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Pressure dependence of 4f levels in europium pentaphosphate up to 400 kbar
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The effect of pressure on the fluorescence of Eu®* ions in Europium pentaphosphate (EuPsO,,) was measured
up to 400 kbar. We observed a pressure induced “antilevel crossing” of the crystal-field levels within the 'F,
manifold and a decrease of the spin-orbit and Coulomb interactions for the 4f electrons, which is correlated

with an expansion of the 4f-electron wave functions.

I. INTRODUCTION

The effect of pressure on the fluorescence of
rare-earth ions in a crystalline environment is
determined by different contributions like elec-
tronic shielding, hybridization of 4f wave functions,
strength, and symmetry of the crystal field. The
pressure-dependent variation of the balance be-
tween these interactions yields three different
shifts:

(a) The shift of the centers of gravity of the
LS manifolds with respect to each other due to
variations in the Coulomb interaction.

(b) The shift of the center of gravity of each
crystal-field-split J manifold (for a given LS
value) which results from variations of the spin-
orbit-coupling constant £,;. ’

(c) The shift of the Stark levels (of one LSJ
manifold) with respect to each other due to vari-
ations of the crystalfield in strengthand symmetry.
In first approximation, one would expect the fol-
lowing shift of Stark levels under pressure: Con-
sider transitions between states | L, S,J), which
are split in a given crystal field as shown in Fig.
1. In a first approximation, assuming a point-
charge model, the crystal field increases with
pressure. Therefore the energy separation
of the states increases. The rate of increase
depends thereby on the nature of the matrix
elements between the states. Owing to the
spread out of the individual states, luminescence

lines may shift to higher as well as lower energies.

This pressure dependence has been found in fact
by Keating and Drickamer! for several rare-earth
compounds.

However, preliminary high-pressure studies
of the fluorescence of .europium pentaphosphate
(EuP,0,,) up to? 50 kbar, indicated that the split-
ting of the Stark levels does not show a simple
increase in this case. An extrapolation of the
results suggested a possible phase transition at
about 150 kbar. Recent developments of the high-
pressure techniques for optical studies enabled
us to extend these measurements up to and beyond
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this pressure.

The optical and crystallographic properties of
EuP,0,, at normal pressure are summarized in
Sec. II, then we describe the present technique
for optical spectroscopy at high pressures. We
present results on the pressure dependence of the
fluorescence of EuP O , up to 400 kbar. Finally,
we describe the pressure dependence of the crys-
tal-field splitting and the spin-orbit interaction
for the Eu3* ions.

1. EUROPIUM PENTAPHOSPHATE

EuP,0,, is a stoichiometric compound with a
high concentration of active Eu®* ions (4x10%/
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FIG;L 1. Schematic representation of the energy levels
of Eu¥" showing the effects of Coulomb repulsion, spin-
orbit coupling, and crystal-field interaction.
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cm?®). In this compound, all Eu®*" ions occupy
equivalent lattice sites. This is a major advantage
for studying the pressure dependence of optical
spectra, since there is the same change of the
crystal field for all the active ions.

The crystal growing process, crystallography
and indicatrix of EuP.O,, is quite similar to the
laser material NdP.O,,.2”" The space group of
the compound is P2,/c. The luminescence spectra
of EuP,O,, at atmospheric pressure are well
known.”™® Figure 2 shows some of the D - "F
luminescence at 4.2 and 300 K. The transition
°D,-"F, is of magnetic dipole character, whereas
the °p, - "F, and °D,~"F, transitions are electric
dipole transitions.® The analysis of polarized
spectra yields an effective site symmetry C for
the active Eu®* ion in the pentaphosphate lattice.®*

TII. EXPERIMENTAL TECHNIQUE

The pressure for the optical fluorescence mea-
surements is generated by a diamond anvil device. 1
The insert in Fig. 3 gives a schematic drawing
of the inner parts of the device, which follows a
design described by Barnett, Block, and Piermar-
ini.'* The pressure is generated by forcing two
diamond anvils together, thereby deforming a
metal gasket. The flats of the diamonds have octa-
gonal shape with about 0.8 mm across. The dia-
monds are sintered into bronze. The hole in the
gasket represents the actual pressurized chamber,
containing the sample, a pressure sensor, and a
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FIG. 2. Luminescence spectra of EuP;Oy, at 1 bar at
4.2 and 300 K.

pressure-transmitting medium. A tilting and
translational diamond mount allow for precise ad-
justments of the two diamond anvils with respect
to each other. The device produces forces up to
30 kN to generate pressures in the range 0-400
kbar.

