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Defect-induced stress has been mapped in optical-grade synthetic diamond (chemical vapor deposition grown,
low nitrogen, low birefringence) using Metripol polarimetry, Mueller polarimetry, and Raman microscopy. Large
circular retardance was observed in the 8 mm long h110i cut crystal with values up to 28° for some paths along the
major axis. Metripol-determined values for linear birefringence magnitude and fast-axis direction in such regions
have significant error. Stress-induced shifts in Raman frequency were observed up to 0.7 cm−1, which we deduce
result from uniaxial and biaxial stresses up to 0.86 GPa. We also elucidate the effect of stress on diamond Raman
laser performance. For high cavity Q Raman lasers, the direction of the linear birefringence axis is found to be a
primary factor determining the laser threshold and the input–output polarization characteristics. © 2016 Optical

Society of America
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1. INTRODUCTION

Diamond is an extreme material that has a suite of properties of
interest for applications in optics such as in nanophotonics and
optomechanics, intracavity heat spreaders, high-power laser
windows, synchrotron and x-ray optics, quantum information
processing, and Raman lasers [1–9]. High thermal conduc-
tivity, a wide bandgap, high Raman gain, and a wide transmis-
sion window are a few of its outstanding properties pertinent to
optical and photonic applications. In recent years, advances in
synthesis by chemical vapor deposition (CVD) has enabled pro-
duction of material with reduced impurity content and lower
residual stress [10–12] and has been an important driving factor
for a range of new optical applications. Nevertheless, stress in
diamond, an isotropic crystal, plays an important role in influ-
encing the behavior of polarization-sensitive devices [2,13,14].
To date, characterization of defect-induced stresses built in
CVD diamonds have been reported using the Metripol method
[12], a simple and widely used technique for characterizing the
magnitude and direction of linear retardance [15,16]. However,
Metripol is unable to detect other polarization properties, such
as circular birefringence and dichroism, and its accuracy can be

compromised if these other polarization characteristics are also
present [16]. Stress also causes splitting and/or a shift in the
spontaneous Raman line in crystals via the piezo-Raman effect
[17–26]. A complete characterization of CVD diamond has not
been reported in the literature to date, despite the fact that these
are important for optimizing the performance of polarization-
dependent diamond devices.

In this paper, we have characterized stress effects in optical-
grade synthetic diamond using Mueller polarimetry, which
provides a complete characterization of the polarization proper-
ties of the sample [27,28], and Raman microscopy. Significant
circular retardance was observed in some locations within
the diamond, causing significant inaccuracies in the Metripol-
measured values for linear retardance. Raman microscopy
was used to determine the magnitude of stress and its
spatial distribution in the crystal. As an example of the effects
of stress in an optical device, the diamond was investigated as
the active medium in a continuous-wave (cw) Raman laser.
The behavior was characterized for several locations in the
diamond sample and correlated with the local birefringence
characteristics.
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2. CVD DIAMOND CHARACTERIZATION

A. Experimental Methods

1. Diamond Sample

The dimensions and crystallographic orientation of the dia-
mond sample are illustrated in Fig. 1. The sample was an 8 ×
4 × 1 mm CVD diamond (Raman-grade or “ultra-low birefrin-
gence,” Element Six Ltd) with nitrogen impurity of approxi-
mately 20 ppb and birefringence <10−5 perpendicular to
the growth direction (indicated also in Fig. 1). This crystal
was selected out of a batch of three as it contained the largest
variation of birefringence features as viewed through the long
direction of the sample. This direction is featured in our char-
acterization as it is also the direction of beam propagation in the
Raman laser experiments in Section 3.

2. Metripol and Mueller Polarimetry

The Metripol method was performed using an in-house system
to determine both the magnitude and direction of linear retard-
ance of the optical sample, the details of which are described in
Ref. [16]. It consisted of a collimated, narrow-band, incoherent
beam (in this case from an incandescent lamp, a 589 nm notch
filter, and a collimating lens) passing through a rotatable polar-
izer, the optical sample, followed by a quarter-wave plate and an
analyzing polarizer. The analyzing polarizer was set to 45° of the
fast axis of the quarter-wave plate and a 10 cm focal length lens
was used to image the end face of the diamond onto a CCD
camera (Spiricon SP620U).

