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Earlier work[Coneet al, J. Phys. C17, 3101(1984; Coneet al, J. Phys.: Condens. Mattéy 573(1993]
on EuVQ, has described the fluorescence excitation spectra associated with the large number of defect sites
(>50) previously discovered in this material. To establish which if any of the defect sites were intrinsic to the
EuVQ, crystal structure rather than being dependent on particular growth procedures, Enp¢@ls were
prepared from fluxes with different compositions. The present work extends this study, using the techniques of
spectral hole burning and optical detection of nuclear quadrupole resonance to examine at much higher
precision the degree to which the defect spectra associated with the various crystal growths are identical, and
to attempt a preliminary correlation of such spectra with the methods of crystal growth. We discuss the relative
importance of the lattice and electronic contributions to the ground-state quadrupole interactions and conclude
that the electronic contribution is almost always larger than the lattice contribution. The data also allow
conclusions to be drawn regarding the relative importangesefidoquadrupolaeffects in the spectra and they
are found to be small. This work forms a basis for detailed study of particular defect sites to be discussed in
further papers[S0163-182@7)02237-4

[. INTRODUCTION mostly “minimally-perturbed” sites. However, apart from a
few common features—for instance, the80 GHz gap in all

In the earliest spectroscopic study of stoichiometric euthe spectra just below thatrinsic site transition—the spec-
ropium vanadate, EuV' spectral hole burning techniques tra for different growths differ markedly in detail.
were used to investigate crystallographically perturbed de- (3) The spectra for the highest purity samples showed no
fect sites in optically-clear single crystals. Fluorescence exlines on the high frequency side of 516200 GHz
citation spectra in the EBli: 'Fy-°D, region (582 nm (17218 cm?l). For all the other samples, where the crystals
showed more than fifty absorption lines spread ovethad been grown in a flux containing various amounts of fluo-
50—60 cm. Each of these lines could be ascribed to a dis+ine in the form of potassium fluoride, KF, there was a uni-
tinct type of defect site in the crystal, since the optical tran-versal appearance of two high energy lines-&16 389 and
sition in question, beingl=0—J=0, has no crystal-field 516 635 GHz(17 224.88 and 17 233.09 crh respectively,
splittings associated with either the initial or final state. with the former appearing as two lines for some growths.

This work prompted first a parallel study of the isomor-  (4) Zeeman effect studies showed that for the highest en-
phous compound europium arsenate, Eup$@hat showed ergy defects—some 10% of the total number—a magnetic
very similar effects, and second a study of the extent tdield applied along the crystallographi&,a’ axis showed
which the detailed procedures of EuY€rystal growth were site-inequivalenceplittings in addition to the expected qua-
determining the observed &u spectra® For convenience, dratic Zeeman effect. This was discussed as a consequence
Table | here is reproduced and expanded from the latteof low defect site symmetry, and implied crystal-field split-
work. It was observed that the excitation maps for the varitings in the first excited F; multiplet of some hundreds of
ous EuVQ growths are as remarkable for their differences axm . These large splittings are in sharp contrast to the

for their similarities. The main features are as follows. 10.2 cm'* crystal-field splitting measured foiF; on the in-
(1) The frequency of théntrinsic transition—due to Etf trinsic site.
ions at the expected stoichiometric high-symmdry, crys- The work reported here usspectral hole burningSHB)

tal sites—is accurately the same for all growths: 515 544and optically detected nuclear quadrupole resonance
GHz (17 196.7 cmm?) and could be observed only in applied (ODNQR) to extend the earlier work to much higher resolu-
magnetic field since théF,— °D,, transition is strictly for- tion in the frequency domain. All of the spectral lines re-
bidden inD,4 symmetry in zero magnetic field. corded in the earlier wofk—some 600 lines in total—have
(2) There is an obvious clustering of defect site transitionsdbeen investigated by SHB techniques. This survey was de-
around the transition for thiatrinsic site. These are perhaps signed to determine first whether lines that appear at identi-
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TABLE I. Various crystal growths and their fluxes. The europium was added stoichiometrically as an
oxide (EyOg).

Growth Flux composition Comments

A: EuVO, V,0s5 Pure

B: EuvO, V,0s5 Superpure

C: EuV0,:0.01% Gd* V,05/Gd,04 IBM growth

D: EuvO, Pb,V,0;/V,05 Original growth

E: GdVO,:1% Eu* Ph,V,0;/V,05 For comparison

F: YVO,:10% EG" Pb,V,0,/V,05 For comparison

G: EuvQ, PbO/PbEk/V ;04 Excess Pb

H: Euv0,:1.5% Sni* PbO/PbE/V,05/SmO, Doped with Sm*

I: EuvO, KF/V,05 New flux mixture

J: EuVO,:1% He** KF/V,05/H0,04 Doped with HG*

K: EuvO,:1% Dy** KF/V,05/Dy,04 Doped with Dy*

L: EuVO, K,0/V,05 New flux mixture

ORNL PbO/N,O5 Oak Ridge National Lab
cal frequencies, though from different Euy@rowths, are For the E4" ion the hyperfine splittings arise primarily

still identical when viewed through the “frequency micro- from nuclear quadrupole interaction, since first-order effects
scope” of hole burning. In addition, the rates of hole burningof the magnetic hyperfine interaction are zero for &0

and hole relaxation can be correlated with the presence dlectronic angular momentum ground state. There are several
paramagnetic impurities that affect Hunuclear spin relax- possible contributions to effects describable as quadrupole
ation in EuvQ. A number of lines display very detailed interaction, all occurring in the literature in a variety of op-
spectra; two of these have already been studied usingrator formalisms, so Appendix A presents a unified account
ODNQR? Finally, in addition to results for the various crys- Of the theoretical understanding of nuclear quadrupole inter-
tal growths produced earliéf* this work includes the study action. The manner in which the experimental hole burning
of crystals grown in a different laboratofDak Ridge Na- data were analyzed is briefly described in Appendix B.
tional Laboratory as a further test of the universality of the

observed defect spectra. As will be seen, the more recentil. THE QUADRUPOLE INTERACTION HAMILTONIAN

crystal growths are identical to the earlier growths in many, . . - . .
but not all, respects. Appendix A gives a full derivation of the effective-spin

