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The results of high-pressure low-temperature optical measurements in diamond-anvil cell of bulk indium
phosphide crystals doped with Yb are reported. The observed initial increase in energy of f-f intrashell
transitions between the 2F5/2 excited and 2F7/2 ground levels at pressure up to 6 GPa is interpreted as a result
of a linear increase in the spin-orbit parameter of Yb3+ ions with pressure coefficient equal to
0.0059 cm−1 /GPa due to the covalency effects and mixing of the Yb3+ and phosphorus wave functions. Above
6 GPa the pressure dependences of the peak positions of all the luminescence lines flatten out and the values
of pressure coefficients strongly decrease. A tentative explanation is provided in terms of the f levels of Yb3+

approaching of the top of the valence band of InP crystal host, which limits further increase in f-f intrashell
transitions energies above 6 GPa pressure.
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I. INTRODUCTION

The intra-4f-shell luminescence of rare-earth �RE� ions
doped into semiconductor hosts has been attracting a keen
interest due to their potential optoelectronic applications in
electrically pumped light-emitting diodes or lasers as well as
for fundamental studies.1–4 Among the RE doped III-V semi-
conductors InP:Yb is one of the most intensively studied
owing to its strong Yb-related luminescence at about 1 �m.
Although the energy-level scheme of Yb3+ in the InP crystal
is quite well established1,5–8 and light-emitting p-n junction
diodes have been realized in ytterbium-doped InP over 14
years ago,9 the ordering of the crystal-field levels is still a
matter of discussion and the mechanism of energy transfer
between the Yb 4f shell and InP host is still not fully com-
prehended.

As it has been verified by the studies of photolumines-
cence �PL� temperature dependence and photoluminescence
excitation,7 electron-paramagnetic-resonance,5,6 and
magneto-optical experiments8 the Yb ions doped into indium
phosphide form one optically active center with a tetrahedral
cubic Td symmetry replacing indium on a substitutional site.
The observed emission at about 1 �m is due to the 2F5/2
→ 2F7/2 intra-4f-shell transition of Yb3+. Since the PL decay
time of Yb3+ in InP is about two orders of magnitude shorter
than that observed usually in ionic materials,10–13 Körber and
Hangleiter14 concluded that it must be determined mainly by
nonradiative Auger processes. Körber et al.15 has revealed
that for ytterbium concentration larger than the residual do-
nor concentration, the InP:Yb samples exhibit p-type con-
duction. It is in agreement with Hemstreet’s predictions16

indicating that Yb introduces a shallow acceptor state in InP,
corresponding to a Yb3+-Yb2+ transition. The charge-transfer
transitions are crucial for understanding the influence of
pressure on the energy structure of the Yb ions in InP and
related compounds.

In this work we studied the influence of hydrostatic pres-
sure on the luminescence spectra and radiative transition
probabilities of the intra-4f-shell transitions of Yb3+ ions in
bulk InP crystals with use of a diamond-anvil cell �DAC�

technique. Pressure, like temperature, is a basic thermody-
namic variable which is useful in studying the fundamental
properties of materials and the DAC technique enables us to
investigate their spectroscopic properties as well as phase
transitions. The pressure effects in InP are especially inter-
esting because of very close pressure values of the phase
transition from the zinc blende to rock salt phase and the
transition from the direct to indirect band gap. The phase
transition was observed by different authors at pressures
from 9 to 10.8 GPa,17–20 whereas the direct to indirect band-
gap transition—from 6 to 9 GPa, depending on the electron
concentration of the sample.21–23 The theoretical calculations
of Bouarissa24 and Gorczyca et al.25 predict the direct band-
gap to indirect band-gap transition to occur at pressures
equal to 9.02 GPa or 10.4 GPa, respectively.

The paper is organized in the following way: in Sec. II we
describe the investigated sample and the experimental meth-
ods. In Sec. III first results of spectroscopic studies of the
InP:Yb crystal at ambient pressure and at different tempera-
tures are reported in order to understand basic properties of
the system. Then the high-pressure studies of f-f intrashell
transitions of Yb3+ ions as well as the absorption edge of InP
crystal host are presented, followed by the fit of the model
and the discussion of results explaining the pressure depen-
dence of the radiative transitions of the Yb dopant ions. Fi-
nally, a summary and conclusions are presented in Sec. IV.

