I: Euvo4 
J: EuVOd:l% H d t  
K EuVO,:I% DP+ 
L: EuVOd 

Comments 

‘Pure’ 
‘Superpure’ 
IBM gmwth 
Original gmwth 
For comparison 
For comparison 
Excess Pb 
Doped wilh Sm3+ 
New flux mixture 
Doped wilh HoN 
Doped with D F  
New flux mixture 

4. Intrinsic site spectroscopy 

4.1. Edt intrinsic site absorplion specrra in EuVO, 

These results are discussed first to provide a basis for discussion of the much more 
complex defect site spectra. Thble 2 lists the data obtained from absorption and 
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- emission experiments carried out on growth A (pure) EuVO, crystals. The group 
theoretical notation given for each transition corresponds to that of the excited state 
in each case, the ground state 'FU being rl in the DZd point group symmetry of 
the Eu3+ site in EuVO,. The D, Ti notation is used here because the spectra 
were all found to obey selection rules and have polarizations consistent with D, 
point symmetry, with some transitions exhibiting mked magnetic and electric dipole 
character as noted below. 

Table 2. Eu3+ transition energies in EuV04: growth A. 

llansilions Energy (cm-l) Differences (cm-') 
Absorption 
7 ~ 0  - Ino t7196.7 (rl) 0 

7F0 - ID1 18953.2 (r5) 3.7 
18949.5 (r2) 0 

. .. 
Emission 
5D0 - 7Fi 16837.4 (r2) 10.2 

168272 (rr) 0 

-'Fz 16254.1 (r4) 108 
16146.1 (rr) 0 

4.1.1. Intrinsic site 7F0 + fransilion. 'FU + 5Du transition, being rl -+ rl, 
is strictly forbidden in zero magnetic field but exhibits an intensity that varies 
quadratically with field (see section 6.1). It was found that this transition could 
just be ObSeNed by conventional photographic absorption spectroscopy at the highest 
field (9 T )  for B I c and polarization Ellc, at 17 197 f 1 cm-'. The energy shift of 
this transition between zero and 9 T is calculated to be very small-- 0.17 cm-l- 
so this necessarily less exact determination is therefore in excellent agreement with 
the more precise value in table 2 obtained from laser excitation spectra in applied 
magnetic fields. 

4.1.2. Infrinsic sire 7Fu -+ fransifions. The transition to the rs (doublet) state is 
found to be polarization independent and therefore of mixed magnetic and electric 
dipole character, consistent with A J  = 1, while the transition to rz is strongly 
polarized E I c, indicating that it is of magnetic dipole origin. The effect of magnetic 
field applied parallel and perpendicular to the c axis is shown in figure 2. This is 
a perfect textbook J = 1 Zeeman effect. The 'D, levels are sufficiently distant 
in energy that J mixiig effects are negligible. The linear splitting for Bllc yields 
gJ = 1.49f 0.01, in excellent agreement with the calculated value of 1.495 from the 
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heavily intermediate coupled ,D, wavefunctions given by Ofelt (1963) and our own 
work (Sun et a1 1993). It should be noted that in spite of the complex admixture of 
states in the intermediate coupled ,D, wavefunction, the admixtures consist almost 
entirely of states for which L = S. In such cases gJ = 1.50 exactly, independent of 
L and S. It is the very small admixture of ,F, (for which L # S) that causes the 
small departure from gJ = 1.500. 

R L Cone et a1 

I 
10 8 6 4 2 0 2 L 6 8 

E IT )  

Flgurc 2. Zeeman effect lor the 'Fo + ID1 uansition, for magnetic Eeld parallel to 
lhc (1 and c axes. The linear doublet splilling for B parallcl lo E m-pan& 10 
g J  = 1.49 * 0.01. 

