
PHYSICAL REVIEW B VOLUME 24, NUMBER 1 1 JULY 1981

Optical and magnetic studies of HoF3
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Absorption spectra of HoF3 at 0 and 9.05 T have been measured for optical transitions
from the ground multiplet Is to the excited multiplets G4 and K8. All the Stark levels of
these excited multiplets and the lowest three levels of the ground multiplet have been identified.
A crystal-field Hamiltonian appropriate to the Ho site symmetry (C&&) has been fitted to the
observed zero-magnetic-field energies. The rms deviation for 26 levels of the excited multiplets
is 2.15.cm '. The principle of spectroscopic stability has been used to obtain absolute magnetic
shifts of electronic singlet states produced by higher-order effects. The G4 multiplet shows
rather small magnetic shifts, whereas large shifts are observed for the 18 and K8 multiplets.
This is in complete agreement with the calculated results. The calculated Zeeman shifts are ob-
tained from a simultaneous diagonalization of the crystal-field and magnetic interactions.
Crystal-field parameters obtained from a least-squares fit to the zero-magnetic-field data are
presented.

I. INTRODUCTION

Recent years have seen a rapid growth of interest
in the optical and magnetic studies of rare-earth ions
in crystalline environment. ' Most of these studies
are however devoted to crystals of relatively high
symmetry. Attention'6 is now being given to such
studies in low-symmetry crystals. The standard pro-
cedure' for interpreting rare-earth spectra is to ex-
press the Hamiltonian in terms of single-particle
operators within a single 4f" configuration. At-
tempts ' have been made to extend this description
to include many particle interactions. All these
me'thods tend to increase the number of adjustable
parameters. Computations involving large-size ma-

trices with several parameters are expensive and
cumbersome even with the present day fast comput-
ers. Crosswhite et al. have recently analyzed the
spectra of Ho +, Np +, and U'+ in relatively-high-
symmetry host crystals. Stohr and Gruber' have re-
ported results of their investigation on
Hoz(SO4)3 ' 8HzO. They concluded from polarization
considerations that the Ho + local site syn metry is

C&q. These authors used the free-ion parameters ob-
tained by Rajnak and Krupke' for their calculations.

In this paper, we report optical absorption and Zee-
man spectra at 9.05 T of a low-symmetry crystal of
HoF3. %e have confined ourselves to the study of
the ground multiplet '18 and two excited multiplets
A8 and 'G4. Although these states are not pure

states, we have retained Russell-Saunders labels of
the leading eigenstate for easy' reference. The zero-
field absorption spectrum is interpreted in terms of a
crystal-field Hamiltonian neglecting J mixing and us-

ing the free-ion parameters of Rajnak and Krupke. '

The crystal field of C~q symmetry gives rise to only

diamagnetic (electronic singlet) states for the non-
Kramers Ho'+ ion. The magnetic shifts of these
singlet states can be calculated from second-order
perturbation theory. However, at a magnetic field of
9.05 T, the shifts of individual Stark levels in some
cases are comparable to their zero-field separations.
In view of this, the Zeernan shifts are calculated from
a simultaneous diagonalization of crystal field and
magnetic interactions. The singlet electronic states
are particularly interesting for enhanced nuclear stud-
ies.""Ho'+ ion has some unique features in this
respect. HoF3 seems to be a good candidate for these
studies.

II. CRYSTAL STRUCTURE

The crystal structure of HoF3 has been reported by
Zalkin and Templeton" to be orthorhombic having
space group P„,(Dz„) with the holmium ions occu-
pying the sites at + (x,—,z) and + (—+x,—,——z)

1 1 1 1

where x and z are 0.367a and 0.058c, respectively.
0

The unit-cell dimensions are a =6.404 A, b =6.875
A, and c =4.379 A. Each Ho3+ ion in the unit cell is
surrounded by eight equidistant and one slightly far-
ther off fluorine neighbors. The site symmetry at
each rare-earth ion is "C]t,"with the reflection plane
normal to the crystallographic b axis. The local coor-
dinates (xy, z) of the Ho + ions are along (c,a, b)
crystallographic axes, respectively.

