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The nonequidistance of the hyperfine structure of the lines in the absorption spectra of the
LiYF,:Ho is investigated in the region of the 518-51,,
transitions in the Ho3+ ion. The
experimental data are compared with perturbation-theory calculations of the electric
quadrupole interaction with the nucleus and of the magnetic hyperfine interaction in second
order. The electric-field gradients at the holmium nucleus are estimated.

LiYF, crystals activated with rare earths are attracting
attention both as promising laser materials' and as relatively
simple and convenient model systems for the study of the
and spin-spin6 interaccrystal field,' of electron-~honon~
tions, and of magnetic phase tran~itions.'.~
The first observation of nuclear hyperfine structure in
the optical crystal of the LiYF4:Ho crystal and an investigation of the magnetodipole electron-nucleus interaction were
reported in Ref. 9. The present paper is devoted to the results
of a study of the nonequidistance in the hyperfine structure
of the lines. We show that the nonequidistance can be well
explained qualitatively by taking into account the electric
quadrupole interaction in first-order perturbation theory
and of the magnetic dipole interaction in second order. The
experimental data are quantitatively compared with a calculation in which the wave functions of the crystal-field levels
are used.
We have investigated the polarized absorption spectra
of an LiYF4:Ho (about 1% wt.%) crystal grown by the
transiCzochralski method in the region of the 518-51,,,
tions in the Ho3' ion, with spectral resolution down to 0.01
cm-', using the special UFS-02 high-resolution Fourier
spectrometer.I0The crystal was kept in a cryostat in helium
vapor at a temperature 6.2 K stabilized to within + 0.1 K.
The spectra reveal a well-resolved structure due to the
hyperfine interactions of the electrons and the nuclei of the
only isotope '65Ho having an angular momentum I = 7/2
(see Fig. 1). The individual hyperfine components are 0.030.05 cm-' wide in the low-frequency part of each of the
51+51,,,
8
transitions, whereas the high-frequency lines are
strongly broadened by nonradiative transitions to lower
components of the Stark multiplet with creation of lattice
phon~ns.~
The hyperfine structure (hfs) of the levels is due to the
coupling of the electrons with the electric and magnetic moments of the nucleus, and is described by the Hamiltonian"

The first term of the Hamiltonian represents the interaction
between the magnetic-dipole moment of the nucleus and the
magnetic field produced at the nucleus by the electrons. The
second term describes the interaction between the electric
quadrupole moment of the nucleus and the electric-field gradient at the nucleus. In Eqs. (2) and (3), P is the Bohr
magneton, PI the nuclear magneton, g, the nuclear g factor,
Q the quadrupole moment of the nucleus, and ( r P 3 ) the
average reciprocal cube of the radius of the electron orbitals.
The Sternheimer antiscreening factor R, takes into account
the contribution made to the electric-field gradient at the
nucleus by the polarization of the electron shells by the electrons of the unfilled f shell. (JIIN ( I J ) , (J llAllJ),
( J IlallJ) are the reduced matrix elements defined, e.g., in
Ref. 11. The quantity Af in the constant A, of the magnetic
hfs takes into account the core polarization and the relativistic contribution. ' I
The interaction ( 1) is small compared with the interaction between the impurity-ion electrons and the electric field
(which is in turn smaller in rare-earth ions than the interactions that form the free-ion spectrum), and its influence on
the ion levels in the crystal field can be taken into account by
perturbation theory. For the electric quadrupole interaction, which is substantially weaker than the magnetic dipole
interaction, first-order perturbation theory is sufficient.
The impurity rare-earth ion replaces yttrium in the
LiYF, lattice that has the scheelite structure (space group
C z , ) and occupies a tetragonal position with point groups,.
For an ion with an even number of electrons, such as Ho3+,
the crystal field of symmetry S4has nondegenerate levels T,
and r, and doubly degenerate r,, (the irreducible representations of l?, and r, are Kramers-conjugate). The correction to the energy Em of the state I r , ) l M )
( m = 1,2,3,4; - l(M(1,M is the axial component of the
nuclear moment) is given by

where
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FIG. I . Absorption of LiYF,:Ho3+ crystal at 6.2 Kin
the region of the transitions 51,- 51q( a ) and 518 51,
(b) for Ellc (a)and Elc (a)polarizations. Spectral
resolution interval 0.04 cm-'. The line with pronounced nonequidistance in the center is from a spectrum with 0.01 cm-' resolution.
+

