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The nuclear quadrupole interactions in the ’F, ground electronic state and the >D, excited state of
the "'Eu’* and "3Eu’* ions have been investigated by optical means. The optically detected nu-
clear quadrupole resonance, excitation, and luminescence of the Eu**-O?~ C;, symmetry center
have been studied at 4.2 K in single crystals of CaF,:Eu:O under hydrostatic pressure up to 7.5 kbar.
An energy-level diagram of the lower ’F; electronic states has been established. The two dominating
components of the hyperfine quadrupole energy for '*'Eu have been determined: Pj, =—22 MHz,
Pf;zf)(7Fo)= +29 MHz. Their pressure derivatives are —20+2 and + 16+2 kHz/kbar, respectively.
The value of the crystal-field parameter 43¢r?) =615 cm~! has been found. From the experimen-
tally determined sum of the electronic shielding factors (Rg+0;)=0 it has been concluded that
shielding of the crystal field at the 4f° electronic shell is very small. The pressure derivatives of the
electronic shielding factors have been estimated for the first time: 9[(1—v,)+80(Rg+0,)]1/3dp

=(5+1)x 1072 kbar~".

I. INTRODUCTION

A theory of hyperfine interactions in the ’F, ground
state of trivalent europium was published by Elliott! in
1957. Both the hyperfine magnetic and quadrupole in-
teractions were considered up to second order. The most
remarkable prediction regarded substantial quenching of
the nuclear magnetic moment by the interactions with the
low-lying ’F; multiplet. This fact makes conventional
NMR experiments difficult and there are indeed very few
NMR experimental data reported on Eu®* systems.
With the advent of high-resolution laser spectroscopy,
both hole-burning and optically detected nuclear-
magnetic-resonance (ODNMR) techniques were used to
study Eu’™ ions in various hosts.>~7 These studies were
mostly concentrated on the nuclear magnetic properties
and general agreement with Elliott’s original predictions
was demonstrated. On the other hand, the origin of the
quadrupolar interaction received relatively little atten-
tion.’ In the present work we concentrate on this particu-
lar area.

Elliott! predicted that the main contribution to the elec-
tric field gradient interacting with the Eu®* nuclear qua-
drupolar moment was due to the second-order effect of
polarization of the 4f 6 electrons, whereas the first-order
lattice effect contributed a few percent of the total energy
of interaction. The shielding and antishielding effects
were not taken into account. This omission was first
corrected by Judd et al.® Through the subsequent work
of Edmonds’ and Blok and Shirley'® the subject of the
quadrupolar interaction in the Eu’*t ion was presented
with a broader background of various aspects of the
shielding phenomena in the rare-earth-metal ions.!' =" Tt
turned out that the first-order lattice effects were of simi-
lar magnitude but of opposite sign to those of second or-
der mentioned above, mainly due to the large negative an-
tishielding factor y, characteristic of the rare-earth
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series. In order to enable a full description of the two
electric field gradient components, information regarding
both the nuclear (quadrupole) and electronic (crystal-field)
splittings is necessary.

In this work we study a Eu®* ion charge compensated
by a nearby O®~ ion in the CaF, lattice. In our previous
papers an account of both optical'* and magnetic nuclear’
properties of this C;, symmetry center has been given.
Here we present data regarding the effect of hydrostatic
pressure on the optically detected nuclear quadrupole res-
onance (ODNQR) of the '*'Eu isotope in its ground ’F,
and the excited 3Dy electronic states, and of the '**Eu iso-
tope in its ground state in the pressure range of 1 to 7.5
kbar. Pressure dependence of some optical transitions
within the 4f¢ shell relevant to the interpretation of the
ODNQR data is also reported. Magnitudes and pressure
coefficients of the two dominating components of the
electric field gradient are determined. These results are
used to discuss the magnitude and pressure dependence of
the electron shielding factors y , o5, and Ryp.