III. EXPERIMENTAL DETAILS

The absorption and Zeeman spectra of HoF3 single
crystals were obtained with a Jarrell-Ash 3,4-m Ebert
Spectrograph. The 300 grooves/mm plane grating is
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blazed at an angle of 59'. The Ks and G4 multip-
lets were photographed in the 12th and 15th orders
with dispersions of 2.00 and 2.18 cm '/mm, respec-
tively. Details of the technique used to align the
crystals may be seen in Ref. 14. The samples used
for obtaining the spectra measured 2.5 x 2.5 & 0.1

mm with light propagating along the short dimen-
sion. The zero-field polarized spectra were measured
as a function of temperature from 1.6 to 40 K,
whereas all Zeeman plates were taken at 20 K. Here
we report the analysis of the Zeeman spectrum taken
at a field of 9.05 T. The Zeeman shifts have been
measured for magnetic field applied along directions

parallel to the three crystallographic axes. An RCA
superconducting magnet type SM2818 capable of pro-
ducing a magnetic field up to 10 T with field to
current ratio of 1.10 kG/A was used. Accurate
zero-field energy determinations were made using a
Jarrell-Ash model 23-500 microphotometer in con-
junction with a Bristol model 560 chart recorder.
Specific wavelengths to an accuracy of a few hun-
dredths of a cm ' were assigned to the absorption
peaks by obtaining accurate wave number dispersion
relationships in the vicinity of individual lines. The
wavelengths of the lines of a hollow iron cathode
were used as standards. An approximate technique
was, ho~ever, used to find Zeeman shifts at 9.05 T
to an accuracy of a few tenths of a cm '.

IV. FREE-ION SPECTRA

The free-ion energy calculations for the J = 8 and
J =4 multiplets were carried out in the intermediate
coupling scheme with parameters of Rajnak and
Krupketo. Eo 20 770 cm-i. Ei 6682 6
E =30.6 cm ', E' =620.1 cm ', ( =2127.1 cm '
a =23.5 cm ', P = —811.2 cm ', and y =0. The cal-
culated free-ion level positions of the 'G4 and 'K8
multiplets at 25 648 and 21150 cm ' are lower by 191
and 133 cm ' from their respective observed centers
of gravity. Despite this disagreement, a least-squares
analysis could not be carried out for lack of sufficient
data on free-ion levels.

V. ZERO-FIELD SPECTRA

The crystal field consistent with the site symmetry
"C]p ' for Ho + in HoF3 when expressed in terms of
the tensor operators, ' C,"will have 15 terms. Here
we neglect the odd terms of the crystal-field
Hamiltonian. With the restriction, ~q ~

~ k, the
Hamiltonian can be written as

I
k 2, 4, 6
q 2, 4, 6

+iB"
q [(c,");—( c",),] I

The fifteen radial quantities B~ are real and in the
absence of any good way of calculating their values,
will be treated as adjustable parameters to fit the ex-
perimental data. The point group "C~q" appropriate
for an even electron configuration (Ho'+ has ten 4f
electrons) is characterized by two one-dimensional ir-
reducible representations I"~ and 12. An even J state
will split into (1+1) and J Stark levels with transfor-
mation properties of I I and 12, respectively. The
former set of levels corresponds to the crystal quan-
tum number p, =0 and the latter to p, =1. The selec-
tion rules for the electric dipole radiation among
these levels can be worked out. If E„Eb, and E,
represent the polarizations of the incident radiation
with electric field parallel to the a, b, and c axes,
respectively, then the selection rules applicable for
the three directions of light propagation are given in
Table I. %e prefer this notation to the usual a-, vr

notation because sometimes it is necessary to distin-
guish between the two a. polarizations (E„E,) The.
magnetic selection rules are also included in Table I.