It can be seen from (4)-(8) that the hyperfine sublevels of
the level r, are doubly degenerate in the projections of the
angular momentum: the state pairs

M

(4)

where
the index inumbers the representations r, ,while the operators J+ and J - are defined as usual, viz., J+ = Jx iJ,,
J- = Jx - iJ,. The matrix elements in (4) satisfy the following relations that follow from the symmetry properties,
including time reversal:

+
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n M
nt-1 or 2 ;
II',>M>andJI',>)-M)
have equal energies.
The first term of (4) describes an equidistant magnetic
hfs of first order and makes the largest contribution to the
structure of the degenerate electronic level r,,. There is no
magnetic hfs in first order for nondegenerate levels [see
(6) 1. The magnetic hyperfine structure can be treated as the
Zeeman splitting of a degenerate electron Stark level in the
nuclear magnetic field that is quantized in accordance with
Agladze et a/.
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the quantization of the projection of the nuclear moment on
the symmetry axis.
The second term in (4) comprises the shift and the nonequidistant hfs due to the electric quadrupole interaction, a
structure allowed for all the r, representations.
The first sum in (4) gives the mutual repulsion of the
hyperfine components of the interacting levels r,, and describes the magnetic hfs of the interacting nondegenerate
electronic levels rlor r2due to the off-diagonal matrix elements A,J,I, of the magnetic hyperfine interaction. The operator A,(J,I, + JyIy
) has only off-diagonal matrix elements in the group S,, and furthermore between states of
unlike symmetry. Its contribution is the second sum of (4).
Transforming this sum with allowance for (5) and (8)
we obtain for the corrections S, (n = 1,2) and 8, to the energies of the levels T, ( n = 1,2) and r,,, due to the interaction
with levels of different symmetry, the following expressions:

FIG. 2. Hyperfine structure of interacting levels T,, and T, of different
symmetry (a) and T,, oflikesymmetry (b). (The left halves ofthe figures
show the hfs of the unperturbed levels.)

where

As a result we can write for the total energy of the hyperfine
sublevel

Here B is the coefficient ofM in the quadrupole term of (4),
Cis the sum preceeding M in the correction to the energy
for the interaction of levels of like symmetry in (4), and D is
the sum in (9) or ( 10) for the correction to the energy for the
interaction of levels of unlike symmetry. The coefficients C
and D depend, generally speaking, on m. This dependence
can be neglected when the distance between the levels is
much larger than the hyperfine splitting. It can be seen that
the electric quadrupole interaction and the off-diagonal matrix element of the magnetic dipole interaction produce in
the hfs a nonequidistance of like type. The interaction
between levels of like symmetry leads here to a mutual repulsion of their hyperfine components, whereas the components
of levels having unlike symmetry seem to be mutually attracted. By way of example, Fig. 2 shows the hfs of different
interacting levels.
The frequencies in a spectral line are determined by the
difference between energies, similar to ( 11) and ( 12), of the
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final and initial states with allowance for the selection rules.
The allowed transitions are the electrodipole T,c+r,,
r,*I', in .n polarization and r , , r2c+r3, r, in a, and the
magnetodipole r , , r2c*r3, r, in .n polarization and
rl+I',,r2+r 2 , r 3 + r 3 , r4+r4
in o.In this case AM = 0.
As a result, the lines r , , r2*r3,have the same hfs in both
polarizations (Fig. 3a), but the structure of the lines
r3,+ r,, in the sum of the hfs levels in one polarization and
the difference in the other (Fig. 3b). The distances between
the hfs components of the line are given by