II. EXPERIMENT

InP:Yb crystal used in these studies, revealing n-type con-
ductivity, has been grown by a synthesized solute diffusion
method.26 Yb was added to the solution at the level of 0.1%.
Continuous-wave emission spectra were obtained using the
second harmonic of an YAG:Nd laser �532 nm� as an exci-
tation source. The spectra were measured with the use of a
GDM-1000 double-grating monochromator equipped with a
cooled photomultiplier �EMI 9684B� with an S1-type cath-
ode and an SR530 lock-in amplifier. The spectra were cor-
rected for the quantum efficiency of the detection system.
The high-pressure measurements up to 11.5 GPa �i.e., above
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the pressure of about 10.5 GPa, at which the host crystal
undergoes phase transition from zinc blende to rock salt
phase� were performed with the use of low-temperature
diamond-anvil cell �Diacell Products MCDAC-1�. Argon
was used as a pressure transmitting medium. The diamond-
anvil cell was mounted in an Oxford Optistat CF cryostat
equipped with a temperature controller for low-temperature
measurements. The samples, cut and polished down to the
thickness of 20 �m, were loaded into the cell along with a
small ruby crystal. The R1-line ruby luminescence was used
for pressure calibration.27–29 The linewidth of ruby lumines-
cence was also used for monitoring hydrostatic conditions in
the DAC. Since we did not notice any important increase in
this linewidth with pressure we believe that the hydrostatic
conditions were preserved up to the highest pressure applied
to the samples.

The low-temperature, high-pressure absorption measure-
ments were performed using a double gasket as the sample
chamber. The sample covering the smaller hole into the rear
thin gasket was illuminated via an optical fiber coupled to an
Ocean Optics DH2000 Deuterium Tungsten Source. The
spectra of transmitted light were measured with the use of a
GDM-1000 double-grating monochromator in the same con-
figuration as in the case of measuring of the emission spec-
tra.

The decay kinetics of the luminescence have been mea-
sured with the use of an SR430 Multichannel Scaler. A large
number of decays has been collected in order to obtain a
good signal-to-noise ratio. The exciting laser beam has been
chopped by an acousto-optic modulator with the transient
time below 10 ns. The luminescence decay times were cal-

culated by fitting the decay kinetics with single-exponential
dependencies.

III. EXPERIMENTAL RESULTS AND THEIR
INTERPRETATION

A. Luminescence spectra of bulk InP:Yb crystal at ambient
pressure

Figure 1 presents the luminescence spectra of bulk InP:Yb
crystal measured at T=8 and 30 K in the semilogarithmic
scale �a� along with the electronic energy structure of the Yb
ion substituting indium in indium phosphide �b�. The elec-
tronic energy levels ordering has been chosen taking into
account the results of previous photoluminescence,1,5,6,8 pho-
toluminescence excitation,7 and magnetospectroscopic
studies.30 The ground 2F7/2 state is split into three compo-
nents ��7, �8, and �6� and the excited 2F5/2 state—into two
��7 and �8� components. At low temperatures the lumines-
cence originates from the �7 component of the excited state.
The PL line at the highest energy �marked as line no. 3 in
Fig. 1� �Ref. 31� arises from the electric dipole forbidden
�7→�7 transition, therefore its intensity is very low as com-
pared to the other lines. At elevated temperatures a part of
luminescence comes also from the higher lying �8 compo-
nent of the 2F5/2 excited state, separated from �7 by about
47 cm−1.7 The luminescence from the upper component of
the excited state partially overlaps with the emission from
the lower one, which complicates interpretation of the lumi-
nescence at higher temperatures.

2F5/2

2F7/2

X

�8 (10070 cm-1)

�7 (10023 cm-1)

�6 (98 cm-1)

�8 (35 cm-1)
�7 (0)
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FIG. 1. �Color online� �a� Normalized ambient-pressure PL spectra of InP:Yb excited by the 532 nm laser line at temperatures 8 and 30
K. The spectra are displaced along the vertical axis for clarity. �b� The energy-level diagram of the crystal-field split 4f �Ref. 13� levels of
Yb3+ in InP at ambient pressure with marked electrically dipole allowed and forbidden transitions �crossed�. Level assignment: following
Ennen et al. �Ref. 1�. X2 marks the phonon-assisted emission �see Sec. III B in the text�.
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B. Temperature dependence of the luminescence