The normalized intensity of the transmitted light after pass-
ing through the diamond and the polarization elements is given
by [16]

I
I 0

� 1

2
�1� sin 2�α −Φ� sin δ�; (1)

where α is the polarizer rotation angle,Φ is defined as the angle
between the linear retardance axis of the sample and the hori-
zontal, and δ is the magnitude of linear retardance. The trans-
mitted intensity as a function of rotatable polarizer angle is a
sine curve whose amplitude is sin δ and phase is Φ.

The polarizer was rotated in steps of 10°, and the transmitted
lightwas captured by theCCDcamera. The intensity recorded at
each pixel, corresponding to a specific location in the diamond,
was fitted to a sine curve as a function of α from which the
amplitude and phase values were extracted to provide the
magnitude and direction of linear retardance. We calculate
the measurement uncertainty in linear retardance to be �2.5°
(Δn � �5 × 10−7), due to imperfect polarizers and wave plates.

Mueller polarimetry, the principles of which are described
in Ref. [27], was performed using a commercially available
Mueller polarimeter (Exicor 150 XT from Hinds Instruments).
The instrument launches a variety of known polarization states
from a He–Ne laser (operating at 632.8 nm), polarizer, and
computer-controlled polarization modulating photoelastic ele-
ments. The modulated light passes through the length of the
sample whose polarization is further modulated by the birefrin-
gence in the sample. The instrument uses another pair of
photoelastic modulators along with a polarizer, and photodetec-
tor to analyze the transmitted state of polarization from the
sample under test corresponding to each launched state of
polarization. Through the Mueller analysis of the recorded data
(Ref. [27]), the system calculates all sixteen Mueller matrix
elements of the sample under test. Metripol and Mueller polar-
imetry are based on intensity variations as a function of polari-
zation and are therefore unaffected by scatter and absorption in
diamond. Dichroism is found to be negligible in all cases.

3. Raman Microscopy

Raman spectra were recorded as a function of position in the
sample using a confocal microscope equipped with a Raman
spectrometer (RenishawRM1000Micro-Raman spectrometer).
A 2400 lines∕mm grating and 50 μm slit provided 5 cm−1 spec-
tral resolution. The excitation source was a frequency-doubled
Nd:YAG laser with 532 nm output. A 50 × objective lens with
N.A. 0.75 provided a 1 μm probe beam spot size. A motorized
stage was used to raster the sample in the X–Y plane in 25 μm
step. To accurately determine the Raman shifts at each point in
the crystal, each spectrum was fitted using a Gaussian function,
thus enabling greatly enhanced resolution of the peak shift
measurement to 0.17 cm−1. Furthermore, averaging over many
pixels in a particular region of interest increased the effective
resolution of the peak position measurement to approximately
50–100 times greater than the Raman linewidth (depending
on the chosen sample area for averaging), thus enabling very
small shifts to be resolved.

B. Results and Discussion

1. Linear and Circular Birefringence

Figures 2(a) and 2(b) show maps of the magnitude and direc-
tion of linear retardance through the 1 × 4 mm end face ob-
tained using Metripol and Mueller polarimetry. The
qualitative features from the two methods are similar, showing
a complex birefringence pattern across the sample. Both mea-
surements reveal extended features in the growth direction in
the central region of the crystal, and to the right of center, with
linear retardance up to 55° (Δn up to 1.2 × 10−5) as measured
using Mueller polarimetry and up to 50° using Metripol. The
values obtained using Mueller are systematically higher or lower
than for Metripol, due to the contribution of circular retard-
ance as discussed below. The direction of linear retardance like-
wise varies markedly across the sample from −90° to �90°
showing some correlation with the linear retardance maps.
Also, as with the magnitude of linear retardance, the orienta-
tions obtained using Mueller depart significantly from those
obtained with Metripol in the central region of the
crystal. Figure 2(c) shows the circular retardance map measured

Fig. 1. Dimensions and crystallographic orientation of the diamond
sample.
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using Mueller polarimetry. Significant circular retardance of up
to 28° was measured at different locations in the sample. Some
circular retardance is expected as the equivalent optical element
for the path through a medium with varying magnitude and
direction of linear retardance can be reduced to a single wave-
plate and rotator [29,30]. It is interesting, however, that the
magnitude of circular retardance is up to approximately half
of the maximum linear retardance observed in the crystal.
Of the other polarization characteristics measured using
Mueller polarimetry (e.g., linear and circular dichroism), none
were detected in significant quantities in this sample.

