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1 1. INTRODUCTION

Laser sources with desirable polarization states are
of great interest for many applications. For example,
linear polarized laser sources are of great important in
nonlinear frequency conversion [1], materials micro�
structure analysis [2], laser beam combining, and so
on, circular polarized laser sources are of high interest
in chemistry and biology for detecting molecules
exhibiting circular dichroism [3, 4]. However, lasers
are mostly linearly polarized, which is determined by
the optical selection rules of the gain media which
usually exhibit anisotropic properties [5, 6]. Other
states of polarizations proved difficult to achieve.

Conventionally, manipulation of the polarization
states of a laser output is conducted externally using
bulky and expensive optical components such as
beam�splitting polarizer and wave plates. These opti�
cal components make the laser system more complex
and difficult to maintain. Some special design of coat�
ings and apertures were used to obtain different polar�
ization states of laser output [7, 8], especially recently
reported polarization manipulated laser output from a
semiconductor laser with integrated plasmonic polar�
izers on the laser emission facet [9]. It is well�known
that the beam quality is not good in semiconductor
lasers and pulsed lasers are difficult to achieve. Micro�
chip lasers offer another effective way to achieve good
beam quality and combine with other optical compo�
nents to achieve pulsed lasers and efficient nonlinear
frequency conversion. However, polarizations manip�

1 The article is published in the original.

ulation of microchip lasers has to be made using laser
crystals with anisotropic optical properties and using
external force such as special coatings, changing tem�
perature and pressure of crystals with isotropic optical
properties. Although different polarization states can
be achieved with special coating designs in microchip
lasers, the multi�layer coating design is weak under the
high laser intensity and is difficult to maintain high
power operation.

Yttrium aluminum garnet (YAG) is an attractive
laser host material because of its excellent thermal,
chemical and mechanical properties [10]. Yb:YAG has
been a promising candidate for high�power laser�
diode pumped solid�state lasers [11] owing to its
unique properties of easy growth of high doped con�
centration crystal. Temperature dependent emission
cross section of Yb:YAG materials [12] provides
another flexible design for efficient operation of cryo�
genically�cooled Yb:YAG lasers [13]. Highly efficient
intracavity frequency�doubled Yb:YAG lasers have
been demonstrated recently [14–17]. Frequency dou�
bling of Yb:YAG lasers at 515 nm matches the highest
power line of Ar�ion lasers, thereby leading to the pos�
sibility of an all solid�state replacement [18, 19]. Effi�
cient Cr,Yb:YAG self�Q�switched laser performance
have been achieved by bonding Yb:YAG crystal [20].
In the past decade, high quality transparent Yb:YAG
ceramics have been fabricated and efficient laser oper�
ation has been demonstrated [21]. Comparative inves�
tigation of laser performance of Yb:YAG ceramics and
crystals has been done and results show that Yb:YAG
ceramics provide comparable or better laser perfor�
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mance comparing to their counterpart Yb:YAG crys�
tals doped with different Yb concentrations[22]. Effi�
cient laser performance of heavy doped Yb:YAG
ceramics has been demonstrated recently [23, 24].
High power laser�diode pumped Yb:YAG lasers based
on Yb:YAG ceramics and crystals have been demon�
strated with different laser resonator configuration
[25–28]. Yb:YAG ceramics have been successfully
used to generate very�high order Laguerre–Gaussian
modes by using a simple short�focus plano�convex
glass lens [29] and circular modes by using a spherical
intracavity lens [30]. Efficient laser performance of
Yb:YAG crystals at room temperature without active
cooling of Yb:YAG gain medium has been obtained
with high pump power intensity at room temperature
[31, 32]. Efficient CW and Q�switched laser perfor�
mance of other ytterbium doped garnets such as
Yb:LuAG and Yb:Y3Sc2Al5O12 has also been demon�
strated [33–35]. Therefore, it is very important to find
an easy way to manipulate polarization states in rare�
earth doped YAG microchip lasers. Recently crystal�
line�orientation self�selected linearly polarization has
been observed in Yb:YAG microchip lasers [36]. How�
ever, the relationship between linearly polarized lasers
and crystal orientation of Yb:YAG crystal have not
known well, and at the same time the effect of polar�
ization states of commercial available laser diode on
the polarization state has not been investigated. Actu�
ally, the polarization state of pump beam is a very
important factor in polarization manipulated micro�
chip laser.

