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Perturbed ion sites in EW*:YAIO 5 studied by optical-rf double-resonance spectroscopy
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Optical excitation spectra of the EuYAIO; 'F,— 5D, transition were obtained for Bt (0.1, 0.01, 0.001
mol %) at about 2 K. Optical excitation spectra showed more than 60 weak satellite lines spreading over some
400 GHz regardless of the Euconcentration. From the dependence of the normalized area on concentration
of EL*', these satellite lines are ascribed to the sites differently perturbed by defects or the SthiemEuFor
the main and some satellite lines of 0.1 mol % Euoptical-rf (radio frequencydouble-resonance spectra of
the F, ground state have been measured. We measured hyperfine splitting frequigpdmsgiven optical
frequenciesE,,, and could map site distribution on rf-optical frequency axes. In the inhomogeneous broad-
ening for both the main and satellite lines, we found that the pld}ofs E,, had a gradient of-10 kHz/GHz.
This finding can be explained by tlemixing effect. We also obtained several rf resonance frequencies for an
optical frequency at many satellites and even at valleys. From these results we can identify the sites which
cannot be distinguished by a simple optical measureni&0163-1829)08913-4

. INTRODUCTION Tokin Inc. YAIO; has a perovskitelike crystal structure with

The nature of inhomogeneous broadening in the optical@" Orthorhombic distortiorii.e., Og the GdFe@type struc-
absorption lines of rare-earth ion-doped crystals has beeiir® and belongs to the Pnmiagy) space grouf:’ Doped
studied by using spectral holeburning and opticalredio Eu*" substitutes for the ¥ which has the site symmetry of
frequency double-resonance techniques for the main andCs(C;,) containing only one mirror plane. Samples of con-
some satellite line§>* These techniques are very useful to centrations 0.1, 0.01, and 0.001 mol % were used in our ex-
overcome the resolution limit imposed by the inhomoge-periment. Typical sample dimensionals werex%5
neous broadening. Holeburning by using optical pumping ofx 15 mnt.
hyperfine sublevels has been observed in several rare-earth A frequency stabilized ring dye lase(Coherent
ions and hyperfine splittings have been obtained from theR699-21 with a frequency jitter of 5 MBizpumped by an
analysis of antiholes and sideholes. However, this methogrgon ion laser was used for excitation. Absolute frequencies
sometimes encounters problems in the analys_|s of the specti@re measured with a Burleigh WA-1000 wavemeter, giving
because of complicated overlapping of the sidehole and anyy gpsolute accuracy0.5 GHz. An amplitude stabilized la-

tihole structures. To measure the hyperfine levels, optical-rfo; heam was focused & 1 mmbeam diameter within the

double-resonance experiment is more useful, because this e i the helium cryostat. The sample was directly im-

tech_nique has the advantage that the splittings_ are direc“?ﬁersed in superfluid liquid helium at about 2 K. The mea-
obtained by rf resonance free from the overlapping Ior0b|em$urements of excitation spectra were carried out by exciting

Hyperfine splittings of trivalent europium have been meel—?':O_>5DO absorption band and monitoring the red fiuores-

sured by optical-rf double-resonance technique as previousl&/ o ising f the t 6 F b
reported for Ed":YAIO,5® EW*:Cak,’ EUVO,! ence emission arising from the transitioB,— 'F, by a

EUASO,.2 photomultiplier tube with a color filter and an interference
In this paper, we report on the results of high-resolutionfiler (Fig. 1 inser. » _
excitation  spectra  in  EXi(0.1,0.01,0.001 mol % We studied hyperfine splittings of E0.1 mol % using
YAIO; where we are able to resolve differently perturbedthe optical-rf double-resonance technique for some satellite
ion gites. Next. we show the distribution of the line€s. as well as for the main line, for which double-
hyperfine splittings in the ground staté, as a function resonance experiments .have been repditedor opt|cal—rf_ .
of position in the optical line in the 0.1 mol % sample. We double—respnance experiments, the sample was placed inside
use optical-rf double-resonance techniques to identify site@ Small coil connected to an rf generator with a 6W-power
which cannot be distinguished from a simple optical amplifier. The amplitude of the rf field was estimated to be
spectra. about 1.5 G. The sample was continuously irradiated by the