2. Effect of Circular Retardance on Metripol Measurements

In order to quantify the effect of circular retardance on the ac-
curacy of the Metripol-determined linear retardance, we intro-
duce circular retardance χ into the Jones matrix of the sample
under test, which for χ < δ∕2 can be expressed as [16]

M �
"
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2 −2χ
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δ e
−iδ
2

#
: (2)

Thus, the Jones matrix that describes the transmitted inten-
sity through the entire Metripol setup becomes
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where

θ � α −Φ: (4)

In this case, when the normalized intensity of the exiting beam
is plotted against the rotation angle of the polarizer, there is a
change in amplitude and phase of the sine curve which in turn
affects the Metripol-measured magnitude and direction of
linear retardance. Figure 3 shows the shift in magnitude and
direction of linear retardance with circular retardance. The
magnitude and direction of linear retardance increases with
positive circular retardance and decreases with negative circular
retardance. For example, for a region in the diamond having
maximum linear retardance magnitude of 55° oriented at 75°
and circular retardance of 25°, the Metripol-determined values
for the magnitude and orientation of the linear retardance are
53° and 60°, respectively. Accordingly, in the Metripol birefrin-
gence map of Fig. 2(a), areas that have significant circular
birefringence have errors attributable to circular birefringence
of up to 5° in magnitude and 27° in orientation. In the central
region of the crystal (the region of the crystal marked as D), the
Metripol-determined values of magnitude and direction of
linear retardance is found to be higher than Mueller-
determined values because of negative circular retardance in
this area as is evident from Fig. 3.

3. Birefringence and Piezo-Raman Effects for the (001)
Face

In order to elucidate the cause of birefringence observed
through the [110] face, the stress pattern for the major face of
the crystal was revealed using Metripol polarimetry and Raman
microscopy, as shown in Fig. 4. The Metripol polarimetry tech-
nique was used here as we were primarily interested in the stress
distribution through the [110] face rather than the details of
each Mueller matrix component. The linear and circular bire-
fringence of Fig. 2 is the result of the integrated effect of
stressed regions distributed along the 8 mm length. The mag-
nitude of linear retardance [Fig. 4(a)] shows a complex pattern
with values up to 60°. This corresponds to Δn values up to
1.1 × 10−4 which, as expected for the line-of-sight along the
growth direction, is an order of magnitude higher than in
the perpendicular direction [10,12]. Again, the magnitude

Fig. 2. Metripol and Mueller polarimetry-obtained values of (a) lin-
ear retardance magnitude and (b) direction. (c) Circular retardance
obtained from Mueller polarimetry. Positive and negative values
correspond to dextro and levo rotation, respectively. 0° represents
the [110] (horizontal in figure) direction. The black circles A, B,
C, D, E, and F mark the six regions that were characterized under
Raman laser operation. The circle (0.3 mm diameter) indicates the
uncertainty in location of the laser spot.
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and direction maps show some correlation. Stress features
aligned along the [010] direction are observed on the left-hand
side of the image. A notable feature with twofold symmetry is
observed on the right-hand side slightly above center.

Stress may also cause splitting and/or a shift in the Raman
line in crystals [17–26] depending upon the magnitude of the
stress tensor components. Figure 4(c) shows the Raman fre-
quency shift for backscattering along the [001] direction.
No broadening of the peak is observed within the measurement
uncertainty, indicating that the sampling volume is smaller than
the granularity of the stress pattern. The shift in Raman peak is
calculated with respect to the minimum stress value obtained at
the bottom left-hand side of the birefringence map. A similar
map is obtained for the laser focused 0.5 mm below the sample
surface, indicating that the map is representative of the stress
field throughout the 1 mm thick sample. Positive and negative
shifts in frequency were observed, but the individual spectra
showed no splitting of the Raman line. This is consistent with
the polarization selection rules for Raman scattering, where
only a singlet peak is observed for backscattering from a
(001) surface in the cases of uniaxial or biaxial stresses acting
in the (001) plane [19]. In diamond, positive and negative
shifts correspond to compressive stress and tensile stress, respec-
tively [23,26,31]. The Raman frequency map contains features
that correspond to the two main features in the Metripol im-
ages; stress features that are elongated in the [010] and [100],
and a region of large frequency shift that coincides with the
twofold symmetric pattern (in the right-hand side above
center). It is interesting to note that this latter region has
the largest frequency shift while having relatively low birefrin-
gence. The peak shift is �0.7 cm−1, which is approximately
half the Raman linewidth in diamond, 1.5 cm−1 [32–34].
On average along the length of the crystal, the magnitude of
the shift is less than 0.13 cm−1. Since this is a small fraction
of the Raman linewidth of diamond and the region only occu-
pies a minor portion of the total length, we do not expect a

significant stress-induced decrease in the Raman gain of this
crystal for beams propagating along [110].