Figure 3 shows a cutaway drawing of the present
diamond anvil cell. The force between the diamond
anvils is generated by a lever mechanism.? By
turning two coupled threads, the lower end points
of the lever arm are moved towards each other.
Thereby the distance between the upper end points
of the lever arms decreases and the moving piston
is pushed into the cell body. The long guidance of
the moving piston assures parallelism of the dia-
mond faces at high load.

In the present experiment we used either H,O
or a 4:1 mixture of methanol and ethanol as pres-
sure transmitting medium. Methanol-ethanol
assures a truly hydrostatic pressure up to about
100 kbar.*®* Above 100 kbar pressures are “quasi-
hydrostatic.”

The pressure in the sample chamber was deter-
mined by the ruby fluorescence method,'* taking
the linear pressure dependence of the ruby R lines
shift'* dv/dP = -0.753 cm™!/kbar in the entire
pressure range.

The optical fluorescence measurements were
performed by exciting the sample and detecting
the fluorescence through one of the diamond anvils
as schematically indicated in Fig. 3. The sample
was excited either by one of the argon laser lines
or by directly pumping into the 3D, level of EuP,0,,
using a tunable dye laser. The fluorescence radi-
ation was passed through a 0.75-m spectrometer
(Spex doublemate) and recorded with a standard
photon counting system.
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FIG. 3. Cross-section drawing of the diamond-unvil
high-pressure cell showing the optical path, the force-
generating device, and an enlarged view of gasket and
sample. Typical dimensions of the sample chamber are
0.2 mm diameter and 0.1 mm thickness.
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IV. EXPERIMENTAL RESULTS

The fluorescence spectra °D,—~"F,, "F,, "F, have
been recorded at room temperature and various
pressures between 0 and 400 kbar. Typical spec-
tra for the transition °D,~"F, are shown in Fig.

4 for three different pressures. One may notice

a shift of the center of gravity of the °D,~"F,
transition as well as changes in the splitting of the
"F, manifold. The effect of pressure on the ener-
gies of the °D,, "F,, and "F, manifolds is repre-
sented in Figs. 5 and 6, where all the energies
are given with respect to the ground state "F,.

The broken lines illustrate the variations in the
centers of gravity (CG). Strong nonlinear shifts
_are observed at the higher pressures.

With increasing pressure, the total splitting of
the "F, manifold (Fig. 5) decreases at first. The
separation between the lower two levels approaches
a minimum separation of about 30 cm™ at 150
kbar. Furthermore, a similar behavior is found
at about 320 kbar for the upper two levels.

The variation of the “F, Stark levels (Fig. 6)
shows the normal behavior under pressure. The
total splitting of the "F, manifold increases under
pressure. Pressure coefficients of the individual
Stark levels range from —0.7 to +0.5 cm™/kbar.
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FIG. 4. °Dy—"F luminescence spectra of EuP;Oy, at
room temperature and various pressures.

V. DISCUSSION

In this chapter, we will concentrate on the dis-
cussion of two aspects of the experimental result:
(i) the anomalous dependence of the Stark splitting
for the "F, states; and (ii) the variation of the
centers of gravity, i.e., the pressure dependence
of the Coulomb and the spin-orbit interaction.

A. Stark splitting

Since all the Stark levels of the "F, and the "F,
manifold remain undegenerate, the site symmetry
must be either triclinic, monoclinic or orthorhom-
bic (see Table I) or without any symmetry. Mea-
surements of polarized spectra at®:® 1 bar are
compatible only with an effective site symmetry
C, or lower. If one assumes that the effective site
symmetry is in fact Cg, ®*° the representation of
the "F, level is given by

l7F1>=r1+r1+I‘2 s

and the polarized spectra support an assignment
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FIG. 5. Effect of pressure on the °D; and 'F energy
levels of Eu®’ in EuP;0y. Energies are given with re-
spect to the 7F0 ground state. Broken line represents
the center of gravity (CG) and the "F; manifold.




