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Stark-level one-phonon dephasing process of Nd31-doped silicate glass fiber
studied with accumulated photon echoes

Ryuzi Yano and Naoshi Uesugi
NTT Basic Research Laboratories, 3-1, Morinosato-Wakamiya, Atsugi-shi, Kanagawa, 243-01, Japan

~Received 27 February 1996; revised manuscript received 2 August 1996!

Measurements of the homogeneous width of the4G5/2,
2G7/2-

4I 9/2 transition of Nd
31 in a silicate glass fiber

at low temperatures by the technique of accumulated photon echoes show that the dephasing processes are
one-phonon processes between the Stark levels of Nd31. These dephasing processes differ from the commonly
observed processes of rare-earth ion-doped glasses: the local-configurational-change-induced dephasing pro-
cess and the Raman process with low-frequency modes. The densely distributed Stark levels of the4G5/2 and
2G7/2 states are responsible for one-phonon processes. The transition-wavelength dependences of the homoge-
neous widths Gh~4.2 K! and Gh(T→0) are explained by using the one-phonon process model.
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I. INTRODUCTION

Many studies have been performed to clarify the mec
nism of the anomalous optical properties of ion-dop
glasses from the viewpoints of pure and applied sciences1 In
a recent study of the accumulated photon echoes,2 we have
measured the temperature dependence of the homogen
width of the5D0-

7F0 transition of Eu31 ~Ref. 3! and of the
4F3/2(1)-

4I 9/2 transition of Nd31 ~Ref. 4! when both ions
were doped in a pure silicate glass fiber at low temperatu
Both the temperature dependences showed a crossover
T linear ~T,7 K! to T2 ~T.7 K, Ref. 7!. The dephasing
processes could be well explained by the two-level sys
~TLS! dephasing process1 and the Raman process with low
frequency modes.5,16 A TLS models a local configurationa
change in glasses.1,6 These two dephasing processes are c
sidered to be relevant to ion-doped inorganic glasses as
thermally nonequilibrium nature of the structure and the lo
frequency modes are peculiar to glasses.6

The dephasing processes of the4G5/2,
2G7/2-

4I 9/2 transi-
tion of Nd31 ions in ordered and disordered crystals@LaF3
~Ref. 8! and CaF2-YF3 ~Ref. 9!# at low temperatures hav
been considered to be one-phonon processes10 between the
Stark levels of the ions. On the other hand, the homogene
width of the 4F3/2(1)-

4I 9/2 transition of Nd31 in a silicate
glass fiber between 1.6 and 44 K has been explained by
TLS dephasing process and the Raman process with
frequency modes.4 Obvious differences between the tw
transitions are the energy-level distributions of the exci
states. The Stark levels of the4G5/2 and

2G7/2 states are
densely distributed, whereas the4F3/2~1! state is a single
state. Here arises a question. What is the dominant depha
process of the4G5/2,

2G7/2-
4I 9/2 transition of Nd31 at low

temperatures when Nd31 is doped into inorganic glass suc
as silicate glass?

The transition-wavelength dependence of the homo
neous width of the4G5/2,

2G7/2-
4I 9/2 transition of the Nd31

ion-doped silicate glass~Hoya No. 5010! at 13 K was mea-
sured and the dephasing mechanism of this transition wa
explained in Ref. 11, attributed to the one-phonon proces
550163-1829/97/55~9!/5712~5!/$10.00
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There are, however, some ambiguities in that attributi
Since the temperature dependence of the homogeneous w
was not measured, it was not possible to clearly discuss
dephasing mechanism of this transition.

In this paper we report experiments on accumulated p
ton echoes for the4G5/2,

2G7/2-
4I 9/2 transition of Nd31 in a

pure silicate glass fiber at low temperatures. Several dep
ing mechanisms are discussed and the most probable de
ing mechanism is attributed to the one-phonon processes
tween the Stark levels of Nd31. The transition-wavelength
dependences of the homogeneous widthsGh~4.2 K! and
Gh(T→0) are well explained by the one-phonon proce
model.

II. EXPERIMENT

The experimental setup for the accumulated photon e
oes is shown in Fig. 1. The excitation source was a mo
locked dye laser with a repetition rate of 82 MHz and a pu
width of 4 psec. The output of the laser was divided by
polarized beam splitter. An optical chopper modulated b

FIG. 1. Experimental setup for accumulated photon echoes
ing a mode-locked dye laser to measure the homogeneous widt
the4G5/2,

2G7/2-
4I 9/2 transition of Nd

31 in a pure silicate glass fiber
The intensities of the pump and probe beamsE1 andE2 were modu-
lated by an optical chopper. The heterodyne-detected echo s
was measured by changing the delay timet12 between the pump and
probe beams.
5712 © 1997 The American Physical Society
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55 5713STARK-LEVEL ONE-PHONON DEPHASING PROCESS OF . . .
the pump~E1! and probe~E2! beams at frequenciesf 1 of 1.0
kHz and f 2 of 0.83 kHz. After a suitable delay of the prob
beam, both the pump and probe beams were combined
beam coupler~SIFAM; P22S63B50! and guided to the fibe
sample. The (f 11 f 2) frequency component of the outpu
beams from the fiber sample was detected by a lock-in
plifier.

