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Zeeman Effect Studies of the 'I7—'I, Transition in CaF&.Dy'+

Z. J. KISSY C. H. ANDERSON) AND R. ORBACH*
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Zeeman effect studies of 'I7—'Is fluorescent transitions of the CaF2. Dy'+ system were carried out. The
symmetries and the spectroscopic splitting factors of a number of crystal field components were determined,
and the transitions were found to be of magnetic dipole origin. EGects due to magnetic interactions among
the lowest three crystal field components of the ground state were observed. The orientation dependence
of the Zeernan pattern of the

~

7T~&'&) -+
~

8Ts&'&) laser transition is treated.

I. INTRODUCTION

PECTROSCOPIC investigations of divalent rare

~ ~

~

~

~ ~ ~

earth in CaF2" revealed that the divalent rare
earth sits in a substitutional Ca site in a cubic environ-
ment. Consequently, the 4f states of the rare earth have
no other parity configurations admixed by the static
crystal field and the 4f 4f elec—tric dipole transitions
are forbidden, Sharp line transitions in the CaF2. Tm'+
system were found to be of magnetic dipole origin. ' This
paper accompanying the previous article4 describes
Zeeman effect studies of the 'I7 —+ 'I8 transition in the
CaF2. Dy'+ system. The purpose of this investigation
was to determine the symmetry of the various crystal
field states from which the transitions arise, to deduce
the magnetic splitting factor for these states, and to
obtain the character of the transitions. This work was
of further interest, since the CaF&..Dy'+ laser proved
to be one of the best existing solid-state lasers; Zeeman
tuning of the laser frequency was demonstrated
previously. "

The first part of this paper describes the experimental
techniques and the fluorescence spectra. Then the
Zeeman studies of the six lines will be discussed. The
orientation dependence of the Zeeman components of
the laser line will be treated, and finally the nonlinear

magnetic interaction among the three lowest levels of
the ground state will be considered.

II. EXPERIMENTAL PROCEDURE

Since the oscillator strength of the 4f 4f transitions-
of the divalent rare earth in cubic hosts is small, these
transitions cannot be readily studied in absorption. On
the other hand, the sharp Quorescent transitions coupled
with fairly high g values of the rare earths make them
especially suitable for Zeeman effect studies, since
resonably small magnetic fields ( 10 kG) are sufTicient
to observe the effect. The fluorescence spectra were
studied with a Iarrell-Ash f/35 grating spectrometer
equipped with a cooled PbS detector. The detector was
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scanned in the image plane of the spectrometer with a
precision micrometer and the signal was recorded using
a Perkin-Elmer lock-in amplifier recorder system. The
resolution of the spectrometer at 2.4 p was 0.25 cm—',
which was also the linewidth of the fluorescent transi-
tions at 78'K.

A 6-in. Varian magnet was used with a tapered 4-in.
pole piece and a i~-in. gap. The maximum field obtain-
able with the magnet was 14 kG. Crystals were im-
mersed in liquid N2 temperature and were illuminated
with a 600-W tungsten lamp using a water filter. Both.
transverse and longitudinal Zeeman patterns were
taken. For the longitudinal patterns a mirror at 45
the field direction was inserted to bring out the Quores-
cent beam. The clearly observa, ble L111j cleavage
planes of the CaF2 were used to orient the crystals.

The Auorescence spectrum of CaF2..Dy'+ consists of
a large number of lines in the 2.2 p, ~ 2.7 p region of
the spectrum. ' Of these lines there are six that are
particularly sharp and prominent at liquid N2 tempera-
ture. The six lines between 2.3 and 2.4 p are reproduced
in Fig. 1. The strongest of these lines line A at 4239.5
cm ' is the laser line, corresponding to the ~7Ti&'l)—& ~STs&") transition. At 4.2'K, only lines A and 3
remain indicating that the 'I7 state is thermalized.
Zeeman effect studies were carried out on all six lines
from A to F at liquid N2 temperature and on lines A
and 8 at 27'K.