laser at a fixed frequency to saturate the optical transition
between’F,—°D,, with a power of 100 mW. The rf field
Il EXPERIMENT was applied to the sample and the rf frequency was scanned.
When the rf frequency becomes resonant to one of the hy-
The yttrium orthoaluminate YAI@single crystals doped perfine splitting in the ground state, the rf induces magnetic
with trivalent Eu grown by the flux method were provided by dipole transition between the hyperfine levels. This results in
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FIG. 1. Excitation spectrum of Bl (0.1mol%:YAIO; at FIG. 2. Logarithmic display of the excitation spectrum ofEu

about 2 K. The'Fo-°D, absorption band was excited and the (0.1, 0.01, 0.001 mol %YAIO, showing the weak satellite lines.
D,-’F, fluorescence of 615 nm was monitored. The inset shows

energy levels of Ef. lines are inhomogeneously broadened. The homogeneous
_ _ _ linewidth is far smaller and has been established to be of the
a large enhancement in optical absorption and, therefore, ikHz order in this systertf The origin of the inhomogeneous

substantially increased fluorescence. linewidth of the isolated line is considered to be the averaged
perturbation from numerous defects and othef Eions at
Ill. RESULT AND DISCUSSION relatively long distances. Table | shows the’Egoncentra-

tion dependence of the linewidth of the main and the labeled
satellite lines. The satellite lines have nearly the same line-
Figure 1 shows an excitation spectrum observed in thevidth for the same Eli concentration. The linewidth of the
581.6 nm  absorption band Ro—°Dg) of  satellite lines decrease with decreasingEaoncentration.
Eu**(0.1 mol%9:YAIO 5. This spectrum is regarded as an ab-This is because the averaged perturbation from othéf Eu
sorption spectrum of the Bti. A sharp main line and very ions is less when there is larger distances between tRé Eu
weak satellite lines smaller than 1% of the main peak intenions in the lower concentration samples. The main peak
sity were observed. shows the most pronounced concentration dependence. The
Shown in Fig. 2 is a logarithmic display of the excitation linewidth of the main line in EX 0.1 mol % is significantly
spectra in which we can see the satellite structures morgrger than that of the satellites. On the other hand, the line-
clearly. Such satellite lines have been frequently observed igidth of the main peak for the 0.001 mol % sample becomes
crystals doped with rare-earth ions, for examplealmost the same as that of the satellites. The satellites at
Nd®*LaCls, 10! PP*:LaCl,, 2 PrP*:LaF;, 3 PP :LiYF,™  frequencies far from the main peak appear as isolated peaks,
and Ed*:Y,05,'%"and attributed to the rare-earth ions per- while a large number of satellites pile up on both sides of the
turbed by impurities or defects or other rare-earth ions. Thenain peak resulting in an extra broadening. The above find-
satellite lines were also observed in samples with lowéf Eu ing show that the pileup effect is practically absent for the
concentration(0.01, 0.001 mol % and all the energy posi- lower concentration.
tions of these lines were in agreement with those of the 0.1 Figure 3 shows the Eili concentration dependence of the
mol % sample except for one satellite line at 515 368.0 GHhormalized area of the satellite peaks. The normalized area is
which was observed only in the 0.1 mol %sample. defined as the satellite area divided by the total area of the
In the following we label some of these satellite lines by excitation spectrum. On the assumption that transition prob-
A, B, a, b, ¢, d, eandf as indicated in Fig. 2. The observed abilities of all lines are the same, the normalized area of a

A. High-resolution excitation spectrum

TABLE I. Dependence of the inhomogeneous linewidth on the concentration%f fButhe main and
satellite lines labeled in Fig. 2.