4.1.3. Inlrimic site 7F0 + 5D2 Irumitiom. Of the three singlet states (r1, r3, r,) and 
one doublet state (r,) expected in ,D,, transitions in zero applied field are observed 
only to I?, (E I c)  and r4 (Bllc), as expected. Figure 3 shows the energyvariation for 
field applied parallel and perpendicular to c. In the former case the rs splitting yields 
gJ = 1.46i 0.01, which is not in good agreement with the value of 1.492 predicted 
from the intermediate coupled wavefunctions (OCelt 1963). It does however agree 
with the corresponding measurement (Robinson 1986) in the isomorph EuAsO,, and 
is probably evidence for the small effect to be expected from J mixing with ,D,, the 
nearest level. In the latter case (B I c) the observation of the remaining transitions 
in non-zero fields is exactly as expected on symmetry grounds. 

21 360 I 
1 0 8 6 L  2 0 2  4 6  8 W  

E IT) 
Figure 3. Zeeman effecl for the 'Fo -). ID2 Lransilion, for magnetic field parallel to 
the a and c axes. The linear double1 splilling for B parallel lo c corresponds lo 
g j  = 1.46 rk 0.01 (sec text). Only two transilions are obselved in zero Reld. 

4.1.4. Intrinsic site 7F0 3 '4 trunsitionr. Of the three singlet states (r,, r3, r,) and 
two doublet states (r,) expected in ,D,, transitions are observed only to the l?, and 
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r5 states, as noted for 5D2 above, and with the same polarizations, implying electric 
dipole behaviour as expected. Quantitative analysis of the rs splittings in-field is 
more complicated as the two levels are mixed infield by an amount that depends on 
aU the (crystal field) parameters describing the splittings in SD,. 

4.1.5. Fluorescence specfra. Fluorescence transitions from the long-lived SD, state of 
Eu3+ are allowed to components of all the 7F, levels. The transitions to 7F1 and 
7F2 are extremely important, as the energy differences 7F0-7F, and 7F0-7F2 almost 
wholly determine the magnetic properties of the 7Fu ground state. The ground state 
properties are in turn required for analysis of hole burning and ODNQR spectra in 
site geomeuy studies. 

Much of this 5D,-7F, fluorescence in EuVO, comes from some of the minority 
of Eu3+ sites that we refer to as perturbed or defecf Eu3+ sites; that is, many of 
these sites are behaving as fiorescenf traps, and much of any steady state excitation 
is transferred to them even though they represent a minute fraction of the total 
Eu3+ sites. Similar effects were reported for EuAsO, (Cone et a1 1988). This makes 
fluorescence spectroscopy quite different from absorption spectroscopy in terms of 
both the information that it provides and the challenges that it presents. 

For EuVO,, the 5D0 -, 7F, and 7F2 spectral region contains lines whose energies 
vary as the excitation is changed from one site to another, but it also contains lines 
that are always at the same energy regardless of the particular site. These latter lines 
can be shown to arise from the intrinsic Eu5+ site 7F, and 7F2 levels, and the results 
are given in table 2. 

The task of separating the so-called infrinsic fluorescence, involving transitions 
from intrinsic Eu3+ sites, from the rather similar defect fluorescence has required time 
resolved spectroscopy with selective laser excitation of individual defect or intrinsic 
absorption lines. A systematic application of that technique to the determination of 
both intrinsic and defect site levels in various samples of EuVO, and to the dilute 
structural isomorphs Eu3+:YVO4 and Eu3+:LuV0, will be reported elsewhere, dong 
with detailed free ion and crystal field analyses (Sun er a1 1993). As noted earlier, an 
unambiguous determination of the energies and electronic wave functions of the 7F, 
and 7F2 levels for individual types of defect sites is crucial to detailed interpretation of 
the site geomeny studies carried out via the higher-resolution techniques of spectral 
hole burning and ODNQR 

4.1.6. Crystal fiefd anaksis. In the D,, crystal field Hamiltonian the terms B,, Cc) 
for k = 2, 4, 6 are important for the SD, and 7FJ levels given in table 2. A crystal 
field analysis is not being discussed here, but it is interesting to note that the very 
small splittings of the 7F, and 'D, levels imply that the important BW parameter is 
approximately zero for EuVO, 