Hamiltonian

(1+1)

All experiments were carried out using optically-clear s
flux-grown EuVQ single crystals immersed in superfluid he- together with the various contributions to bd®hand 7. For
lium at around 1.5 K. For details of crystal growth the reademoth D, and ’F, the major contributions t& are firstP .,
is referred to the previous papeThe techniques of spectral which derives from the crystal lattice, and secdd, which
hole burning are well known; since the pioneering work ofjs the second-order effect due to the dlectrons(first-order
Erickson~’ many studies applied to europium and other raresffects being zero i=0 states Both these terms depend
earth compounds have been publisfi¢tble burning relies o the crystal field paramet&Z and are calculable using the

upon a selective population redistribution mechanism Q,yyressions in Appendix A. The results of these calculations
bring about long-lived changes in the absorption profile of &,

spectroscopic line; in rare earth compounds the hyperfine g, ited state:
optical pumping mechanism depends on the ion of interest
having a nuclear spih=1, with consequent nuclear hyper- °D,, total P=—7.4x 10" 2B MHz.
fine splittings that are inevitably smaller than the inhomoge-
neous optical linewidth but much larger than the linewidth of Ratio Pp/P2,= — 29,
a narrow band tunable laser and the homogeneous linewidth
of the optical transition. Ground state:
In the present work the crystal was subjected to cw exci-
tation at modest power levels-15 mW focussed dye laser F, total P=—3.4x 10*253 MHz.
outpud, and typical holes burned to the baseline., total
bleaching in a time ~1s or less, and exhibited a lifetime Ratio Py /P23 =—1.8.
=1 h. Itis against this experimental procedure that the terms
“easy” or “difficult to burn” used below should be judged. These results show thi®(°D)|>|P(’Fg)|. This is consis-
The holes were read out with the same laser power and wittent with both the present and previously published data on
a 2 GHz/s sweep rate for the typical 0.5—-1 GHz scan. Ew®" ions in crystals. Also, the lattice contributiof?,

II. EXPERIMENTAL METHODS

H=—B-y-1+P| 12— +g(|i+|2_) ,
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FIG. 1. A plot for °D, of SE vs P?(1+ 5%3) for 94 defect AE (GHz)

sites, whereP and » correspond t0'>€u:°D,, and SE is the en-
ergy difference (GHz) between the defect and intrinsic site  FIG. 2. A plot for 'Fg of SE vs P?(1+ 7%3) for the defect sites
"F,-°D,, transitions. Theoretical predictions based on a range ofisted in Table Il, where® and 7 correspond td**u:’F,, andSE
values for the Sternheimer shielding factor«{dr,) are shown for is the energy differencéGHz) between the defect and intrinsic site
comparison. The best fit to the data is given by-(#,)=0.66. It  "Fo->D transitions. No obvious functional dependence is evident.
should be noted that the scatter is not due to a lack of precision ilt should be noted that the scatter is not due to a lack of precision in
the data: the values d®, 7, and SE are all determined with an the data. TheP and » values are determined with an accuracy of
accuracy of~1%. 0.1% or better, due to the higher accuracy of the ODNQR experi-
ments.
dominatesP(°Dy) but notP(Fg), which has several con- _ .
sequences for the data reported here. magnitude of tends to be larger when the energy difference
From the hole burning experiments we determine the valE between the defect site and the intrinsic site is larger.
ues of P and the asymmetry parameterneeded to fit the This was interpreted hypothetically in terms of crystallo-
quadrupole Hamiltonian for each of the two europium iso-graphic d|stort'|on at each particular defect site Qnd a conse-
topes Eu and 5%u. If the quadrupole paramet& is qgent correlation qP and the rank two crystal field terms
determined principally by the sum &, and P2, the ratio with the energy shift caused by these terms. For Ey\Als

P(*'Eu)/P(15%u) should be equal to the ratio of their re- cOrrelation would be expressed as
spective quadrupole momen{8.54). Departures from this _ 2 2

ratio would be evidence that pseudoquadrupole interactions OE=0.2X(1+7°/3)P" GHz.
are significant. The’D, data show little if any departure Previous analysis for EuAsQndicated a reasonable rela-
from the 2.54 ratio, implying that the lattice contribution to tionship betweersE andP. Here we examined many more

P is dominant, as expected. Even ti€, ODNQR data sites(94, rather than 1land thus provide a better test of the
given below, which might have been expected to be morenodel. It must be recognized that each defect site is a highly
sensitive to pseudoquadrupolar contributions Rp show individual situation and that no simple mathematical treat-
little departure from this ratio. ment of the measured parametep, §) in terms of 6E is

likely to produce a convincing functional variation for all of
the data. Figure 1 shows the data compared with the pre-
dicted result. Indeed, there is considerable scatter. The best
fit to the data is not good, as it corresponds to—(dy)

A total of 94 sets of P, ») data for the®D, excited state =0.66, which is outside the limit implied by the published
were obtained from the hole burning spectra. All the linesvalue: (1- 0,)=0.5£0.1. It should be noted that the scatter
observed in the excitation spectra for the growth<D, G, in Fig. 1 is not due to experimental error, since the values of
I, J, andL (see Table)lwere studied; for each growth some P and » are measured to an accuracy of order 1%. As a
15-20 lines produced analyzable spectra. Some of ttiege  comparison, Fig. 2 shows the corresponding plot of the
results are listed in Table II. (P, 7) data for theground state’F,. (These data are listed

We observed in earlier work on EuAsQRef. 2 that the in Table Il and were derived from the ODNQR experiments

IV. HOLE BURNING EXPERIMENTS
IN ZERO MAGNETIC FIELD
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TABLE II. Hole burning and ODNQR results on the Euy@round and excited stateB.is the quadrupole interaction parame(eiHz),
7 is the asymmetry parameter, anft is the energy differencéGHz) between the defect and intrinsic sif€,-°D, transitions.

