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The effects of pressure on the behavior of optical microspherical resonators, prepared from Nd3� doped, barium
titanium silicate glass, have been studied up to 5 GPa inside a diamond anvil cell using silicone oil as the hydro-
static transmission medium and ruby emission lines as the pressure gauge. The optical resonances, known as
whispering gallery modes, were observed within the broad emission band of the Nd3� ions, and the resonances
were identified as a function of pressure. By means of simulations, it was found that the average wavelength posi-
tion of both transverse electric and magnetic modes depended on the radius and refractive index of the sphere, but
not on the refractive index of the pressure transmitting medium under the experimental conditions. This was used
to define the average sensitivity of the resonant modes with the pressure. Therefore, a value of 6.5 × 10−4 GPa−1

has been obtained for this sensitivity, which is higher than the value for ruby, the most conventional pressure
sensor. © 2013 Optical Society of America

OCIS codes: (280.4788) Optical sensing and sensors; (280.5475) Pressure measurement; (140.4780) Optical
resonators.
http://dx.doi.org/10.1364/JOSAB.30.003254

1. INTRODUCTION
In the last several years, optical sensingdevices and, especially,
optical nano and microsensing devices have attracted much
attention because of their advantages compared to traditional
electric transducers in terms of properties such as electrical
passiveness, greater sensitivity, freedom from electromagnetic
interference, wide dynamic range, point and distributed con-
figurations, and multiplexing capabilities [1]. Generally, in
accordance with which property of the light beam changes
when interacting with the optical sensors, devices can be clas-
sified into two groups: those for which the optical phase is
affected (interferometers) and those in the other group that
include devices based on the modulation of the intensity.

Recently, a new group of optical microsystems has been
proposed as sensors in the interferometric category. They
present morphology dependent resonances, known as whis-
pering gallery modes (WGM) [2,3]. These sensors have a mi-
crostructure made of a transparent dielectric whose refractive
index is higher than that of the surrounding medium in order
to generate total internal reflection and to act as the resonant
cavity. In addition, these optical microcavities have other
applications such as in micron size lasers, add/drop filters
for fiber communications, laser stabilization, and so forth.

Although the use of microresonators as temperature sen-
sors is well studied [2,4], the behavior of these devices has
not been investigated in the range of high pressures (several

GPa). This is due to one common limitation of studies on
nondoped microresonators, which is the need for a coupling
device to observe the resonances on passive resonators.
Therefore, its use is impossible inside the diamond cell that
should be used in order to reach the GPa range; to avoid this
difficulty, a noncoupling scheme proposed by the authors [5]
was employed with optically active resonators.

The luminescent properties of optically active ions are use-
ful in the employment of the microsphere as an optical remote
sensor. The characteristic spectra of trivalent rare earth
(RE3�)-doped glass microresonators consist of a series of
sharp emission peaks, known as WGM resonances, whose
intensities are modulated by the spontaneous emission of
the RE3� ions. These sharp emission peaks are due to the res-
onant cavity interaction with the spontaneous emission of the
RE3� ions inside of the microsphere. In order to describe the
quality of the resonators, it is possible to introduce a dimen-
sionless parameter that takes into account the storage time of
the energy inside the resonator; this is the quality factorQ, and
it is also related to the spectral width of the resonances.

On the other hand, a variety of effects can partially take out
the light of the resonant path, thereby constituting losses in
the cavity and diminishing the storage energy, and thus, the
Q factor. Two of the most important loss mechanisms affect-
ing our experiment are the absorption in glass and surface
scattering.
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The microspheres used in this study were fabricated from
Nd3�-doped barium titanium silicate (BTS) glass. This is glass
that has been studied and is known to produce transparent
glass-ceramics by conventional thermal treatment or by laser
heating [6], with high nonlinear coefficients [7]. The Nd3�-
doped BTS microspheres also have shown laser emission
[8]. In previous work, the possibility of using the Nd3�-doped
BTS glass microspheres as optical temperature sensors was
studied [4]. The shifts of the peaks with the temperature were
explained on the basis of the variation of the refractive index
and on changes of the radius of the microsphere due to dila-
tations initiated by the effect of the temperature.

The scope of this work is to analyze the effects of pressure
on the WGM generated in the BTS microspheres and to inves-
tigate the possibility of using them as optical pressure sensors.