5. EuVO, defect excitation spectra in the 7Fu -t 5Du region 

Since the unperturbed intrinsic sites are in the majority, they dominate the 
conventional absorption spectroscopy described in section 4. Observation of weaker 
defect site absorptions on the 7Fu and 5D, transition, nevertheless, is made 
straightforward through the method of fluorescence excitation. That technique has 
high sensitivity since it monitors weak absorption via detection of the resulting 
fluorescence and is thus nominally a zero-background detection scheme. 
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5.1. Recording the defect maps 

All the EuVO, growths listed in table 1 have been examined by the laser excitation 
tecMi ue, producing excitation profiles or defecr mops in the Vicinity of the intrinsic 

excitation intensities and line widths as a function of frequency. Growth D was the 
preparation used in the original work (Cone er a1 1984), but for present purposes it 
was measured anew using refined techniques. 

Several additional points should be made about the fluorescence excitation 
technique. The defect absorptions are weak, so there is no significant distortion 
of the absorption profiles of individual defect lines. Also, the absolute signal intensity 
for the same line in the same crystal was repeatable to within a factor of hvo in 
different experiments. However, the comparison of relative fluorescent intensities 
from sample to sample gives variable results, due to inevitable variation in (i) the 
coupling of the input laser radiation into samples of different shapes and sizes and (U) 

the collection of the output fluorescence using fibre optic light guides. In addition, 
one does not know a priori the individual transition probabilities for unidentified 
defect sites. It is clear therefore that for the results reported here there can be no 
quantitative comparison between the intensities of individual defect lines from map to 
map, or between different defect lines in a particular map. Such comparisons remain 
a practical goal for the future. 

For recording of the excitation profiles shown in figures 4 and 5, the crystals were 
always mounted with the c axis vertical, and the laser was polarized EIIc. It was 
found that although the polarization of the input laser beam had observable effects 
on the output fluorescence intensity, thcre was no evidence of complete polarization 
dependency for any individual defect line. This is consistent with the view that the 
individual defect site symmetry needs to be low for the transition to be observed at 
all in zero field. The maps were constructed by recording the excitation specaum 
as a series of 30 GHz scans-the maximum scanning range of the continuous wave 
dye laser. Individual scans were overlapped by 10 GHz, corresponding to one thick 
etalon mode-hop in the laser scanning system. This procedure was repeated from - 10 cm-I below the intrinsic line to - 50 cm-' above it; that is, around ninety 
separate recordings were made and then joined together for each map. Frequency 
calibration of the spectra was achieved by using the double Michelson wavemeter on 
all the prominent lines, giving an accuracy of f2 GHz. 

Figure 4 shows the maps for each of the EuVO, growths listed in table 1 over 
the frequency range 515200-517000 GHz (- 580-482 nm), while figure 5 shows 
the detailed structure in the vicinity of the intrinsic transition, 515450-515590 GHz 
(W 581.4€L581.62 nm). 

5.2. General comments on the results 

Among the different growths, thcre is a wide range of line widths and intensities for 
the individual defect l ies,  but for all growths and for the extended spectral region 
of figure 4, many of the l i e s  appear to be universally present. This leads to the 
conclusion that while the spectra differ in detail, a number of the major defect lines 
appear likely to be a natural characteristic of EuVO, itself rather than the specific 
crystal growth procedure. 

Even samples grown with exceptional regard to purity (A and B) display numerous 
linos. There k a striking similarity between growths A and C, where in the latter the 

R L Cone et al 

5D, + 9 F, wavelength region. These defect maps plot the defect h e  fluorescence 
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515.L 516.0 516.8 

F W ~ W ~ C Y  m z j  

Piure 4. Excitation maps for all EuVOl growths 
listed in lable 1; that is, a plot of inlegrated 
fluorescence intensity (5Do - 'Ft. 'F?) as a 
function of excitation laser frequency. The dashed 
line marks the frequency of the intrinsic transition: 
515.544 THz (17196.7 cm-I). 

100 ppm Gd3+ dopant is so small an amount that it is equivalent to using 99.99% Eu. 
These two were grown independently at different laboratories, with no collaboration, 
yet over this extended spectra region all the lines appear to have identical energies 
and very similar relative intensities. 