5126 G. HUBER, K. SYASSEN, AND W. B. HOLZAPFEL 15

1300—
7F2
1200—

1100

1000

ENERGY (cm?)

1 l 1 |
200 400

PRESSURE (kbar)

F‘}LG. 6. Efect of pressure on the 7F2 energy levels of
Eu® in EuP;0y. Broken line represents the center of
gravity (CQG).

of T', character to the two lower levels of the "F,
multiplet at 1 bar (Fig. 5), and of T, to the upper
level. The crystal field at the Eu®* sites can be
considered as having four components of different
symmetry:

V=Vot Vo, + Vo +Vp-

The cubic component V, gives no splitting of the
"F, multiplet. The tetragonal component V), splits
the "F, triplet into a singlet and a doublet and the

TABLE I. Number of Stark levels of Eu®* for various
site symmetries.

Number of Stark levels

Site symmetry 7F0 7F1 F 2
Triclinic monoclinic 1 3 5
orthorhombic
Tetragonal 1 2 4
Hexagonal rhombohedral i 2 3
Cubic 1 1 2

component with C, symmetry V,  as well as the
component with no symmetry V, remove the de-
generacy completely. Therefore, the decrease of
the splitting between the two lower (T';) levels of
the "F, multiplet (Fig. 5) indicates an approach
toward a tetragonal site symmetry in the pressure
range from 0 to 100 kbar,? whereas the decrease
of the splitting between the upper (I',) level and
the center of gravity of the two lower (T';) levels
reflects a decrease of the tetragonal crystal field
component in this pressure range. If one extrapo-
lates the low-pressure variation of these levels
linearly to pressures in excess of 100 kbar, one
would find at first a crossover of the two lower
(T,) levels at about 150 kbar and a crossover of
the upper (T',) level with the center of gravity of
the two lower (T",) levels at about 300 kbar. The
first crossover would correspond to a continuous
variation of V,,_through O whereas the second
crossover reflects a similar variation for vV, at
higher pressures. However, in contrast to this
“linear extrapolation,” the “F, multiplet remains
nondegenerate in the whole pressure range up to
400 kbar (Fig. 5).

The antilevel crossing of the two lower (T'))
levels can be explained by symmetry coupling'®
as well as by contributions from nonsymmetric
crystal field component V,. The antilevel cros-

~ sing at about 300 kbar involves, on the other

hand, levels of different representations in an
effective C site symmetry and indicates, there-
fore, that the crystal-field component of no sym-
metry V, contributes strongly to the splitting at
high pressures. The assignment of dominant I'",
and I, character to the Stark levels of the "F,
multiplet of Eu** in EuP,0,, is therefore no longer
meaningful at pressures in excess of 100 kbar and
may be questionable even in the lower-pressure
range.

B. Spin-orbit interaction and Coulomb interaction

In a first approximation, the center of gravity
(CG) of each "F, manifold should be independent of
the crystal field. On the other hand, the ligand
orbitals affect the 4f wave functions to give small
variations of the spin-orbit coupling parameter
4. Under pressure one expects an increase in
the overlap and, therefore, an increase in the
splitting of the J manifolds with respect to each
other. The variation of £, .(P) can be determined
from the present data by the use of the well-known
Landé rule

E(F;)—E('F;_))=(j/29)&,;.

The experimental values for the centers of gravity
(CG) of the J=1 and 2 manifolds in Figs. 5 and 6
give a variation of the average value £, ,(P)/&,,(0)
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shownin Fig. 7. The almost linear decrease of
£,4(P) up to about 100 kbar seems to slow down

at higher pressures and may even turn over into
an increase at pressures in excess of 300 kbar.
Since it is well known'® that the spin-orbit splitting
is sensitive to uniaxial stresses, the minimum in
Fig. 7 could be a result of anisotropic stresses

at pressures in excess of 100 kbar. Therefore,
only the initial slope d In§, f/dp will be discussed
in more detail.

Marshall and Stuart!” have suggested that the
effect of placing a free ion into a crystal leads to
an expansion of the wave functions. This expan-
sion is considered to result from the screening of
the nuclear charge by the overlapping charge
clouds from the ligands. In the present case, ex-
perimental evidence for this screening results
from the decrease of the spin-orbit interaction.

