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The present status of high-pressure research with the diamond anvil cell (DAC) is described,
focusing mainly on use of this technique in optical spectroscopy. After a brief description of
the history of the development of high-pressure measurements, the principles of DAC technique
are described in more detail. Then different applications of this technique to high-pressure research
are discussed, including optical spectroscopy, electrical measurements, X-ray diffractometry and
other measurements. Results obtained for selected materials, with a view to illustrating the physics
behind high-pressure phenomena, are presented and discussed. These include high-pressure
luminescence studies of Cr** or Yb>*-doped lithium niobate crystal (LiNbO;) as well as Cr**
and Nd**-doped lanthanum lutetium gallium garnet crystal (La;Lu,Ga;0,). Finally, the boundary
of high-pressure spectroscopy usefulness is shown. The example of such a case is the study of
Cr¥*-doped MgO-2.5A1,0; non-stoichiometric green spinel.
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1. Introduction

The diamond anvil cell (DAC) technique has revolutionized research at pressures
exceeding 10 kbar” both in terms of the range of hydrostatic pressures reached and
the variety of other research techniques that can be employed to study various features
of matter at high pressures.

The first to perform many pioneering high-pressure experiments was Percy
Williams Bridgman. To this end he used self-constructed devices and obtained
many interesting results (see [1-3] and references therein). He reached pressures of
up to 100 kbar. His works attracted attention of scientific community to high
pressure studies. In 1946, he received the Nobel Prize in Physics: he was awarded
for the invention of an apparatus to produce extremely high pressures, and for
the discoveries he made therewith in the field of high pressure physics (substantiation
of Royal Academy of Sciences).

* Pressure is expressed in this article in kbar (kilobar) = 103 bar; 1 bar = 103 Nm™ (pascal) = 0.9869 atm.
Another unit of pressure is GPa (gigapascal) = 10* bar.
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Improving further the construction of the devices which would enable obtaining
pressures as high as possible brought about in 1959 the development of diamond anvil
cell with optical access. This was done by the group of Charles E. Weir at the National
Bureau of Standards (NBS) in Washington [4].

Although this cell was limited in pressure range and there was no reliable method
of determining the pressure generated in the device, work at NBS and other laboratories
continued on its development and applications because of the ease with which it could
be employed to obtain high pressure data. Gradually, methods were elaborated for
reaching higher and higher pressures and for measuring them, so DAC technique
became a fine quantitative tool for modern physical research.

2. Principles of diamond anvil cell technique

The idea of the DAC is very simple [1-3, 5, 6]. As pressure is directly proportional to
the applied force and inversely proportional to the area over which the force is applied,
the pressure can be increased either by increasing the force or decreasing the area.
The DAC makes use of the latter concept. This is the reason why diamond anvil cells
are so small: the diameters of compressed surfaces of diamonds are in the range of
300-800 pm and the sample sizes: 50-150 um. The gasket with the sample chamber
is prepared by drilling a hole (100-300 um in diameter) at the center of the indentation
made by the anvil face on a metal foil. The gasket is seated on the lower diamond
flat, then the sample and a pressure calibrator (most often, a ruby chip) are placed in
the hole. This is followed by filling the hole with the fluid pressure transmitting
medium (liquid argon, helium, xenon or methanol-ethanol mixture) and sealing by
bringing the upper anvil on the gasket. Then the hydrostatic pressure inside the cell is
increased by applying pressure to the diamonds (Fig. 1).

The gasket, apart from providing containment for the sample and the pressure
medium, extrudes around the diamonds and acts as a supporting ring, preventing failure
of the anvils due to concentration of stresses at the edges of the diamond anvil.
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Fig. 1. Schematic diagram of the basic part of
the diamond anvil cell.
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The compressive strength and hardness of diamonds are extremely high, so they
are able to support the required loads. In addition, they are transparent to the visible
and IR light and to the X-ray radiation. The diamond anvil configuration enables
optical access along the axis of the DAC, so the sample can be illuminated with
the proper light and then many different experiments can be performed.

