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Determination of spectral linewidths by Voigt profiles in Yb®*-doped fluorozirconate glasses
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(Received 12 August 1997; revised manuscript received 20 Novembej 1997

Homogeneous and inhomogeneous spectral linewidths of’fhg,Y; — (°F-;,); transition in YB'-doped
fluorozirconate glasses are determined by fitting Voigt profiles to the inhomogeneously broadened emission
and absorption spectra between 10 and 300 K. The homogeneous linewidth varied &) (12
X T&9£0D MHz for emission and (18 1)x T**% for absorption over the entire temperature range, similar
to that of other rare-earth-doped systems previously studied by fluorescence line narrowing and photon echoes.
The inhomogeneous linewidths were nearly independent of temperature, but differen8$ between
emission and absorption. The structural and dynamic properties in this disordered system are discussed.
[S0163-182608)00614-9

I. INTRODUCTION small compared to the homogeneous width, is employed to
excite a small subset of ions within the inhomogeneous pro-
The optical linewidths of ions in glasses are of considerfile, and the observation is made rapidly, before energy trans-
able interest as a probe of the structural and dynamic proger and the resultant spectral diffusion occur. In general these
erties of the amorphous state. The interest has been spurrtgthniques may feature different time scales and measure
by the observation of homogeneous linewidths that have aflifferent physical quantities, which lead to different tempera-
anomalously large magnitude and that exhibit an unusudure limitations. The fluorescence line narrowing technique,
temperature dependence, as compared with that of their cryfor example, runs into difficulty at low-temperature when the
talline counterparts. The data at low temperatifec((0 K)  measured linewidth is smaller than the laser bandwidth.
show linear andr*? dependenciesThis behavior has been Spectral hole burning and photon echoes have problems at
ascribed to the two-level systerfiELS) (Ref. 2) invoked to  high temperature where holes are not burned efficiently and
account phenomenologically for the anomalous heat capacitie dephasing time becomes comparable with the laser pulse
and thermal conductivity of amorphous systetfi® T2 de-  width. There is a need for a technique capable of spanning a
pendence at high temperature is attributed to two-phonowide temperature range so that more extensive studies on a
processes, as in crystalline hosts, to which all thermally acsystem can be made by the single technique.
cessible phonons contribute wh@n>0.5T,, where Ty is We present here a study of spectral linewidth in a glass by
the Debye temperaturé The intermediate temperature re- fitting the inhomogeneously broadened equilibrium emission
gime remains elusive both theoretically and experimentally.and white-light absorption spectra to Voigt profiles to extract
In this intermediate temperature region, a neé’r?yde- the homogeneous and inhomogeneous components. This de-
pendence of homogeneous linewidth is commonly measuregenvolution technique can span a large range of temperature
for various combinations of ions and glassy hdsis;luding ~ and measures both homogeneous and inhomogeneous widths
trivalent europium and curiunf ions in fluorozirconate —atthe same time. It works well as long as the transition peak
glasses. Exceptions are trivalent ytterbium ions in phosphateeing studied is well resolved. We discuss the linewidths and
glas$ and a recent study on trivalent europium ions in fluo-their temperature dependence that provide important infor-
rophosphate gla§§.0ne would expect a crossover betweenmation on structure and dynamics of the disordered system.
the mechanism that dominates at high temperaiwge two-

phonon processgdo that active at low temperatur@.g., Il. EXPERIMENTAL RESULTS AND ANALYSIS

TLS’s). That is, there should be a crossover betweeriTthe

behavior at high temperature and a lineair behavior at Heavy-metal fluoride glasses have been widely investi-
low temperature. gated for the purpose of developing laser hosts, optical fi-