Figure 2 shows the temperature dependence of the InP:Yb
luminescence spectra. The spectra are normalized to the
same intensity of the �7→�8 luminescence line. In reality,
the luminescence intensity of the Yb in InP decreases rapidly
with temperature and above 80 K it is practically unmeasur-
able. Such temperature dependence of the luminescence is
associated with Auger-type luminescence quenching.14 In-
crease in the relative intensity of the luminescence around
9920 cm−1 �around line no. 8� as compared to luminescence
close to 9980 cm−1 �around line no. 4� at higher tempera-
tures is associated with acoustic-phonon-assisted emission
marked in Fig. 1�a� as X2.32 Since optical transitions ob-
served in these lines are associated with emission of
phonons, their intensity is proportional to �B+1, where �B is
the Bose-Einstein statistics. This explains the increase in the
intensity of the line X2 emission with increasing tempera-
ture, in spite of lower energy of this line as compared to line
nos. 3 and 4. Due to the overlap of the phonon-assisted emis-
sion with that associated with pure electronic transition the
interpretation of the luminescence spectra of Yb ion in many
hosts remains unresolved. That aspect was also for many
years the main obstacle in proper identification of electronic
transitions in InP:Yb. In Figs. 2 and 3 the major lines asso-
ciated with phonon-assisted emission are labeled as X1 and
X2.

C. Pressure dependence of luminescence spectra and decay
kinetics at low temperature

1. Experimental results

The pressure dependence of the luminescence spectra of
Yb in InP is presented in Fig. 3. All luminescence lines ex-
hibit linear shifts toward higher energies as pressure in-
creases with pressure coefficients in the range of
�4–8� cm−1 /GPa up to about 6 GPa. Above 6 GPa the peak
positions of the luminescence lines become almost pressure
independent. Positions of the major luminescence lines, both
associated with the electronic �line nos. 3, 4, and 8� and with
phonon-assisted transitions �X1 and X2� as a function of
pressure are shown in Fig. 4. The pressure coefficients of the
linear parts of particular lines and their spectral positions at
ambient pressure are collected in Table I.

The measured decay times of the luminescence are on the
order of 10–15 �s and are determined mainly by the non-
radiative Auger effects. They exhibit a relatively weak pres-
sure dependencies, what is in good agreement with previous
results.14

2. Theoretical analysis

The Hamiltonian, which describes the energy structure of
the Yb3+ ion in a crystal field of Td symmetry can be ex-
pressed as33

H = HSO + HCF, �1�

where HSO represents spin-orbit �SO� interaction and HCF is
a crystal-field Hamiltonian. We neglect very small second-
order interaction between the 2F5/2 and 2F7/2 multiplets.

FIG. 2. �Color online� The temperature dependence of the In-
P:Yb luminescence spectra at ambient pressure, excited by 532 nm
laser line. The spectra are normalized to the same intensity of the
�7→�8 luminescence line and shifted along the vertical axis for
clarity.

FIG. 3. �Color online� Normalized PL spectra of InP:Yb sample
at pressures from 0 to 8.3 GPa measured at T=10 K.
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The spin-orbit interaction is responsible for the splitting
of the 2F5/2 and 2F7/2 states, which is equal to �7 /2��, where
� is a spin-orbit parameter. Suitable crystal-field Hamiltonian
for a center with cubic symmetry can be expressed in terms
of equivalent operators,

HCF = B4O4 + B6O6, �2�

where O4=O4
0+5O4

4 and O6=O6
0−21O6

4 represent the fourth
and sixth order angular momentum operators, and B4 and B6
are corresponding coefficients, which values are determined
experimentally.

Application of the crystal-field operators �Eq. �2�� to the
ground state with J=7 /2 and to the excited state with J
=5 /2 yields the following equations30 for the transition en-
ergy between the first excited sublevel �7 of the 2F5/2 state
and the ground state 2F5/2 sublevels with �7, �8, and �6
symmetries,

�7�2F5/2� → �7�2F7/2�: E�#3� = − �7/2�� + �10/3�b4 + 12b6,

�3a�

�7�2F5/2� → �8�2F7/2�: E�#4� = − �7/2�� − �50/3�b4 − 16b6,

�3b�

�7�2F5/2� → �6�2F7/2�: E�#8� = − �7/2�� − �86/3�b4 + 20b6,

�3c�

where �E�2F5/2�=22b4 is equal to the energy separation
between the �7 and �8 sublevels of the excited 2F5/2 state.
Here bi=BiF�i�, where F�4�=60 and F�6�=1260.33,34

Solving these equations for �, b4, and b6 and using experi-
mental values of the energies of the appropriate transition
lines at ambient pressure one obtains the following values:
�amb=−2864.14 cm−1; b6

amb=−0.7727 cm−1; and b4
amb

=2.9318 cm−1.
In accordance with point-charge model the b4 and b6 pa-

rameters should be dependent on the distance, R, between the
central ion and ligands in the following way:33

b4 � R−5; b6 � R−7. �4�

For calculation of the pressure dependence of the central
ion-ligand distances Rpressure we used the following formula,
derived from the Murnaghan equation of state:35

R0

Rpressure
= � pK0�

K0
+ 1�1/3K0�

, �5�

where R0 is the In-P distance in indium phosphide at ambient
pressure �R0=2.54 Å�,36 and K0 and K0� are the values of
bulk modulus and its pressure derivative �K0=71.1 GPa and
K0�=4.59 GPa�,37 respectively.