If we assume all but the lowest level of the ground
multiplet to be essentially depopulated at 1.6 K, then
the seventeen lines observed near 21 500 cm ' and
the nine lines observed near 26000 cm ' at this tem-
perature exactly match the expected number of tran-
sitions from the ground level to the crystal-field (CF)
levels of K8 and G4 multiplets, respectively. The
identification of the symmetry types of levels of the
excited multiplets is facilitated by the following obser-
vations. For light propagating parallel to the a axis
(hereafter referred to as K ll a), we observe only four
and eight lines in E, polarization and five and nine
lines in Eb polarization for the G4 and K8 multip-
lets, respectively. However, for light propagating
parallel to the b axis (K ll b), there are only five and
nine prominent lines in either polarization. This im-
mediately leads us to conclude that the ground level
wave function has the transformation properties of I ~

and not of I 2. There are several cross checks for this
assignment. The sum of the observed CF splittings
as measured from the multiplet center for all I ~ type
levels for each multiplet is found equal and opposite
in sign to the corresponding sum for I"2 type levels as
expected. From the temperature-dependent spectra,
it was possible to establish the positions and sym-
metry types of the first two excited CF levels of the
ground state.

The CF energy matrices were first diagonalized us-
ing the parameters of Stohr and Gruber. 5 They were
found inadequate in our case because the crystal-field
interaction is considerably stronger in HoF3 than in
Ho2(SO4)3 8H20. A least-squares fit to the 26 CF
levels of 'K8 and 'G4 multiplets paying due attention
to their symmetry types yielded several sets of
parameters with identical rms deviation of 2.15 cm
These sets were found to correspond to different
choices for the x and y axes." The local symmetry at
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TABLE I. Selection rules for HoF3.

"klla"
Electric Dipole'

cc
k ll gss

r,
I2

r,
Ec

Eb

I2
Eb
E~-

I)
I2

r.

E~,E,
X

I,
E~

Eb

I2
Eb

E~

Magnetic dipole'
"k lib"

r,
r2

r,
X

E~,E,

I2
E,E,

X

"' k
~

~a
" refers to light propagation along the crystallographic a axis; "k

~ ~
b
"

and "
k

~ ~
c " have

similar meanings.
"E," refers to the polarization for which the electric field of the incident radiation is along the

crystallographic c axis; "Eb" and "E~"have similar meanings.
'The magnetic and electric dipole selection rules for " k

~
~a

" and "kiic" are identical.

Parameters
Set 1'
(cm-')

Set 2'
(cm ')

Bo

B2

8 2

Bo

B4

B4

B4

B4

Bo'

B6

8 2

B6

78.5b

—199.6

272.7

179

-101.7
—33.4

265.8

—95.9

224.6b

156.6

—552.3

58.1

78.5b

-136.3

309.2

17 9"

—79.7

71.4

-215.9

-182.2

224.6b

-400. 1

-411.8
—70.7

TABLE II. Crystal-field parameters for HoF3 obtained by

a least-'squares fit to 26 stark levels of the K8 and G4 mul-

tiplets.

the Ho3+ site fixes only the z axis and leaves the
remaining axes unspecified in the xy plane. For all
such sets, the values of Bo, Bo, and Bo remain un-
changed as they are independent of the choice of x
and y axes. Two sets of such parameters are given in
Table II, The second set can be obtained from the
first by a 30' rotation about the z axis. When these
parameters were used to predict the CF splittings of
the ground multiplet, very good agreement was found
for levels whose energies and symmetry types could
be inferred from the temperature-dependent spectra
(Table III). The calculated and observed order of all
CF levels for the 'G4 multiplet are in exact agree-
ment. The rms deviation for this multiplet is 1.41
cm ' (Table IV). The agreement for the 'It's multip-
let is satisfactory though not as good as for the 'G4
multiplet, The calculated and observed order of lev-
els within the pairs of levels marked (H4, &5),
(H6, H7), (HtqatHtt), and (Ht2, Ht3) in Table V is re-
versed. Of course, the levels in each of these pairs
are very close in energy. This reversal of order has
no drastic effect on the rms deviation (2.5 cm ') for
this multiplet but it has a profound effect on the Zee-
man shifts as we shall see later.