' N o  particularly clear-cut examples of lines that appear universally in the less 
pure growths are two of the highest energy lines at - 516389 and 516635 GHz, with 
the former appearing as two lines in some growths. These lines appear to be strong 
in all the growths where fluorine was present in the flu used in the growth process. 
The same l i e s  do appear in growth L, where no fluorine was used in the flux, but 
as already noted in section 2, there is circumstantial evidence that contamination of 
the melt could have occurred in that case. 

5.3. Search for possible contaminants by other techniques 
In a search for possible contaminants that might be present in the crystals, samples 
from growths D and G were analysed by mass spectrometry at Oak Ridge National 

Figure 5. Excitation maps as in i i g m  4 but only in 
the vicinity of the intrinsic transition (515,544 THz), 
which is marked by a dashed line. 
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Laboratory (Abraham 1992). Unfortunately the technique was not able to identify 
fluorine, but lead was found at 1000 ppm in growth D and 1300 ppm in growth G 
where lead based fluxes had been used. EPR measurements, also carried out at Oak 
Ridge, showe i the presence of Gd3+-always expected as a contaminant in compounds 
of europium-but showed no paramagnetic Pb3t, so the lead is presumably either 
divalent or quadravalent in these EuVO, crystals. Growth H (1.5% Sm3+) crystals were 
examined for (ferromagnetic) iron content using the SQUID magnetometry facility in the 
Department of Earth Sciences, Oxford University; this gave an iron concentration no 
more than 1 in 10'". The results for lead suggest that it is an important contaminant, yet 
with the high measured concentrations found for growths D and G, the corresponding 
maps may be taken as an indication that lead is surprisingly unimportant in producing 
many of the observed defect sites. Figure 5 shows, for example, that the lines for G 
are very much broader than those for D, but that is unlikely to be due to a mere 30% 
increase in lead content Someother factor must have been responsible for thevery large 
line widths in the spectrum for growth G. 

5.4. EffecLs of annealing and irradialim 

To investigate possible effects due to local structural disorders, stressed regions, 
vacancies, and dislocations, several EuVO, crystals, especially from growth A (pure) 
were aMeakd at high temperature (1350T) and remapped. There were very slight 
changes in the physical appearance of the crystals, but no changes in the excitation 
maps. The possibility of simple colour centresunlikely, since there are no reports in 
the literature of colour centres being obselved in any rare earth vanadate, phosphate, 
or arsenate crystals-was investigated by irradiating several crystals in an intense x-ray 
source (5 krad min-I). Again, there were no changes evident in the excitation maps. 

5.5. Discussion of spectral shFs and disrribulions 

In addition to the sheer number of defect sites evident in the excitation maps, one 
must wonder at the wide distribution of site cnergies. The site dependent energy 
shifts cannot be explained by the crystal field alone. If, for example, the crystal field 
parameters for the intrinsic site are set to zero, keeping all free ion parameters the 
same, the 5D, -+ 7F0 transition energy shifts by only - 30 GHz. Even if one imagines 
strongly distorted sites with much greater crystal fields than the intrinsic sites, it is 
unreasonable to attribute the total energy spread of 1800 GHz (60 cm-l) to changes 
in the crystal field arising from local distortions. Local perturbations of the ionic 
environment need to alter the free ion energies through the Slater parameters, for 
example, in order to produce the observed effects. 

The region immediately surrounding the intrinsic site energy is highlighted in 
figure 5. Apart from accidental degeneracies, lines very close (less than - 30 GHz) 
to the intrinsic site energy can be regarded as 'minimally' perturbed; that is, they 
represent sites which are in some way removed from the physical perturbation and 
consequently are relatively shielded from it. One might argue that there must be a 
very large number of such minimally perturbed sites, perhaps three or more unit cells 
away from the site of each point defect. For a random distribution of defects in the 
lattice this would lead to the expectation that there should be a Gaussian envelope 
of inhomogeneously broadened minimally perturbed sites around the intrinsic energy, 
visible as one broad line. The fact that this is not seen must indicate that there is 
a limit to how minimally perturbed an individual site can be. Thus, Eu3+ ions well 
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away from the perturbation site seem to be effectively fully shielded from experiencing 
any perturbation. Closer than this, there can only be a few shells, perhaps within a 
radius of only two or three unit cells, where the Eu3+ ions experience a perturbation 
large enough to have an effect on the electronic energv-and yet small enough to be 
described by perturbation theory. 