III. THE ZEEMAN PATTERN

The Zeeman splitting of line A and the corresponding
energy levels are shown on Fig. 2. The pattern arises
from two triply degenerate states with nearly identical g
values (Table I). The calculated intensity distribution
for the various Zeeman patterns assuming magnetic
dipole transitions are also shown on Fig. 2. The agree-
ment for a magnetic pattern is excellent. In some cases
a discrepancy was found between the observed and
predicted pattern, but this was due entirely to the
polarization properties of the grating and could be
corrected for. The asymmetry of the observed pattern
is due to the nonlinear magnetic interaction. From the
pattern it can be concluded that the sign of the splitting
factors for the two states are different. However, to
assign the negative value uniquely to the

~

STs&'')
state (Table I) also required knowledge of the wave
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{2) TABLE I. Magnetic splitting factors for the CaF&.'Dy'+ system.

Nonlinear coefBcient 8
Linear g value for H: L100jJ State M Observed Calculated Observed Calculated

(&XO (o) cf &s

7

T(2)
I

~&at
'

8

T(l)
F(2)

7 p2(2) 1
2 —3.1 ~0.1—1
0 02

0 +4.73+0.05—1
1
2 —4.95~0.05—1

0 —4.9 +0.1—1
2
0

—3.27

+4.66

—5.00

0
+1.3~0.2

0
—0.4—2.0~0.2

0—0.4+0.2
0

+0.3
+1.0~0.2
+0.6

—1.0~02—6.1

—4.89 +6.1+0,2

+1.91

—0.44—1.91

—0.44

+0.29
+1,11
+0.29
—0.29
+6.8—0.29
—1,11—6.8

4E=gPH+BP'H~,
P =0.0467 cm '/kG.
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FIG. 1. Energy levels and the fluorescence pattern of some of the
prominent 'I7 ~ 'IS transitions of the CaF2'. Dy'+ system.

This is strictly true only when it is realized that the magnetic
snblevel @=2 of the ~STss) state has i&= &2 character in it as is
discussed in Sec. IV.

functions as given in the previous paper. 4 The crystal-
line quantum number designations "p," for the T» and
T2 state are taken as components of the l= 1 and l=2
orbital wave functions, respectively. In the case of
H~~L100) a selection rule hp=0, +1 is observed, which
is identical with the magnetic dipole selection rule of
53f=o, ~1.~ The crystalline quantum numbers also
describe correctly the polarizations of the transitions.
This simple situation only holds for the case when the
magnetic field is along one of the high symmetry axes
(i.e., H~~$100) or $111)),but the general case will be
discussed later.

The next strongest line of I'ig. 1 is 8, corresponding
to the

~

7T&&s&) -+
~

SE"') transition. It can be noted on
the energy level diagram that a line corresponding to
the

~

7Ti"&) &
~

STi&'&) transition is missing. This line
is allowed by magnetic dipole symmetry selection rules,
but by an accidental cancellation among components
making up the transition probability, its va, lue is down

by a factor of 20 000 compared to line A (see Table III
of Ref. 4). In the presence of a magnetic field, however,
there is strong mixing between the

~

STi&'&) and
~

SE"&)

states and the
~

7Ti&s&) ~
~

ST&&i&) transition becomes
observable by borrowing intensity from line 3. The
Zeeman pattern of line 3 is shown on Fig. 3. Since the
~SE&s&) state is a nonmagnetic doublet, in the first
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Fn. 2. Observed and calculated Zeeman pattern of the
)7T&&'&) ~ ~STs&'&) transition.

approximation only three Zeeman components should
be observed. However, again due to the ma, gnetic
interaction with the ~ST&&i&) state, the nonmagnetic
ground state is split quadratically with magnetic field,
and a. six line pattern is observed. In this six-line pattern,
the unshift;ed line corresponding to Dp=2 transition is
forbidden even in the presence of second-order magnetic
interactions, a.s long as H is exactly ~~L100). With a
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FIG. 3. Observed and calculated Zeeman pattern of the
i
7T&&'&) —+ i8E&'&) transition (line 3).

slight misorientation, the p=+1 character can be
admixed into the «&=2 component of the ~SE&'&) state
and the line may appear. From lines E and F, it can be
seen directly that the separation of the

~

SE&") and the
next state above it is 4.9 cm '. The intensity pattern
of line B con6rms that this next excited state has the
symmetry Ti (and not Ts as it could possibly be from
Fig. 7 of Ref. 4) since they=0 component interacts most
strongly with the excited state above (for H~~$100)).
The nonlinear interaction will be discussed later in
detail, but it can be noted here that the nonmagnetic
ground state in a high field splits, and for H not

~~ t 100j,
transitions between the two components should be
observable in paramagnetic resonance. The paramag-
netic resonance studies of Sabisky' have indeed con-
firmed this suggestion.