B6

B6

—405.9

—31.3

405.9

31,3 VI. ZEEMAN EFFECT

'Set 1 and set 2 are related by 30' rotation about the z axis.
They give identical rms deviations.
Parameters, Bo, Bo, and Bo are independent of the choice

of axes in the xy plane.

Since the crystal field in HoF3 removes the elec-
tronic degeneracy of the levels completely, we have
only "Zeeman shifts" and no "Zeeman splittings. "
For external magnetic field of the order of 10 T, the
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TABLE III. Observed and calculated crystal-field splittings and Zeeman shifts for the levels of I8 multiplet {geff 1.2415).
I

Zero-field position

(in cm ') H[)bb Hf [cb Hf[ab

Zeeman shift at 9.05 T' {in cm ')

Level Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc.

Z17

Z16
Z15

Z14

Z13

Z12
Z11

Z10
Z9

Z8

Z7

Z6

Z5

Z4

Z3

Z2

Zl

37.99 (I",)
5.90 (r, )
0 (r, )

377.27 (r, )

370.58 (I 2)

350.89 (I, )
281.44 (r»
275.67 (I i)
264.23 (r, )
242.76 (I )
242.2] (r, )
217,95 (I )
193.43 (I ))
180.53 (I )
174.72 (I &)

96.65 (r, )
93.45 (r, )
42.96 (I, )
6.86 (r, )

0 (r, )

—3.2
—10.9

13.0

3.0
—6.3

12.1

2.0

4.1

—4.0
—13.6

1.5
—4.8

3.8
2.0

—0.6
—3.8

—10.6

2.0

6.6
—14.0

22.5
—7.6
—5.6

4.1

7.4
—33

4.2

0.7
2.2

11.3
—8.2

—20.9

14,0
—16.2

0.3
5.5

—10.4

0.8
21.6

—31.2

21,9
—87
—57
10.2

7.9
—5.3

6.0
—2.9

—12.7

6.2

0.0
—10.7

4.6
—1.3
—6.7

26.7
—29.5

'The observed Zeeman shifts are anisotropic,
b" H

~

~b" refers to magnetic field along the crystallographic b axis; "H
~

[c"and "H~ ~a" have similar meanings.
'Only three levels of this multiplet have been established from the temperature-dependent spectrum.

TABLE IV. Observed and calculated crystal-field splittings and Zeeman shifts for the levels of G4 multiplet (geff 1.1233)

Zero-field position

(in cm ')

Hllb

Zeeman shift at 9.05 T'
(in cm ')

Hll &

Level Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc,

K1

K2

K3

K4

K5

K6
K7

K8

K9

81.24 (I 2)

71.91 (I &)

20 64 (I &)

17.70 (I 2)

2.46 (I &)

—14.62 (I &)

-27.98 (r, )
—51,52 (I &)

—9986 (I )

79.61 (r, )

70.89 (r, )

19.57 (r, )

18.40 ( I 2)
3.41 (I &)

-16.10 (r, )
—25.60 (I 2)
—52.15 (1~)
-98.04 (12)

0.6

1.2

3.5
—1.4

—2.9

1.2
—1.4

0.0

1.4

2.9

2.7
—0.6
—1.5

0.6
—3.3
—1.4

1.5
—1.7

4.7
—1.4

0.6
3.2
0.1

—4.5
—2.8

2.9

0.6
2.7

—2.6

0.6
49

—6.2
—0.7
—2.3

1.2

0.7
2.7

0.7
—0.5
—3.1

—1.4

0,7
—1.4

2.8

4.1

—1.6
0.8

—3.6
0.0

—2.1

—1.4

'Zeeman shifts for this multiplet are quite small,
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TABLE V. Observed and calculated crystal-field splittings and Zeeman shifts for the levels of K8 multiplet (geff
= i.io64).

Zero-field position
(in cm ')

Hf/b

Zeeman shift at 9.05 T
(in cm ')

H[[c Hf/a
Level Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc.