2. THEORETICAL BACKGROUND
In order to establish a pressure gauge to study the effects of
pressure on the microspheres, the average pressure inside of
the chamber was calculated from the wavelength of the R1

emission line of ruby using the Piermarini equation [9], i.e.,

P � A
B

��
1�

�
Δλ
λ0

��
B
− 1

�
; (1)

where P is the pressure in GPa, λ0 is the wavelength in nm
of the R1 line of ruby, A � 1904 and B � 7.665 for quasi-
hydrostatic conditions [9], and Δλ represents the shift of this
line with pressure.

The position of the WGM resonant peaks in wavelength
(nm) can be roughly obtained by a geometrical approximation
from the following equation:

λ � 2πneffRS

l
; (2)

where neff is the effective refractive index of the sphere, RS

is the radius of the sphere, and l is the polar mode number
that represents the number of wavelengths that fit into the
resonator.

A more detailed description can be found in the article of
Little et al. [10], in which the polarization of the resonant
mode, transverse electric (TE) or transverse magnetic (TM),
and the refractive index of the media surrounding the sphere
are considered as follows:
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Here, ns and no are the refractive index of the microsphere
and the outer surrounding medium, respectively, and
jl�knsRs� is the spherical Bessel function. This equation can
be asymptotically solved in terms of the zeros of the Airy

function to facilitate the work on simulation with the Bessel
functions [11]. The approximated solutions for the first radial
order (the one observed in the experiments) is:
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where the parameter ζl is the l-th zero of the Airy function and
the other parameters are the same as those described above.
This approximation is accurate enough [11] for the simulation
of pressure-induced shifts in the wavelength of the WGM res-
onances on the basis of changes in the parameters involved:
ns, n0, and Rs. These changes of the positions of the WGM can
be characterized in terms of the sensitivity parameter (S), a
common parameter regarding optical sensors, which can be
expressed as follows, assuming no dependence of the external
refractive index [2]:

S � ∂λ
λ∂P

� ∂nS

nS∂P
� ∂RS

RS∂P
: (5)

Regarding the optical quality of the resonator Q, it is related to
the temporal storage time of the cavity, and hence, to the spec-
tral full width at half-maximum (FWHM) of the resonances λ.
It can be described as [12]:

1
Q
� 1

QR
� 1

QC
� 1

QS
� 1

QM
� λ

FWHM�λ� ; (6)

where QR represents radiative losses (negligible for l ≥ 50
[12]); QC describes the losses due to coupling to an external
device, not present in this experiment; QS characterizes the
losses associated with surface scattering due to imperfec-
tions, scratches, or particles stuck to the surface; and QM

takes into account the material losses due to absorption and
scattering inside the microsphere. In fact, these last two fac-
tors are those that limit the quality factor in our resonators.

In addition, other processes can increase the observed
spectral width of the resonances. For example, because of
the existence of a small ellipticity on the microsphere, each
single radius has a single narrow resonance, but the superpo-
sition of several narrow peaks produces a broad resultant.
This reasoning is also found in a recent work [13], where
the broadening effect is attributed in equivalent terms to
the ellipticity pointed out here.

3. EXPERIMENTAL METHODS
The microspheres were produced from BTS glass with the
composition of 40%BaO-20%TiO2-40%SiO2 and doped in ex-
cess with 1.5% Nd2O3 (in mol %). Commercial powders of
ACS reagent grade (purity ≥99.99%) BaCO3, TiO2, SiO2, and
Nd2O3 were mixed and melted in a Platinum–Rhodium cruci-
ble at 1500°C for 1 h in an electric furnace. After that, the
melt was poured between bronze plates following the melt-
quenching method. The spherical shape of the microspheres
can be made by different methods, which include polishing,
chemical etching, and rapid quenching of liquid droplets. In
this work, the microspheres were fabricated by the last
method, described in detail by Elliot et al. [14], from the glass
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mentioned above. The microspheres obtained ranged in diam-
eter from 10 to 100 μm.

High pressure experiments were performed with a diamond
anvil cell (DAC) [15] in a sample chamber (150 μm diameter)
made from a pre-indented Inconel-750 gasket. The chamber
was filled with silicone oil (Dow Corning 200 fluid, 50 cst.)
as the pressure transmitting medium. The hydrostatic condi-
tion for this medium cannot be assured above 3 GPa [16].