Optical transitions of ions in glasses are inhomogeneousifers, and new optical devices such as optical refrigerators.
broadened due to site-to-site variations of the local crystalhe interest has been stimulated by their low intrinsic losses,
fields. For a given transition the homogeneous Lorentziar®-g., low nonradiative relaxation rat€sand a wide range of
line shapes are convoluted with an inhomogeneous Gaussidf@nsparency (0.2—i#&m), which is a consequence of the
distribution in energy eigenvalues. The homogeneous linelow phonon energies~500 cn?) in these materials. The
widths have been measured by experimental techniques thgtass sample we investigated was a*Yiloped fluorozir-
eliminate the effects of the inhomogeneous broadening teonate glass ZBLANP, with the composition of 51.8% £rF
determine the homogeneous widths; these include fluored9.5% Bak, 4.7% Lak, 3.2% AlR;, 18.3% NaF, 2.5%
cence line narrowing FLN) (Ref. 11 and spectral hole PbF, and 1% Ybk. The fluorozirconate glasses have an
burning? in the frequency domain, and photon ecHdés  uncommon structure, based on the network former, Zde-
the time domain. In the fluorescence line narrowing measurescribed by a three-dimensional random network of polyhedra
ments, for example, a narrow band laser, whose width isvith a high degree of coordination. The ¥bion has a
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FIG. 1. The emission spectra from 10 to 300 K, the temperature F!G- 2. The absorption spectra from 10 to 300 K, the tempera-
intervals between the curves shown are abedt2 K for 10<T ture intervals between the curves are similar to Fig. 1. The curves
<100 K, and~ 10 K for 100< T<300 K. The curves were normal- Were normalized at the peak.

ized at the peak®Fs),);— (?F-;5); near~975 nm. o o
white-light beam passes through the sample for transmission

) 13 ] o and past the sample for reference. This is to minimize any
simple 4F™ electronic structure consisting of a ground statechanges in window reflection losses. Figure 2 shows the tem-
F7z and an excited state “Fg,, separated by perature dependence of absorption spectra, where the absor-
~10 000 cm*, with moderately strong electric-dipole tran- pance is Ini/l;). The curves were normalized at the peak
sitions. In ZBLANP glasses, the Yb ions occupy sites of (%F ;) 1— (?Fgp), near~975 nm.
low enough symmetry to completely lift the Stark degen-  The overall width of emission and absorption lines in
eracy except for the Kramers degener&t¥he upper mani-  glassy hosts is due to two effects, homogeneous and inho-
fold splits to three levels and the lower to four. mogeneous broadening. Homogeneous broadening, from dy-
The emission measurements were made using a tunabgymic perturbations on energy levels and equally on all ions,
cw Ti:Sapphire laser(Spectra-Physics Model 3900) S |eads to a Lorentzian line shage(v) of width Av, . Inho-
pumped with an Af laser(Coherent INNOVA 20. The out-  mogeneous broadening, due to site variation produced by a
put power was ~50mW with a spectral bandwidth random distribution of local crystal fields, results in a Gauss-
<30 GHz. A sample was placed in a cryostiatfrared Lab. jan line shapeyg(v) of width Avg. Since inhomogeneous
HDL-8) and the temperature was measured with a calibrategroadening is not strongly correlated on different optical
silicon diode. A fused silica OptiC fiber bundle directs thetransitionsl;7 the observed Spectra| line Shapes may be de-
fluorescence to the entrance slit of the monochromator, 8cribed by the convolution of these two, i.e., a Voigt
Digikrom 240 (CVI Laser Co) equipped with a charge- profile:18:19
coupled devicgCCD) array detectofSanta Barbara ST)6
The emission spectra were corrected for the CCD response +oo In 2/
and the attenuation of the fused silica fiber. Because of the gv(V):f 9e(¥)gL(r— v )dv' = ———K(xy),
strong absorption from the ground state of t#e;, mani- o ¢
fold, the emission is subject to radiation trapping in the
sample that distorts the fluorescence spectrum. This was r@here the Voigt function is
duced by using a small sample and pumping near the surface
that is observed. The fluorescence spectra of fhe, y [*=
—2F,, transitions of YB* as a function of temperature are K(x.y)= P f_x
shown in Fig. 1. The curves were normalized at the peak
(%Fs0)1— (2F5)1 near~975 nm, which narrows with de- andx=In 2(v—vo)/Avg, y=In 2Av /Avg are dimen-
creasing temperature. The laser spike at 930 nm has besipnless variables and, is the line center frequency. The
removed from the spectra. The inhomogeneous broadeningpnvolution integral is computed numerically, and the nu-
of the intraconfigurational transitions is comparable to themerical fits to the data were carried out by a data analysis
Stark splitting, and masks much of the structure even at lowprogram (IGOR, Wavemetrics, Ing. The algorithm used is
temperature. Only the zero-linéRs,);— (2F ), the tran-  patterned after Humlice¥ and discussed by Schref€rFig-
sition between the lowest Stark-levels of thie,, and 2F5,  ure 3 shows four Voigt peaks fit to the emission spectra at 10
manifolds, is clearly resolved. The other threéFd,); K. At this temperature, the Ievelszlfg,,z)z3 have very low
—(?F72)2.34 transitions are just barely resolvable even atpopulations and the emission is predominantly from the
low temperature, and merge into a featureless broad band 4% s,)1— (°F 72123 4transitions. The baselines of the spec-
the temperature increases. tra were fit with cubic polynomials. The line shape of the
The absorption measurements were made with a simila®Fs;),— (°F7/)1 transition is well resolved, and we were
setup, a calibrated white-light source replaced the laser. Thable to accurately deconvolute the homogeneous and inho-
sample was placed in the cryostat mounted on a micrometenogeneous components of the line. Because the three
stage. The transmissioh and referencd, spectra were (2F5,2)1—>(2F7,2)2,3,4 transitions are so heavily overlapped,
taken by moving the Dewar container slightly such that thehowever, the deconvolution failed to give a definitive result
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widths of the €F,);— (?F5)1 transition in emission spectra as a
function of temperature. The solid line is the quadratic fit to the
0?ata, and the error bar shows a representative fitting uncertainty in
he homogeneous width.