H1
H2
H3
H4
HS
H6
H7
H8
H9
H10
H11
H12
H13
H14
H15
H16
H17

74.71 (r, )
7O. 1O (r, )
59.58 (I )
39.12 (r, )
36,68 (r, )
9.19 (I )
2.78 (I &)

o.7s (r, )
—7.86 (r, )

—16.15 (I &)

-17.2S (r, )
-22,89 (I &)
—25.53 (r2)
-28.85 (I )
-si,4o (r, )
-60.22 (r, )
-63.54 (I &)

73,62 (r&)
71.iO (r, )
S7.6S (r, }
38 08b (r )
3927b (I )

759b (r )
9 47 (I",)
2.92 (r&)

—6 44 (r2)
-iS.6S (r, )
—15.33b (I 2)
—27.37b (I ~)
—23.21b (r2)
—29.77 (I2)
—54.80 (r, )
—62.27 (r2)
-64.87 {r,)

18.4
7.7
2.5

—8.3'
—o.4'
16.1
10.8
—2.8'

95a
—3.0
—3.6
—8.0
—1.2

—18.2
3,8

—5.4
—17.2

17.1
7.3
4.3

—6.2
—3.0
13 4a

1.O'

43a
10.S'
49a

—o.1'
—2.0
—2.6

—19.4
3.0

—6.0
—18.0

14.8
—0.6

1.7
—12 ~

3'
15.1
0.8

33 3a

—8 ~ 8
—4.2

2.9
—0.6

—15~
8'

—3.3
—4.8'

8.3
—5.4

—27. 1

12.9
—2.3

0.6
10 3a

15~ 2

5.4
25.3'
3.6

—0.7
—3.7
—0.7
13 Sa

—6.1

—5.6a

8.4
—5.1

—23.1

30.1

19 3a

1 i.o'
0,7

—8.1

3 Sa

17.6
12.0'
7.2
2.6
1.2

13 la

5.6a

—25.9'
7 sa

—5.8
—19.4

29.0
—22.1'

12.5'
0.1

—5.1

9a

12.7
11.4'
3.0

—2.3
3.9

—9.9
0.9

—15.8'
10.8'
—3.6

—23.4

'The calculated order not in agreement with, the observed. The levels cross as the applied field strength increases.

Zeeman interaction 0, = p&H (L+2S) is no longer a
small perturbation over the crystal-field interaction.
The two interactions must be considered simultane-
ously as perturbations of comparable strengths. For
Ho ion in HoF3, the only symmetry axis is the crys-
tallographic b axis. The fluorine ions surrounding
each Ho ion have a reflection plane of symmetry per-
pendicular to this axis. If the magnetic field is ap-
plied parallel to this direction, the symmetry of the
Hamiltonian (preferred direction in space) is main-
tained. In this case, the magnetic field interaction is
diagonal in J,. Its matrix elements can be expressed
as

(J~zI Lz +2' I JJz'& = g( Jz Jz ) geffJz

where g,ff, the effective Lande g factor of a state in
intermediate coupling, is given by

g ff ~g (yJ) = $ R (aSLJ ~yJ)g (SLJ)
a,S,L

The coefficients R (aSLJ
~ yJ) are obtained from the

diagonalization of the free ion energy matrices in the
intermediate coupling scheme. The new energy ma-

trices are the same as the CF energy matrices with

the magnetic terms added to the diagonal elements.
Introduction of the magnetic field in a direction

normal to the b axis, specifies an additional direction
in space, consequently the CF representations are no
longer good representations. One has now to solve a
(2J+1) && (2J+1) matrix for each mttltiplet. This
leads to a 17 x 17 complex matrix for J =8 and a
9 X9 complex matrix for J =4. For "H Ilc"' the
nonzero matrix elements of the magnetic interaction
are given by

(», I
L„+2S„IJJ,'&

= + —,
' g„,[(J + J, ) (J + J, +1)]'~'S(J,',J, +1) .

The nonzero matrix elements for "H II a" are related
to those for "H II c."