On most of the maps there is an energy ‘gap’ 2C-30 GHz wide just below the 
intrinsic line position. (The intrinsic line position was determined by experimena 
using applied magnetic field, as discussed in the next section.) This can, perhaps, be 
taken as evidence that the original lattice structure is ‘good’ in the sense that minor 
local distortions of the structure do not produce a state of lower energy. It may 
also be significant that this gap is comparable with the effect of the crystal field on 
the 7F0 - 5D0 transition. Perhaps more important, however, is the observation from 
figure 5 that few if any of the lines in the vicinity of the intrinsic transition are truly 
universal amongst the various growths. 

5.6. Attibution of spec@ Eu’+ defect sites in other y s f e m  

There has been extensive work on optical studies of Eu3+ in host compounds as reviewed 
by Morrison and Leavitt (1982) and Macfarlane and Shelby (1987). Site selective 
spectroscopy has been employed by Venikouas and Powell (1978) for Eu3+ in WO,, 
but there has been no other work on defect sites in the vanadate or arsenate systems. 

The Eu3+ doped ionic halide lattices such as SrF,:Eu3+ (Jouart el a1 1985), 
SrCI2:Eu3+ (Wietfeldt and Wright 1985, 1987), BaF,Eu3+ (Jouart et a1 1987) and 
PbF2:Eu3+ (Weesner et a1 1986) have been studied by various techniques including 
site selective laser spectroscopy, and analysis of the electronic selection rules and 
optical polarization has allowed the identification of defect site symmeny in several 
cases. In those cases, a specilic charge compensated defect site is prevalent. The 
precision techniques of hole burning and ODNQR have been used to confirm such an 
interpretation for CaF,:Eu’+ and CdF2:Eu3+ (Silversmith et a1 1986). 

Although the present work employs similar experimental techniques, the absence 
of clear polarization and/or selection rule behaviour for the defect site optical 
transitions in EuVO, means that the problem of individual site identification in 
these crystals is more difficult, and is still at a very early stage. However, knowing 
that the crystals almost certainly contain lead, and that some contain fluorine as well, 
various possible defect sites suggest themselves. Pb”+ in a rare earth, vanadium or 
interstitial site, with charge compensation provided locally by F- as necessary, are 
obvious possibilities. Cone et a1 (1992, 1993) begin to address such matters, but with 
such a large number of defect lines, all by definition related to Eu3+ sites of low 
symmetry, the relation between any individual defect line and a detailed description 
of the corresponding defect site has not been achieved yet 

5.7. Defect line shape analysis 

The lime shapes of several of the prominent lines were found to be very well described 
by Voigt profiles, i.e. convolutions of Lorentzian and Gaussian contributions; 
however, this is not thought to have obvious physical significance, as the fitted 
Lorentzian contributions (typically - 1 GHz) are very much larger than the limits on 
homogeneous widths of several MHz implied by hole burning experimenls (discussed 
in Cone et al 1984, 1992, 1993). 
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6. Zeeman effects and inequivalence splittings 

6.1. Inrrinric sire enhancement and Zeeman shfls 

Both 7F0 and sD, are non-magnetic J = 0 states, leading to a quadratic field 
dependence of their energies that arises out of admixtures of 7Ft and ’D, states 
respectively through matrix elements of the Zeeman Hamiltonian 

R L Cone ef  a1 

H = p g ( L +  2s). B .  