II. BACKGROUND

The Eu’*-0O%~ center studied here is of C3, symmetry.
Its quadrupolar nuclear and electronic z axes coincide
with the crystallographic (111) directions.”'* This fact
makes the analysis of the quadrupolar interactions rela-
tively simple, reducing the generally tensorial calculations
to the algebra of the diagonal z components of the electric
field gradient. The effective axial quadrupolar Hamiltoni-
an of a Eu nucleus in the absence of the external magnetic
field has the form'

H=P(I}—3I1%). (1

For an axial center with the electronic and nuclear axes
coinciding P can be written as'" !0
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P=P, +PJ+P,, (2)
where
___ 30 _ 0
Pa=—qor—ny1-7=42 @

and in the Russell-Saunders coupling scheme

6e%Q A35(rH)Y(1—0ay)

P(Z)
121 —1) A,

X{r=*)(1—Rg)|{2||a||0)|*, (@)

where (2||a||0)=0.224 (0.059) for the 'F, (°D,) state,
respectively. The difference between the former value and
the previously published value of 2/5V'3 (for the ’F,
state) is due the the admixture of °D states into the
ground-state wave function. The values of (2||a||0)
given above were calculated by standard methods using
the Eu’* free-lon wave functions given by Ofelt.'* The
quantxty P (SDO) is small and therefore of secondary in-
terest in the present analysns To avoid lengthy labels we
use the abbreviation P4f—Pf;2’(7Fo) throughout the rest
of this paper. P is a small pseudoquadrupolar contribu-
tion fully analyzed previously.” The meaning of symbols
in Egs. (1)—(4) is identical to those adopted by Blok and
Shirley.'°

III. EXPERIMENTAL

Polarization of emission lines in the spectral region
15600—17434 cm~! (Ref. 14) was measured in a magnet-
ic field of 5 T applied along the [111] crystal axis with
monitoring of the emission in the direction perpendicular
to the field. In this configuration only one subset of oth-
erwise equivalent C,, sites was excited by pumping
selectively in the 'Fy—°D,(E) transition region at
21673cm™! and the o and 7 components of the
5D,—'F; emission lines were monitored.

The pressure measurements were done with a Unipress
beryllium-copper optical cell filled with petroleum spirit
as a pressure-transmitting medium. At the temperature
of 4.2 K the medium is solidified but the pressure remains
hydrostatic.'® A three-turn rf coil in which the sample
was mounted was placed inside the cell. The cell itself
was mounted in an optical cryostat in a gas-exchange
chamber. The pressure was measured by monitoring the
shift of the R, emission line in ruby.!”

For the ODNQR measurements an unoriented single
crystal of CaF,:Eu*:0%~ was illuminated in resonance
with the "Fy—°D, transition at 17434 cm~! with a
single-mode, actively frequency-stablhzed laser beam, and
the strong *Do—F,(E) emission at 16215 cm™! was
monitored with a lock-in detection system. For the pre-
cise determination of the ODNQR line shape the radio
frequency was swept over regions of about 1 MHz in 1
min.

The pressure dependence of the 'Fo—°D; and
’Dy—F; optical transitions was determined by excitation
and luminescence measurements, respectively. Either the
above-mentioned single-mode cw laser or a pulsed dye

laser was used as an excitation source. The pressure shifts
of the optical transitions were rather small compared to
their linewidths and therefore only one or two highest-
pressure experimental points was used to determine the
values of the pressure coefficients. The majority of the
spectra was taken at 4.2 K, but some measurements were
also done at room temperature.

IV. RESULTS AND DISCUSSION OF THE
OPTICAL SPECTROSCOPIC DATA

A. Energy-level diagram of the lowest 'F; states

Polarization measurements were undertaken to comple-
ment the previously published Zeeman data'* in order to
establish the energy level scheme for the lowest F; multi-
plets. Positions of some of these levels determine the size
and character of the quadrupolar interactions. In particu-
lar, the crystal-field splitting of the 'F; multiplet is pro-
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FIG. 1. Luminescence spectrum of the CaF,:Eu:O system in
the region of (a) the *Dy—'F,, 'F, transitions, and (b) the
5Do—F, transitions. The spectrum was obtained by exciting
the 7F0:—>5D0 transition at 17434 cm~'. Resolution in (a):
A—4.0A, B—0.12 A; resolution in (b): 4 —6 A, B—0.6 A.
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TABLE 1. Compilation of the Zeeman (Ref. 7) and polarization results for the Dy—’F; emission.
The electronic states of the ’F; multiplet are identified in the last column. Pol. denotes polarization.