&JJ, ILy+»ylJJ, '& =+I (JJ,IL. +2S.I»,'& .

These matrix elements appear i'n the off-diagonal
positions. The Zeeman shifts can be calculated by di-
agonalizing these matrices with and without the rnag-
netic interaction terms. These shifts were calculated
for applied fields from 0 to 9.05 T.
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VII. PRINCIPLE OF SPECTROSCOPIC
STABILITY AND ZEEMAN SHIFTS

The "multiplet centers" of both excited multiplets
are found to shift in an identical manner between 0
and 9.05 T applied magnetic field for each of the
three orientation sets. In this particular context, the
term "multiplet center" is defined as the arithmatic
average of the energies (in cm ') of the transitions
from the lowest ground-state level to each of the CF
levels of the excited multiplet. Since the Ks and 'G4
rnultiplets are well separated from other Ho3+ multip-
lets, the principle of spectroscopic stability asserts
that the centers of these multiplets should not shift
with the application of an external magnetic field.
This basically implies that no significant interaction is
introduced between these multiplets and the neigh-
boring ones as the magnetic field is switched on.
This argument rests upon the smallness of the mag-
nitudes of the magnetic interaction matrix elements
among the neighboring multiplets relative to the en-
ergy separations among them. The matrix elements
between 'K8 and neighboring multiplets ( F2 and
5G6) are identically zero because of the AJ =0, +1
selection rule for the Zeeman effect. Similarly G4
will not interact with the nearby E7 multiplet and
the remaining multiplets are too far away in energy to
have any substantial interaction with it. For these
reasons, multiplet centers for 'G4 and 'A'8 are expect-
ed to show complete stability. However, as the
center of the multiplets measured from the lowest
ground-state level do shift with the magnetic field,
these shifts must be entirely attributed to the shift of
the lowest ground-state level. Based on this assump-
tion, a very good one indeed, the shifts of three
lowest ground-state levels have been determined for
the three orientations of the magnetic field. The
validity of this assumption is borne out by the fact
that for any given field direction, both excited mul-

tiplets (Table VI) give identical shifts of the levels of

the ground multiplet. The actual shifts (after sub-
tracting the ground level shift) of the individual Stark
levels of the excited multiplets are shown in Tables
IV and V. The assignment of shifts to individual lev-
els at 9.05 T were made by following the lines as a
function of magnetic field. It is reassuring to note
that for "H II b,

" the Zeeman levels satisfy the trace
test for I ~ and I 2 groups of levels separately.

VIII GROUND MULTIPLET 5Is

Only three levels of this multiplet have been iden-
tified from the temperature dependent absorption
spectrum. The Zeeman shifts for these levels are re-
latively large and anisotropic. The observed shifts at
9.05 T for the ground level are —10.9, —14.0, and
—31.2 crn ' for magnetic field along b, c, and a axes,
respectively. Similar variatioos are observed, for the
remaining levels as well. Table III compares the ob-
served and calculated Zeeman shifts of these levels'.

We find excellent agreement for the ground and the
first excited levels for all orientations of the magnetic
field used in these experiments. The agreement for
the second excited level is not so good, but the shifts
for this level are quite small ~

IX. Kg MULTIPLET

Like the ground multiplet, 'K8 also shows reason-
ably large and anisotropic Zeeman shifts at 9.05 T.
In some cases, these shifts and the crystal-field split-
tings are found to have comparable magnitudes, justi-
fying our simultaneous treatment of the magnetic
and CF interactions. Although the electronic mag-
netic moment for all levels is zero in the absence of
external field, a few levels, especially those near the
top and the bottom of the multiplet show fairly large
Zeeman shifts even at low applied field. The super-
script "b" in Table V indicates observed and/or cal-

TABLE VI. Zeeman shifts of the three levels of the ground multiplet (obtained from the apparent shift of the center of grav-

ity of the K8 multiplet).