Line C corresponds to a transition from the next
excited state of the 'I7 term which again is a nonmag-
netic doublet

~
7E) (Fig. 4). The pattern again consists

of more than three lines since the transition is ~7E)~
~

STs&'&). Unlike the pattern of 8, there are only five
lines observed and the forbidden Ap, =2 transition is
missing. The reason for this is the larger separation of
the ~7Ts&") perturbing level from the doublet ~7E)
state (15.3 cm ', see Fig. 1) and with the smaller
perturbation the misalignment of H with respect to the
crystal axes is not so serious. Again the intensity
pattern confirms the assignment of the 7Ts&") state
above the doublet. The g value of the STs&'&) state
determined from the Zeeman pattern of C agrees
exactlv with the g value determined from the pattern of
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FIG. 4. Observed and calculated Zeeman pattern of the
i 7E) -+ i8?'s&") transition (line C).

A. Since there are more than one independent observa-
tions on each state, the absolute shifts due to the
nonlinear magnetic interactions of each sublevel can
be evaluated.

Line D comes from the ~7E)~ ~STt&") transition
(Fig. 5). From the study of this transition the behavior
of the

~

STt&'&) state can be determined. Line E and F,
corresponding to the ~7Ts& l) ~ ~STt&'&) and ~SE&")
transitions, respectively (Figs. 6 and 7), gives the g
value of the ~7Ts&") state. These last three lines can
only be observed in fluorescence at liquid nitrogen
temperature, and their intensities are somewhat weaker.
While the signal to noise ratio was not sufhcient for
detailed study of the intensity pattern of the Zeeman
components, it was sufhcient to determine the g values.
The data for the lines is summarized in Table I. The
patterns observed are consistent with magnetic dipole
patterns within the experimental accuracy, and the
observed g values agree with the calculated ones using
the wave function of Appendix I.4

IV. ORIENTATION DEPENDENCE OF THE ZEEMAN
PATTERN OF THE LASER LINE

The CaFB..Dy'+ system was operated as an optical
maser, ' and as a laser it has a number of interesting
characteristics. The fluorescent line width of the laser
line (line A see Table II)' is narrower than the cavity
mode separation for a 1-in. long crystal, and the laser
operates in a single longitudinal mode. Zeeman tuning
of the laser has been demonstrated previously. ' The
behavior of the laser in a magnetic 6eld is not completely
understood yet, and it was found that Zeeman tuning
could only be achieved in certain oriented crystals.
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Hence, it was desirable to analyze the orientation
dependence of this transition in some detail.

The transition takes place between states I7Ti"')
and

I
STst"). To calculate the magnetic dipole transition

probabilities between the two states we need the matrix
elements of the magnetic dipole operator

e
(it+»'),

2m g

E~')(~=e)

LINE E

F»0. 6. Transverse
Zeeman pattern of the

~

7T2"&) ~ ~8&) trans-
ition {line K).

which in the Russell Saunders approximation, reduces
to p ~ =gPJ. In the cubic group, the operator J trans-
forms like T».

The relative intensities and polarizations of the
Zeeman split components of the I7Ttt'&) to ISTst'&&

transition can be calculated using only the symmetry
properties of these states plus the realization that the
magnetic dipole operator p has T» symmetry. Or, what
is simpler, one may use the property that the T» state
transforms isomorphic to the J=1 orbital wave func-
tions I11), I10), I1—1) and the Ts state transforms
isomorphic to the J= 2 orbital wave functions I I

2—1),
1v2 (I 22)—I

2—2)), —
I
21)7. Then, if the magnetic inter-

action —p I is put into the form

—gal —Ster i+Jpap —J tntj,

H II I 00

08S ERVED

TRANSVERSE ZEEMAN FFFECT

H = I 2.0 K GAUSS

where, if the direction of the magnetic field relative to
the crystal axes Llooj, I 010), and L001j is given in
the usual polar coordinates, we have

np
——cos8 and nt= —(sin8e'&)/v2. (3)

Thus, the magnetic interaction is diagonal in this
representation if the field lies along the Looi j direction.
The general Hamiltonian is diagonalized by the unitary
transformation

where J; and n; are the irreducible tensor forms of the
angular momentum and the unit vector in the magnetic
field direction, respectively, the Hamiltonian for each
of these two states becomes