A microscope objective was employed to focus a 532 nm
diode-pumped solid-state (DPSS) laser in order to excite
the Nd3� ions, whose emission was partially coupled to the
microsphere resonances. The fluorescent light emitted by
the microsphere was collected using the same objective
and focused into the entrance slit of a CCD spectrograph.
As previously described [5], to obtain the highest contrast
and best visualization of the resonances, it is important
to keep the laser focused at the center of the sphere and to
measure the luminescent resonances on the surface of the
microsphere. A linear polarizer was located in the optical path
(in the collimated area and before mirrors) with the aim of
discriminating between the TE and TM modes. Because of
the geometry of the experiment, the TM modes were obtained
with the polarizer at 0° and the TE at 90°. As a result of the
presence of the mirrors and the polarization response of the
diffraction grating, the intensity of the TE and TMmodes were
not comparable and only the positions of the peak centroids
were taken into account. In order to avoid erroneous readings
on the peak shift of the WGM or the ruby line by small offsets
of the spectrograph, the spectrum of a Neon lamp was mea-
sured after each spectrum in order to accurately correct the
wavelength originated by small grating displacements, thus
ensuring wavelength errors smaller than the resolution limit
of the system.

In order to ensure the quality of the obtained data, the BTS
microspheres were selected by a screening process and only
the ones with the highest quality factors (i.e., sharpest reso-
nances and no obvious scratches or defects) and best spatial
homogeneity of the resonances (meaning negligible elliptic-
ity) were inserted into the DAC.

One potential limitation of this study is the self-heating of
the microsphere by laser irradiation [4], because this process
can interfere with the shift produced by the pressure effect
with a significant rate of 11 pm∕K. Thus, in order to avoid
laser heating of the BTS microsphere, the resonances were
measured over a wide range of laser pump powers at various
pressures; the wavelength shift was below our resolution limit
(0.3 nm) up to 25 mW of incident laser power. To be
conservative, the pump power employed was 5 mW to ensure
that no thermal effects were caused by heating of the sphere
up to 6 K.

4. RESULTS AND DISCUSSION
The spectra obtained from the Nd3�-doped BTS microsphere
at ambient pressure in air, before introduction into the DAC,
are shown in Fig. 1. The two spectra were obtained by detecting
the luminescence at the center (black line) and at the surface
(red line) of the BTS microsphere. The first one shows
the characteristic emission of the 4F3∕2 → 4I9∕2 multiplet of
Nd3� ions in the BTS glass, while the red line shows this emis-
sion modulated by the WGM resonances of the microsphere.

The advantage of using the spectra of the resonances in air
is that the refractive index of the air is known and, therefore,
only two parameters need to be fitted. From these spectra,
and using values of ns � 1.71 and RS � 20 μm in Eq. (4), the
polar mode l can be estimated by iterative change of the
parameters and comparison with the position of the resonant
peaks at ambient pressure in air (see Fig. 1). The found values
were l � 230 for the TE modes and l � 231 for the TM modes
for the peaks centered at 884 and 886 nm, respectively. These
parameters nS , RS , and l are useful in the simulations, which
will be explained later.

Figure 2 (left) shows the optical image of the microsphere
inside the DAC, in which different ruby microcrystals at vari-
ous positions inside the pressure chamber, denoted as R1–R5,
are also visible. The R1 ruby has been employed as the pres-
sure gauge for the high pressure experiments, since it is the
closest one to the microsphere. The others were employed
to sense the possible nonhydrostaticity of the pressure trans-
mitting medium, the pressure gradient, and/or the pressure
uncertainty inside the chamber by comparing the pressures
between them. Figure 2 (right) represents an image of the
microsphere excited by the 532 nm laser, where the laser
was filtered-out in order to detect the spontaneous fluores-
cence of the Nd3� ions in the microsphere.

The simulated dependence of the position of the TE and TM
modes on the variation of the outer (silicone) and inner (BTS)

Fig. 1. Spectrum of a microsphere obtained at the center of the
microsphere (in black), which shows the broad 4F3∕2 → 4I9∕2 band
emission of Nd3� ions in the BTS glass, and spectrum obtained at the
air–microsphere boundary (in red), which shows the characteristic
WGM pattern.

Fig. 2. Picture of the pressure chamber inside the diamond anvil cell
at visible light (Left), in which the microsphere and the ruby chips
(labeled R1–R5) employed as pressure gauges are clearly observed.
Fluorescent image (false color) of a microsphere with a radius about
20 μm in air (Right), illuminated by a 532 nm laser and showing the
Nd3� luminescent emission between 880 and 900 nm.
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refractive indexes and the radius of the microsphere with
pressure was estimated from Eq. (4) using the parameters
fitted in the previous step (nS , RS , and l). On the other hand,
the value of the refractive index of the medium given by the
fabricant is n0 � 1.30 at 550 nm, but the value of n0 � 1.25
at 890 nm achieved a better fitting to the positions of the
resonances at the initial pressure, where the changes of the
wavelength are attributed only to the change of the outer
refractive index from air to the silicone oil.