In this paper, manipulation of polarization states by
aligning crystal orientations of Yb:YAG crystal with
the major axis direction of elliptically polarized fiber�
coupled laser�diode was achieved in laser�diode
pumped Yb:YAG microchip lasers. Linear, elliptical
and circular polarization states of continuous�wave
laser output was observed by aligning the different ori�
entation crystal sites within the major axis direction of
elliptically polarized pumped beam from fiber�cou�
pled laser�diode. The effect of the polarization state of
pump source on the laser performance was investi�
gated and found the laser polarization state has certain
relationship with the polarization state of pump
source. However, the major factor for polarization
manipulated lasers is the crystalline�orientations of

three�fold symmetry of Yb:YAG crystal. The polariza�
tion direction of Yb:YAG microchip laser under dif�
ferent crystalline orientations was discussed with
respect to the rotation angles of Yb:YAG crystal along
laser propagation direction.

2. EXPERIMENTAL SETUP

A schematic diagram of experimental setup for
crystalline�orientations manipulated polarization
states of laser�diode pumped microchip Yb:YAG
lasers is shown in Fig. 1. An 1�mm�thick, plane�paral�
lel Yb:YAG single crystal plate doped with 10 at % Yb
ions was used as gain media. Yb:YAG crystals were
grown by Czochralski (CZ) method along the [111]
direction. One surface of the Yb:YAG plate perpendic�
ular to the [111] crystalline axis is anti�reflection�
coated at 940 nm and high reflection coated at
1030 nm to act as a cavity mirror of the laser. The other
surface of the Yb:YAG is coated with total reflection at
940 nm to increase the absorption of pump power and
partially coated with reflection of 90% at 1030 nm to
act as the other cavity mirror of the laser. The Yb:YAG
crystal was held together with a copper holder which
can be rotated around the axis of laser propagation
direction. The Yb:YAG sample is rotated counter�
clockwise in the step of 5°. A fiber�coupled 940 nm
laser�diode (LIMO35�F200�DL940) with a core
diameter of 200 μm and numerical aperture of 0.22
was used as the pump source. Two lenses with 8�mm
focal length were used to collimate and focus the pump
beam on the crystal rear surface and to produce a
pump light footprint in the crystal of about 160 μm in
diameter. The Yb:YAG microchip laser was operated
at room temperature without active cooling of the
active element. The polarization states of Yb:YAG
microchip lasers and laser�diode were measured by
using a Glan–Thomson prism and a power meter.

3. RESULTS AND DISCUSSION

The polarization states of laser�diode pump beam
used in the experiments were determined before the
polarization states of Yb:YAG microchip lasers were
measured. The polarization state of pump beam from
fiber�coupled laser�diode was measured and found

940 nm laser
diode

M1 M2

Yb: YAG Polarizer

Power meter

Fig. 1. Schematic diagram of experimental setup for measuring crystalline�orientation dependent polarization of continuous�
wave Yb:YAG microchip laser. M1 and M2 are the focus lens used in collimating pump beam.
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that the pump beam exhibits elliptical polarization.
The major axis direction of the elliptically polarized
pumped beam is 28° with respect to the x�axis of
polarizer, as shown in Fig. 2. And the ratio of major
axis to the minor axis of the elliptically polarized pump
beam was determined to be 1.5.