The correspondence between birefringence and Raman
frequency shift can be understood by considering the piezo-
Raman and piezo-optic tensor in diamond. The change in
dielectric impermittivity due to an applied stress σij is given
by [35]

ζij � πijklσkl i; j; k; l � 1; 2; 3; (5)

where πijkl is the fourth-rank piezo-optic tensor. For a biaxial
stress, Eq. (5) (in the abbreviated notation) becomes

Fig. 3. Shift in Metripol-measured magnitude and direction of lin-
ear retardance as a function of circular retardance. Black and red solid
lines indicate the shift in linear retardance direction with circular re-
tardance for δ � 30° and δ � 60°, respectively. Black and red dashed
lines indicate the shift in linear retardance magnitude with circular
retardance for δ � 30° and δ � 60°, respectively.

Fig. 4. (a),(b) Magnitude and direction of linear retardance across
(001) plane obtained from Metripol (0° represents [110] direction),
and (c) Raman peak shift map measured by backscattering from
the (001) plane.
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where the birefringence Δn is given in terms of ζλ as

Δn �
�
n0 −

n30
2
ζ1

�
−

�
n0 −

n30
2
ζ2

�
; (8)

which when viewing along [001] becomes

Δn � n30
2
�σ22 − σ11��π11 − π12�: (9)

Thus, the birefringence due to biaxial stress is proportional to
the difference between the stress components σ11 and σ22.

In contrast, the shift in Raman frequency ΔωR due to
biaxial stress is proportional to the sum of the stress compo-
nents [20]:

ΔωR � 1

2ω0

��σ11 � σ22��pS12 � q�S11 � S12��� (10)

� −8.1576 × 10−10�σ11 � σ22�; (11)

where p and q are the phonon deformation potentials, and S11
and S12 are the elastic compliance tensor components.
Evaluation of Eq. (11) enables the stress values to be deter-
mined. The values of p and q were calculated from the mode
Gruneisen parameter γG and the factor �p − q�∕2ω2

0 given in
Ref. [36]. The values of S11 and S12 were calculated from the
elastic stiffness constants C11 and C12 given in Ref. [37].
The maximum frequency shift of �0.7 cm−1 corresponds to
biaxial stress �σ11 � σ22� of 0.86 GPa. Regions of the crystal
with negative frequency shift indicate the action of tensile
biaxial stress.

Hence, the region of low Δn and high ΔωR of the twofold
symmetric pattern is consistent with a transversely isotropic
stress field (σ11 approximately equal to σ22) in the (100) plane.
For uniaxially stressed regions (σ11 or σ22 approximately equal
to 0),ΔωR increases with Δn which is consistent with scenarios
on the left-hand side of the crystal.

3. EFFECTS ON RAMAN LASER BEHAVIOR

The combination of diamond’s high Raman gain coefficient,
damage threshold, and thermal conductivity, along with its
low thermal expansion coefficient and wide transmission band,
has led to the development of Raman lasers featuring outstand-
ing output power capability approaching kW [13], high
efficiency [38–43], and wide wavelength operating range
[7,42,44–46]. However, understanding absorption losses and
impurities, especially those of nitrogen, is important to laser

design and optimization [7]. In cw Raman lasers in particular,
minimization of intracavity losses is crucial to attaining high
efficiency [7,10] due to their typically lower gain compared
to pulsed devices. Recently, the presence of small amounts
of birefringence has also been found to perturb performance.
Furthermore, the polarization behavior of cw Raman lasers has
been found to substantially deviate from that predicted from
the Raman tensors, an effect that has been proposed to be
due to stress-induced birefringence in the diamond [13,14].
In order to gain a more complete picture of Raman laser
optimization, the effect of birefringence on laser performance
is investigated here in detail.