These three parameters were varied considering the data
found in the literature regarding the elastic coefficients of
the BTS glass [17] and the photoelastic coefficient of a similar
glass [18]. This was done in order to analyze the effect of the
pressure on the parameters.

As shown in Fig. 3 (top), changing the radius of the sphere
from 19.8 to 20.2 μm caused the resonant peak positions to

suffer a red-shift of around 15 nm, while the TM–TE wave-
length gap was nearly constant. The main effect of pressure
is to reduce the volume of the microsphere; thus, it is
expected that the radius will decrease when the pressure
increases, thereby producing a net blue-shift of the resonance
emission peaks.

The effects of changing the refractive index of the sphere
from 1.69 to 1.72 on the resonances are depicted in Fig. 3
(central). Also, there was a nearly linear red-shift when
increasing the refractive index, although it was possible to
appreciate a small difference between the wavelengths of
the TM and TEmodes that increased with the refractive index.
As the pressure increases, the refractive index should
increase, which means that the resonances would shift to
longer wavelengths; thus, a red-shift is expected when the
pressure is increased when considering only this effect.

If the refractive index of the pressure transmitting medium
was increased from 1.30 to 1.4, as shown in Fig. 3 (bottom),
the TE and TM resonances displayed opposite shifts, i.e.,
while the TE modes were red-shifted, the peaks of the TM
modes were blue-shifted. As the movements were nearly sym-
metric, it is possible to compute the combined displacement
of the two modes by:

λAVG � λTE�l� � λTM�l�1�
2

: (7)

It is worth noting that this result predicts that the average
wavelength is nearly independent of the surrounding media
and has a maximum deviation of around�0.3 nm in the simu-
lated range of the outer refractive index. This is quite interest-
ing since it allows obtaining the pressure sensitivity parameter
independently from the pressure transmitting medium em-
ployed, at least for some particular values of the outer and
inner refractive index. Taking this fact into account in this
study, the sensitivity given by Eq. (5) becomes independent
of no, as was stated, and it is possible to introduce the λAVG
in Eq. (5) in order to obtain an averaged sensitivity SAVG.

Therefore, the radius and the refractive index of the
microsphere affect the average position of the TE and TM
resonances.

The experimental positions of the centroids of the TE and
TM resonant peaks as a function of the rising pressure, from
ambient conditions up to 5 GPa, are shown in Fig. 4. On the
plot, it is possible to observe the net shift to blue of the

Fig. 3. Simulated positions of the resonances using Eq. (4) where the
parameters are ns � 1.71, Rs � 20 μm, and no � 1.25. The parameter
of the x axis varies by 2% from the nominal value. (Top) Variation of
the spheres radius. (Central) Variation of the refractive index of the
sphere. (Bottom) Variation of the refractive index of the outer
medium. Red line is the TE230, black line is the TM231, and blue line
is the λAVG given by Eq. (7).
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Fig. 4. Positions of the resonances at rising pressures. Black data
correspond to the TM modes and red data to the TE modes.

Martin et al. Vol. 30, No. 12 / December 2013 / J. Opt. Soc. Am. B 3257



resonances, which is not perfectly linear and contains some
differences on the distance of the TE and TM modes.

The average wavelength position obtained using Eq. (7) can
be observed in Fig. 5; the results show a clear shift to blue with
a slope of around −0.58 nmGPa−1 and a zone of nonlinear
behavior found at about 3.5 GPa that could correspond to
a change in the outer medium. According to the previous sim-
ulations, the average wavelength was nearly independent of
the surrounding medium and the blue-shift indicates that
the change in the radius of the microsphere predominates
over the change of its refractive index. However, as it will
be justified below, both contributions are needed to explain
the results shown in Fig. 5.

The displacement produced in the wavelength is com-
pletely reversible, and the position of the peaks returns to
its initial value when the pressure is released to its initial
value. Although the experimental limitations of our DAC do
not allow for a smooth decrease of the pressure, some points
of the round trip to 0 GPa were measured and added as red
dots to Figs. 5 and 6, thereby proving that the changes in
radius and refractive index were completely elastic.