Up to now, various types of diamond anvil cells have been designed which differ
in some construction details depending on experimental requirements. The main
differences are the way of applying force and setting the proper alignment of diamonds
(which have to be very precisely set parallel and coaxial). They also differ in sizes and
the values of the highest pressures reached. However, the principles are the same in
all types of diamond anvil cells [1-3, 5, 7-9].

3. Pressure calibration with ruby fluorescence

A standard method of determining the pressure generated inside the DAC is that with
ruby fluorescence. A tiny chip of ruby 5-10 pm in dimension is placed in the pressure
medium along the sample and luminescence is excited by either an argon-ion laser or
any source of the strong light. The R-lines of ruby are quite narrow, intense, shift
linearly with increasing pressure and broaden if the ruby experiences nonhydrostatic
stresses. PIERMARINI et al. [10] showed that the pressure shift is linear up to 300 kbar.
The linear scale holds good at any temperature down to 4.2 K and the pressure
coefficient is exactly the same as that at room temperature.

From the results of ruby line shift as well as lattice parameter of Cu, Mo, Ag and
Pt determined simultaneously and referring to isothermal equations of state derived
from the shock-wave experiments, MAo ef al. [11] concluded that there is a small
nonlinearity in the pressure dependence of the wavelength shift of the R lines and that
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Fig. 2. Wavelength shift with pressure of the ruby fluorescence R, line. The pressure according to linear
extrapolation is: p(kbar) = 3.808[(AX/ 1, + 1)° — 1]; A, — the wavelength at 1 atm (after [11)).
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the linear scale underestimates the pressure, but this effect must be taken into account
at pressures over 300 kbar. They determined proper correction coefficients which
allow using ruby as a pressure calibrator up to megabar magnitudes (Fig. 2).

4. Applications of DAC technique

The DAC technique has really many features that are profitable as regards research
applications. Apart from a relatively low price, miniature size, portability and
compatibility with other apparatus it enables at present obtaining a broad range of
hydrostatic and stable pressures (up to 6x10° atm) as well as temperatures — from liquid
helium up to 6000 K [12-20]. With contemporary DACs a variety of sophisticated
measurements can be performed on materials of microscopic dimensions.

Raman and Brillouin scattering studies and also powder or single-crystal X-ray
diffraction studies are becoming routine investigations with the DAC. All types of
diamond anvil cells are suited for powder diffraction work. However, single-crystal
diffraction studies require specially modified constructions with wide conical
apertures for the transmission of the diffracted X-rays over a wide angle. Furthermore,
gases can be loaded into the gasket and then solidified as single crystals for the study
of their structure, compressibilities and pressure-induced phase transitions [2].

DAC technique is also used to high pressure electrical measurements, although
the problem of contacts needs to be solved. The four-lead arrangement is the most often
used. Compression of materials induces changes in their electronic states connected
with the crystallographic transformations to closer packed structures. A list of materials
which undergo pressure induced semiconductor-to-metal and insulator-to-metal
transitions is very long. One of the well-studied materials is the technologically critical
silicon, which transforms at low temperatures at 120 kbar.

High pressure can also cause the superconducting transition temperature to elevate.
This effect is attributed mainly to the increase in average phonon frequencies with
applied pressure or in high-pressure phases.

Using DAC technique enables simulation of conditions like those in the earth
mantle. In this way, various geochemical and geophysical studies can be performed.
In addition, a new class of compounds impossible to obtain under normal conditions
can be synthesized. They have the novel stoichiometry, such as He(N,);;, NeHe,,
A1(0,)3, (Hy)4(0,)5. Their crystal structure and stoichiometry can be understood in
terms of the efficiency with which the molecules and atoms can be packed.

Brock and PiERMARINI [1], JaAvarRAMAN [2] and HEMLEY and ASHCROFT [21] give
detailed reviews of the aforementioned high pressure physical research.

5. Optical measurements

The most common measurements made under high pressures are these of optical
absorption and luminescence. One of the first studies performed with the DAC were
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the studies of pressure effects on infrared spectra of inorganic materials [4]. The high
pressure luminescence studies allow us to observe transitions between direct (/") and
indirect (L or X) minima and determine the shifts in the energy gap of many
semiconductors [22-31].