Another consequence of this admixture is that the 7Fu -, ’Do transition, which 
is strictly forbidden and therefore of zero intensity at the intrinsic site, becomes 
progressively allowed in a magnetic field, with an intensity that should increase as 
B2. Indeed, this field dependence is essential to the identification of the intrinsic 
line position, as it always appears to originate at the same energy (17196.7 cm-I, 
see table 2) in all EuVO, crystals and can be obsetved only in non-zero field. The 
intrinsic line intensity has been measurcd as a function of applied field for all crystal 
growths, and is found to be accurately quadratic with field. Because there is always 
a non-zero fluorescence intensity at the intrinsic line position in these samples, even 
in zero field, the intensity enhancement relative to this baseline varies greatly, being 
largest (a factor of - 350 at 8 T )  for the very pure growth A, and smallest (a factor 
of - 4 at 8 T )  for the ‘duty’ growths G and H. 

In contrast to this qualifalive prediction concerning dependence of intensity 
on field, an important quanfirarive prediction can be made regarding the energy 
dependence of the intrinsic site line on field. From second-order perturbation theory, 
the expected shift in the energy of the ground state is calculable for fields along the a 
and c axes, knowing the energy separation between 7Fu and the states M ,  = &I and 
0 respectively in 7Fl. The calculation is straightforward because even in intermediate 
coupling the Eu3+ ground state is accurately 7F,,. The corresponding calculation 
for the energy shift in 5D, is far more tedious due to the appreciable intermediate 
coupling in all the ’D states. The results are: 

Bllc : 

B l c :  

AE(7Fu - ’D,) = 63.0 B’MHz T-* 
AE(’F, -+ ’Do) = 61.4 B’MHz T-’ 

Experimentally the B’ coefficients are found to be 60 2 MHz T-’ and 63 f 
2 MHz T-’ respectively. Within experimental error both of these values agree with 
the predictions of the theory. The very similar values are a direct result of the 
unusually small 7F1 splitting at the intrinsic site. 

6.2 Inequivalence splifrings for defect sifes 

The D, point symmeny at the inlrinsic Eu3+ sites in EuVO, implies that the value 
of any physical property measured with magnetic field parallel to the crystallographic 
a axis will be identical to that measurcd with field parallel to a‘. At Eu3+ defecf sites 
the symmehy is lower, so that for a particular defect site, measurements for field 
parallel to a and a‘ may well give different valucs, a and a‘, say, for some physical 
property. The consequence of this, in an experiment where one is necessarily looking 
simultaneously at all sites of a particular type in the EuVO, crystal, is that it is 
ovenvhelmingly probable that both values a, a‘ will be observed along either a or 
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a’. That is, there will be as many dcfect sites of a particular kind related in some 
fashion to the a axis as there are related to the a‘ axis. 

This means for defect sites that there are two magnetically inequivalent Eu3+ 
sites for field applied in a general direction in the a, a’ basal plane. In the present 
experiments, it was possible to apply field only along a or a‘, but even in this case, 
inequivalence is expected unless the particular defect site under study happens to 
have principal axes at 45O to a or a’. 

All the SD, .--) 7Fu defect lines for growth A crystals were examined for such 
inequivalence splitting. That is, the expected quadratic energy variation with field 
for each l i e  ( J  = 0 -+ J = 0) was examined for signs of line splitting, particularly at 
the highest field (9 T). Nine lines at the higher-energy end of the excitation spectra 
displayed well resolved splittings, which were typically - 5 GHz at 9 T Figure 6 shows 
Iwo typical results, from which it can be seen that the splitting are well resolved, and 
that the quadratic energy variation is accurately reproduced. 

Firm= 6. lneauivalence solilline of line 42 
(open circles) .and line 44. (solid circles) as 

0 2 4 6 8 10 a function 01 field applied parallel to the a 
a IT) axis. 

Such data is direct evidence that the principal axes of quantization for each of 
these nine defect sites are not at 45O to a, U‘, with the thud ax%. almost certainly 
not along c either (thereby leading to low site symmetry). Ideally all the necessary 
information conceming the direction of such axes relative to the original a, a’, c 
axes could be obtained by measuring the inequivalence splitting at constant field, 
as a function of field direction in the  a, U‘ plane, and in the planes containing 
c and the principal directions in a, U’. Such experiments are difficult due to the 
poorer fluorescence detection geometry inevitable when using crystal rotation devices. 
However, in the absence of such detailed information, the present inequivalence 
splitting data do allow some conclusions to be drawn concerning the crystal field 
effecs in 7F1 due to defect site distortion. 

