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SPECTROSCOPY OF RE3+ CENTERS IN FLUORITE HOST USING 
HIGH RESOLUTION OPTICAL HOLE-BURNING AND DOUBLE 
RESONANCE TECHNIQUES 

Z. HASAN, MIKHAIL SOLONENKO, and LEVENT BIYIKLI 
Physics Department, Temple University, Philadelphia, PA 19122, USA 

Techniques of Optical Hole-burning, Optical-MW and Optical-RF 
Double Resonance have been used to study Ho3+ and Pr3+ in several trigonal 
and tetragonal sites in CaF2. 

I" 

Doping CaF2 with trivalent lanthanides (Ln3+) results in many charge compensated 
centers. Spectra associated with these centers are complex and often overlap in energy 
prohibiting a clear identification by usual perturbation spectroscopy techniques. Here we 
present our work on three such centers and show the strength of the high resolution 
techniques, optical holeburning and associated double resonances, in unambiguously 
identifying the spectra and revealing the most intricate details of electronic and nuclear 
interactions. 

Three most common charge compensated centers in CaF2 are shown in Fig. 1. In (a) 
charge compensation is by a doubly negatively charged oxygen ion substituting for one of 
the nearest neighbor lattice fluorine, in (b) and (c ) charge compensation is by F- occupying 
trigonal and tetragonal interstitial sites. The symmetry at the site of the rare earth ion is C3v 
for centers shown in (a) and (b) and CiV for the center in (c). 

We have studied the 02- compensated center of Pr3+ and two H03+ centers of the types 
shown in Fig. l(b) and (c), we will call these 0-, B- and A- centers respectively. 
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210 Z. HASAN et al. 

In these centers, transient holes are burnt due to the population transfer in the hyperfine 
and superhyperfine levels. Holes burn deep and almost 100% of the absorption line is 
bleached out. Holeburning spectra are shown in Fig.2 for the lowest energy zero phonon 
lines (ZPLs) of the three centers. 

with the spectrum associated with the F- compensated C4v center. Low resolution spec- 
troscopy has not been able to give any information about this center. Heat treatment in the 
presence of water vapors was used to convert a fraction of CqV centers to 0-centers. This 
process introduces extra defects in the crystal resulting in broad inhomogeneous lines1 and 
the hyperfine structure due to nuclear spin, I=5/2, of Pr is totally masked by the 
inhomogeneous broadening. 

The holeburning spectrum for 0-center is shown in Fig. 2(a). Antiholes can be seen at 
integral multiples of 4.12 GHz from the ZPL. This separation gives the hyperfine splitting 
in the ground state, Ad2 = 4.12 GHz. Zeeman studies on the holeburning spectrum gave 
the excited state hyperfine splitting A& = 4.06 GHz that appeared as side holes 2. Such 
large hypefine splittings confirmed that the ground and excited electronic states are both 
electronic doublets. The symmetry of the 0-center was confirmed by the data on 
superhyperfine structure discussed later. 

For the 0-center of R3+ the lowest energy zero phonon line 3H4 (E) -ID2 (E) overlaps 

@- 
Q Ln3+ 

0 F-(ht.) 

0 F- 

FIGURE 1 Charge compensated centers of Ln3+ in CaF2. (a) Oxygen compensated 
C3v center, (b) and (c) are fluorine compensated trigonal (C3v) and 
tetragonal (C4v) centers. 
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FIGURE 2 Holebuming spectra of (a): 0-center of Pr3+, (b): B-center of H03+and 
(c): A- center of H O ~ + .  

Holburning spectra of A- and B-centers of Ho3+ are shown in figures 2c, and 2b 
respectively. For lightly doped crystals the inhomogeneous broadening is small.The 
hypefine splitting due to the I=7/2 nuclear spin and a large free ion magnetic moment 
( 3 . 3 1 ~ ~ )  of 165Ho is considerably large in comparison. For the A-center the zero phonon 
transition is 518 ( A I ) - ~ F ~  (E) and for the B-center it is 518 (E)-5F5 Q. High resolution 
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212 Z. HASAN et al. 

excitation spectra of these centers show a very complicated hypefine pattern. Burning 
holes in any hyperfine line shows clear antiholdside hole structure in other lines. The 
holeburning spectrum was used to confirm the symmetry of the electronic states and it 
showed that the complicated pattern of hyperfine splittings is due to higher order hyperfine 
interactions between close by crystal field states. Such states exist for both A- and B- 
centers and higher order interactions are observable due to the large magnetic moment of 
165Ho3-5. The transient holes in these centers last for only a fraction of a second at 2K. 
Double resonance studies are convenient and also more informative as discussed below. 

