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Oyxaenust DJI, ONEHUTH BENUYUHY HANpPSDKECHHS
po0ost FccieryeMoro odpasia.

VYcraHoBka OblIa anpoOHpOBaHa Ha CTPYKTypax
Si/Si0,, Si/Si02/SisNs, S1/Si0,/SiN,/SiO,. Ha pu-
CyHKe 3 mpencraBieHbl crekTpsl OJI o0pasios
Si/S10,/SiNg/Si0,, 3aperucTpupoBaHHbIC TIPU pa3-
JIMYHBIX TUIOTHOCTSIX MPOTEKAIONIEro TokKa. /luaex-
TPUYECKHE CJIOW OKCHJa U HUTpHIa KpeMHHs chop-
MHpPOBaHBl METOJOM XHMHYECKOTO OCaKACHUS
13 Ta30BOH (ha3pl HA KPEMHHUEBOH IUIACTHHE P-THIIA.
OOmrast TONIIMHA TUDICKTPUIECKAX CIIOEB COCTAaB-
nger 140 am. Cmektpsr DJI  3apeructpupoBaHbI
MIPY aHOJAHOM MOJISIPU3ALNU KPEMHHUEBOH TOITI0XKKH.
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Pucynok 3 — CrieKTphbl 2J€KTPOIIOMUHECIICHIIMH
o0pasia p-Si/Si0,/SiNgo/Si02

Cnextpel  OJI  xapakTepusyercs MOJIOCaMU
C SHeprusiMH B KpacHoi (1,9 3B), 3enenoii (2,3 3B) n
cuHel (2,7 3B) obmacTy, MpuyeM MOCIEAHSS MOJI0Ca
nMeeT HauOONBIIYI0 HHTEHCHBHOCTh. Ilomoca

UDC 621

B KpacHO# obmactu criektpa DJI cBs3aHa ¢ HAHYH-
eM B ciosx SiO; cunanonbubix rpymn (Si-OH). DJ1
B 3€JICHOH 00sacTH OOBACHACTCS BHYTPHLCHTPOBHI-
MH TE€pPEX0laMH B aTOMaX TPEXKOOPAUHHPOBAHHOTO
kpeMHus B cinosix SiO,. MuTeHcuBHas monoca DJ1
C MakCUMyMOM Iipu 2,7 3B xapakTtepHa 11 U3nyya-
TEJIBHOU pellakcallud CUJIMJICHOBBIX IEHTPOB [2].
Hanuuume 3TX HEHTPOB HpHCYyIIE CIIOSIM OKCHHHT-
pHa KPEMHUS, YTO MO3BOJIMIIO C/IENATh 3aKIIIOUCHHE
0 (OPMHUPOBAHNHN TAaKMX CIIOEB HA I'PAaHMIAX OKCHIA
1 HUTPHUOA KPEMHUs. YCTAHOBJICHO, YTO MHTCHCHB-
HOCTH CBEYCHHS JTOH MOJOCH 00JagaeT HaumOOJb-
el yCTOMYMBOCTBIO K BO3JCHCTBHIO CHJIBHBIX
UIEKTPUUECKUX TMOJIEH IOoClIe MPOTEKaHHs dYepes3
o6pasen 3apaga 1-3 Ki/cm?.

Takum 00pa3oMm, peann3oBaHHBIA METOX 3JIEK-
TPOJIIOMHHECLICHIIUK TIO3BOJIIET HM3YYUTh COCTaB,
CTPYKTYPHBIE OCOOCHHOCTH, ONPEAEIUTh KOHIICH-
TPalMIo LEHTPOB JIIOMHHECIEHINH, HCCIEI0BaTh
JIETPa/IaliNIo UAJIEKTPUUECKUX CIIOEB B PE3yJIbTaTe
BO3/ICHCTBUS CHIIBHOTO JIEKTPUYECKOTO OIS,
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Alexandrite (Cr3*:BeALOy) is a well-known crys-
tal for tunable lasers relying on vibronic coupling [1—
3]. Alexandrite provides intense emission between 0.7
and 0.85 pm with a maximum at around 0.75 pm [4,
5]. The corresponding stimulated-emission cross-
section is relatively small, osg = 0.7 x 10720 cm?,
which is compensated by a relatively long lifetime of
the upper laser level 7 ~ 260 ps at room temperature.
Thus, the (osg7) product is large and the efficient and
low-threshold continuous-wave laser operation of
alexandrite is possible [6]. The Cr** ions in orthorom-
bic BeAl,O4 exhibit strong polarization-anisotropy of
the spectroscopic properties (the high-gain light polar-
ization is E || b) [4, 5] and linearly polarized laser
output is easily achievable.

The Alexandrite lasers have relevant applications
in medicine (dermatology), space LIDAR technolo-
gies, spectroscopy [7] and can replace Ti:Sapphire
lasers in nonlinear microscopy.
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Alexandrite exhibits a combination of attractive
thermal and mechanical properties, namely very
high thermal conductivity x ~23 W/(mK), weak and
almost isotropic thermal expansion & ~ 7 x 107 K™,
and high optical damage threshold [3, 8]. However,
thermo-optical properties of alexandrite have not
been studied in detail to date.