Ground-state
level

Zero-field
energy
(cm-')

Zeeman shift at 9.05 T
(in cm ')

Hllb

Lowest'
Second'
Third'

0b

15.85b

37 99b

0c

5 90c
37.99'

—31.2b

21,6b

0.8b

31 2c

21 7c

08c

—109
—3.2

1.1b

10 9c

3 3c

1.0'

-14.0b

6.6b

2.0b

—14 0'
6.5b

2.0'

'The Zeeman shifts for each of the three levels in the three directions of the magnetic field as obtained from the apparent shifts
of the center of gravity of the K8 and G4 multiplets are identical in agreement with the principle of spectroscopic stability.
Obtained from the apparent shift of the center of gravity of the K8 multiplet.

'Obtained from the apparent shift of the center of gravity of the G4 multiplet.
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culated level crossings. %e notice that the number
of calculated level crossings does not always match
the actually observed number of such crossings. This
can happen in two ways whenever the observed and
calculated order of two nearby Stark levels do not
agree and if one of the following two conditions is
satisfied. An apparent level crossing can be predicted
by the calculations whenever in the above situation,
the upper observed level has positive and the lower
level has negative Zeeman shifts. On the other hand,
a real crossing may not show up in the calculations if
the signs of the Zeeman shifts are just the opposite.
The former is the case for the apparent crossings of
the pairs (H6, H7) and (H~O, H~~) when the magnetic
field is parallel to the b axis and the second condi-
tions are responsible for the absence of the level
crossings for the pair (H~q, H~3) in "H II a" and the
pair (H4, H5) in "H II b" are between levels of dif-
ferent symmetry. Out of the four level crossings ob-
served for "H II a" and two for "H II c,

" only the
crossings for the pair (H4, H, ) in "H II c" is between
levels of the same symmetry (I'&). Strictly, I ~, I 2

cease to have any meaning for the transverse Zeeman
effect.

The experimental data are more certain for the lev-
els near the top and bottom of the multiplet and ex-
tremely good agreement between the observed and
calculated Zeeman shifts exists for these levels. In
the absence of precise and complete analysis of the
Zeeman data for intermediate magnetic fields, the as-
signment of Zeeman shifts for the levels near the
center of the multiplet can be treated only tentatively
at this stage. %e may conclude this section by stating
that the agreement between the calculated and ob-
served shifts is excellent for the levels at the top and
bottom of the multiplet and fair elsewhere.

X. 5G4 MULTIPLET

The Zeeman shifts for this multiplet are compara-
tively small. No level crossings are predicted by the
calculations and none are observed for any direction
of the external field. The effective magnetic mo-
ments for practically all levels of this multiplet
remain essentially zero up to a magnetic field of
about 5 T and only towards the upper limit of the ap-
plied field, does one begin to observe characteristic
"repulsion" among levels of the same symmetry.
Kith the exception of two levels for "H II c" and
three levels for "H II a," all observed and calculated
Zeeman shifts agree in sign and the discrepancies in
magnitude, if any, are within the range of disagree-
ment of the CF least-squares fit. The only significant
discrepancy exists for the level K7 in the "H!I

c" case
with —6.2 cm ' calculated shift against 0.1 cm ' actu-
ally observed. As has been pointed out earlier, the
smallness of the Zeeman shifts in this case makes

them more sensitive to the discrepancies in the calcu-
lated and observed crystal-field splittings. In fact, the
level showing maximum discrepancy in Zeeman shift
also shows maximum disagreement in the crystal-
field analysis. It is not unreasonable to expect that
such discrepancies might be considerably reduced if
the CF fit can be improved by using better free-ion
wave functions.

XI. MAGNETIC DIPOLE TRANSITIONS

The selection rules for the electric and magnetic di-
pole transitions are different only for light pr'opaga-
tion along the b axis. The electric dipole operator in
this case permits transitions between levels of same
symmetry (I'~ I'~ and I q I'q). However, at
1.6 K, I

~ I 2 type transitions are also observed.
These transitions, though always weaker than the
I'~ I ~ type transitions are considerably stronger for
the 'K8 multiplet than for the G4 multiplet. The ap-
pearance of these lines could be understood in terms
of slight misalignment of the crystal with respect to
the beam axis. However, a more plausible explana-
tion is that these are magnetic dipole transitions since
in the absence of appreciable J mixing such transi-
tions are more likely to take place for the 'K8 multip-
let than for the 'G4 multiplet in view of the selection
rule 4J =0, +1 for the magnetic dipole transitions.