Growth A crystal ORNL crystal Growth A crystal
F, ODNQR F, ODNQR 5D, SHB
Freq. P Freq. P Freq. P SE
Isotopes (GH2) (MHz) 7 P ratio (GH2z (MHz) 7 P ratio (GH2z (MHz) 7 (GH2)
By 516081 6.12 0.386 2585 516084 6.117 0.3855 2589 516082 16.9 0.31 537
5y 15.82  0.371 15.83 0.3719
151y 515979  6.784 0.408 2516 515979  6.7895 0.4084 515980 10.2 0.81 435
B5Ey 17.07  0.408 25.8 0.81
Blgy 515948 6.02 0.891 2570 404
5y 15.47 0.854
Blgy 515896  7.05 0.293 2573 352
5%y 18.14  0.289
Blgy 515868  6.135 0.315 2536 515868  6.1429 0.3152 2.535 515865 324
15y 1556  0.337 15.57 0.3374 17.9 0.85
Blgy 515816 6.543 0.457 2558 515810 6.5397 0.4548 515811 267
5y 16.74  0.438 27.6 0.44
151y 515811 6.772 0.423 2565 515806 6.7518 0.4150 515 808 264
5y 17.37  0.401 315 0.24
Blgy 515745 6.70 0.294 2576 201
5%y 17.26  0.293
Blgy 515740 5.89 0526 2.569 196
5%y 1513  0.516
By 515693 6.84 0314 2545 515691 7.177  0.308 149
5y 17.41  0.328
Blgy 515688  7.13  0.00 144
1y 515658  4.396 0.823 2523 515667 4.407  0.823 515 668 124
5y 11.09  0.844 16.9 0.31
Blgy 515571 8.06  0.00 27
Blgy 515554  7.45  0.00 2.554 515554  7.45 0.00 2.554 8.160.11% 10
15y 19.03  0.00 19.03
By 515 477 7.38 0.00 2.553 -67
5y 18.84  0.03

aDeduced from ODNQR data shown in Fig. 3.

reported below. There is no indication at all of a linear environmenf As a test of this idea, Newm&hcalculated
variation through the origin here. There is far more scattethe magnitude of changes expected due to covalency in the
compared even with Fig. 1. This would be consistent withsystem P¥:LaCl;, and concluded that this wouldot ac-
the fact that the calculated lattice contributit,,, is much  count for the observed changes, but then went on to show
less significant folP(’F,) than forP(°Dy). that a modification to the local dielectric constant was in
The better trendthough not goofin the excited state principle a more likely candidate. In the present case the
compared with the ground state may indicate that at leadlielectric constant model—which implies a uniform dielec-
some of the sites are explained by the distortion modelfric continuum—seems inappropriate as a description of a
though there are more sites that could not be explainedingle defect site, but the physical consequences opthe
Table Il lists the excited state quadrupole parameters antrizability of atoms local to the defect site would presum-
the growth origin of the particular defect sites that showably be the same. Another indication of environmental sen-
potential consistency with this model; these could possiblysitivity is given by the comparison of the Eu °Dy-F,
be worth studying from this point of view. energy for different crystal hosts, as shown in Table IV.
Another factor in the Hamiltonian potentially capable of Even if the Cakresult is ignored this is still an energy range
explaining the transition energy shifts among the defect sites-150 cni’l, well in excess of the defect site range in
with the change in environment is the free-ion contributionEuVQO,. As a further test, measurements were made of the
described by the Slater parameters. The observed differenceariation of the °D;-’F, and °D,-’F, energies with Eu
between the free-ion energy levels and the baricenters afoncentration in the system Eu:YV®' Over the range 0.5—
crystal-field-splitd levels in crystals—typically as large as 100 % the observed variation was linear with concentration
50 cm —have long been attributed to a modification of theand equal to~10 cm ! between the extremes. The EuyO
Slater parameters by the effects of covalency in the crystdhttice constant is greater than that of YYGso that the
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TABLE lII. Relationship between the quadrupole interaction and the energy shift itDtpstate for'>3u, for those lines corresponding
to the predictions of the “distortion” modeP is the quadrupole interaction parameteiHz), » is the asymmetry parameter, adH is the
energy differencéGHz) between the defect and intrinsic sifEy-°D, transitions.

Frequency
Growth (GH2) SE (GH2) P 7 P2(1+ 5%/3)/5E
A 515 691 146.7 25.7 0.1 4.50
D 515723 178.5 25.6 0.67 4.21
G 515 802 257.8 31.7 0.29 4.01
D 515 808 263.6 32.3 0.24 4.02
G 515 810 266.0 31.9 0.58 4.25
L 515 858 314.0 31.1 0.77 3.70
G 515 863 319.4 20.5 0.67 3.76
[ 515 864 320.0 35.8 0.55 4.40
L 516 079 534.5 47.8 0.37 4.47
D 516 081 537.0 45.8 0.19 3.95
G 516 212 667.5 475 0.64 3.83