Furthermore, this technique occurs to be a powerful tool for investigating
the transition metal and rare earth luminescent centers in crystals. Application of
high pressure reduces distances between a dopant ion and ligands, even up to a few
per cent at relatively modest pressures. Thus, pressure increases considerably the
crystal field strength experienced by the dopant ion, since it is approximately
proportional to the inverse of the fifth power of the dopant ion—ligand distance. In this
way, DAC allows one to continuously alter the crystal field strength experienced by
the ions and to determine through luminescence measurements many important
spectroscopic parameters, very difficult to measure with the help of other techniques.
Especially sensitive to its crystal field surrounding are transition metal ions, whose
d-electrons are less screened than inner f~shield electrons of the rare earth ions [32-52].

Another kind of optical measurements are reflectivity measurements. They are
useful to derive information on the high-pressure changes of electronic structure of
highly absorbing and metallic systems. Measurements of SmS, which undergoes
a continuous 4f-electron delocalization and valence change with pressure, occurred to
be very interesting. With increasing pressure the sample goes through a sequence of
colour changes. Similar studies were performed with cesium, iodine, zinc sulfide, efc.
(see [2] and references therein, [53, 54]).

6. Experimental results and discussion

The high-pressure measurements, the results of which are presented in this paper, were
performed with the use of two different low temperature diamond anvil cells (Diacell
Products MCDAC, Fig. 3). The diameters of compressed surfaces of diamonds are
equal to 750 um in the first and 450 pum in the second DAC. They enable attaining
pressures up to 200 and 500 kbar, respectively. Argon was used as a pressure
-transmitting medium. The DAC was mounted into an Oxford 1204 cryostat equipped
with a temperature controller for low-temperature measurements. The R,-line ruby
fluorescence was used for pressure calibration. The spectra were measured with
the use of a GDM-1000 double grating monochromator equipped with a cooled
photomultiplier (EMI 9684B) with S1-type cathode and an SR530 lock-in amplifier.

The decay kinetics of the luminescence was measured with use of a SR430
Multichannel Scaler.

6.1. Cr*" in LiNbO,

Lithium niobate (LNO) crystals remain of interest as far as applications and
fundamental studies are concerned. The defect structure of those crystals is still one
of the main subjects of research. The Cr*" ions turned out to be a very good probe of
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that structure since they substitute for both Li and Nb ions in LNO host. Occupancy
of various sites and centers depends on concentration of chromium dopant, stoichiometry
of the host and codoping with optically neutral ions, such as Mg or Zn.

The high-pressure spectroscopy occurred to be very successful in examining
the Cr*" ions in an octahedral crystal field environment because of their specific energy
level structure. High-pressure application transforms the low-strength crystal field
broadband and short-lived luminescence of chromium associated with the 4T, — %4,
transitions into the high-strength crystal field sharp and long-lived luminescence
lines related to the 2E — %4, transitions, which increases spectral resolution of
the measurements and makes their characterization easier. The replacement of the
broadband luminescence by sharp R-lines of Cr’" ions with increasing pressure is
presented in Fig. 4.

The high-pressure measurements show that in the LiNbO;:Cr crystals there are
two main Cr’* centers, denoted as center B and y [42—44, 55] (see Fig. 5). Several
studies performed with use of EPR and ENDOR techniques helped to identify these
centers as Cr’" ions in Li" sites [55, 56]. The dominating in this crystal is the ¥ center.
However, in LiNbO5:Mg, Cr crystals, where the concentration of magnesium is
increased above the definite threshold level (the value of the threshold depends on
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the stoichiometry of the sample), there are three Cr’" centers, center 3, y and & (see
Fig. 5). The additional low-strength crystal-field ¢ center dominates in this sample
and it corresponds to Cr’* ions in Nb>” sites.