Emission
wave Distance Interpretation
number from F, Multipole of final
(em™1) (cm™") g factor term Pol. state
17434 0 0 ED m(7:1) "Fo(Ay)
17215 219 1.53 MD m(3:1) FI(E)®
16854 ~580 m(2:1)
16697 737 3.0 ED m(3:1) F,(E)®
16515 919 o(1.7:1)
16215 1219 <0.2 ED m(5:1) TFy(A,)?
15 845 1589 o(1.3:1) E?
15669 1765 m(2.5:1)
15608 1826 m(2.5:1)

*Symmetry label confirmed by magnetic circular emission (MCE).
®There is an apparent contradiction in the polarization dependence of this emission line.

portional to the crystal-field parameter 43 which also
determines the value of P, [Eq. (3)], whereas the
"Fo-"F,(A,) distance corresponds to the value A,, which
is present in expression (4) for Pﬁ}’. Positions of both
"F1(A4,) and "F,(A,) levels could not be determined from
the Zeeman data only.

Figure 1 shows an overall luminescence spectrum in the
region of the >Dy—F,,’F, transitions taken at zero mag-
netic field. The spectrum was obtained by exciting the
"Fo—>Dy transition of 17434 cm™! using a pulsed dye
laser. Due to the experimental configuration employed
during the polarization measurements the signal-to-noise
ratio obtained there was approximately a factor of 10
lower than that shown in Fig. 1. Therefore it was not
possible to obtain reliable polarization data for the weak-
est lines.
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FIG. 2. Energy-level diagram of the lowest levels of the 'F,
multiplet in CaF,:Eu:0. Position of the "F;(A,) level shown
here is only estimated. Position of one of the 'F,(E) levels could
not be determined.

Comparison of Zeeman and polarization results is
shown in Table I. Transitions listed there originate from
an A, level. Selection rules in the C;, symmetry are as
follows: (1) electric dipole (ED) transitions to the A, lev-
els are 7 polarized, to the E levels o polarized; (2) mag-
netic dipole (MD) transitions to the A4, levels are o polar-
ized, to the E levels are 7 polarized. Multipolarities of
the optical transitions listed in Table I were predicted as-
suming pure Russell-Saunders coupling. The identifica-
tions presented in Table I remain in agreement with posi-
tions of 'F,(A,) levels determined in many other Eu’*
systems.'®

There is an apparent contradiction between the results
for the 737 cm ! level. Emission terminating at this level
and originating from the °D,(A4,) level is much stronger'*
than emission from the >D,, level and in fact this was used
to determine the g value of this state. The g value is large
and there is no doubt that the final state is "F,(E). The
polarization result may be explained by allowing for a
MD component in the optical transition.

On the basis of the arguments presented above, the
energy-level diagram of the lowest components of the 'F,
term was constructed (Fig. 2). The approximate position
of the "F,(A,) level was obtained from the ODNQR data
as discussed in Sec. VC.

B. Shifts of the 41 levels under hydrostatic pressure

Relative pressure shifts of some of the 'F, levels are
important for the analysis of the pressure ODNQR data.
For completeness the pressure shifts of the °D; levels were
also investigated. Examples of experimental data for both
the luminescence and excitation signals are shown in Fig.
3. The obtained results are compiled in Table II. As
could be expected, the pressure shifts of the 4f° states are
rather small, of the order of several GHz/kbar. Since no
distinct optical transition to the 'F;(A4,) state was ob-
served the pressure dependence of this particular level
could not be determined.
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FIG. 3. Pressure shift of (a) the ’Fy— D, absorption line and
(b) the *Dy—"Fy(A4,) emission line in CaF,:Eu:0 at 4.2 K.
A—p=1 bar, B—p=6.6 kbar. Spectral resolution is deter-
mined by the laser linewidth of ~2 MHz in (a), and the slit
width in (b).