observed shift to higher energy correlates with the increasingpns. This mechanism for defect formation would be indi-
size of the Ed" environment. Additional evidence of this cated by increased optical intensities of those defect lines or
was also obtained from a study 8D levels in E#":RVO, by a difference in the hole burning dynamics of those defect
(R=Eu, Gd, Th, Dy, Y, and Ly where again shifts to lines. It was difficult to observe holes in all of the defect sites
higher energy correlate with unit cell size. The details ofof growthsH(1.5% Sni*), J(1% HJ*"), andK (1% Dy**).
these studies have been presented elsewhdteis leads to  For growthE(GdVQ,:1% EU**) no holes could be observed
the hypothesis thatigher energy Ed" defect sites are gen- for any sites. The impurity ions or stoichiometric &dons
erally those either near vacancies or near impurities wittwere very effective in promoting rapid Eu nuclear spin
radii smallerthan those of normal ions, in which case lattice relaxation. Since all lines in a particular doped growth
deformations givenorespace around the Btiion, and vice seemed to be similarly affected, one can conclude that mag-
versa: lower energy Ed" defect sites are generally those netic dipolar interaction—which is long-range—is the domi-
either near interstitials or near impurities with ratlirger ~ nant mechanism in the relaxation process. The observation of
than those of normal ions, in which case lattice deformation$oles involves a competition between hole burning rate and
give less space around the Bl ion. This is qualitatively hole relaxation. The time scale of the present experiments
consistent with the known presence of'Plas an impurity in ~ was 200 ms or longer, and it may be worthwhile to repeat
these flux-grown crystaldts ionic radius is smaller than that these experiments using two lasers to independently burn
of Eu*™) and with the obvious bias of the entire defect spec-and read or to use a fast scanning technique to read short-
trum to the high energy side of the intrinsic site energy. Thdived holes.
“fluorine” lines at 516 389, 516 415, and 516 635 GHz  For the different nondoped growths it was noted that, in
(17 224.88, 17 225.75, and 17 233.09 ¢m respectively, general, the purer the crystal the easier it was to burn holes.
thought to be present only in crystals grown with fluxes con-This is consistent with the expectation of longer hole lifetime
taining fluorine, also fit into this scheme well, since ras a  as impurity-induced relaxation is eliminated. Thus growth
smaller ionic radius than®, which it replaces in the lattice, (pure) was found to contain very many easily burnable lines
perhaps with the help of a charge compensating electron. in contrast to growtls (excess Pl again consistent with the

In a further effort to identify the origin of specific defect view that paramagnetic impurities were highly effective in
lines, a number of growths were prepared with intentionapromoting EG* nuclear spin relaxation. Also, for all growths
rare earth impurities and with the expectation that'Ede- it was noted that all defect lineselow the energy of the
fect sites might form preferentially adjacent to the dopantntrinsic line were either difficult or impossible to burn.

These data are of particular interest in connection with en-

TABLE IV. Eu®* "Fy-5Dg energy in various hosts. ergy transfer processes, which are to be addressed in a fur-
ther paper.
Hosts Energy (cmb)
CaF, (G1 centey 17 430

V. OPTICALLY DETECTED NUCLEAR QUADRUPOLE

LaF, 17 293

EUR, 17 290 RESONANCE (ODNQR) EXPERIMENTS

LaCls 17 267.35 To complement hole burning experiments that provided
Eu(OH), 17 225 (P,n) values for the °D, excited state, we turned to
EuAsQ, 17 215 ODNQR which producesR,7) data for the ’F, ground
Euvo, 17 196.7 state. In addition, ODNQR data is some two orders of mag-
Y,0,S 17 143.3 nitude more precise than hole burning data, allowing far

more stringent tests of identity between defect sites in differ-
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symmetrical lineshape can be detected by a procedure that
takes such factors into account. Reversing the direction of
the frequency sweep gave exactly the same ODNQR fre-
quency and the tail of the peak was on the lower frequency
side. Slowing down the sweep rate also resulted in more
symmetric line shapes. On sites that are easier to burn, the
peaks were more symmetric. It should be noted that Fig. 3
displays both ground and optically excited state resonances.
It was usually found to be more difficult to detect the latter.
Table Il collates data believed to relate to the same defect
lines in each of the three sets of experiments: the ODNQR
experiments carried out on growth and the Oak Ridge
National Laboratorfy ORNL) EuVO, crystals—which yield
T T T data for the’F, ground state—together with growt hole
10 30 50 burning experiments that yield data for tiB, excited state.
Frequency (MHz) In this latter case these data are a small fraction of°hg
data displayed in Fig. 1, and are included here to allow a
FIG. 3. The ODNQR spectrum for the 515 554 GHz line, show-comparison of P, %) for both the ground and excited states.
ing both ground and excited state resonances in the frequency rangéve ORNL crystals were prepared quite separately from all
15-45 MHz. The upward pointing peaks, corresponding to strongethe other crystals, as a further test of the role of growth
fluorescence, are the nuclear resonances in the ground $afe ( conditions. The comparatively high precision in the two sets
The downward pointing peaks, corresponding to less fluorescencgs ODNQR data allows a detailed assessment of just how
or stronger holeburning, are the resonances of the optically excitefjentical the particular defect sites are in the two different
state £Do). crystal growths. Not all defect lines were amenable to a com-
plete analysis, hence there are occasional gaps in the table.
ently prepared Euv@growths and a much more precise  The ratio (°*P/!'P) is listed for each of the ODNQR
determination of other parameters that would be needed for @atasets in Table I, and can be seen to be close to the value
more detailed defect site analysis. 2.54, the ratio of the respective nuclear quadrupole moments.
In ODNQR experiments the hole burning setup is aug-This implies that pseudoquadrupolar effects in EuVéde
mented by the addition of radio frequengf) equipment and very small for nearly all the defect sites, which is somewhat
a crystal mount that allows simultaneous optical and rf irra-surprising since such effects are expected to be more impor-
diation at 1.5 K. The technique is identical to that used in dant in the 'F ground state due to the relative proximity of
variety of double-resonance experiments, and a preliminarthe J=2 excited staté®3~19A related effect is the differ-
report of analyses of a few defect site lines in EuM@s  ence in the values of for the two isotopes>'Eu and'*Eu,
been published?!? which with ODNQR precision is seen to be significant for
The present work uses basically the same setup but withome of the lines listed. There has been much discussion of
refinements at nearly all stages. The crystal was mounted isuch additional mechanisms in relation to Eu systems dis-
a 5 mm diameter 5-turn rf coil of 22 gauge wire connected toplaying large pseudoquadrupolar effetnd Table V lists
the center conductors of incoming and outgoing coaxiadata published by other authors for a variety of*Eu
cables. The coil was designed to act as a transmission linenvironment$:*3=*  The relative insignificance  of
over the range 5-80 MHz by mounting 11 pF capacitorspseudoquadrupolar effects implied by these results could
from each of the coil turns to ground. Optical excitation andmean that EuVQis a relatively simple system, with few if
hole burning was achieved as before by ari faser pumped any additional unknown mechanisms not properly taken ac-
CR599-21 dye laser, and the resulting fluorescence wagount of in the original Hamiltonian. However, discussions
picked up by an optical fiber bundle and sent to a McPhersopresented in Sec. VI show that there may be additional quad-
218 monochromator tuned to theD,-’F, fluorescence rupole interaction mechanisms in the ground state that are
emission wavelength. The signal was amplified by a Teknot well understood.
tronix 7A22 amplifier in a 7904 oscilloscope and sent Another issue raised by Table Il is the identity of fre-
to an analog-to-digital converter. The computer-controlledgquency in the two ODNQR data sets. On occasion the optical
PTS500 rf synthesizer output was sent to the coil after beinfrequencies of lines judged to be identical because of the
amplified by an ENI 411LA rf power amplifier. The trans- very close agreement of theiP(%) values may differ by as
mission line including the coil was terminated by a 80 much as 9 GHz, well outside the experimental uncertainty.
load. The rf magnetic field in the coil was4 G and the rf  Also, the reverse situation obtains, for example in the case of
was swept at a rate of 17 ms per data pélit to 20 kHz per  the growth A 515693 GHz line which differs from the
point). ORNL 515 691 GHZz line by only 2 GHz, yet the valueshf
Figure 3 shows the result of a frequency scan for a pardiffer by 5%. This is a dramatic indication of the sensitivity
ticular defect line over a wide rand&0 to 50 MH2. The rf  of the ODNQR technique to very small defect site differ-
absorption peaks were found to be asymmetric, and a deences.
tailed investigation confirmed the conclusions drawn in pre- It is worth pointing out that the analysis of the observed
vious work? that the asymmetry is a consequence of theSHB or ODNQR spectrum depends on the interpretation of
dynamics of the double-resonance process, and that a trulis resonance peaks in terms of the quadrupole splittings in