FIG. 3. Four Voigt profiles fit to the emission spectra of the
(®Fs1)1— (°F712) 1.2.3 transitions of YB* at 10 K. The four dotted-
line peaks correspond to the transitions of the lowest Stark level
the upper manifold to the four levels of the lower manifold.

) neous linewidths 0&50% for each observation. This uncer-
for the homogeneous and inhomogeneous components of thginty has been included in our parameter estimations.
individual peaks of this band; even at low temperature where

the three transitions were just barely resolved, only the line Il DISCUSSION
center positions are significant. These line shapes could not :
be fit uniquely. The absorption spectra at 100 K shown in A. Homogeneous linewidths

Fig. 4 were similarly fit. The {F,,,);— (°Fsj»); transition is . (1.9+0.1)
well resolved, and we reliably deconvolute the shape of this The homogeneous widths of (£2)xXT (MH2)

feai (1.9+0.1) ;

single peak. The?F ;)1 — (°Fg)), 3 transitions could not be In eémission are close to that of (.ﬂﬂ.)XT (MH2) in
fitted in a definitive way. Both homogeneous and inhomogegbsorptlon' and both sets are similar to those of other rare-
neous linewidths of the?E¢/,);— (2F 1), emission and ab- earth-doped systems studied by fluorescence line narrowing

sorption lines are shown in Figs. 5 and 6. The homogeneou%nd photon echoes techniques. To compare with previous

widths exhibit a simple power law dependence on temperar-eSUItS' Table | lists some studies of homogeneous linewidths
rare earth-doped glass systems. The first two entries are

ture over the entire temperature range in both the emissio .
and the absorption. The solid lines is the power law fit to theﬁle data presented here. The second groaps 3-9 in-

data, which giveA v, ~(12+2)x T-920 (MHz) for the cludes studies of nonfluoride glasses at temperature ranges
H |_ —_

emission andA v, ~ (10+ 1)x TA-20D (MHz) for the ab- overlapping with ours; both the magnitude and the tempera-

sorption. The inhomogeneous widths are largely independertl re dependence of these homogeneous linewidths are simi-

) — lar to our results. Homogeneous linewidth data of trivalent
of temperature with a mean value &b~ (990= 40) (GH2) L . .
(~33.1+ 1.4 cn'Y) for the emission, and rg~ (709+ 20) ytterbium ion in fluorozirconate glasses are not available for

. i ison. For the fl i I h h
(GH2) (~23.6+0.6 cnm™Y) for the absorption. The results of a direct comparison. For the fluorozirconate glassy hosts, the

\ o > - third group(rows 10, 1}, our results are somewhat smaller
the Voigt profile fits depend, to some extent, on the |n|t|althan 14.8<T-% measured for trivalent curium in ZBLAR!,

values chosen. This leads 0 an uncertainty in the homogeb—ut about 10 times larger than X2 for trivalent europium
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FIG. 4. Three Voigt profiles fit to the absorption spectra of thewidths of the €F-,,);— (?Fs), transition in absorption spectra as
(®°F7191— (PFs1) 123 transitions in YB* at 100 K. The three a function of temperature. The solid line is the quadratic fit to the
dotted-line peaks correspond to the transitions of the lowest Starllata, and the error bar shows a representative fitting uncertainty in
level of lower manifold to the three levels of upper manifold. the homogeneous width.
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TABLE I. Homogeneous linewidths of selected trivalent lanthanide and actinide-doped inorganic glasses.