V. RESULTS AND DISCUSSION OF ODNQR DATA

A. Results

Both naturally abundant '*!Eu and '*3Eu isotopes have
a nonzero nuclear spin (I =) and therefore it is possible
to employ the optical pumping cycle to saturate the
nuclear-spin-allowed optical transitions between the hy-
perfine energy levels of the ground 'F, and excited D,
states. The hyperfine structure is then probed by applying
an rf field and monitoring the intensity of the emitted
light. Positive ODNQR signals correspond to the
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FIG. 4. Position of the *'Eu | +5)— | +3 ) ground-state rf

resonance at 16.52 MHz versus laser frequency shift with
respect to the center of the "Fo—°D, absorption line at p =1
bar, T=4.2 K.

ground-state hyperfine splittings, and negative signals to
the excited state structure.” For an axial center one ex-
pects to observe two rf resonances associated with each
electronic state ('F and °Dy).

The inhomogeneous width [full width at half maximum
(FWHM)] of the 'F,—3’D, absorption line in
CaF,:Eu**+:0%~ is 28 GHz at 4.2 K and positions of the
rf resonances depend on the laser frequency within the
line (Fig. 4). Therefore, in order to avoid systematic er-
rors during the pressure experiments the laser frequency
was kept tuned to the (pressure dependent) center of the
line within the limits +1 GHz. Figure 5 shows a typical
example of experimental data. The signal-to-noise ratio
was critically dependent on the laser-frequency stability
(itter). The shifts of the rf resonances versus hydrostatic
pressure are shown in Fig. 6. These data are summarized
in Table III.

TABLE II. Shift of the optical transitions within the 4/ shell in CaF,:Eu:O under the hydrostatic
pressure. lu denotes luminescence and ex denotes excitation.

Energy at Pressure

42 K Mode of coefficient

Transition (cm™!) measurement (GHz/kbar)
SDo—"F\(E) 17215 lu <2.0(55
SDo—"Fy(A4;) 16215 lu +9.3(5)
"Fo—>Do(A4;) 17434 ex® —1.52)
"Fo—’D(E) 19124 ex° —3.5(5)°
—2.2(5)¢
TFo—3Dy(A4,) 19262 ex® + 1.0(5)¢
"Fy—>D,(E) 21586 ex® —8.7(5)®
"Fo—>D,(E) 21673 ex* —3.8(5°
7Fo—"5D2(A| ) 21730 ex® —3.2(5)

“Measured at 4.2 K, p =7 kbar.
®Measured with a cw single-mode laser.
“Measured with a pulsed dye laser.
Measured at 300 K, p =13 kbar.
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FIG. 5. ODNQR signals from the '"'Eu ground-state

| +4)—| 3 ) rf transitions at (a) p=1 bar, (c) p=7.3 kbar,
and from the *'Eu excited state | £+ )—+3 ) transitions at (b)
p=1bar and (d) p=7.3 kbar.

B. Electronic shielding factors: General remarks

Before analyzing our data we briefly recapitulate infor-
mation available in the literature about the electronic
shielding factors that enter the theory of quadrupolar hy-
perfine interactions through Eqgs. (3) and (4).

The quadrupole antishielding factor y,, which de-
scribes the enhancement of the electric field gradient at
the nucleus due to the closed-shell distortion, appears to
have a well-established value of y ., = — 80, approximately
valid for the whole lanthanide series.'®!>!> This value
will be used throughout this work.

The atomic shielding factor Ry for the case of
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FIG. 6. Pressure shifts of the ODNQR lines with the hydro-
static pressure at T=4.2 K: !'Eu excited state (A)
|[£3)— | +3) transition and (B) |++)— |+ ) transition;
15Eu ground-state (C) |+3)—|+3) transition and (D)
|+5)—|+3) transition; '“'Eu ground-state (E) |+3)
— | +3) transition and (F) |++)— |2 ) transition. (Data
are displaced for clarity.)