Intensity
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TABLE V. Quadrupole moment ratio®P/5p.

Host Ratio Method Reference
2.5445+0.0194 Atomic beam Ref. 13
Cah ("Fy) 2.5835+0.0191 ENDOR Ref. 14
2.55+0.34 Optical HFS Ref. 15
2.5170.24 Hollow-cathode discharge Ref. 16
CaF, Cy, (°Dy) 2.553+0.001 ODNQR Ref. 17, 18
LiYF, ("Fg) 2.564+0.00% ODNQR Ref. 19
YAIO; (°Dy) 2.5812+0.0016 ODNQR Ref. 7
Cak, C4, (Fo) 2.73 ODNQR Ref. 18
BaF, C,4, ("Fo) 2.75 ODNQR Ref. 18
EuVO, ("Fo) 2.551+0.006 ODNQR This work

&Corrected for pseudoquadrupole effect.
BMost sites have the ratio very close to 2.551. The ratios for the ground state of the defect sites range from
2.483 to 2.594.

| =5/2 for each of the two isotope¥'Eu and 1°3Eu. One that this was deemed unacceptable. Also against this inter-
important criterion is that the sum of the frequencies of thePretation was that the calculated quadrupole moment ratio
lower two transitions should equal to that of the third transi-for the two isotopes would have been 1.66, far too different
tion for each isotope, and the quadrupole moments of the twlom 2.54. The final interpretation was that thg resonances at
isotopes should be close to the bare moment ratio of 2.549-86 and 66.24 were the lower two transitions f8fEu,
(Table V). It is all too easy, with the possibility of overlap- and the third transition expected at 106.10 MHz was not seen
ping lines and/or some lines being buried in detector noisedue the frequency response of the experimental setup. The
to arrive at a totally incorrect result for the parametersresults are listed in Table IV. .
(P,n), especially when trying to sort out the antihole spec- W!th hindsight, it is quite obvious that the 40 MHz anti-
trum in SHB where the resolution of the spectrum is nothole in the hole burning spectrum covered both the 39.86 and
nearly as good as ODNQR. The line at 515 979 GHz listed irft2-16 MHz resonances. Since even the ODNQR spectrum
Table IV is a good example of this, as follows: The earliestJaVe rise to some confusion at this line, the earlier Whed

hole burning experimentson EuVQ, were carried out on little if any chance—at its much lower level of precision—of

this line with the hole spectra being analyzed in terms ofdistinguishing between the original and the correct analyses.

(P,7) in 5D, using the now familiar procedure. However, We have shown in_ earlier vyo?kthat the spectra for
the data was of sufficient quality that an attempt was made t§"oWthsA andD—the highest purity EuVQcrystals—differ
extract data for the ground statéF,, from the antihole ~Markedly from all other crystal growths3(-L), in that they
spectrum—still one of very few occasions on which this hagdisplay no defect lines above 516 081 GKZhis was also
been attempted. In the spectrum, four antihole frequencie§ue of the ORNL crystaly.Table VI focuses attention on the
can be identified: 16, 26, 40, and 66 MHz. The 26, 40, andhree prominent defect lines that occur to higher frequencies
66 MHz antiholes were identified as the three transitions rethan this, in all the other crystal growths: at 516 389,
lated to 5%Eu. To identify the spectrum of®Eu, it was 516 415, and 516 635 GHz, in particular, those studied in
assumed that there was a 10 MHz transition buried in th@rowthl EuVO, crystals. It is thought tha_\t th_ese lines could
wing of the strong central hole, and that the 26 MHz antiholeP® related to the presence of Fmpurity ions, on the
was degenerate, giving thré#Eu antihole resonances at 10, grounds that the flux used in all the crystal grow@sL had