First, the relationship between linearly polarization
states of Yb:YAG microchip lasers and crystalline�ori�
entations in Yb:YAG crystal was determined by mea�
suring the polarization states under different crystal
orientations through rotating Yb:YAG crystal counter�
clockwise. Under longitudinal pumping along [111]
direction of Yb:YAG crystal, the laser propagates
along the same direction, the electronic field victor is
perpendicular to [111] direction and is in (111) plane.
The relationship between crystalline orientations in
Yb:YAG crystal and the polarization states of 〈111〉�
cut Yb:YAG crystal microchip lasers was investigated
by rotating Yb:YAG crystal along [111] direction. Fig�
ure 3 shows the schematic rotation of Yb:YAG crystal
and the possible polarization direction of Yb:YAG
lasers in (111) plane of Yb:YAG crystal. x and y are the
axes of Glan–Thomson polarizer. α is the rotation
angle of Yb:YAG crystal with respect to the polariza�
tion direction of pump beam and the start rotation
angle of Yb:YAG crystal is set to be parallel to the
major axis direction of the elliptically polarized pump
beam, Ep. θ is the possible polarization direction of
Yb:YAG lasers, El.

The Y3Al5O12 (YAG) crystal has cubic symmetry

with space�group (Ia3d) and eight formula units

per unit cell. The Y3+ ions occupy six crystallographi�
cally equivalent but orientationally inequivalent sites
with dodecahedral point symmetry (D2 point group).

Oh
10

For Yb:YAG crystal, Yb3+ ions normally substitute for
the Y3+ ions and experience the same D2 symmetry.
Owing to the radius of Yb3+ ions is close to that of Y3+

ions, the doping concentration of Yb3+ ions can reach
up to 100 at % to form YbAG crystal. Figure 4 sche�
matically shows the three�fold symmetry of Yb:YAG
crystal, six sites with different orientations in cubic
YAG doped with Yb3+ lasants and their relationship to
the axes XYZ of the unit cell, where x, y, and z are
labels for the local axes for the D2 symmetry of site 1.
The local axes x are parallel to the cubic axes of the
unit cell, while the axis y and z are parallel to the face
diagonals. There are six local sites in Yb:YAG crystal.
The transition dipoles necessarily lie along either x, y,
or z, depending on the electronic states, according to
the selection rules for electric and magnetic dipole
transitions in D2 symmetry. Since the local x, y, z axes
of the six sites are oriented differently from each other,
the six sets of dipoles (arising from the six sets of Yb3+

sites) will also be oriented differently, even though the
sites are crystallographically equivalent. The pump
and laser beam is along 〈111〉 direction of Yb:YAG
crystal, electric states of laser beam have to be within
(111) plane.

The polarization states manipulation of Yb:YAG
microchip continuous�wave laser was done by choos�
ing the different crystalline�orientations in Yb:YAG
crystal. In sites with D2 symmetry, the intensities of
transition dipole moment along the three inequivalent
Cartesian axes are different; consequently, polarized
pump light will drive various sites differently. Similarly,
the laser fields with a specific polarization will “burn
down” the population inversion differently, therefore,
different polarization states will be observed.

For convenience, site 1 of Yb:YAG crystal (as
shown in Fig. 4) was aligned to within the major axis
direction of elliptically polarized pump beam and was
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Fig. 2. Measured polarization state of fiber�coupled laser�
diode used in the experiment, solid symbols are the exper�
imental data, solid�line is the fitting with elliptical func�
tion.
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Fig. 3. Schematic diagram of crystal rotation and polariza�
tion of Yb:YAG microchip laser. Ep and El are the polariza�
tion direction of pump and laser beam; α is the rotation
angle of Yb:YAG crystal with respect to the polarization
direction of pump beam, θ is the polarization direction
with respect to the x�axis.
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denoted as the start point of Yb:YAG crystal rotation
angle (as shown in Fig. 3). In this case, the crystalline�

orientation of [ ] in (111) plane or the project of
[110] on (111) plane of Yb:YAG crystal was set to be
parallel to the major axis direction of the elliptically
polarized pump beam. When Yb:YAG laser oscillates,
the polarization state of the Yb:YAG microchip laser
was measured and found that polarization state is lin�
early polarized and the polarization direction was
measured to be 90° with respect to the x�axis of Glan–
Thomson polarizer, as shown in Fig. 5. Further rotat�
ing of Yb:YAG crystal counterclockwise, linearly
polarized laser output was obtained when site 6 of
Yb:YAG crystal (as shown in Fig. 4) was aligned to
within the major axis direction of the elliptically polar�
ized pump beam. At this case, Yb:YAG crystal was

rotated 30° counterclockwise and [ ] in (111) plane
was parallel to the major axis direction of the ellipti�
cally polarized pump beam. The direction of linearly
polarized laser was measured to be 120° with respect to
x�axis as shown in Fig. 5. Linearly polarized laser out�
put was observed when the Yb:YAG crystal was further
rotated 90° to 120° with respect to the major axis
direction of the elliptically polarized pump beam, the
direction of linearly polarized laser was measured to be
35° (or 215 degrees). At this crystal orientation, the
site 5 of Yb:YAG crystal was aligned to be parallel to
the major axis direction of the elliptically polarized
pump beam, as shown in Fig. 4. The linearly polarized
laser output was observed in laser�diode pumped
Yb:YAG microchip lasers when the Yb:YAG crystal
was rotated to 150°, 240°, and 270° with respect to the
major axis direction of the elliptically polarized pump

112

101

beam. At these crystal orientations, the sites 4, 3, and
2 of Yb:YAG crystal was aligned to be within the major
axis direction of the elliptically polarized pump beam,
respectively. The direction of linearly polarized lasers
were measured to be 250° (or 70°), 330 degrees
(150°), and 360° (or 0°), respectively. The observed
linearly polarized lasers under different sites of
Yb:YAG crystal pumped with elliptically polarized
pump beam are separating 30 and 90°, exhibiting
three�fold symmetry, which is in good agreement with
our previous results of crystalline�orientation self�
selected linearly polarization Yb:YAG microchip laser
[36] and the three�fold symmetry of rare�earth doped
YAG crystals [37, 38]. From Figs. 4 and 5, we can see
that six orientationally different crystal sites are
responsible for the linearly polarization oscillation in
Yb:YAG microchip lasers under elliptically polarized
pump beam when these sites of Yb:YAG are aligned to
be within the major axis direction of the elliptically
polarized pump beam. From the crystal field of three�
fold symmetry of Yb:YAG crystal (as shown in Fig. 4)
and the linearly polarized laser output under different
crystal orientations (as shown in Fig. 5), the linearly
polarized laser output from laser�diode pumped
Yb:YAG microchip lasers was attributed to the dipole
moment from these different sites when these six dif�
ferent crystal orientation sites was aligned to be paral�
lel to the major axis direction of the elliptically polar�
ized pump beam.

Except for six sites of Yb:YAG crystal responsible
for linearly polarized laser output, generally, the laser
output of Yb:YAG microchip lasers was measured to
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Fig. 5. Linear polarization of continuous�wave Yb:YAG
microchip laser as a function of polarizer rotation angle for
six different crystal rotation angles along [111] direction of
Yb:YAG crystal. The symbols show the measured data and
solid lines show the cosine square function fitting.
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Fig. 4. Orientation of the six orientationally inequivalent
sites of the Yb3+ ions in YAG crystal lattice. Each lozenge�
shape parallelepiped represents the local D2 symmetry for
a subset of sites. The x, y, and z axes are the local axes of
site 1. Experiments were carried out with light propagating
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be elliptically polarized. Most interesting phenomena
in present laser�diode pumped Yb:YAG microchip
laser experiment is that circular polarization was also
observed when the Yb:YAG crystal was rotated 135°,
at this position, the major axis direction of the ellipti�
cal polarized pump laser was aligned between two
crystal sites (site 5 and site 4), which are responsible
for linearly polarized laser output. Figure 6 shows
some typical elliptical polarized states and one circular
polarized state obtained in Yb:YAG microchip lasers
when the Yb:YAG crystal was rotated to 130°, 135°,
and 140°, which is between two linearly polarization
states at 120° and 150°. The elliptical polarization
state is the general polarization in laser�diode pumped
Yb:YAG microchip lasers, linearly polarization and
circular polarization state are two special cases requir�
ing the transition dipole moment of Yb:YAG crystal in
(111) plane satisfying the three�fold symmetry of D2 in
YAG crystal. Therefore, the manipulation of polariza�
tion states in laser�diode pumped Yb:YAG microchip
lasers is achieved by adjusting the crystal orientations
in Yb:YAG crystal.