Since the bulk modulus K of the BTS glass is known [17], it
is possible to deduce the dependence of the radius of the
sphere as a function of pressure, i.e.,

1
RS

·
∂RS

∂P
� −

1
3K

� −57 × 10−4 GPa−1: (8)

However, this dependence must be considered as a first
approximation because the mechanical elastic K property
could also depend on the pressure. Moreover, if only this
dependence with pressure is considered in Eq. (5), a larger
shift for the average wavelength, compared to the experimen-
tal values obtained in Fig. 5, is expected.

As already mentioned, it is expected that the pressure pro-
duces an increase of the refractive index of the microspheres,
and consequently, a red-shift to longer average wavelengths
[see Fig. 3 (central)]. Therefore, in order to explain the exper-
imental dependence shown in Fig. 5 (with a slope of about
−0.58 nmGPa−1), and taking into account Eq. (8), the depend-
ence of the refractive index of the sphere with the pressure
could be obtained from Eq. (5), i.e.,

∂nS

nS∂P
� 0.0047 GPa−1; (10)

giving rise to a dependence for the refractive index of the mi-
crosphere quite similar to those obtained in other matrices [18].

Finally, using Eq. (5) and the results obtained in Eqs. (8)
and (9), a value of 6.5 × 10−4 GPa−1 was obtained for the
average sensitivity. This value is slightly higher than 5.7×
10−4 GPa−1, which corresponds to the sensitivity of the ruby
obtained using the Piermarini equation given by Eq. (1). As
previously mentioned, this average sensitivity depends only
on the physical properties of the microsphere itself, and it
is independent of the properties of the pressure transmitting
medium employed given the particular values of the inner and
outer refractive index.

Another interesting parameter of the TE and TM resonan-
ces is the FWHM as a function of pressure, which is shown in
Fig. 6 with black dots for increasing pressure and red dots for
decreasing pressure. The limit of resolution in our experiment
was 0.3 nm, and it is the value observed for FWHM up to
around 1.5 GPa. At higher pressures, the FWHM had a growing
behavior that can be attributed to many phenomena, but the
most reasonable explanation is that it was caused by the effect
produced by inhomogeneous pressure due to nonhydrostatic-
ity of the silicone media.

First, it is important to remark that the pressure measured
along the chamber by the rubies leads to a difference of about
20% at 5.3 GPa, which indicates nonhydrostaticity in the pres-
sure chamber. This result indicates, beyond experimental
errors, that the pressure is not perfectly hydrostatic in this
silicone medium. It is a well known effect that the ellipticity
on an optical resonator can increase the FWHM of the
resonances. This ellipticity, which can be produced by elastic
deformations of the sphere under inhomogeneous pressure,
can induce an apparent broadening of the resonances. This
is supported by the Figs. 6 (Top and Bottom), which corre-
spond to the spectral images of the same resonance at
ambient and 5 GPa, respectively; the results show that the
broadening is different along the spatial axis of the image.

The abrupt point about 3.5 GPa is in good agreement with
other studies on similar silicone medium that show nonhydros-
taticity using the broadening of the ruby emission lines [16].

It is remarkable that although the resonances were
undistinguishable at pressures above 5.3 GPa, this process
is completely reversible and the FWHM decreased to its initial
value of 0.3 nm when the pressure decreased to its initial
value, as the red dots show.
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Fig. 5. Average positions of the TE and TM resonant peaks obtained
using Eq. (7). Black dots show the positions of rising pressures and
red dots show the decreasing pressure positions. Red dashed line is
the linear fit of the rising data.

Fig. 6. Full width at half-maximum of the resonances at various pres-
sures for the TM modes with error bars; in black the rising pressures,
in red the decreasing pressures (Left). Spectral image of one reso-
nance (Right, Top) centered about 876 nm at the lowest pressure
(0.1 GPa) and (Right, Bottom) centered about 872 nm at the highest
pressure (5.2 GPa).
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5. CONCLUSION
The resonant WGM of Nd3�-doped glass microspheres were
studied as a function of pressure inside a DAC up to 5 GPa
by using a silicone oil as the pressure transmitting medium.
It was found through simulations that, under experimental
conditions, the average wavelength of the TE and TM modes
does not depend on the refractive index of the silicone oil,
which makes this average wavelength a good candidate for
an optical pressure sensor. Furthermore, the resonances
spectral width reveals interesting behavior as a nonhydrosta-
ticity gauge.
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