16, and 26 MHz. These gave the results fér,: contained KF, either as a deliberate flux component or as an
impurity. As for the analysis of the 515 979 GHz line dis-

BlEy: P=4.2+0.1 MHz, 5=0.5+0.1, cussed in the previous paragraph, the 516 635 GHz line pre-

sents a similar problem: in this case, we observe four reso-

5¢y: P=10.6+0.1 MHz, #=0.5+0.1. nances at 11.56, 23.12, 29.35, and 58.33 MHz. This presents

) ) a potential ambiguity: either these are the only allowed tran-
It was not until the present analysis of the 515979 GHzsjtions of any=0 system in which the third transition is
ODNQR spectra for both growtA and the ORNL crystals  forpidden; or these are all the transitions of g 1 system
was carried out that this earlier analysis could be seen to b, \yhich the lower two transitions are degenerate. Our Zee-
wrong. In the ODNQR spectrum, we found resonances afan ODNQR experiments to be reported later have an-

15.84, 26.32, 39.86, 42.16, and 66.24 MHz. No resonance &{yered this guestion. We do indeed havergn0 system in
around 10 MHz was seen. The three resonances at 15.84g ' for this line. It is also worth pointing out that for this
26.32, and 42.16 MHz belonged tG'Eu. The resonances |ine the upper state asymmetry paramejes 0.43.

for 1°%Eu were less certain. The combination of the 26.32,

39.86, and 66.24 MHz resonances seemed to be promisi 7

since the first two added up to 66.18 MHz, very close t(;\gl' ELECTRONIC VS LATTICE CONTRIBUTIONS N "Fo
66.24 MHz; but the precision of the experiments was high Based on the full derivation of the quadrupole interaction
enough, and the linewidth of the resonances narrow enougHamiltonian given in Appendix A, we have calculated above
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TABLE VI. Results of ODNQR (F,) and hole burningiD,) experiments on the high energy lines in the growitrystal.P is the
quadrupole interaction paramet@Hz) and z is the asymmetry parameter. Al's listed are in absolute magnitude. These sites were not
observed in growtlA and ORNL samples and are thought to be related to the preserce iof the growth flux.

7FO SDO
Freq.(GHz) P (MHz) 7 P (MHz) 7
o =0 516 389 7.113 0.436 19.6 0.13
181gy 516 415 5.86 0.18
153y 14.84 0.20 41.4 0.52
Blgy 516 635 5.77 0 16.5 0.43
153y 14.59 0.07 42.4 0.44

that for 5D Pj,/P2;=—29 and for 'Fo P, /P3,=—1.8; for other systems are also listed to illustrate the
that is, the lattice contribution is expected to dominate theifference€i’~2" Except for very few cases(the

5D, excited state, but not théF, ground state. Table IV fluorides”**2%%}, the relative signs oP(°D,) and P("F)

lists seven defect lines withP(, 7) data for both states, which are unknown; thus two values for the ratios are listed as the
allows a calculation of the relative importance Bf,, and  result of the two possibilitied(°D)/P('F)>0 or <0.

P2, in "F,, if we assume that for a particular Eu isotope theWhen the opposite signs are assumed, the electronic contri-

ratio butions cannot be neglected in tRB, state. The values in
Table VII have taken that contribution into account for the
P(°Dg) Py upper state.
P("Fo) = Platt p‘2”' In Table VIl it can be seen that the values Ibp‘an/Pif

vary widely (—1.53 to—11.5 when the two terms have the
Table VII lists these ratios for the seven lines in Table 1V,same sign, but are more closely scattered over the range
and the 516 635 GHz line listed in Table V. Published data—0.553 to —0.878 when the signs are opposite. It should

TABLE VII. Comparison of the ground state and excited state quadrupole interactions. Ratios of the lattice and electronic contributions
for 'F, are calculated assuming same and opposite signs for the ground and excited states.

P("Fo) P(°Dy) Same sign Opposite sign
Frequency(GHz2) (MHz) (MHz) P(°Dy)/P("Fy) Prai/ P Prat/ Pas 151,153
515 554 {5Eu) 7.45 8.162 1.096 -11.5 —0.553
515 868 #5°Eu) 15.56 17.9 1.15 —7.65 —0.565 0.934
515 658 {5°Eu) 11.09 16.9 1.524 -2.91 —0.629 0.975
515 979 {5%Eu) 17.07 25.8 1.511 —2.96 —-0.627 1.000
515 816 {5%Eu) 16.74 27.6 1.649 —2.54 —0.647 1.043
515 811 {5%Eu) 17.37 315 1.814 -2.23 —0.667 1.055
516 081 {5°Fu) 15.82 45.8 2.90 —1.53 —0.744 1.04
516 635 {5Fu) 5.77 16.5 2.866 —1.54 —0.757
YAIO 22 (Y3Eu) 11.50 22.715 1.975 -2.02 —0.680
KEU(WO,),? (5'Eu) 8 19 2.375 -1.72 —-0.723
Cah, C3,° (**'Eu) +8.21 —22.23 —0.747
CdF, C;,° ('Eu) +7.85 -12.9 —0.646
EuRO.d (*5'Eu) 6.38 8.0 1.254 —4.94 —0.585
Cah, C4,° (*EU) —1.18
SIF, Cy,® (*EU) —-0.878
BaF, C,,° (***Eu) —0.818
Y,Sios (BPEu, site 3 12.4 27.3 2.20 -1.83 —0.708
Y,Sios (1SEu, site 2 14.4 27.7 1.924 —-2.08 —0.680
Y,04¢ (*Eu) 9.37 23.3 2.486 —1.67 -0.731

8References 21, 22, and 19.
bReference 20.