—,
' (1+cos8) e'&

U= —(sin8/v2) e*'&

—', (1—cos8)e~'

sin8/&2 —,
' (1—cos8) e—'&

cos8 (sin8/V2)e '&, (4)—sin8/W2 -', (1+cos8)e '&

Ao

K, (v) = g'p& ——~t
0

p= T» ol T2,

E ( J=7)

T~')(J=s)
I

—n»* 0
0 —n»*

—(X» —0!p

i, j=1, 0, —1for T»,

and —1, 2, 1 for T2,

LlhlE 0

0
2
I

to give
0 0

e,,'=vav t= gplHI o -o —o . (5)
0 0 —13

The fact that the states are split isotropically into three
(2) equally spaced levels is not surprising since the Ti state

is isomorphic to a J= 1 state and so it acts like a free P
state in a magnetic field. It is now convenient to retain
the original labels for these magnetic sublevels in this
new representation; hence the indices z, j take on the
values 1, 0, —1 for the T» state and —1, 2, 1 for the T2
state. We now need the matrix elements of the magnetic
dipole operator between these states in order to be able
to calculate the radiation patterns of the various
transitions. In the original representation, we have

TRANSVERSE Z EEMAN EFFECT H = l 2 K GAUSS

Hll Igo

o o
&Ts'I»l T»)= o o o &TsllgllTt&p

0 0 0
&T„I„+,IT»)=&Ilail)p 1 o o,

0 —1 0
E

and

z 1, 21

j=1,0, —1,

OBSERVED

F»o. 5. Observed transverse Zeeman pattern of the
~7E) ~ ~87'~&'~) transition (line D).

0 1 0
&T„l&,IT„&=&Ilail&p o o —1 =»+,

0 0 0
(6)
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which can be calculated in the diagonal representation by using the same unitary transformation U to give

i —sinsg sin2p [(sjng)/&2][cos2++i cosg sin2+] cosg cos2ip+ si[1+cos'8]sin2
X [—sing/vp][cos2+ —s cosgsin2+] i—sin'gsin2+ [»ng/v2][cos2++i cosgsin2i ]—cosg cos2&p+ si[1+cos'8]sin2&p [(sing)/&2][cos2$ —i cosg sin2$] sj sin'8 sin2&P

aIld
(sin28)/2&2

p, '= Up&U '=(~~g~~)Pe '~ s[2 c»'8—1+c»8]
(—sing[1+ cosg])/v2

-', [2 cos'8 —1—cos8]
(—sin28)/v2

—rs [2 cos'8—1+cos8]

[sing/V2][1 —cosg]—-', [2 cos'8 —1—cos8]
(sin28)/2&2

Example 1. Consider the case where the magnetic
field lies in the [001] direction. Then the matrix
elements of the magnetic dipole operator are given by
(6) and we have (a) all Dnl, =&2 transitions are not
allowed. (b) 5m=+1 transitions are right circularly
polarized along the field and Am= —1 are left circularly
polarized. (c) d,m=0 transitions are linearly polarized
with their magnetic vector along the Geld direction.

Examp/e Z. Consider the case where the field direc-
tion lies in the [111]direction; then the most con-
venient components of the magnetic dipole operator are

q,= 1/42[i.—q„],
ps

——1/+6)p.+p„2IJ&.], —
vs= 1/~~[I.+u.+~*]

and the circular polarization forms p+ ——[&«s+i&at]/v2
and p = [ps—ipt]/i&2. These can be calculated from (7)
to give

0 0 0 1 0
ps ——i(g)p/%3 0 —2 0; IJ~=(g)p/i/3 0 0 —1

0 0 l 2 0 0
and

0 0 2

&« =(g)P/V3 1 0 0
0 —1 0

E.

These give the results that the 6m=2 transitions are

LlNE F

T (2)(~ 7)

linearly polarized with their magnetic vector along the
field direction and all the other transitions are right or
left circularly polarized along the field. The relative
intensities for these two cases are summarized in Fig. 2.

A few general observations can be made about this
problem. First of all only in the above two cases is the
intensity distribution isotropic in the plane perpendic-
ular to the magnetic field. This is because these are the
only two axes with higher than twofold symmetry.
Secondly, if one makes frequency measurements along
a crystal field axis with no polarization selection in the
intensity pattern is given by

But the only dependence p, & and p, & have on the
azimuthal angle &P is through the multiplicative factor
t,+'& which vanishes in the above expressions. Hence,
the intensity distribution as measured in this way
depends only on the angle between the field and the
crystalline axis along which the observations are made
and is independent of the orientation of the other two
axes. Thirdly, only the 6m= 0 transitions have a simple
expression for a general field direction, namely these
transitions are always linearly polarized with their
magnetic field vectors in the direction y= &r~,e,+&r,&r,e„
+&r,&r„e„where &r„&r„,and &r, are the direction cosines of
the magnetic field from the three crystalline axes. It can
be easily verified that this transition probability reaches
a maximum for the field in the [111]direction and
vanishes along the cubic axes.