FIG. 3. Level scheme illustrating the formation of hfs lines: (a)
r3,c*r2(rl); (5152.3,5163.3,8670.9,8687.7 cm-' etc.); (b) T,,-r,,
(5155.7, 5184.6cm-').
Agladze eta/
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A(M, M-1)=a+2k(111-'/,),
(13)
where k = k, - k,, a = a, + a , (the plus and minus signs
are for the electrodipole and magnetodipole transitions, respectively), while a,, k, and a ,,k, are the factors preceeding
M and M in Eq. ( 11) or ( 12) for the energy of the final and
initial levels of the transition.
Our measured distances between the hyperfine compotransitions are
nents of the different lines in the 518+
well described by Eq. ( 13) with constant coefficients. These
coefficients, determined from the experimental data, are listed in Table I. Their accuracy is governed by the point scatter
due to the spectral noise, and amounts to + 0.001
(
0.003) cm- ' in the multiplet 'I, (II:) for the coefficient
a and + 0.5.
( + 0.8.
cm- for k. For transitions from the ground level ( T,,, Ref. 12) we indicate only
the symmetry of the final level, and for the transitions of the
next energy level, T, (Ref. 12), separated 6.8 cm- from the
ground level, we indicate the symmetries of the initial and
final levels. The additional index in the parentheses numbers
repeating representations when an ambiguity is possible. E,
is the center of gravity of the multiplet.
We have also calculated the hfs of the levels with

*

'

allowance for quadrupole interaction and off-diagonal matrix elements of the magnetic hyperfine interaction. The
wave functions needed for the calculation were obtained
from the crystal-field theory, and for the 51,level account
was taken of J-J mixing with the levels 516and 51,that are
closest in energy. A successive-approximation procedure
was used: The initial set of crystal-field parameters B (Ref.
9) was first used to calculate the corrections to the Starksublevel energies for J-J mixing. The necessary matrix elements were calculated with the aid of computer-programmed 3j and 6j symbols and tables.I3 No account was
taken here of the deviation, which is small for the 5I term,
from he L-S coupling.14 The corrections obtained (which
reached several cm- I ) were subtracted from the experimental energies, and the coefficients B were varied until best
agreement was obtained between the resultant energies and
the eigenvalues of the crystal-field matrix. The corrections
calculated for J-J mixing with the new set of coefficients B
(B: = 172, B ! = -69, B : = -1.5, B:= -963, B :
= - 447 + 109i), differed little from the initial ones.
Allowance for the J-J mixing improved substantially the
agreement between the calculated and experimental levels of

::

::

TABLE 11. Calculated values
of certain constants for Ho3+ in hfs theory.
.I
I
I
'Is

:,

A cm-'
A,, cm- '
B,, cm-'
719

Sov. Phys. JETP 64 (4), October 1986

Agladze et a/.

719

-

A ( M M - I), cm-1

-

FIG. 4. Distances between neighboring hyperfine components of several
lines in 5Z8-51,,, transitions in an LiYF4:Ho3+ crystal. Points--experiment, lines-hfs calculated with the aid of wave functions obtained from
the crystal-field theory for different frequencies (in cm- I): a) 8697.4; b)
8680.3; c) 8679.0; d ) 8670.9; e) 5177.8; f) 5163.3; g) 5155.75; h ) 5148.9.

one within the limits of experimental error (see also Fig. 4 ) .
The crystal-field theory can thus be successfully used to
calculate the hyperfine structure.
Using the expression for the quadrupole correction to
the energy of the hyperfine sublevel in terms of the electricfield gradient (p " at the nucleus (Ref. 18)

and comparing it with the quadrupole term in ( 4 ) , we have
estimated the values of e, " on the basis of the quadrupole
corrections calculated in accordance with the crystal-field
theory. The good agreement between the experimentally observed nonequidistance of the lines in the hfs and the theoretically calculated one suggests that this estimate is fairly accurate.
In conclusion, the authors thank A. M. Tkachuk for
supplying the crystal for the investigation, G. N. Zhenin for
interest in the work, and E. P. Ivanova for the program for
the calculation of the 3j and 6j symbols.
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