As can be seen in Fig. 5, the positions of R-lines change with the pressure — with
increasing pressure they move towards lower energies, with the pressure coefficients
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Fig. 4. Pressure dependence of the Cr*" luminescence in near-stoichiometric LiNbO;:Cr (0.1% of Cr)
and LiNbO;: Cr, MgO (0.1% of Cr, 0.2% of MgO) crystals.
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Fig. 5. Pressure dependence of the Cr*>" luminescence in near-stoichiometric LiNbO;:Cr (0.1% of Cr)
and LiNbO;: Cr, MgO (0.1% of Cr, 0.2% of MgO) crystals in the region of the R-lines.
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equal to —3.2, —2.9 and —1.8 cm™'/kbar for the f, y and & centers, respectively. This
is so-called nephelauxetic effect which is caused by the reduction of the bond lengths
with pressure and, as a result, increasing the covalence of bonds between central ion
and ligands and decreasing the interelectronic repulsion [57, 58].

The analysis of pressure-induced changes in the positions, widths, and decay times
of electronic transitions enabled determination of some important spectroscopic
parameters characterising chromium centers [44]. These are:

— the energy difference between the 2E and *T), levels which describes the crystal
field strength experienced by the chromium ions;

— the electron-lattice coupling energy (Huang—Rhys parameter);

— the value of the spin-orbit interaction.

Such analysis can be performed by fitting the theoretical diabatic model described
in the literature [59] to the experimental results.

6.2. Cr’" in La;Lu,Ga;0,

The large lattice parameters of lanthanum lutetium gallium garnet (LLGG) make them
interesting, since the strength of the crystal field experienced by dopant ions in those
crystals is lower than in other garnets.

High pressure experiments performed on the LasLu,Ga;0,,:Cr**, Nd*" crystal
allowed us to establish that chromium ions occupy three groups of centers [47]
(the Nd** ions were unintentional impurities). Nevertheless the problem of Cr’*
ions in this crystal differs from the problem of Cr-doped LNO. Lanthanum lutetium
gallium garnet (LLGG) crystals are known to grow typically with a relatively large
deviation from a stoichimetric composition. The real formula of our crystal is
represented by {La,_,Lu, };[Lu,_,Ga,],Ga;0,: Cr’*, Nd**, where: x = 0.23,y ~ 0.07,
{} describe the dodecahedral and [] — octahedral crystallographic sites. This
nonstoichiometry causes inhomogenous broadening of luminescence lines, much
larger than in the case of LNO. Furthermore, the nephelauxetic effect in LLGG
occurred to be much weaker, which we ascribe to the fact that Cr’* ions replace
the Lu®" ions of the same valence state, whereas in the LNO they replace either Li* or
Nb>* ions. This is manifested by the smaller value of pressure coefficient of R-lines
in the LLGG crystal. On the other hand, because of weaker electron-lattice coupling
of *T, state we observe here the pronounced anticrossing effect connected with
the quantum mixing of 47’ » and 2F state. Because the pressure coefficients are equal to
11.0 cm !/kbar for the *T 5 state and —0.7 cm!/kbar for the 2E state [47], as a result
the peak positions of the R-lines first show blue shift with increasing pressure and
then — red shift (see Fig. 6). The blue shift occurs in the region of the intermediate
crystal field, near the crossing point of the theoretical energy levels of the *T, and
2E state, where the participation of the *T , state in the 2E state is the largest [40].
As the pressure is still raised, less and less of the *T’ , character in R-lines is present
and finally the luminescence of pure 2E state is observed with the shift to lower energy
caused by the nephelauxetic effect.
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Fig. 6. Pressure dependence of the Cr** luminescence in the LLGG:Cr, Nd crystal at a temperature
T =10 K in the region of the R-lines. The broken lines mark the spectral positions of the R-line peaks.

The same type of anticrossing behaviour was observed and theoretically described
by HomMERICH and Bray [40, 41] in Cr*"-doped gadolinum scandium gallium garnet
(GSGG) where Cr*" occupies sites of intermediate crystal field strength. This means
that 2E and *T, excited states are near the crossover point which results in their strong
coupling and the pressure is here used to perturb the degree of the coupling.

6.3. Yb*" in LiNbO,

Yb>*-doped materials are receiving increasing interest as solid state laser materials
since the development of InGaAs laser diodes emitting near 980 nm, where the Yb>*
ions have a strong absorption peak. In particular, Yb doped LNO constitutes important
subject of studies due to the demonstration of laser action at a wavelength of about
1 um with the possibility of tuning and self-frequency doubling [60, 61].