Echo decay curves were measured by changing the d
time t12 between the pump and probe beams. Since the e
field was detected by heterodyne detection, the decay
stant of the echo decay curve gaveT2/2,

2 whereT2 is the
dephasing time. The homogeneous widthGh is given by
Gh51/(pT2).

The input beam ratio of the pump and probe beams
set to about 3:1, and typical input intensities of the pump a
probe beams were, respectively, 0.84 and 0.30 mW. W
the input pump beam intensity was between 0.30 and
mW, the measuredT2 values were the same within exper
mental error.

The sample was a pure silicate glass single-mode fi
~cutoff wavelength of 780 nm! doped with 20 ppm Nd31.
The 2.8-m-long fiber sample was coiled in a cage to a dia
eter of 4 cm. Nondoped single-mode fibers for 515 n
spliced onto both ends of the Nd31 fiber sample were used t
guide the excitation beams into and out of the cryostat.
low 4.2 K, the sample temperature was maintained wit
60.1 K, and above 4.2 K, it was maintained within60.2 K.3

At 78 K, the transmission loss for 595 nm was 3.6 dB/m
If the wavelength of the excitation beams were shor

than the cutoff wavelength of the fiber sample, multimo
coupling of the laser beam with the fiber is possible. T
transverse mode of the pump beam~E1! would have changed
as the delay timet12 was changed. The change of the tran
verse mode would have made echo signals very noisy.
shown in the next section, however, we were able to obta
clear echo decay curve, probably because the nondo
single-mode fiber purified the spatial mode structure of
exciting beams.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The absorption spectrum of the Nd31 fiber sample mea-
sured at 78 K is shown Fig. 2. No clear profile of the Sta
levels is observed. Since the population excited to th

FIG. 2. Absorption spectrum of Nd31 in a pure silicate glass
fiber at 78 K.
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Stark levels emits phonons and relaxes to the lowest of
Stark level, we cannot obtain the Stark levels energy str
ture.

Figure 3 shows an echo decay curve measured at 596
and 4.2 K. The dashed curve is a theoretical fitting withT2 of
180 psec, and assuming a single exponential decay.
agreement between the fitting and the measured data sh
that the echo decay curve can be assumed to be a s
exponential decay curve. We therefore approximated all
measured echo decay curves as single exponential d
curves.

Shelby observed double exponential echo decay curve
shorter wavelengths~l,585 nm! in Nd31:ED-2 silicate
glass.12 We observed, however, only single exponential d
cay curves. This is due to the fact that since we measu
echo decay curves att12.10 psec because of the colline
excitation beam configuration, we could not measure a fa
decay components corresponding toGh.40 GHz.

Figures 4–6 show~a! the homogeneous widthsGh(T)’s
measured at 590, 593, and 598 nm and~b! the temperature-
dependent parts of these homogeneous widthsDGh(T)’s:

DGh~T!5Gh~T!2^Gh~0!&. ~1!

Here ^Gh~0!&’s are average values of the homogeneo
widths in the temperature-independent region which for 5
593, and 598 nm are, respectively, 2.2, 1.7, and 1.3 GHz.

FIG. 3. Accumulated echo decay curve at 596 nm and 4.2
The dotted curve is a single exponential fitting withT2 of 180 psec.

FIG. 4. Temperature dependence of~a! the measured homoge
neous width of the4G5/2,

2G7/2-
4I 9/2 transition of Nd31 at 590 nm

and~b! the temperature-dependent part of that width. The curve
theoretical fitting assuming a one-phonon process.
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5714 55RYUZI YANO AND NAOSHI UESUGI
590 and 593 nmDGh(T) is nearly proportional toT linear,
and for 598 nm it is proportional toT1.4whenT.6 K. Below
6 K the temperature dependence of theDGh(T)’s becomes
steeper thanT linear or T1.4. Because the measure
DGh(T)’s have experimental errors, we use mainly the v
ues atT.6 K for the discussion of the dephasing mech
nism.