the 4f electron is defined by a relation (r‘3)4f
=(r=3)u(1—Rg). No experimental values of R, are
available for a Eu** ion and only the angular contribution
RZ™(Eu’*) has been calculated.'” However, this value is
compatible with the later calculated angular components
of Ry for Pr’* and Tm** (Ref. 13), which allows one to
expect that Rp~0.13 found there for these two ions
should not be far away from the value for Eu*. Several
experimentally determined values of Ry are known: for
the Tm>* ion, Barnes ef al.?° find Rp=0.11 in thulium
ethyl sulfate, Rp=-—0.01 in Tm,0;, and deduce
Ro=0.20 from the data of Cohen®' for Fe,Tm. Hiifner
et al.? obtain Ry ~0.3 for metallic erbium. Therefore, a
range 0<Ry <0.3 may be expected for a Eu’* on the
basis of these experimental results. A variation of Ry
within similar limits may be calculated if one allows for
small variations of some of the parameters of the theory.'?

The shielding factor o, is a measure of the closed-shell
distortions experienced at the position of the 4f electrons.
It is sensitive to the detailed density of the 4f electrons,
and therefore depends intrinsically on the crystal-field po-
tential (host dependence). Because of this complication its
value is hard to calculate. The values of o, obtained
theoretically for the rare-earth ions are usually large
(>0.5),2~26 except for the results of Burns®’ who predicts
0,<0.1. Experimental results of 0,=0.73 exist for the
Eu’t ion in europium ethyl sulfate.!® Reference 10 lists
experimentally determined values of o, for all rare-earth
ethyl sulfates, and all of them are large. However, there is
a clear host-dependence effect, well illustrated in the case
of thulium ethyl sulfate (0,=0.71) and Tm,0;
(0,=0.41).2°

The analysis of the ODNQR results presented here is
based on the data obtained for the ground ’F, and excited
5D, states of the '"'Eu isotope. Results for the ground
state of the '**Eu isotope are within experimental accura-
cy proportional to those of the *'Eu isotope, the propor-
tionality factor being the quadrupole moment ratio

QISS/QISI-

C. Discussion of Results

1. Ambient pressure results

In these calculations, numerical results are given for
15IEu; the values of Py, and P} for '*Eu are larger by a
factor equal to the quadrupole moment ratio of 2.54.7

Using the values of (r—3)=49.19 A7} (Ref. 10),
(r?)=0.233 A? (Ref. 6), and Q'*'=1.12+0.07 b (Ref. 28)
one can show that for the D, excited state the Pﬂzf) con-
tribution to the electric field gradient is about 3%. The
pseudoquadrupolar contribution in this state is negligibly
small, whereas it accounts for 0.70 MHz in the ground
'F, state.” Thus, using Eq. (3) and the experimental value
of P,,(’Dy)=—22.2 MHz one calculates 49(r?)=615
cm™~'. Substituting into Eq. (4) one calculates

A%(r?)

PP =57.6(1—0,)(1—Rg)—— , (5)
A,

where the result is expressed in MHz. Since the value of
Py, is independent of the electronic state, one can use
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A,=1219 cm~! (Table I) and P('Fy)= + 7.5 MHz (Ref.
7) to obtain

(1—Rp)(1—0,7)=1.021+0.02 . (6)

This indicates that both Ry and o, are close to zero, in
contrast to the few other characterized Eu* systems dis-
cussed in the previous section. There is apparently very
little (if any) shielding of the interaction of the crystal
field with the 4/ shell in the CaF,:Eu:O system, as indi-
cated by the small value of o,.

On the basis of this result one can predict roughly the
A,-E crystal-field splitting A; of the ’F, level to be

A=3(1—0,)49(r?*) <370 cm~! . 7

This places the *Dy—'F(A4,) luminescence line within
the range of the phonon replicas of the Dy—"F;(E) tran-
sition (Fig. 1). Such a degeneracy may explain why no
sharp line corresponding to the *Dy—'F,(A4,) transition
is observed. By the same token no distinct optical polari-
zation effects should be expected.