XII. HYPERFINE INTERACTION

Because of the low Ho'+ site symmetry in HoF3, all
electronic states are singlets with zero magnetic mo-
ment and hence first-order hyperfine interaction is
identically zero in the absence of external magnetic
field. The zero-field spectrum at 1.6 K consists of
mostly sharp lines. Some of the lines are no more
than a few tenths of a cm wide indicating the ab-
sence of hyperfine broadening. However, a few lines
in the K8 multiplet are broad with sharp cutoff on
both sides indicating possible incipient hyperfine
structure due to higher-order magnetic hyperfine in-
teraction, These lines correspond to levels which
show relatively large Zeeman shifts. The Zeeman
measurements have been carried out at 20 K where
the overall line broadening would make it difficult for
the hyperfine structure to be resolved, even if it was
present,

XIII ~ DISCUSSION OF RESULTS

A 15 parameter least-squares fit has been carried
out to 26 Stark levels of HoF3 neglecting J mixing.
A rms deviation of 2.15 cm ' so obtained is quite
satifactory. The observed polarizations are in com-
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piete agreement with the site symmetry. The calcu-.
lated positions of the first two excited levels of the
ground multiplet agree with the values inferred from
the temperature-dependence spectrum. The agree-
ment between the observed and calculated Zeeman
shifts at 9.05 T for most levels is also very good.
Disagreement remains for some levels of the 'K8
multiplet. The absolute Zeeman shifts for such levels
are, however, small. For magnetic fields of the order
of 10 T, the Zeeman shifts of levels sometime exceed
their zero magnetic field separations and unless the
discrepancies (however small) among calculated and
observed positions of the Stark levels are removed,
the interpretation of Zeeman shifts and accompany-
ing level crossings is not going to be unambiguous.
The use of free ion wave functions appropriate to
HoF3 should help reduce whatever discrepancies
remain. The crystal-field calculations place the
ground level at 200 cm ' below the center of gravity
of the ground multiplet. Lowering the observed
centers of gravity of the multiplets at 1.6 K by this
amount leaves the calculated "free-ion" positions of
'G4 and 'K8 multiplets lower than their observed po-
sitions by 191 and 133 cm, respectively. This is a

fairly large discrepancy and "free-ion" wave func-
tions obtained by using Rajnak and Krupke's parame-
ters for LaC13 are not expected to be accurate for
HoF3. A least-squares analysis to the free-ion energy
levels for HoF3 is however not possible at the mo-
ment for lack of sufficient experimental data.

XIV. CONCLUSIONS

Absorption spectrum and Zeeman effect at 9.05 T
for the 'I8 'Ks, 'G4 transitions in HoF3 have been
obtained and analyzed in the limit in which the mag-
netic and crystal-field interactions are comparable in
strength. A set of crystal-field parameters appropri-
ate for C~& symmetry of Ho'+ have been obtained.
Only the axial parameters BD, BD, and BD have
unique values in this low-symmetry case, the remain-
ing 12 parameters depend upon the choice of x, y
axes which are not fixed by the site symmetry. All
such sets of parameters are, however, equivalent as
they give identical "rms" deviation. The principal of
spectroscopic stability has been used to obtain abso-
lute second- (and perhaps higher) order magnetic
shifts of individual crystal-field levels. The '64 mul-
tiplet shows reasonably well separated CF levels and
rather small Zeeman shifts. On the other hand, the
K8 and 'I8 multiplets have rather. closely positioned

CF levels and fairly large Zeeman shifts. The large
Zeeman shifts for the latter multiplets are consistent
with the relatively large angular moments associated
with them.
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