‘References 17 and 23.
dReferences 8, 21, and 24.
®Reference 18.

fReferences 25 and 26.
9Reference 27.
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perhaps be noted that the first two lines in the table are ndb be within 2% of the quadrupole moment rat@254) for
exceptions or “bad points” that can be ignored because theyhe defect lines listed; that is, one would not expect large
are not close to the mean value. This is equally true for thggseudoquadrupolar effects on these grounds. The same is
EuRO,, result®21:24 true for the ratio'>17/1%3 listed for the defect lines in Table

In deciding which if either of these sets is likely to be the VII, where the ratio is seen to be within5% of unity in all
more valid, it is tempting to choose the “opposite sign” cases. Indeed, for the particular defect line 515979 GHz
results, not only because they scatter less but also becauseaimeady discussed, this ratio is unity to within the accuracy of
the two case€'?® where the absolute sign &f,; has been measurement(1:10°) which is remarkable since the
determined they do turn out to be opposite, with ratios equabseudoquadrupolar contribution due to the cross term be-
to —0.747 and—0.646, respectively. This however has seri-tween the quadrupole interaction and the second order
ous consequences for the screening factors 1) and (1  crystal-field terms is bound to be nonzero. For some reason,
—Rgp), as can be seen by examining the theoretical exprests effect for this particular defect line is very small indeed,
sion for the ratioP ./ P3; [Eq. (A9)]: and clearly fails to provide an explanation for the large elec-

tronic contribution in the ground state.
b /P2 _ 0.73

lat/ T4t ™ T T N 1_p_\’
(1=02)(1=Ro) VIIl. CONCLUSION
where all the other terms in the full expression take the val-
ues given in Appendix A. Obviously this implies that for
|P ot/ P3| ratios less than 0.73, these two screening factor
are actually negative. This was noted by the authors of th
—0.747 result abov¥:? who argued that their resuithe
theoretical limit in their case being 0.75, due to a greater
'F,-"F, energy differencewas consistent with the known
uncertainties in the two quantiti®, and o,; that is, that
each of them could conceivably be zero in an extreme situ
ation.

From the larger data set in Table VIl it is clear however
that nearly half the “opposite sign” ratios are considerably
less tharj —0.73, implying negative values for (2 o,) and
(1—Rg), which on physical grounds seems rather unlikely.
We therefore return to the same sign data set, seeking

The primary characteristics of the many defect sites in
toichiometric single crystal europium vanadate, EyyO
ave been surveyed. Crystals from a variety of growths have
Been studied by fluorescence excitation, fluorescence spec-
troscopy, and by the much higher resolution techniques of
hole burning and ODNQR. A number of the defect sites
appear at the same optical frequendi@gh GHz precision
in different crystal growths, and the nuclear quadrupole split-
tings that characterize the local Euenvironment are also
remarkably similar in different crystal growths. This makes it
possible that these defects are intrinsic to the Epgtuc-
ture. Identification of particular defect sites in terms of the
spatial arrangement of neighboring atoms is still the major
challenge. For example, some of the higher energy defect
. . LT 5 . es appear to be associated with fluorine. These problems
explanation for the wide variation in th@, /Py ratio 50 heing addressed using the techniques of time-resolved
shown there. _ spectroscopy and Zeeman ODNQR and will form the subject

For YA1O; (Ref. 7) the ratio —2.03 was shown to be ¢ frther publications.

consistent with a calculation based on the known second The glectronic contribution to the quadrupole interaction
order crystal-field parameters and is therefore good evidengg he ground state is larger than the lattice contribution for

for the validity of a “same sign” choice. In that work itwas | sjtes studied in this work. This conclusion can be ex-

remarked that ratios different from-2.03 would be evi- anded further to all B in all crystals studied heretofore,
dence, in low symmetry sites, that nuclear quadrupolar angycent the special case of the GaE,, center where the
crystal-field axes were not coincident, and it is perhaps ifyqe doquadrupole interaction is strong and no conclusion
this direction that further analysis of the data in Table VIl .5, pe drawn. Using the current quadrupole Hamiltonian, it
needs to go. The defect sites in Euy@re usually, though _seems that the electronic shielding parameRgsand o

not always, of low symmetry, where on symmetry grounds itg, |4 he negative in these crystals. To this extent, we be-
can be argued that the principal axes will in general be iNig\e that the current Hamiltonian is not adequate for the

different directions for the nuclear quadrupole moment, th&jescrintion of the ground state, possibly because the princi-
nuclear Zeeman magnetic moment, and the magnetic propeliz| ayes of the lattice and electronic interactions are not nec-
ties of all electronic excited states also. Nevertheless, thi ssarily coincident at these low-symmetdefecy sites.

cannot be the complete, albeit qualitative, explanation for the

variation seen in Table VII. The 515554 GHz defect, for

instance, which has a “same S|gn”_ ratio equaIde_Ll.S, is ACKNOWLEDGMENTS
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APPENDIX A: THE ELECTRIC QUADRUPOLE X(3J2-J(I+1))
INTERACTION 362Q 1 . ,
Basic consideration of the electrostatic interaction be- T 21(21—-1) 4me, (r2)(1-Ro)(J[Cold). (AS)

tween the nuclear andf4electron distributions on a rare 5 ; ) S
earth ion leads to the quadrupole interaction HamiltoniarOF Poth”Dg and “F this contribution is zero, so we further

having the fornf® consider thesecond-ordercontribution P%;, the cross term
arising between the crystal field and the quadrupole interac-
eQ [( " 5 \ tion:
Ho=——%—= [ (V,2{3ls—1(1+1)
Q _
41(21-1) z z , GGZQBS 1 a1 R <2|CS|0>2
1 . 72— dme, ' VTR ECES
+ > (Vix—=Vyp) (12 +12) | (A1) (AB)
Y For Eu the accepted valU@of the constants in the above
ere equation areQ(***u)=2.42 barns,(r 3),=50A"3, (1
) —Rg)=0.8, and the matrix elemen(,0C3|0,0)=0.1049
_ l [? e . 5 . 7 . . .
e(V,)==—>|——— for states in°D, and 0.2024 in’F, using wave functions in
29z Ameor intermediate  coupling®®®  Using E(°D,)—E(°Dy)

=4200cm!, E('F,)—E('F,)=1000 cm?, the above ex-

is directly related to the tensor compon@&g, with the con- dpression yields

vention that off-diagonal components of the electric fiel
gradient are ellmlngted by a suitable choice of quadrupolar P2.(5Dg)=2.6X 10"3B2 MHz,
tensor axes, and diagonal components are ordered such that

P2.("Fo)=4.1x10"2BZ MHz.
V24 =|Vyy| = V.