Yb** ion has a very simple energy structure. It has only two states, 2F7/2
fundamental and 2F s, excited, separated by the energy of about 10000 em .
The simple electronic structure implies the absence of parasitic effects such as
excited-state absorption. Its special electronic configuration (4f'%) makes the 4f
electrons less shiclded than in other ions of the lanthanide series, and hence
the electrons show a higher tendency to interact with the lattice and with neighbouring
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Fig. 7. Emission spectra associated with the 2F 50— 2F7/2 transitions of Yb*" ion in LiNbO;:Yb(4%)
under excitation by c.w. Ti:sapphire laser tuned to 955 nm at a temperature 7 = 10 K. Solid line: ambient
pressure, dotted line: 225 kbar. The inset shows the energy shifts of the transitions with pressure. For the
clearness of the figure the intensity of the spectrum in the range of 9300~10170 cnm™' has been multiplied
by 10.

ions, which is a prerequisite for cooperative interactions and the vibronic broadening
observed in a variety of Yb*" activated systems.

In principle, the electric-dipole transitions between the 2F,, and %Fs, states
of Yb*' ion are parity-forbidden and magnetic-dipole transitions should play an
important role in the de-excitation of the excited 2Fs, state. However, in this crystal
electric-dipole transitions appeared to be dominating.

Some admixture of another electronic configuration to the pure 4/ one can perturb
the energy states of Yb>" and allow the electric-dipole transitions. For investigation
of the role of various mechanisms responsible for relaxation of these transitions
in the system of Yb>" doped LiNbO; crystals the high-pressure measurements of
the luminescence spectra and decay kinetics of the luminescence were performed.

Figure 7 presents the luminescence spectra of LiINbO;: Yb(4%) crystal at ambient
pressure and 225 kbar under excitation at the 2F7/2(O) - 2F5/2(1) transition [52].
As observed, the pressure application changes the spectra very slightly. As shown in
the figure inset, most of the emission lines show a very small red shift with pressure.
The results show that the crystal field splittings of the *Fs, and 2F,, (4f'°) states are
not significantly affected in the range of applied pressure.

In contrast, the influence of pressure on the decay kinetics of the 2F5/2 upper
state of Yb>" is highly pronounced. Figure 8 shows the pressure dependence of
the luminescence decay times of the 2Fs,(0') level of the LiNbO;:Yb**(4%)
crystal, measured at emission wavelength of the 2Fs,(0") — 2F,(0) transition (i.e., at
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Fig. 8. Pressure dependence of the luminescence decay times of the 2F’ 5p—> ’F 2> transitions of the Yb3*
ion in LiNbO;:Yb(4%) crystal at a temperature 7 = 10 K. Points: experiment; line: theoretical fit (see
the text).

a wavelength of about 980 nm and slightly longer at higher pressures). They were
exponential for each measured pressure. As expected, similar results were obtained
when monitoring the luminescence decay times at the other emission lines.

The luminescence decay times decrease from 458 s at ambient pressure down to
about 270 ps at a pressure of 250 kbar. The same results were observed in the sample
with lower Yb content (1 at.%) and for different wavelength of measurements within
the Yb>" emission spectrum. This evidences that possible nonradiative de-excitation
channels, such as energy transfer or energy diffusion are not affected by applying
pressure at the given temperature and pressure range. In fact, the observed pressure
-dependence lifetime reduction can be considered as a single-ion effect, since it is
independent of concentration. Additionally, the emission intensity does not undergo
significant changes which could be associated with a fluorescence quenching. Thus,
the low temperature lifetime values obtained can be considered as the radiative lifetime
values for measured pressure range.

Considering the enhancement of electric-dipole transitions in Yb*" ions doped to
LiNDbO; crystal we should take into account the mixing of the 5d electronic orbitals
into a pure 4 configuration as a mechanism of relaxation of the electric dipole selection
rules. The effect of mixing the 473 and 41 '25d" electronic configurations depends on
their energy separation, which decreases with pressure. The energy of the 5d electrons
strongly depends on the crystal environment since 5d orbitals are not screened, in
contrast to the 4f ones, and may change by tens of thousands of wavenumbers from
one compound to another. Thus the admixture of the electric-dipole transition
probability to the decay probability of the 2F s,y state of the 41 13 configuration increases
with pressure and the decay time of the 2F,, — 2F, transitions decreases.