Row Host glasses lons Transitions LinewidthvHz) Temp. ranggK) Technique® Ref.
1 ZBLANP Yo (3Fgp)1— (PF7)1 12x 71901 10~300 Equilibrium This
fluorescencework
2 ZBLANP Yb** (3F70)1— (PFs)1 10x T19=01  10~300 White-light This
absorption work
3  GeQ PRY 2Py—(PH,), 15.2xT+9502 8300 FLN 5
4  Li-Silicate Ed" ®Dy—"F, 4.8 T? 10~300 FLN 27
5 Na-Silicate  E&" 5Dy—'Fq 3.4XT? 10~300 FLN 27
6 K-Germanate Ei 5D,—7F, 3.4XT? 10~300 FLN 27
7  Silicate Ed" 5Dy—"Fq 13x 71802 g-90 FLN 11
8 Phosphate Nd  “lgp—Fap 29.2x T 80~210 FLN 6
9 Silicate Nd™ *1gp—Fap 3XT?? 10~100 PE 13
10 ZBLA EW@t ®Dy—TFy 1.2xT? 10~160 FLN 7
11 ZBLAN cm®t 8D,,—8S,, 14.8X T19 15~100 FLN 8
12 Phosphate Y8 (%Fs)1— (PF72)1 15x T3 6.5~40 FLN 9
13 Phosphate Y8 (°Fg)1— (PF72)1 4xTL8 40~70 FLN 9
14 ZBLAN Nd®* 4l gp—"Fap o101 1.4~8 SHB 34
15 Fused silica N *lg,—Fap 3.5x T3 0.05~1 PE 35
16 Silicate Ed" °Dy—'F, 9x TL001  04~42 SHB 36
17 Silicate P 1D,—3H, 30x T+3=01  0.4~12 SHB 36

8FLN=fluorescence line narrowing, SH&pectral hole burning, PEphoton echoes.

in ZBLA.” This seems consistent with the findings that the The nearlyT? dependence of the homogeneous linewidth
electron-phonon coupling strength is stronger for actinideof the transition between the lowest Stark levels is character-
ions than lanthanide ions, because of larger mixing ofistic of a two-phonon Raman process. However, the persis-
5f"~16d states due to the strongeB coupling?l??and the  tence of the behavior down to a temperature as low as 10 K,
electron-phonon coupling is stronger for ¥b(4f'% than in our measurements and those in the second and third
Eu*" (41°), because of the combination of the effects of thegroups of Table I, seems to rule out the Raman mechanism.
lanthanide contraction, the screening of tHeedectrons, and  To explain the anomalouE? behavior, Hubef has pointed