2. Hydrostatic pressure dependence

From the experimental data for the D, and 'F, states
(Table III) one obtains

%Pm — —(20+2) kHz/kbar , (8a)
%(me;})): —(4%1) kHz/kbar , (8b)

which yields

%P&?:(mrz) kHz/kbar . )

On the basis of Eq. (4) this partial derivative can be ex-
pressed as

—a—(Ag(rz))

Ag(rz)

3 p2)_ p2)
Y 4r(p=0)

0
2511~ Re)1—02)]
(leQ)(l—Uz)

+

1 d
———A 10

A, op 2 (10)
The first term in the large parentheses can be calculated
by differentiating (3):

d _ . 1 d
apPlat_Plat(p—o) 1_700 ap(l'_‘}’ao)
1 d, ,0,.2
————(4 , 11
+Ag<r2> ap( 2<r )) ( )

whereas the third term in (10) can be obtained from the
spectroscopic data compiled in Table II. Because both
Ry and o, are small compared to 1, Eq. (10) can be
rewritten in the approximate form

3 ,2)_ p2) 1 9 1 9
PR=PPp=0) |2 p, - —1 9% (_
ap 4f 4f(p ) Pﬁn ap lat 1 i ap(l YOO)
d 1 0
_ %R 1 9
ap( o+07) A, apA2 , (12)

where PJ, stands for Py, (p=0). The first and the last
terms contribute + 27+3 and + 911 kHz/kbar, respec-
tively. The contribution due to the pressure dependence
of the atomic shielding factors [the two middle terms in
Eq. (12)] is —19+4 kHz/kbar, well above the experimen-
tal error. Thus one gets

TABLE III. Positions and pressure derivatives of the rf resonances in the ODNQR spectrum of CaF;:Eu:O measured at 4.2 K.

Fo ground-state resonances

’D, excited state
resonances

ISIEu
[£4)— [ £3)
16.52+0.02

Isotope
Transition [£3)—|+3)
Resonance 33.08
Position
(MHz)
Pressure
coefficient

(kHz/kbar)

—8+1 —20+2

[£+3)—]+3)
39.85

—2212

lSJEu lSlEu
|+3)—>|+3)

44.46

|£+3)—> | £3)
79.76

[£3)—|x3)
88.97
—39+2

+40t4 +75+4
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%[(l—yw)+80(RQ +0,)]=+(5+1)x10"2 kbar ™!,

(13)

where 1—7_,=80 was used. To the best of our
knowledge this is the first experimental demonstration of
the pressure dependence of electronic shielding factors in
a crystal. No theoretical calculations of this effect are
available either. It should be noted that the positive sign
of the effect observed here indicates that the term 80
3/3p(Rg+0,) dominates over the pressure derivative of
1—7,. One expects 3/9p(1—y,) to be negative, since
under the influence of the external stress the F~ and O?~
ligands enter the peripherical regions of the Eu** ion 5p
electronic outer shell [polarization of which is responsible
for the large value of 1—y . (Ref. 13)], causing decrease
of both the polarization and 1—y . Since o, is known to
depend most strongly on the host lattice, it is likely that
its pressure derivative dominates over the other contribu-
tions in expression (13).

VI. CONCLUSION

The modified Elliott model of the hyperfine interac-
tions in a Eu®* center has been tested. The optical and

ODNQR experimental data obtained from the CaF,:Eu:0
system under hydrostatic pressure were also analyzed.
The magnitudes and pressure derivatives of the two com-
ponents of the hyperfine quadrupole interaction, P,,, and
PS,}), have been determined. It has been shown that the
electronic shielding factors o, and Ry are both small.
The electronic shielding factors have been demonstrated
to be pressure dependent.

This work demonstrates the usefulness of optical tech-
niques in studying subtleties of hyperfine nuclear interac-
tions in lanthanide nuclei. Because the ODNQR is a
resonant technique and enables access to excited electronic
states, it provides more specific information than that
available from either the nuclear alignment or the
Mossbauer spectroscopic data. It is particularly useful in
studies on Eu* centers where the NMR experiments are
difficult to perform. Together with our previous work on
the nuclear magnetic properties’ this paper provides a de-
tailed account of the hyperfine interactions in the
CaF,:Eu’* 0%~ system.
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