The electric-dipole transitions can also occur as a result of the interaction of
the dopant ion with a non-centrosymmetric crystal field. The trigonal distortion
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of the crystal lattice increases with pressure causing an increase of the radiative
transition probability as pressure directly influences the odd-parity potential by
changing the Yb—O distances and changing the c/a lattice parameters ratio. The origin
of these distortions is structural and it is not related to pressure non-hydrostaticity (see
[52] and references therein).

In fact, the second effect gives the major contribution to electric-dipole transitions
within the 4/ shell. We fit to our experimental the data theoretical model [52] which
takes into account both the decrease of the energy of the 4/'25d" level with pressure
and changes in the value of the coupling coefficient, associated with the changes in
the trigonal distortion with pressure (see Fig. 8). Numerical analysis of the results
obtained shows that the decrease of the decay time of 2Fs, — *F,, transition of
Yb3" ion with increasing pressure is mainly determined by the variation of the odd
parity crystal field parameter with pressure. It has been numerically checked that it is
impossible to obtain such dependence without taking into account pressure changes
of this parameter and obtain reasonable values of the remaining parameters at the same
time.

The importance of the changes in the trigonal distortion on the observed increase
of the radiative transition probability has been confirmed by our last high-pressure
measurements of the gadolinium gallium garnet crystal doped with the Yb** ions. This
crystal is cubic and here we observe only very small decrease of decay time with
pressure. For a more detailed description of the problem further studies are under way.

6.4. Cr** in Mg0-2.5 Al,0, synthetic spinel

It is known that synthetic spinels exhibit large disorder compared to natural spinels
and that nonstoichiometry strongly contributes to this disorder. Chromium ions in
MgO-2.5A1,05 have been found to occupy several sites of various symmetries,
however different authors have found different numbers of these sites: from 2 to 25
[62—-66]. This discrepancy is associated with the complicated nature of the luminescence
which consists of a broadband in the infrared region and several relatively sharp lines
with the full-width at half-of-maximum (FWHM) in the range from 150 to 500 cm !,
whose intensity in addition strongly depends on excitation wavelength.

For those reasons, as well as in the case of chromium doped LNO or LLGG
crystals, we performed a series of high-pressure measurements in order to transform
the low-strength crystal field broadband and short-lived luminescence of chromium
ions into the high-strength crystal field sharp and long-lived luminescence and to
increase in this way the spectral resolution of measurements [48]. However, as is shown
in Fig. 9, very large inhomogenous broadening due to large crystallographic disorder
does not allow us to obtain any new and unambiguous information on the multicenter
structure of chromium dopant. The results of high-pressure luminescence and decay
times of the luminescence measurements show only that there are four major groups
of Cr*" centers in the crystal. Two of these groups (« and £3) are created by the strong
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Fig. 9. Pressure dependence of the Cr** luminescence in non-stoichiometric green spinel MgO-2.5A1,04
at a temperature T = 10 K, excited by the 448 and 514.5 nm Ar" laser line.

crystal field centers, whereas two others (J and y) — by the intermediate crystal field
centers. Due to large inhomogenous broadening some of the Cr** ions in & and  sites
experience low crystal field at ambient pressure contributing to the broadband
luminescence.

The large disorder present in this type of spinel makes it impossible to judge
whether additional Cr’* sites of smaller concentration can or cannot be found there.

7. Concluding remarks

The DAC technique can provide a lot of information either impossible or difficult to
obtain in other ways and this is the main reason for still increasing interest in such
a kind of research into the various fields of science. The full list of applications of
DAC technique has by no means been exhausted. The present paper gives the basic
review of the possibilities it offers as well as some selection of interesting results and
physical phenomena which can be observed using this technique. A detailed
description of DAC application and results obtained is presented in refereed papers.
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