Inhomogeneous linewidth

Eu- i (GH2)
concentration
(mol %) Main a b c d e f A B
0.1 1.82 1.19 1.22 1.27 1.21 1.19 1.20 1.17 0.88
0.01 1.05 1.01 0.96 1.01 0.96 1.05 1.30 1.19 0.65

0.01 0.72 0.67 0.75 0.66 0.84 0.70 0.89 0.79 0.48
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FIG. 4. Optical-rf double-resonance spectra of Eat main
lines. The 23 and 46 MHz resonances are transitiond ,ef
+1/2—*3/2 and|,= *=3/2— *5/2, respectively, in'®Eu. The
59.6 and 119.2 MHz resonances are transitiond ,ef = 1/2—
+3/2 andl,= * 3/2— *5/2, respectively, in*>Eu.

10

topes, PEU(44.77%) and P%Eu(52.33%), |,=*+1/2—
+3/2 andl,= £ 3/2— £ 5/2 transitions will give four reso-
nance peaks in the optical-rf double-resonance spectrum.
0.001 0.01 0.1 These resonances were observed at around 23, 46, 60, and
Eu”"concentration (mol%) 120 MHz for the main line in Fig. 4. According to the pre-
) _vious reports;® we interpret the 23 and 46 MHz resonances
FIG+. 3. Dependence of the normalized area on_the concentratio . . <itions of =+ 1/2 +3/2 andl ,= + 3/2 £ 5/2, re-
of Ew. ABabc d, pandf are the satellite lines labeled in spectively in®Eu. The ratio of these two frequencies is
Fig. 2. In A and B satellite lines, the normalized area is nearly T g
proportional E&" concentration. Ira—f satellites, the normalized CIOS? to 2.’ indicating that the a§ymmetry of the eIectrlc-flqu
area has a very weak concentration dependence. gradient is very small. Th_e hoisy a_spect_of the spectrum is
due to laser jitter producing occasional jumps of the laser
frequency out of the burned hole and resulting in a large
satellite corresponds to the ratio of the number of 'Eions  fiyorescence. A slight asymmetry of the line shape is due to
in a given site to the total number of E‘Uions. In the sat- rapid sweep of rf frequency_ The slow decay is due to the
ellite linesA andB, the normalized areas are nearly propor-pole reburned to its original depth. In Figl8, the optical-rf
tional to EG* concentration. On the other hand in the Sate'-doub|e_resonance spectra for ﬂl’ie: +1/2« *+3/2 transition
lite linesa, b, c, d, e andf, the normalized areas have very of 151y in the ground state at the main line are shown. The

weak concentration dependence. Most Eipns are spa- spectraa—d, respectively, are optical-rf double-resonance
tially isolated and contribute to the main line. The satellite

lines can be ascribed to Euions perturbed by defects or
other EG4" at relatively short distance. The satellittsandB

[ d | |

can be assign to the Eluions perturbed by other neighbor- 5 10’ A) B
ing EL?* ions. The number of such ions is proportional to the £ 10° [ L
Eu* concentration and a liner dependence is expected. If we £ f T
assume that the satellitasb, c, d, eandf correspond to the é 10° a bPoec T =
Eu*" perturbed by the built-in defects whose number does g — e
not depend on the concentration of the*Euwe can under- é 236 240 244 248

L

stand the weak concentration dependence of these peaks. We Optical Frequency (+515,000 GHz)
found a tendency that the peaks close to the main peak be- ;

have likeA or B, and that those far from the main peak show
weak concentration dependence likee. This means that
the perturbation from EU is relatively weak compared to
that from the defects.

B. Optical-rf double resonance

Emission Intensity (arb. units)

The Eu nucleus has a spin Ibf 5/2. The nuclear quadru- , T T , , I
pole interaction and the second-order hyperfine coupling 206 227 228 229 230 231 232 233
split the 'F, ground state andD, excited state into three
hyperfine levelsI(,= = 1/2,= 3/2,-5/2) separated on the or-
der of 10 MHz. The splittings are larger than the laser line- FIG. 5. (A) Excitation spectra EXi(0.1 mol %:YAIO,. (B)
width, so that optical excitation is only associated with oneOptical-rf double-resonance spectra for the laser frequency tuned to
hyperfine level for an Elf. Since natural Eu has two iso- a, b, ¢ andd labeled in(A).