Using Eq. �3� with the pressure dependence of the Yb-P
distance described by Eqs. �4� and �5�, one can obtain the
pressure relationships of the positions of the Yb3+ electronic
levels in InP. Those dependencies are marked in Fig. 4 as
dashed lines. As one can see, they do not describe properly
the experimental results. Covalency effects, which may be
expected in this system, and different local compressibility
around a dopant than observed in the bulk crystal can affect
the values of the exponents in Eq. �4�. However use of even
quite different �much larger or smaller� values of exponents
in Eq. �4� does not remove the discrepancy between this
model and the experimentally observed dependencies.

A much better agreement can be obtained if one assumes
that the spin-orbit interaction, responsible for the splitting
between the ground 2F7/2 and excited 2F5/2 states, is pressure
dependent. The increase in the spin-orbit constant �pressure

FIG. 4. �Color online� Position of the major luminescence lines
of InP:Yb as a function of pressure. Dashed lines: the theoretical
dependencies with pressure-independent spin-orbit constant and
solid lines: the theoretical dependencies with pressure-dependent
spin-orbit constant �see Sec. III C 2�.

TABLE I. Spectral positions of the major luminescence lines of Yb3+ in InP at ambient pressure and their
pressure coefficients associated with the electronic �line nos. 3, 4, and 8� �Ref. 1� and with phonon-assisted
transitions �X1 and X2� �Ref. 32�.

Line label Assignment
Line spectral position E

�cm−1�
dE /dp

�cm−1 /GPa�

No. 3 �7→�7 10024�4 7.6�0.7

X1 Vibrational sideband 9996�2 7.2�0.5

No. 4 �7→�8 9987�1 5.0�0.2

X2 Vibrational sideband 9937�1 7.1�0.3

No. 8 �7→�6 9924�1 4.2�0.3
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with pressure can be described by a linear dependence, in
agreement with linear dependence of Yb3+ transition ener-
gies, observed up to �6 GPa,

�pressure = �amb + k · p , �6�

where �amb is a value of spin-orbit coupling at ambient pres-
sure and k is its pressure derivative. The best fit to the ex-
perimental dependencies of the energy of the electronic tran-
sitions of the Yb3+ ion in the range of the linearity �between
ambient pressure and �6 GPa� is obtained if k
=0.0059 cm−1 /GPa. These fits are presented in Fig. 4 as
solid lines. The quality of the fits in the region of pressure up
to 6 GPa is very good.

The increase in the spin-orbit interaction strength is asso-
ciated with covalency effects which change the spin-orbit
parameter � of Yb3+ ions. This change may be due to the
admixture of ligands �phosphorus� electronic functions to the
f function of Yb dopant, so the effective function of f elec-
trons is not limited to the volume occupied by the Yb3+ ion.
This mainly contributes to the variation in � with the pres-
sure. If the effective SO coupling parameter is averaged over
such an extended function then contributions from the
atomic SO parameters of the ligands exist. Similar effects
have been previously observed in several systems doped
with other rare-earth ions38–42 as well as in II-VI semicon-
ductors doped with Cr2+.43 The SO parameter increases
strongly with atomic number of ions, therefore the covalency
effects contribute much more to change the SO parameter of
Yb3+ in InP as compared with that for Yb3+ in GaN, where
such effects are negligible.44

At the values of pressure above 6 GPa the experimental
positions of the luminescence lines become almost pressure
independent. Such behavior was observed previously and as-
cribed to pressure-induced energy structure changes in the
cubic Yb3+ center.45 It was suggested that the effect was
associated with the certain crossing of the ytterbium ion en-
ergy levels, either in the excited state or in the ground state.
Our analysis presented above �see Eq. �3� and the following
text� shows that such a situation is excluded.

Thus we would like to propose another explanation of the
observed effect. The level crossing occurs between the Yb3+

excited 2F5/2 state and a charge-transfer level identified in
InP:Yb by authors of Ref. 46, who based on the time-
resolved photoluminescence studies and established the en-
ergy diagram of the Yb ion in InP cubic lattice site with one
extra electron. They described two acceptor levels for the
Yb3+ ion in the band gap of InP at energies equal to ECBM
−30 meV and EVBM+150 meV �ECBM—energy of
conduction-band minimum �CBM� and EVBM—energy of
valence-band maximum �VBM��. Such level crossing is
highly probable since pressure coefficients of the band states
of InP associated with the charge-transfer process are signifi-
cantly greater from the pressure coefficients of deep levels of
Yb3+ ion. The results of the studies of pressure influence on
the band gap of InP are presented in Sec. III D.