The Raman gain coefficient is dependent on pump and
Stokes polarizations according to [47]

g s � k
X3
i�1

�epRies�2; (12)

where the Raman tensor components R1, R2, and R3 corre-
spond to triply degenerate F 2g vibrational modes of diamond
[48], and ep and es are the pump and Stokes polarization unit
vectors, respectively. The proportionality constant k is given by
k � 4π2Nωs∕nsnpc20mωRΓ, where N is the number density of
molecules, ωs is the angular frequency of the Stokes photons, ns
and np are the refractive indices of diamond at the Stokes and
pump frequencies, respectively, c0 is the speed of light in vac-
uum, m is the reduced mass, and Γ is the Raman linewidth.

The Raman gain as a function of pump and Stokes polariza-
tions for beam propagation along the [110] direction is shown in
Fig. 5. The following behavior is shown: for a h110i-polarized
pump (labeled X in Fig. 5), the gain is uniform for all Stokes
polarizations. For small angles of pump polarization, the gain
has a maximum for a Stokes polarization near 45°. This
angle counter-rotates as the pump polarization angle is
increased. For a pump polarization of h111i, the Stokes polari-
zation is collinear and the Raman gain attains its maximum
value. Upon further rotation of the pump polarization, the
Stokes polarization continues to rotate until at X there is a flip
in the Stokes polarization of 90°. Such polarization dynamics
have been observed previously in a low-Q diamond Raman laser
pumped with nanosecond pulses [41] and in similar lasers [40]
investigated by some of the present authors when using diamond
samples from the same batch and possessing similar birefrin-
gence characteristics to the sample used in this report. In these
lasers, birefringence is not observed to influence the output
Stokes polarization. However, for cw diamond Raman lasers
in which the cavity Q is typically much higher, the circulating
Stokes field experiences a large number of round trips before
coupling out of the resonator. As a result, the influence of dia-
mond birefringence on the polarization of the Stokes beam is
increased leading to a substantial perturbation of the output
polarization from that predicted by the Raman tensors [13,14].

A. Experiment

The Raman laser threshold, Stokes output polarization, and
pump depolarization were studied as a function of pump
polarization for areas of the diamond sample that provide a
range of birefringence properties. Note that our current sample
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under test is of the same type as that typically used in previous
reports of cw diamond Raman lasers [13,14,38,39]

The diamond was placed on an X–Y–Z translation stage,
allowing different regions in the crystal to be investigated.
An IR camera was used to monitor the pump spot in the dia-
mond in order to correlate the position in the diamond with the
birefringence map, with an accuracy of 0.3 mm. The six regions
marked A, B, C, D, E, and F in Fig. 2 were selected as these
provided a range of δ, Φ, and χ values and was a sufficiently
large set to characterize the observed features in polarization
behavior. Regions A and F have the least amount of circular
retardance (2°); B, C, D, and E have circular retardance of
12°, 19°, −13°, and 17°, respectively, as shown in Fig. 2. The
magnitudes and directions of linear and circular retardance are
summarized in Table 1.

Figure 6 shows the experimental setup providing simultane-
ous characterization of the Stokes polarization, lasing threshold,
and pump depolarization. The pump source was a quasi-
cw-pumped Nd:YAG laser with horizontally polarized output

at 1064 nm, operating at 40 Hz repetition rate and 1% duty
cycle (pulse duration approximately 250 μs). Variable attenu-
ation of the pump beam was achieved with a rotatable half-
wave plate and a polarizing cube. The diamond laser cavity
was a 104 mm long near-concentric resonator consisting of
concave mirrors with 50 mm radii of curvature. The input cou-
pler was highly transmitting (>97%) at the pump and highly
reflecting (99.98%) at the 1240 nm first Stokes. The output
coupler was highly reflecting at the pump and provided
0.4% transmission at the first Stokes output wavelength. The
antireflection-coated diamond was placed in the center of the
cavity. A 50 mm focusing lens was used to focus the pump
beam into the middle of the diamond. A half-wave plate
(HWP 1 in Fig. 6) was used to rotate the injected pump polari-
zation. In the following sections, the polarization angles are
quoted with respect to the h110i direction. The total output
Stokes power was monitored using an InGaAs photodiode
(PD 1 in Fig. 6), while the degree and orientation of the
Stokes polarization were determined using a half-wave plate
and cube polarizer (rotating the half-wave plate and measuring
the extinction). The depolarized pump power was monitored as
a function of injected pump polarization as a check of the linear
retardance axis measured using the Metripol technique and
verifying the region in the diamond with respect to the bire-
fringence map. This was achieved by removing the input cou-
pler and measuring the backreflected, depolarized pump power
on a photodetector.