RF Frequency (MHz)
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spectra at the optical frequencies as indicated by the arrowstate, so we will ignore thefi.According to Refs. 26, 27 the
in Fig. 5(A). The linewidth of the hyperfine resonances wasparameter$,,; and P{2 are given by
about 20 kHz. As seen in Fig.(B) the peak frequencies
varied linearly with the optical frequency at a rate 1.0 3Q 1 1-v,
kHz/GHz and this is in agreement with the results in Ref. 5. Plan= — 21(21-1) (r?) 1-o, B2o
In the following, we consider the shifts of hyperfine split-
ting in terms of theJ-mixing effect caused by the crystal = CjaB20, (7)
field. AlthoughJ=2,4,6 states admix into th&=0 state by

the even-parity component of the crystal-field potential, we  5(2) _ 6e°Q (r-3(1-Rg) (20]]|00)?
consider only the mixing of théF, state into’F,, because A 21(21-1) L E(F,)—E("Fg) %°
the separations ofF — 'F4 g and °Dy—°D 4 ¢ are far larger 2
than ‘Fo—’F,. Then we can express the energy of the =Cyt Bao, 8)
ground state, by using the perturbation calculdtioff respectively. The parametess, y.., andR, represent the
1 shielding factor by the closedf4hell, the lattice, and atomic
E(7Fo])=E(Fg)— == =—7—————— Sternheimer shielding factof8, respectively. Q is the
7S E("F2)—E("Fo) nuclear quadrupole momen{sr") is a concise form for
2 (4f|r"|4f), the mean value of" for a 4f electron. The
x (—1)9Bygl?, (1)  quantity (20|«/00) is a reduced matrix element of the
q=-2 crystal-field potential between thle=0 andJ=2 states. Us-

whereB is thekth-order crystal-field parameter. We make ing these assumptions, we obtain

calculations by regarding th&F j states in a free-ion states as
pure Russell-Sanders states. The square brackets denote that
the description of the states is not in terms of good quantunfrom Eqgs.(7) and(8). Assuming the asymmetric parametger
numbers. We may sdB,.,;=0 and|B,]=|B,_,, because to be zerd® from Eq. (3), the hyperfine splitting of the,
the point symmetry of the Et ion site isCs. The 'Fy = =*1/2 +3/2 transition,,, is given by

—°Dy, transition energyE,, is expressed as

P=(Cjaut C7)B2o 9

5=2P. (10)
4 1
Eop=E(°Do) —E('Fo) + 75 E('F,)—E('Fy) B (2 We can obtain a relation between optical transition energy
2 0 and hyperfine splitting as
Here we assumefB,,/B,?><1.2® The transition energy is
determined mainly by the crystal-field parameBgg. E. —E(*Dg)—E(Fo)+ 1 1
The hyperfine levels of each electronic state are described op 0 " 75E

ofe ("F2)—E("Fo)
by a quadrupolar Hamiltonidh ,

sl — | s2
H=P{12- —I(I+1)+z(|§—li) : 3) Cui#Cat] "
3 3 from Egs.(2), (9), and (10). For small change o8&, Eq.
where (11) gives a nearly linear dependence. Furthermore, we can
understand that the hyperfine splittidg increaseswith an
~ 3eQV, increase of optical frequency because the numerical factor of
P= 41(1—-1) 4) the 5,2f term is positive. Thus, the shift id; within a line
reflects a continuous change of the electric-field gradient at
and the nucleus within the inhomogeneous broadening of the op-
VooV tical spectrum.
= XX ¥ (5) We measured double-resonance spectra in the range of 50
V22 GHz including 20 satellites. Some typical spectra are shown