D. Pressure dependence of absorption spectra at low
temperature

The absorption spectra of InP:Yb have been measured in
the pressure range form 0 up to 10.6 GPa. Because of small

amount of Yb3+ dopant and very low thickness of the sample
that can be loaded into the DAC, the ytterbium absorption
was not detectable and only the absorption edge of InP crys-
tal host could be observed. The pressure dependence of the
band gap Eg measured at liquid-helium temperature is pre-
sented in Fig. 5. It shows some deviation from linearity at
higher pressure, so according to Prins et al.47 the pressure
coefficient has to be determined by linear fit to the data for
the pressure range limited to 7 GPa. So obtained energy gap
of InP at ambient pressure equals to Eg=11422�28 cm−1

�1.416�0.04 eV� and its pressure coefficient is
559�8 cm−1 /GPa �69�1 meV /GPa�. These values are in
agreement with those obtained from absorption18,22 and lu-
minescence measurements,19,21 although the results are
slightly dependent on the carrier concentration in the exam-
ined samples. In order to obtain reliable data we performed
absorption measurements under pressure on the same sample
as used in all experiments presented here.

The pressure coefficient of the InP band gap is about two
orders of magnitude higher than pressure coefficients of Yb3+

levels. This leads to an increase in energy interval between
the conduction-band minimum of InP host and charge-
transfer states of Yb. To investigate the changes in energy
interval between ytterbium excited levels and the valence-
band maximum of InP host we use the theoretical
predictions48 and experimental results,49 according to which
the volume deformation potential of InP VBM is negative,
i.e., the energy of the VBM increases with pressure increase.
Using the value of the CBM deformation potential deter-
mined by deep-level transient spectroscopy of transition-
metal defect levels49 ac= �−7�1� eV yields the pressure co-
efficient of CBM,48

dECBM

dp
= −

aC

K0
�7�

equal to about 98 meV/GPa. Taking into account our results
of pressure dependence of the energy gap, we obtain the
pressure coefficient of the VBM as +29 meV /GPa. This

FIG. 5. �Color online� Pressure dependence of the band gap Eg

of InP measured at T=10 K. The solid line represents a linear fit to
the experimental data.
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yields the 150 meV increase in the VBM energy at the pres-
sure of 5.2 GPa. Assuming that the position of the Yb3+

related levels in InP is determined with reference to the
vacuum level while neglecting their relatively low-pressure
coefficients ��1 meV /GPa�, we could expect that approxi-
mately at this pressure the VBM energy reaches the acceptor
level of Yb described by Bohnert et al.46 This pressure value
agrees quite well with the pressure, at which the Yb3+ lumi-
nescence lines become almost pressure independent.

Another possible explanation of the observed effect can
be associated with certain peculiarities of the covalency ef-
fects, which could modulate the values of the spin-orbit pa-
rameter � in such a way that it becomes pressure indepen-
dent above 6 GPa, in spite of the pronounced dependency at
lower pressure. This issue requires further experimental and
theoretical studies, which are going to be performed.

IV. SUMMARY AND CONCLUSIONS

We have studied the influence of high hydrostatic pressure
on the luminescence spectra and radiative decay times of the
intrashell f-f transitions of Yb3+ ions in bulk InP crystals and
on band-gap absorption of indium phosphide with the use of
diamond-anvil cell technique at low temperatures.

It is shown that the energies of intrashell f-f transitions
�2F5/2→ 2F7/2� of Yb3+ ions in InP crystals are sensitive to
the applied hydrostatic pressure and exhibit an appreciable

increase up to about 6 GPa. This effect is determined by the
increase in the effective spin-orbit parameter of Yb3+ ions
due to the covalency effects, i.e., the mixing of the Yb wave
functions with those of the surrounding P3− ions. Fitting of
the observed pressure dependence of the luminescence tran-
sitions yields a value of the pressure coefficient of the spin-
orbit parameter of Yb3+ ions in InP as 0.0059 cm−1 /GPa. At
higher pressures the energies of the Yb3+ intrashell transi-
tions became almost pressure independent. A tentative expla-
nation is provided in terms of an effect of interaction of Yb3+

excited level with the maximum of the valence band which
approaches the Yb3+ excited state at pressure of about 6 GPa.

At present, the effect of pressure dependence of the spin-
orbit interaction due to the increased covalency is theoreti-
cally not well described in the literature. Further work is
necessary to explain this effect.
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