In the present report, we aimed to measure the
thermo-optic coefficients (TOCs, dn/dT) and to char-
acterize thermal variation of the optical path length of
alexandrite with respect to light polarization.

Alexandrite is orthorhombic (sp. gr. Pnma) and
thus optically biaxial [9]. Its optical properties are
characterized in the frame of the optical indicatrix.
The optical indicatrix axes are mutually orthogonal
and they coincide with the crystallographic axes a,
b, c. The corresponding principal refractive indices
are na, ny and n. (for polarizations E || a, E || b and
E || ¢, respectively) with n.<n,<ny,. Similarly to the
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refractive indices, three principal TOCs exist for
alexandrite, namely dn./d7, dny/dT and dn./dT. No
predefined relation for the corresponding TOCs is
expected.

For the measurements of TOCs of alexandrite,
the laser beam deviation method for a material with
a linear thermal gradient was used [10]. The meas-
urements were done using a 0.06 at.% Cr**:BeAl,O4
crystal (Solix Ltd.) which was cut to a rectangular
sample with dimensions of 5.58(a) x 6.22(b) %
6.87(c) mm®. All six surfaces were polished to a
laser grade quality. A set of probe lasers emitting in
the spectral range of 0.4-1.1 um was used. The probe
radiation was linearly polarized. The measurements
were done at 298 K. The linear temperature gradient
in the sample was ~1-2 K/mm. It was determined
separately for each sample orientation. The actual
temperature of the hot and cold surfaces of the crys-
tal was measured using sensitive thermocouples with
a precision of 0.1 K.

The laser beam deviation method allows one to
measure the so-called thermal coefficients of the opti-
cal path (TCOP), dn/dT + (n — 1)a. The precision of
the TCOP measurements was 7-10% depending on
the crystal cut. The n and dn/dT are determined by
light polarization E and o (the linear thermal ex-
pansion coefficient) is determined by light propa-
gation direction k. For orthorhombic Alexandrite,
there are three principal o values along the a, b and
¢ directions (aa, ab and ac, respectively). For any
biaxial crystal incl. alexandrite, a total of 6 inde-
pendent TCOPs can be measured leading to 3 prin-
cipal TOCs each of which is determined from two
measurements [10].

At first, we measured the six principal thermal
coefficients of the optical path (TCOPs). Their dis-
persion is illustrated in Fig. 1 (a-c). All TCOPs are
positive in the whole studied spectral range. The
TCOP values show a polarization-anisotropy which
is especially clear for the a-cut and b-cut crystals.
In order to calculate the TOCs, i.e., dn/dT = TCOP
— (n—1) a, we used the literature data on the refrac-
tive index (calculated from the Sellmeier equations
reported in [16]) and on the linear thermal expan-
sion coefficients (ot = 5.9, ap = 6.1, ac = 6.7 x 107°
K™!' [3, 7]). The results are shown in Fig. 1 (d). All
three principal TOCs for alexandrite are positive
and show a notable anisotropy. For the whole stud-
ied spectral range, dn./dT > dny/dT > dn./dT. The
TOCs determined from the measurements for dif-
ferent crystal cut were in good agreement with each
other, as indicated by the error bars in Fig. 1 (d).

To calculate the TCOPs and dn/dT at the par-
ticular laser wavelength, the dispersion of the dn/dT
was modeled taking into account (i) volumetric
thermal expansion (expressed by the ool = aa + ap +
a. coefficient) and (ii) temperature dependence of
the electronic bandgap E, (expressed by a tempera-
ture derivative, dE,/d7T) [10]:
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In the Eq. (1), i =a, b, ¢, A is the light wavelength; 4,
[um] = 1.2398/E,; [eV], n(4) is the Sellmeier equa-
tion, n, is the refractive index in the long-
wavelength infrared limit, see Ref [9]. The dn/dT
value can be represented as a sum of two terms re-
lated to (i) and (ii) effects, (dn/dT),+(dn/dT),, which
have negative and positive values, respectively. The
experimental data in Fig. 1 (d) were modeled with
Eq. (1) with E,; and dE,/dT as free parameters lead-
ing to the thermooptic dispersion curves. The best-fit
parameters, depending on the light polarization, are
in the range of 5.7-6.3 eV and —1.4 — 2.7 x 107*
eV/K, respectively. For alexandrite, the density
functional theory predicts a direct bandgap of 6.45
eV [11] while the UV absorption edge is located at
about 9 eV [3]. According to the Eq. (1), the positive
dn/dT coefficients of alexandrite are related to the
weak thermal expansion, so that the contribution of
the (dn/dT), term is dominant.
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Fig. 1. Thermo-optical properties of alexandrite: (a-c)
dispersion of TCOP for the a-cut (a), b-cut (b) and
c-cut (c) crystals: symbols — experimental data, curves —
data calculated using the thermo-optic dispersion
formulas, Eq. (2), error bars indicate the uncertainty
arising from the laser beam deviation method;