in Fig. 6. In Fig. 8A), two very clearly separated rf reso-
nance lines were observed in a satellite line at about 515-
291 GHez. In the optical excitation spectrum it is normally
assumed that one line is associated with a single site. How-
ever, the present results clearly show that some satellite lines
can correspond to overlapping contributions from two or
P=P+ Pas, (6) ~ more sites. For example, in Fig(8) it can be seen that
several rf resonances can even be observed at a valley in the
whereP,, is proportional to the electric-field gradient set up optical spectrum. Several rf resonances are obtained at many
by the lattice andP,; is due to an electric-field gradient set other optical frequencies. This means that the background
up by the 4 electrons. The first-order contributid®{}) be-  continuum of the luminescence spectrum is composed of
comes zero for'F, in EW®'. In general, there is alsB,,  many overlapped single-site peaks. The results are summa-
which arises from a second-order magnetic hyperfine interrized in Fig. 7 as a mapping of resonance peaks on rf-optical
action, but these parameters are small for th&"Eground  frequencies axes, where the excitation spectrum is repro-

Here P the effective nuclear electric quadrupole interaction
constant,n is the electric-field gradient asymmetry param-
eter, andV,,,V,,,V,, are the components of the tensor of
the the electric-field gradient at the nuclef’scan be ex-
pressed as the sum of two terms,
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detail, rf resonance frequency tends to increase as the optical

FIG. 6. Optical-rf double-resonance spectra at the optical fre-f.requency !ncreages with fough'y .the same rate as the con-
quency pointed by the arrow in the inséf) Two very clearly ~ tinuous shift within one satellite line. It suggests that fre-
separated rf resonances in a satellite Ii®. Several rf resonance quency shifts at larger scale are also dominated by the
lines observed at a valley in the optical spectrum. crystal-field parameteB,,. However, there is large devia-

tion from the relations, Eq(11), which can be ascribed to
duced for a reference. The peaks which are considered feerturbation from other crystal-field symmetries or from
shift continuously within one optical line are traced by solid other mechanisms such as dipole interaction between the
lines. In this way, it can be seen that a much larger number
of sites can be identified using the optical/rf double- i L | | |
resonance information than can be obtained with the more 2
conventional optical excitation. For example, in the spectral
range selected in Fig. 6, up to 60 sites are identified using the
hyperfine data, whereas there are only about 20 optical 24 |
peaks. Thus we achieved mapping of site distribution on rf-
optical frequency axes by using the double-resonance tech-
nigue. In other words, these resonances reli@den inho-
mogeneous distribution

Occurrence of more than two rf resonance peaks at one
Eop Cannot be explained in terms of H4.), because it gives
always one-to-one correspondence betwégrand E,. It
means that we have to consider crystal-field parameters other
thanB,g or other types of perturbations to the Eu ions in Egs.
(2) and/or(3). It is interesting to note that aside from this
offset in rf resonance frequency, the variation rateSgfvs
Eop in each satellite line has always the same value as in the
main line. This fact suggests that the nature of the inhomo-
geneous broadening within each line is common to all the 20 -
satellites. This is consistent with the idea that the broadening
is ascribed to averaged perturbation from defects or doped
ions at relatively large distances.

Figure 8 shows the relationship between the rf resonance FIG. 8. The area enclosed by dotted lines shows the region
frequency (,==*1/2—=*3/2) and optical frequency in a investigated in Fig. 7. The slope of the shaded area corresponds to
larger optical frequency range of 400 GHz. Neglecting thel0 kHz/GHz.
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rare-earth ions. This contrasts the results for the excited stagome satellites and in the main line, hyperfine splittings have
D, in EuAsQ,.? In this case thé® parameters for various been measured by optical-rf double-resonance technique.

satellites were on one line. The rf frequency is always observed to vary at a rate of about
+10 kHz/GHz within an optical line. The direction of this
IV. CONCLUSION shift could be understood in terms of tie, crystal-field

parameter. Several rf resonance frequencies were often de-
In conclusion, over 60 satellite lines spreading over someected for one optical frequency. Thus we could map site
400 GHz have been observed in optical excitation spectrurdistribution on rf-optical frequency axes. In other words, we
of EL*"(0.1mol%:YAIO,. These lines are ascribed to the have revealed hidden homogeneous distribution which could
sites differently perturbed by defects or other’Eibns. In not be resolved by simple optical spectrum.
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