B. Results

Figure 7 shows the output Stokes polarization (top row), mea-
sured and calculated threshold (middle row), and pump depo-
larization (bottom row) as a function of pump polarization for
the four out of six regions shown in Fig. 2. The four regions
A–D were selected as they were representative of the polariza-
tion behavior seen in all regions. The Stokes polarization,
threshold, and pump depolarization for all the six regions
investigated are given in Table 1. In each case, the Stokes
polarization remains fixed to either of two orthogonal linear
polarizations depending on the pump polarization. For all re-
gions except D, the Stokes polarization is observed to switch
between the orthogonal polarizations at a point in the cycle.
The switching points, and the polarization directions, vary
substantially for each region. The threshold for the different
regions ranges from 18 to 55 W.

Fig. 5. Normalized Raman gain coefficient for propagation along
the h110i direction as a function of pump and Stokes polarizations.
Notable directions in diamond are represented by black dashed lines,
and the maximum scattering efficiency amplitude is shown by the
white loci.

Table 1. Summary of the Magnitude and Direction of Linear and Circular Retardance (Measured Using Metripol and
Mueller Polarimetry), Pump Depolarization, Stokes Polarization, and Minimum Threshold for the Crystal Locations A, B,
C, D, E, and F Indicated in Fig. 2

Region A Region B Region C Region D Region E Region F

Δn (Metripol) 1.4 × 10−6 2.5 × 10−6 4.5 × 10−6 7.2 × 10−6 2.2 × 10−6 4.8 × 10−6
Δn (Mueller) 1.6 × 10−6 3.9 × 10−6 5.3 × 10−6 6.7 × 10−6 3.1 × 10−6 5.2 × 10−6
Principle axis (Metripol) 40° 40° 46° 26° 43° 41°
Principle axis (Mueller) 45° 59° 71° 1.7° 59° 37°
Circular retardance (Mueller) 2.5° 12° 18.3° −13.2° 17° 2°
Depolarization axes — 40° 50° 30° 40° 40°
Stokes polarization 45° and 135° 50° and 140° 62° and 152° 178°-no flip 52° and 142° 34° and 124°
Minimum threshold 18 W 24 W 25 W 53.5 W 27 W 28 W
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For region A, which has low circular retardance (2.5°), the
linear birefringence axes obtained from Metripol (40°) and
Mueller (46°) are in fair agreement. The two Mueller-obtained
axes values closely match the two orthogonal Stokes polariza-
tions (45° and 135°). A similar behavior is also observed for
region F (Table 1). No significant pump depolarization was
observed for region A as expected because of the low linear
birefringence value (Δn � 1.6 × 10−6).

Regions B and C have significant circular retardance which
substantially perturbs the Metripol-determined linear retard-
ance direction. The direction obtained using the pump
depolarization measurement matches the Metripol measure-
ment as expected, since both measurements are unable to

deconvolve the contributions of circular and linear retardance.
For both the regions, the Stokes polarizations have directions
closer to the Mueller-determined linear retardance axis. From
Table 1, it can be seen that region E shows a similar behavior.

As for B and C, region D has large circular retardance and
thus also a large difference between the linear retardance direc-
tions obtained using Metripol (24°) and Mueller (2°) polarim-
etry. However, as the circular retardance is negative, the
Metripol-determined axis direction is overvalued in this case.
Region D is also unique in that the output Stokes polarization
state is constant at 178° for all pump polarizations. The reason
for this is explained in the following section.

C. Analysis and Discussion

The above results reveal that the Stokes polarization is fixed to
either of the axes of linear retardance. This is in stark contrast to
the case of low-Q (nanosecond-pulsed) diamond Raman lasers
whose polarization dynamics are dictated purely by the Raman
tensors. In regions of large circular retardance, it is found that
Mueller polarimetry is more suitable for predicting the output
Stokes polarization.