Polarization direction of different polarization
states was also measured when Yb:YAG crystal was
rotated. The polarization direction of Yb:YAG micro�
chip lasers was plotted as a function of Yb:YAG crystal
rotation angle, as shown in Fig. 7. The direction of
polarization increases linearly with rotation angle of
Yb:YAG crystal. This mean that the direction of differ�
ent polarization states is kept constant with respect to
the sites of Yb:YAG crystal. When the polarization
state of elliptically polarized pump beam is kept the
same direction, the polarization direction of micro�

chip laser increases linearly with rotation angles of
Yb:YAG crystal. The linear relationship between
polarization direction of Yb:YAG microchip lasers
and the rotation angle of Yb:YAG crystal shows that
the polarization states of elliptically polarized pump
beam have little effect on the polarization states of
〈111〉 Yb:YAG microchip lasers. The polarization
states of 〈111〉 Yb:YAG microchip laser is govern by the
different orientations of three�fold symmetry of
Yb:YAG crystal. From 120° to 170° of rotating
Yb:YAG crystal, the polarization direction does not
increase linearly with rotation angle of Yb:YAG crys�
tal. However, the circularly polarized laser output was
observed in this region. At present the mechanism of
such variation of polarization direction with rotation
angle of Yb:YAG crystal is not clear and it will be clar�
ified later.

4. CONCLUSIONS

In summary, we have achieved crystalline�orienta�
tion selected polarization states manipulated laser
operation in laser�diode pumped microchip Yb:YAG
continuous�wave lasers. Elliptically polarized laser
output is the general case in laser�diode pumped 〈111〉
Yb:YAG microchip lasers. Six linearly polarized laser
output were obtained by setting six different orienta�
tion sites to be parallel to the major axis direction of
elliptically polarized pump beam. Circularly polarized
laser output was observed when the crystalline orienta�
tion of Yb:YAG crystal was set between sites 4 and 5.
The polarization direction of different polarization
states from 〈111〉 Yb:YAG microchip lasers increases
linearly with the rotation angles of Yb:YAG crystal.
The polarization direction is kept unchanged with
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Fig. 6. Observed elliptical and circular polarization laser
output. The symbols show the measured data and solid
lines show the cosine square function fitting.
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Fig. 7. Measured polarization direction of Yb:YAG micro�
chip laser at different crystal rotation angles. The polariza�
tion direction of pump source is along 28° with respect to
the x�axis.
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respect to the crystalline orientation under elliptically
polarized laser pumping.

Our experimental results on manipulated polariza�
tion states, by choosing different crystalline orienta�
tion sites in Yb:YAG crystal open up a variety of fur�
ther prospects. Having polarization manipulations
available that are sufficient for independent combina�
tions allows the design of new set�ups. For example,
isotropic passively Q�switched elements could provide
pulse modulations, and a crystalline�orientation
selected polarization manipulated laser gain medium
could realize polarization states manipulation, allow�
ing high pulse energy, high peak power achievable, at
the same time keeping desirable polarization through
selecting the suitable orientation in rare�earth doped
YAG crystals. Furthermore, it might be advantageous
to take advantage of the modern transparent ceramic
technology and microchip solid�state lasers for
numerous proposed applications. It could avoid limi�
tations where rare�earths doped YAG crystals are sug�
gested as the isotropic cubic structure and extra optical
elements are needed for polarization manipulation.
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