In the general case a defect site would display C, symmetry; that is, no symmetry 
at all. A consequence of this would be that relative to any system of local axes I, y, 
z, the three ctystal field eigenfunctions in 7F, would consist of an arbitrary admixture 
of the three functions mJ = IO), I f 1) originally described relative to the a, a‘, c 
axes in D,. There is little point in proceeding with a general analysis along these 
l ies ,  given the small amount of experimental data typified by that shown in figure 6. 
Instead, we argue for an extremum result, based on the simplest possible model of a 
distorted (defect) site. 

In D,, symmetry the ’F, level is split into a rs doublet and a r, singlet, as 
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shown in table 2. Let us suppose that the lowered symmetry at a particular type of 
defect site consists of the simplest type of orthorhombic distortion; that is, a local 
increase of NN atomic distance along the a axis relative to that along a’. Because of 
the overall crystal symmetry we would expect an equal number of such sites in which 
the local increase was along a’ rather than a. Relative to the local (orthorhombic 
symmetry) axes a, a’, c, the resulting electronic eigenfunctions would be of the form 

that is, 

In the presence of a magnetic field parallel to the (t axis, the Zeeman Hamiltonian 
would couple the ground state l0,O) with 11,1), for the sites with distortion along 
a, and 11, l), for the sites with distortion along a’. That is, we need to consider 
matrix elements of the operators (L, + 25,) and ( L v  t 2S,) respectively, and the 
individual quadratic energy variations with field of these two transitions are given 
by 25.15 B Z / A ,  and 25.15 @/A, GHz T-2. These two differ because of the rs 
splitting (A,-A,) produced by the local distortion. This model provides a qualitative 
explanation for the data shown in figure 6. 

The important point here is that the above model is the extreme case: any 
further symmetry-lowering distortion [which would produce further admixture of all 
three J = 1 eigenfundons) or any rotation of the local distortion axes away from 
the magnetic field direction would serve only to reduce the observed difference in the 
quadratic energy variation; that is, the inequivalence splitting. Data of the type shown 
in figure 6 therefore allow calculation of the snzaiiesl possible value of A, - A,; the 
true values are almost certainly larger. Tdbk 3 lists the results, and shows a large 
range in the difference A, - A,, as may be expected for quite severe local distortion 
at particular sites. 

Such large splittings are not unprecedented; the G1 Eu3+ site in CaF,:Eu3+ 
(Siersmith and Radlinskii 1985) is very similar. More precise values will have 
to await a determination of local axes. Again it is unfortunate that experimental 
difficulties have temporarily precluded the direct spectroscopic determination of these 
splittings in the 7F1 manifolds. 

The fact that only nine lines display inequivalence splittings, or rather that some 
eighty percent of the lines do not display such behaviour, is almost certainly because 
the large majority of defect sites have very low symmetry. This tends to produce 
arbitrary eigenfunction admixture and principal axes directions that tend to mask 
clear-cut behaviour of the type shown in figure 6. 

R L Cone et a1 

Il,O), (1 / f i ) ( lLt1)  t IL-1)) 

ILOL ILl),, lL1)a .  

( W m L t 1 )  - 11,-1)) 

Table 3. 

Line No Energy(GHz) A, A, A , - &  
35 515695 452 367 85 
38 
39 
40 
41 
42 
43 
44 
45 
Intrinsic line 

515745 
515808 
515811 
515865 
515897 
515947 
515980 
516082 

565 

508 
505 
695 
543 
520 
556 
372.7 

484 
371 194 
388 96 
372 136 
357 148 
399 296 
239 304 
191 323 
382 114 
372.7 0.0 
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6.3. Other field dependeN lines 

As already discussed, the 'FU -+ 'D, intrinsic line at 17 196.7 cm-' is found for all crystal 
growths by scanning through the excitation spectrum both with and without magnetic 
field applied along the c axis. In the presence of field, for all growths except A there was 
always just one additional lie, always at the same energy: 17 196.7 cm-' (515544 GHz). 
For growth A, however, there were three other lines that were enhanced in intensity as 
field was applied. These were line 3 (515479 GHz), line 14 (515520 GHz) and line 15 
(515523 GHz). All three lie below the energy of the intrinsic line, and (to be discussed 
in Cone el af 1993) none showed hole burning effects. 