(d) dispersion of TOCs: symbols — experimental data,
curves — their fitting with Eq. (1), error bars indicate the
uncertainty arising from the averaging of the dn/dT values
for two different crystal cuts. /nset in (a) — photo of the
studied crystal

The thermo-optic dispersion formulas can be
also represented in a simplified form [10]:

ch/d]"=4)+%+%+%, 10°K". )

Here, A is in um; Ao.3 are the expansion coeffi-
cients (4o corresponds to the dn/dT value in the
long-wavelength limit, 4,3 represent its dispersion),
see Table 1.
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Using the derived thermo-optic dispersion for-
mulas, we calculated TOCs at 0.75 pm as dn./dT =
5.9, dny/dT = 6.9 and dn/dT = 15.2 x 1076 K™!. The
anisotropy of the dn/dT values is much stronger than
that of the refractive indices, n, = 1.737, n, = 1.742,
ne = 1.735 at 0.75 um [9]. The values of the dn,/dT
and dny/dT are lower than 9.4 and 8.3 x 10°° K,
respectively, previously measured at 1150 nm [2].
There is no previous data on the dn®/d7. Further-
more, we calculated the dispersion curves for the
TCOP values, TCOP(A) = dn/dT(A) + [n(2) — 1]a, see
Fig. 1 (a-c). The six principal TCOPs at 0.75 um are
listed in Table 2. In particular, for a c-cut crystal and
light polarization E || b, TCOP = 11.9 x10 K,

Table 1. Coefficients in the Thermo-Optic Dispersion
Formulas for Alexandrite Crystal, Eq. (2)
TOC Ao A, pm? | Ao, pm?* | A3, pm
dna/dT 3.95 1.1842 0.0786 0.0246
dn/dT 5.12 0.9848 0.0129 0.0141
dno/dT 12.72 1.3275 0.0320 0.0121

Table 2. Thermal coefficients of the optical path (107
K™ of alexandrite crystal at 0.75 um

Polarization
Crystal cut Ela E|b Elc
a-cut — +11.2 +19.5
b-cut +10.4 - +19.7
c-cut +10.8 +11.9 —

To conclude, we have studied dispersion and ani-
sotropy of the dn/dT coefficients and TCOPs of al-
exandrite laser crystal. All three principal dn/dT are
positive (due to the dominant effect of temperature
variation of the bandgap over the weak thermal ex-
pansion) and they exhibit a notable polarization-
anisotropy, dnc/dT > dny/dT > dn,/dT. For the high-
gain laser polarization (E || b), dn/dT has an inter-
mediate value of 6.9 x 107° K™! at 0.75 um. Positive
dn/dT underlies positive (focusing) thermal lens of
alexandrite lasers. We believe that a detailed
knowledge of the thermo-optical properties of alex-
andrite crystal will help in designing laser cavities of
high-power oscillators based on this laser crystal.
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ONPEJAEJEHUE MOKA3ATEJISI NPEJIOMJIEHUA BUOJIOTMYECKUX MYTHBIX CPE]]
METOAAMMU SJIJIMIICOUJAJBHBIX PE®JIEKTOPOB
Maasiperako /1.10., be3yraas H.B.

Hayuonanvnwviii mexuuueckuii ynueepcumem Yrkpauul
«Kuescxuii nonumexnuuecxuu uncmumym umenu Meopsa Cuxopckozo», Kues, Yxkpauna

B ocHOBe METOJIOB HCCIEIOBAHUS IOKA3aTeNs
MIPEJIOMIICHHST OMOJIOTHYECKUX CpeJl JIeXKaT TPH OC-
HOBHBIX (DM3MUECKUX SBJICHHS: pedpakiusi, UHTEp-
(depeHIMsT W IOJHOE BHYTPEHHEE OTPAKCHHE
(ITBO). U3mepuTenbHbIe CPeIcTBa MOTYT OBITh pea-
JIM30BaHbl KaK HAa OIHOM SBJICHHH, TaK U HECKOJb-
kux [1]. Hambomee pacnpocTpaHEHHBIMH MOKHO
CUMTATh METOJbl TEXHUYECKOW peanu3auuu, 0a3u-
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pYIOIIKECS HA U3MEPEHUN KPUTUUCCKOro yria (Io-
HOTO BHYTPEHHETO OTPaXCHHUS) B OTPAKECHHOM
oT 00BeKkTa cBete [2—6]. B 001iemM ciaydae oHU Jar0T
BBICOKYIO TOYHOCTBH, HO, AHAIM3HPYS TPUMEHEHHE
STHX METOJOB OTHOCHTEIBHO MYTHBIX OHOJIOrHYe-
CKHX CpeJ M TOJyYEeHHBIE C MX IIOMOIILIO0 Pe3yibTa-
ThI, MO’KHO CJII€JaTh BBIBOJ, YTO 3HAYEHHUs IOKa3a-
TeNsl TPEJIOMIICHUS] Ul OJMHAKOBBIX OWOJOTrHYe-