Using the measured directions of the lasing Stokes polariza-
tions, we have calculated the Raman laser threshold as a func-
tion of pump polarization according to the scattering efficiency
[Eq. (12)]. The middle row of Fig. 7 shows the measured
threshold (red and black rectangular markers) and calculated
threshold using the observed Stokes polarizations. The calcu-
lated threshold has been scaled to the measured threshold to
account for variations in diamond coating losses, surface
quality, and cavity alignment.

It is seen that the Stokes polarization is fixed to the retard-
ance axis that provides the highest gain according to the in-
jected pump polarization. For example, for A, the threshold

Fig. 7. Laser properties as a function of pump polarization for regions A, B, C and D. Top row: Stokes polarization (black and red triangular
marker) along with the linear retardance axis direction obtained by Metripol (black dotted line) and Mueller (green dashed line). Middle row:
threshold for the two orthogonal Stokes polarizations measured (black and red rectangular markers) and calculated (black and red dashed and
solid lines). The solid lines indicate the calculated threshold corresponding to the polarization state with the highest Raman gain. Bottom
row: pump depolarization (violet circular markers). As for the top row, the Metripol- and Mueller-measured linear retardance axis directions
are shown.

Fig. 6. Experimental arrangement for measuring laser threshold and
polarization characteristics: CP, cube polarizer; HWP, half-wave
plate; FL, focusing lens; IC, input coupler; OC, output coupler;
PD, photodiode.
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for 45° Stokes polarization is less than the threshold for 135°
for pump polarizations in the range 0° to 91°, whereas the
threshold for 135° Stokes polarization is less than for 45° for
pump polarizations in the range 92° to 180°. Hence, we observe
that the output polarization switches between birefringence axis
directions according to which has the highest gain. The same
behavior is observed for B and C (also for E and F). For D, the
threshold for 178° Stokes polarization is less than its orthogonal
Stokes polarization over the entire range of pump polarization
angles consistent with the absence of a transition in the
measured Stokes polarization.

The maximum scattering efficiencies for A, B, C, E, and F
are of a similar magnitude as their birefringence axes are closely
oriented to a h111i crystal direction. This is consistent with the
similar minimum threshold for these five regions (18–28 W).
The minimum threshold for D (50 W) is notably higher, par-
tially due to the Stokes polarization being well away from the
direction of maximum scattering efficiency. Note that slight
variations in the coating and surface quality at each location, as
well as precise alignment (which affects the pump/Stokes mode
overlap), also contribute to the spread of observed thresholds.

These results show that weak stress-induced birefringence in
the diamond crystal (Δn ∼ 10−6) affects the performance of cw
diamond Raman lasers (DRLs), fixing the Stokes output polar-
izations to the local birefringence axes and thereby determining
the maximum Raman gain coefficient achievable as a function
of pump polarization. As the Stokes polarization is fixed to the
local linear birefringence axis, pumping along h111i no longer
provides maximum gain in all cases but only when Stokes
polarization is aligned to h111i. Hence, if the birefringence axis
is not parallel to h111i, the gain coefficient is less than the
maximum achievable. Our results, for regions A–F and all other
regions investigated, show no clear correlation between the
magnitude of linear or circular retardance and DRL performance.

4. CONCLUSIONS

Here we have characterized the birefringence properties of sin-
gle-crystal, CVD diamond and elucidated the effects of bire-
fringence on cw Raman lasers. The sample showed significant
circular birefringence in addition to linear birefringence, and
thus the Mueller technique is a more appropriate tool for char-
acterizing the birefringence magnitude and direction of CVD
diamonds. We observed uniaxial and biaxial stresses in the
(001) plane leading to shifts in the Raman line up to 0.7 cm−1

and corresponding to stress values up to 0.86 GPa.
We have shown that the Stokes polarization in cw Raman

lasers is fixed to the local birefringence axes, in contrast to nano-
second-pulsed diamond Raman lasers for which the Stokes
polarization follows the maximum Raman scattering efficiency
predicted by Raman tensors. The greater susceptibility of cw
devices to birefringence is attributed to the much greater num-
ber of round trips for the Stokes beam through the diamond
medium. Since the Raman gain is dependent on both pump
and Stokes polarizations, the Raman gain is maximized for lo-
cations in diamond where the retardance axis and pump polari-
zation is aligned close to the h111i direction. These results have
implications for optimizing high-Q cavity diamond Raman

lasers and are expected to provide insights into the performance
and optimization of other diamond-based optical devices.
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