the position of the opposite parity statesf{4! 5d).22 For  out an effective Debye cutoff frequency in inorganic glasses,
the @Fs;),— (°F); transition of YB' ions, the homoge- based on the maximum in the density of states. It could be up
neous widths were reported to be X453 and 4<T'®in  to ten times lower than the nominal Debye frequency of the
phosphate glass from 6.5 to 70 K with a crossoverdD K glass. By modifying the density of states, the high tempera-
by FLN (Ref. 9 (rows 12, 13. The possible reasons for the ture T? behavior can be expected to extend to correspond-
difference below 40 K, are that ¥b ions coupling to the ingly much lower temperature than in crystalline systems.
lattice is so weak in phosphate glass that TLS's dominatd his temperature range may extend down to 10 K. An alter-
even at a temperature of 40 %:or that the instrumental native approach to this issue is the fracton description of
resolution in that measurement was not sufficient to fullyDixon and co-worker$! This approach involves a range of
resolve the homogeneous linewidth at temperatures below 4ength scales for which the geometric structure of a disor-
K.2® Our results are about three times larger than that of 4ered system is self-similar. The consequence of this self-
X T1® above 40 K. This difference may be ascribed to thesimilarity leads to an® for the density of states of localized
higher density of states of low-energy phonons in fluorozir-vibrational modesfractons instead ofw®"* for that of De-
conate glasses. The last groipws 14—17 lists the mea- bye phonongd is Euclidean dimensiorf®?° The T2 depen-
surements at low temperatur@<£12 K) by spectral hole- dence has been obtained in the temperature range 10-300 K
burning and photon echo techniques, which havedby using the McCumber-Sturge formulatiBrand consider-
demonstrated linear an@** dependencies on temperature. ing the dephasing of the optical transition in Raman pro-
In some of the published studies, there are reports of variacesses via a two-fracton instead of a two-phonon interaction.
tion in measured homogeneous linewidth across the inhomo-
geneous profile in addition to instrumental or other artifacts,
presumably due to the site-dependent electron-phonon cou-
pling strengths. In ZBLA:E®", for example, choice of dif- The inhomogeneous widths in Figs. 5 and 6 were nearly
ferent excitation wavelengths led to a factor of 2 change irconstant with temperature, and therefore dominate at low
homogeneous linewidth. temperature. These inhomogeneous widthAs;g~(33.1

B. Inhomogeneous linewidths
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+1.4) cm ! in emission andAvg~23.6-0.6 cmi ! in ab-
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IV. CONCLUSION

sorption, are smaller than in most oxide glasses. This is

likely the consequence of Yb ions substituting for the

We use Voigt profiles to deconvolute the homogeneous

glass-forming cations, which have a well-defined coordinaand inhomogeneous linewidths of théFg);— (°F)1
tion and experience small variations from site to site in thetransitions in YB"-doped ZBLANP glass between 10 and

local crystal field®* The reasons for the difference in inho-
mogeneous linewidths between33.1 cm ! in emission and

300 K. The emission and absorption spectra of Yton in
ZBLANP offer nearly isolatedq{Fs/,) ; — (?F 7)1 transitions

~23.6 cm ' in absorption are unclear. The inhomogeneoushat lend themselves to mathematical deconvolution of the
linewidths have been reported to be excitation dependent ifyojgt profiles. The inhomogeneous widths show a value
fluorozirconate glasses at low temperature, and the values Wgsarly constant with temperature as expected. The de-

find for the inhomogenous widths are comparable to thosgendence of homogeneous linewidth was similar to that ob-

found in similar systems. Two distinct types of site distribu-
tions with the inhomogeneous linewidths of 33 cmand
18 cm t have been observed by Adaghal3! in ZBL:Eu®*
measured by a dye-laser excitation spectra of fiig,
—F, transition at 4.4 K. The first linewidth of 33 cmh
agrees with the value of33.1cm! from our emission
data. This value of inhomogeneous widtralf width at half
maximum) was also reported in ZB:Nd between the lowest
Stark levels of the*l;, and #l 3, manifolds from absorption
spectrum at 4.2 B.With time-resolved site-selective emis-
sion spectra of théDy— 'F, transitions in ZBLAN:EG"

at 10 K, Baldaet al>? reported that a narrowed excitation
spectra with a width of 23 cit at high energy side of the
°Dy— ’F; transition, and as the collecting wavelength in-
creases, the width broadened to 42 ¢mThey concluded
that the effect is due to coincidental emission from twdEu
sites. The initially narrowed width of 23 cm is close to the

value from our absorption data. On the other hand, Harrison

and co-worker$® argued that the extra features visible in

served in other rare-earth-doped systems studied by FLN and
photon echoes, but in contrast to the result ir°¥doped
phosphate glass which showedra® dependence below 40

K. Our data do not suggest a crossover between two different
dephasing mechanismg.g., TLS and two-phongnin the
temperature range studied, but add to a growing body of
results that show @2 dependence. Further experiments be-
low 10 K would be worthwhile in the search for the cross-
over. This deconvolution technique allows one to measure
both homogeneous and inhomogeneous linewidths at the
same time and is capable of covering a broad range of tem-
peratures. The deconvolution technique is applicable for
spectral linewidth studies where a transition peak can be well
resolved.
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