V. MAGNETIC INTERACTION AMONG THE LOWEST
CRYSTALLINE STARK LEVELS

FIG. 7. Transverse
Zeeman pattern of the

PTs&'&) -+ i8T&&»)

transition (line F).

T~')(~=8)
l

TRANSVERS .ZEEMAN EFFECT
H= I 2.0 K GAUSS

H ll IOO

08SERVED

The three crystalline Stark levels of the ground state
are separated by small energies as shown on Fig. 1 and
the magnetic interaction among these three states is
appreciable. The shifts of the Zeeman components of
these levels are shown in Fig. 8, for the case of H along
a [100] axis. The strongest interaction is among the
two lowest levels, the ~8Tti") and ~8E"&), which are
separated by 4.9 cm '. To solve the interaction for the
eight Zeeman sublevels for an arbitrary orientation is
complex and requires the diagonalization of an 8&(8
matrix. However, for the experimental situation of Fig.
8, (HE~[100]), the matrix can be reduced to four 2X2
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is not observable between the @=0and p= 2 sublevels.
For any other orientation of B&, the nonlinear interac-
tion will admix p=+1 character into both sublevels,
and resonance is observed. ' At sufriciently high fields,
resonance between the ~SE&"0) and ~STti"1) Zeeman
levels should also be observable.

VI. CONCLUSIONS

25—
'& ~o—

I

5
Fi ELO ( K il-OG AUSS )

lO

FIG. 8. The nonlinear splitting pattern of the three lowest levels of
the 'Iii ground state as a function of inagnetic field H~~gtooj.

where hEis in crn ', g= 4 is the Lande factor, D=E~ 8T')
Et SE')=4.9 cm '. —lf H is kG, P=0.0467 crn '/kG.
Similar matrix elements were evaluated for all the

observed levels, using only second order perturbation,
and mixing only with next-nearest-neighbor levels. The
agreement between the calculated and observed values
is good.

In the above approximation, when the field is along
L100j the ground ~SE&") state will be split by the
nonlinear interaction; however, paramagnetic resonance

matrices, and the absolute value of the coeKcient of the
quadratic splitting factor can be calculated by second-
order perturbation theory. The energy shift, for
example, for the

~

SE"'0) component due to the
magnetic mixing with the

~
STi"'0) component for

H~) j100j will be
l(SE'»0

i
Z, i ST,&»O)

I

'
oE= (gPH)'

In conclusion, we can state that 'I7—'Is transitions in
the CaF2. Dy'+ system are of magnetic dipole origin.
This result is not surprising; the cubic symmetry of the
static crystal field does not admix configurations, and
the 4f 4f ele—ctric dipole transitions remain strictly
forbidden. The allowed electric quadrupole transitions
were estimated to be about 100 times weaker than the
magnetic dipole transitions. An upper limit of this
estimation was confirmed in the case of the ~7Ti"&
—+

~
STi ) transition, where the magnetic dipole transi-

tion is not observed. Electric quadrupole transition is
allowed, and the signal-to-noise ratio of the other
magnetic dipole transitions was good enough to see a
line 500 times weaker. Electric dipole transitions
induced by the dynamic crystal field do occur (see Ref.
4), but they always involve a change in the vibrational
quantum number and cannot contribute to the intensity
of the unshifted transition between the crystal field
levels.

From the study of the g values and the Zeeman
patterns, the symmetries of six levels were determined.
The ratio of the B./84 parameter quoted in Ref. 4,
Bs/84 —0.268, was co—n—firmed by the good agreement
between the calculated and observed g values. The
orientation dependence of the Zeeman pattern of the

~
7TQ s ) ~ ~

STs& i) transition was analyzed and the
observed variation of the pattern could be well ac-
counted for assuming magnetic dipole transition. Effects
of the magnetic interactions among Stark levels were
observed and explained and the paramagnetic behavior
of the ground state' was predicted.
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