Usually,'”*18 this effect of the ligands on the
radial part of the wave functions of the central ion
is described by a covalency factor a® or a scaling
factor 8= a*? which expands the radial part of the
4f wave functions R, ;(r) with respect to the free-
ion case, B=1. If one assumes an effective Cou-
lomb field on the active ion Eu®**, the spin-orbit
coupling should vary as

<7'4_f3> =B¥ 7'4_f3> B=1-+
Within this model, we obtain from the initial slope

in Fig. 7

ECD) - ECF)=  [ECDY ECF) ]

52 F, (Ref. 19) see Fig. 5 K,&,;('F) (Ref. 8)
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FIG. 7. Effect of pressure on the spin-orbit interaction
£4#(P) normalized to the 1-bar value £4(0) as estimated
from the centers of gravity of the 'F,, 'F, and 'F,
manifolds.

-[E("F) T E("F,)]

ding,, _dln(r7P) _
dpP aP
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-0.25 Mbar™*

dlng _1 din(rP) _

-1
aP 3 ap 0.08 Mbar™".

If one uses a reasonable estimate for the volume
compressibility of either the bulk material or the
volume of the active ion, onefindsthat the volume
dependence of (¥;}) in this compound is, as ex-
pected, about an order of magnitude smaller than
the volume dependence of (r33;, ,)) for the 3d(¢,,)
electron wave functions of, for instance, Fe?* in
Co0.'®

On the other hand, we can estimate from the
variation of the scaling parameter 8 the variation
of the 4f electron Coulomb repulsion which should
vary as (r;;). Within this scaling model, one ob-

" tains for the corresponding Slater integral

Fz ~ <'r4-fl> = B<’r;;> B=1s
and for the pressure derivatives

dInF, dng_ -

_Wa = W =-0.08 Mbar™*.
This estimate can be compared with other experi-
mental data. When one uses the present values
for the variation of the energy difference E(°D,)
—E("F,) and of the variation of the average spin-
orbit coupling parameter £, ,("F) of the "F multi-
plet, and, furthermore, the assumption d In&,;(*D)/
dP=dIn¢, ;("F)/dP and the relation

+[E(D) -‘-E(E'Do)]
K,£, ;D) (Ref. 20)
~4700 cm™

where E(’D) and E("F) denote the centers of gravity
of the total 5D and "F manifolds, one obtains
d InF,/dP=-0.07 Mbar~'. This value is in good
agreement with the value —0.08 Mbar™', which
was obtained from the pressure dependence of the
spin-orbit coupling.

We have neglected so far some effects which
may not only contribute to the initial pressure de-
pendences but which may be furthermore involved
in the change of the spin-orbit coupling under very
high pressures (Fig. 7): (i) increasing gradient
8V /a7 of the effective potential, which should in-
crease £,;; (ii) repulsion between 4f, 5s, 5p,
orbitals of Eu®** and 2s, 2p orbitals of O%7; (iii) in-
creasing hybridization of 4f, 2s, and 2p orbitals';
(iv) decreasing overlap of the wave functions due
to an angular distortion. It is obvious that all of
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these effects may influence simultla_neously the
anti-level-crossing of the "F, levels and vice
versa.

VI. CONCLUSIONS

We have reported on a static high-pressure
technique for optical studies at pressures up to
400 kbar. Owing to low-symmetry crystal-field
components we observed a pressure-induced anti-
level crossing of the F, Stark levels in EuP,0,,
at 150 and 320 kbar. The variation of the spin-
orbit interaction and Coulomb interaction is quan-
titatively explained by an expansion of the 4f wave
function. At 100 kbar a relative expansion of 0.8%
decreases the Coulomb interaction by nearly the
same amount, whereas the spin-orbit constant is

decreased by 2.5%. This is in agreement with the
theory which gives He yomy ~(*™) and H, ¢ ~ (r~°).

" In the pressure range below 100 kbar the situation

is quite clear, whereas at higher pressures either
second-order effects or anisotropic stress contri-
butions are dominant. Further measurements on
stoichiometric rare earth compounds with higher
symmetry may contribute even more detailed in-
formation about the different perturbations of the
lanthanide ion.
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