All defect 7FU --t 'D, lies are subject to the same quantum mechanical admixture 
of the 'F, ground state with the 7F, JmJ = 0) state that enhances the intrinsic line, 
but for defect lines the enhancement of intensity is negligible because the l ies are 
already allowed due to the lowered site symmey. The fact that these three l ies 
can be enhanced4  factor of - 10 for lines 3 and 15, and a factor of 100 for 
l k the re fo re  indicates that the site symmetry for each must be very high; that is, 
they must be very nearly D,, sites. Their clear separation from the true intrinsic 
l i e  position is somewhat surprising, and certainly relevant to a discussion of crystal 
field and free ion effects as given in section 5.5 above. That is, the shift from the 
intrinsic line position in these three cases is almost certainly due to changes in free 
ion parameters rather than local distortions. This anomalous behaviour singles them 
out for future detailed studies. 

7. Experiments on doped crystals: growths E, F, 11, J, K 

Figures 4 and 5 show that for these growths, which contain either small Eu3+ 
concentrations in GdVO, and YVO,, or small Sm3+, Ho3+, or Df+ concentrations 
in EuVO,, the Eu3+ excitation spectra display the same features as the stoichiometric 
growths. Spectral line widths are however much larger, to the extent that much of the 
detail observed in pure EuVO, is lost. In addition, the presence of paramagnetic ions 
in growths E, H, J, K meant that the lines could not be hole burned, due doubtless 
to the possibility for enhanced Eu3+ nuclear spin-lattice relaxation rates. 

In growth E (1% Eu3+:GdV0,) the spcctra were studied at temperatures above and 
below the antiferromagnetic transition in GdVO,, TN = 2.495 K, but no changes in the 
excitation spectrum attributable to magnetic order were observed. For growth H (1.5% 
Sm3+:EUV0,) the existence of a 1 cm-I zero-field splitting in the rs doublet in 'D, 
showed that the crystal was quite severely strained. In addition, the value of gJ for this 
doublet was found to be 1.431f0.005, which is significantlysmaller than the 1.49f0.01 
found in pure EuVO,, and almost certainly due to a distortion of the site axes rather 
thanareal change in g J .  For growth J (1% HO~~:ELIVO,) astudy ofthe Host spectrum 
has shed valuable light on the spectroscopic properties of the stoichiometric isomorph 
HoVO,. That work has been published elsewhere (Bleaney ef af 1988). 

8. Conclusions 

An extensive survey of Eu3+ defect spectra in the 'FU - 5Du region has shown that 
the main features of the defect spectra are largely independent of the method of 
EuVO, crystal preparation. Even in the purest crystals available there are still some 
fifty individual l ies ,  which implies a surprisingly large number of different defect 
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types for so simple a crystal structure. In detail, the defect spectra are dependent 
on the method of crystal preparation, and in particular the presence of fluorine in 
the growth flux appears to be responsible for several prominent l i e s  at the highest 
energy. The identification of individual defect sites in this system is still in its infancy, 
and this work represents no more than the essential first step in the investigation. 

The spectmcopic properties of the Eu3+ ion at the D, hfrimic sites are well 
understood. A crystal field analysis of the levels obsewed in the multiplets 7E 'D 
leads to the surprising result that the crystal field parameter E,, responsible for the 
magnetically important splitting in 'F,, SD,, is very nearly zero. This has important 
implications for the quadrupole splittings expected for Edt at the intrinsic sites, 
and for the possibility of hole burning and ODNQR experiments, which observe such 
splittings directly. 
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