Next we consider the lattice contributio,.;, arising

Using Laplace’s equationMy,+Vyy+V;,=0) itis also con- from the neighboring ions in the crystal lattice:

ventional to define the asymmetry parameidny

3eQ(V)
(V22 =(Vx— Vyy)- (A2) Platt:m(T_zl)y
;irr:l:dn;sdear quadrupole mome, is conventionally de- here(\! y describes the electric field gradient produced by

the surrounding ions: that is(V),)=2B2/(r?). Allowing
for the Sternheimer shielding parameters,
3Q  Bj (1-y.)

Plar= 7o 2\ .
where the sum is over all the nucleons, and the quaefify 21(21=1) (r") (1= 02)
is the quadrupole coupling constant. If a further consRii®  Using accepted valués,(1— y.,) =81, (1-¢,)=0.5+0.1,

Q=(I,m=1|> 3Z?-RA)[I,m=1),  (A3)
J

(A7)

defined such that and(r?),;=0.233 A2, the above equation yields
~ 3eQ(Vyp Pla=— 7.56X 107 2B3 MHz.
41(21-1)° The relative importance of the lattice and electronic contri-
then the Hamiltonian finally becomes: ?:g)ons can be expressed by the ratio of EA7) and Eq.
I(1+1) 7
= 2_ 202 +12 P 4eg(Es—Eg)(1— Yo
Ho=PiI2 3 g Uitid). (A4) latt o(E2—Eg)(1— ) (A8)

Pi 2(r H(1-Ro)(r’)(1-,)(2[C50)*
The value ofP depends linearly on the magnitude (&f,,),
the total local electric field gradient, whatever its origin.

To obtain an effective nuclear spin Hamiltonian, one
makes an explicit perturbation calculation with rdaixed
electronic states’F, or °D,. Separate contributions tB Plat 0.73
arise from the 4 electrons surrounding the nucleuB 4) 52 B V1
and from the ions in the surrounding crystal lattide,(). Par (17Ro)(1~0)
From the above derivation we can write expressionsPfgr ~ This perturbation analysis also gives rise to both lattice and
in the formalism of Stevens operator equivalents as well agf contributions to the asymmetry parametgr From the
tensor operators. The first-order contributiﬂ;nf becomes earlier definition(Eq. A2), we obtain

Putting in various constants used above, and keeRingnd
o, as parameters since they are less certain, we have for the
ground state’F:

(A9)
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There are additional contributions tpinvolving the P,
terms, and these cannot be simply addeB tg. However, it
turns out that the effect of these contributionsitds negli-
gible so long as the crystal-field splittings 1fr, are negli-
gible compared with thé F,— ’F, energy difference.

Pseudoquadrupole effects

The terms other tharnP; and P,; are known as

pseudoquadrupoleontributions, since they have the same
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are best described by the differences,B) between the
lowest-middle and middle-upper states, respectively. It can
easily be shown that the corresponding Hamiltonian matrix
in zero field reduces to the following eigenvalue equation for
the casd =5/2:

x3—(336+1127%)x—1280q1— %) =0,
where
X=6M\/P,

and N\, , 3 are the energy eigenvalues of the matrix. It is
possible to solve this cubic equation by the use of a trigono-
metric substitution. If an intermediate variabdeis defined

form as the original quadrupole term but have a di1‘ferentSuch that

physical origin(such as second order effects of the magnetic

hyperfine interaction Usually, they are much smaller than 1 —10(1- 7?)
the “true” quadrupole terms. 0= 3 arcco§ —=——o—s
For the singlet E" ground state the total electronic an- V7 (1+7°/3)

gular momentum is nominally=0. One consequence of this then the three real roots are given by

is that the hyperfine interactiofl - J has zero effect in first

order. Insecondorder however the hyperfine interaction ap-
pears in a cross term both with itself and with the Zeeman

interactionH=—B- y-1, while the quadrupole interaction

appears in a cross term with the second-order terms in t

2n
Xp=—8\7(1+ 5°/3) cos( 0+ ——

3

nwheren=0,1,2. It is possible to demonstrate that for all

crystal field. This leads to an effective Hamiltonian of the €@S€sn=2 corresponds to the middle state, while=0,1

form31-33

1(1+1)
3

Here the magnetogyric tensgris defined by

H=—B-y-1+P{ 12— + g (3412),

¥i=—(Qiust29;meAii), (i=X,y,2)

with

Al
1l o En_EO "

P now includes a pseudoquadrupole term:
Pa=A [ (At Ayy)/z_Azz-l!
giving a total P:
P=Py+ Pyt Pi+ P2,
APPENDIX B: THE RELATIONSHIP BETWEEN (P, %)
AND (A,B)

For a nuclear spihn=5/2 the quadrupole Hamiltonian in

correspond to the upper and lower states, respectively. The
following energy differences can therefore be defined:

A+B= P(Xl_XO)/6,
B= P(Xz_ Xo)/6,

A=P(x;—X5,)/6.

Hence the ratio omeasurecdenergy differences is=B/A,
where I=r=<2. After some manipulation this reduces to

r=2v3 cotd—1].

By simply measuring the ratio of the energy splittings for a
given isotope from hole burning data it is possible to derive
a single, unique value fo# and hence fory. The overall
splitting 6= A+ B can be used to calculate the valueRaf

35
P= aw
4211+ »*/3) sin 0+§

The computer program used to calculate the parameters
(P, n) from the two quadrupole splittingsA(B) could also
work in reverse, to produce values ofA,B) for a given

zero field produces three Kramers’ doublets whose energig®, 7).
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