A completely resolved hyperfine interaction in case of Ho3+ B-center allowed microwave- 
optical double resonance experiments to be performed on individual hyperfine lines in this 
system. The sample was placed in a parallel plate cavity with the laser buming hole in one 
specific hyperfine line Iz. A change in emission intensity was observed whenever the 
microwave frequencies were in resonance with the adjacent hyperfine levels of the ground 
state, Iz =Izil .  Fig. 3. shows the spectrum thus obtained. 

The spin hamiltonian for an electron doublet can be written as ,6 
H = gll PHzSz + AIzSz + D[Iz2 - I(I+1)/3] + 31 HzIz + ~1 (HxIx + HyIy), 
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FIGURE 3 Hyperfine resonances of the Ho3+ B a n t e r  and their variation with the 
magnetic field. The laser was tuned to Iz=5/2 state, two peaks correspond 
to the population transfer from Iz=3/2 and 12=7/2 to Iz=5/2 spin state. The 
separation between the two lines is 2 D. 
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SPECTROSCOPY OF RE'' CENTERS 213 

Using this hamiltonian the position of microwave signal gives the hyperfine interaction 
parameter A, splitting and the displacements of MW resonances with the magnetic field 
along different symmetry directions give the quadrupole interaction parameter, D, and the 
nuclear gyromagnetic ratios, 'fs, respectively. The following set of parameters was 
obtained for the ground 518 (E) state of the C3v center of Ho3+: gll= 10 alongel 11>, 
hyperfine interaction parameter (Ad2 = 3.85 GHz), quadrupole interaction parameter, D= 
-6.01 MHz, nuclear gyromagnetic ratio = 7.3kHdG and yl= 5.62kHdG. 

In a similar way as for the microwave-optical double resonance the sample for these exper- 
iments was placed in a RF coil and the RF-field was scanned across the superhyperfine 
levels. These levels are due to the coupling of fluorine nuclear spins (I=1/2) to the 

Energy (MHz) 

FIGURE 4 RF-optical double resonance spectra. (a) Pr: 0-center, three major peaks are 
due to n.n fluorines resonances, (b) Ho: B-center the four major peaks are 
due to the n.n fluorines, and (c) Ho: A- center hyperfine resonances. 
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214 2. HASAN etal. 

electronic spin of the rare earth ion. Superhyperfine spectrum would generally give the 
information about the symmetry of fluorine spins surrounding the rare earth ion and hence 
the symmetry of the center. Superhyperfine spectra for the three centers under 
consideration are given in Fig. 4. 

For the O-center there are three signals corresponding to two sets of three F- ions in 
(1 1 1) planes and one along the C3 axis, Fig. 1. The highest energy line is due to the F- 
along the C3 axis. For the B-center of Ho3+ (Fig. lb) an additional signal is due to an 
extra fluorine on the comer of the cube containing the rare earth ion at its center. RF-Optical 
double resonance confirms the site symmetry of the centers in these two cases to be C3v. 

Although for A-center there are only three distinct sets of nearest neighbor F- ions (two 
sets of four in (100) planes and one interstitial), the superhyperfiie spectrum of A-center is 
much richer than that for the other two centers. A detailed study of the spectrum reveals up 
to four sets of three signals from the nearest neighbor fluorines. The reason for it is that the 
ground %8(A1) state interacts with another singlet, %8(A2). - 55 GHz apart and these two 
states together behave like a pseudo doublet.317 This second order hyperfiie interaction 
gives four unequally spaced hyperfiie lines for each A1 and A2 states, all having distinct 
superhyperfine structure associated with them. A detailed analysis of the superhyperfine 
spectra in this center has revealed a wealth of information about the higher order hyperfiie 
interactions that are observable due to large nuclear moment of 165H0 and very narrow 
inhomogeneous line widths. y7 
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