In the following, we discuss the possible dephas
mechanisms of the homogeneous width of the4G5/2,
2G7/2-

4I 9/2 transition of the Nd31 sample. The Raman pro
cess of the Debye model with acoustic phonons10 can be
excluded because the temperature dependence of that pr
is steeper thanT2 at T,TD/25247 K,10 whereTD is the
Debye temperature of silicate glass. Similarly, the Ram
process with low-frequency modes can be excluded bec
its temperature dependence is steeper thanT2 at T,40 K.5

First we consider the possibility of the TLS dephasi
process and the Raman process with low-frequency mo
peculiar to glasses.3,4 The theory of the TLS dephasing pro
cess predicts that the homogeneous widthGh is proportional
to T11m if the density of the TLS’sr(E)}Em.1 Since a
T-linear temperature dependence for the4F3/2(1)-

4I 9/2 tran-
sition of Nd31 in silicate glass fiber has already be
observed,4 we assume that the temperature dependence o
TLS dephasing process for the measured transition is alsT
linear. The contributions of the TLS dephasing process

FIG. 5. Temperature dependence of~a! the measured homoge
neous width of the4G5/2,

2G7/2-
4I 9/2 transition of Nd31 at 593 nm

and~b! the temperature-dependent part of that width. The curve
theoretical fitting assuming a one-phonon process.

FIG. 6. Temperature dependence of~a! the measured homoge
neous width of the4G5/2,

2G7/2-
4I 9/2 transition of Nd31 at 598 nm

and~b! the temperature-dependent part of that width. The curve
theoretical fitting assuming a one-phonon process.
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the Raman process with low-frequency modes can, res
tively, be written asAT and BF(T). Here, F(T)}T2 at
T.40 K and changes more rapidly thanT2 at T,40 K, and
is defined asF~T510 K!51 ~no dimension!.5 A andB are
fitting parameters. TheAT andBF(T) functions were used
previously for the discussion of the dephasing mechanis
of the homogeneous width of the5D0-

7F0 transition of Eu
31

and of the 4F3/2(1)-
4I 9/2 transition of Nd31 which were

doped in a pure silicate glass fiber at low temperatures.3,4

If we assume thatDGh(T)5AT1BF(T) in Figs. 4–6~b!,
we obtainA5300 MHz/K andB5150 MHz for 590 nm,
A5220 MHz/K, andB570 MHz for 593 nm, andA5130
MHz/K andB5260 MHz for 598 nm. These values fit we
with the experimental results.~Below 6 K the agreement
between the theory and the experiments is not good at e
wavelength.! If the dephasing were governed by the TLS a
Raman processes, however, these temperature depend
contradict the commonly observedT2 temperature depen
dence atT.10 K7. In addition, theA parameters of this
transition of Nd31 in silicate glass fiber are an order of ma
nitude larger than theA value of the4F3/2(1)-

4I 9/2 transition
of Nd31 in silicate glass fiber~A515.8 MHz/K andB554.9
MHz at 892.5 nm4!.

Assuming strain coupling between the Nd31 ions and the
TLS’s of silicate glass, Huber, Broer, and Golding13 esti-
mated the magnitude of the homogeneous width of
4F3/2(1)-

4I 9/2 transition of Nd31 in a silicate glass by the
TLS dephasing process. In their calculation, they used
data of the energy shifts occurring when Nd31:YAG crystal
is subjected to hydrostatic pressure.14 They showed that the
homogeneous width is proportional to the energy sh
caused by the hydrostatic pressure.13 The hydrostatic-
pressure-caused energy shifts of the Stark levels of the4G5/2,
2G7/2-

4I 9/2 transition of the Nd31:YAG crystal are about
three times as large as those of the4F3/2(1)-

4I 9/2 transition.
14

We estimate that the homogeneous width of the4G5/2,
2G7/2-

4I 9/2 transition by the TLS dephasing process are th
times as large as that of the4F3/2(1)-

4I 9/2 transition when
dephasing is caused by the TLS dephasing process. The
suredA values, however, are an order of magnitude lar
than the obtainedA value for the4F3/2(1)-

4I 9/2 transition.
The absence ofT2 dependence down to 10 K and the large
than-estimatedA values show that the TLS dephasing pr
cess and the Raman process with low-frequency modes
not the dominant dephasing mechanisms.

In trying to account for theDGh(T) values by the one-
phonon process,10 we use the following equation:10

DGh~T!5C/@exp~DE/kT!21#, ~2!

where DE is the energy difference between two speci
Stark levels,k is the Boltzmann constant andC is a fitting
parameter. When determining theC andDE values in Eq.
~2!, we used data also atT,6 K and the inhomogeneou
broadening was neglected for simplicity.

The curves in Figs. 4–6~b! were obtained usingC54.2
GHz andDE56.2 cm21 for 590 nm,C52.2 GHz andDE
54.9 cm21 for 593 nm, andC52.5 GHz andDE55.6 cm21

for 598 nm. Although the Stark-level splittings are not ev
dent in Fig. 2, a similarDE value @11 cm21 ~Ref. 15!# was
obtained from the4G5/2,

2G7/2-
4I 9/2 transition of Nd31:LaF3

crystal. A similarC value~C52 GHz atDE523 cm21! has

a
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55 5715STARK-LEVEL ONE-PHONON DEPHASING PROCESS OF . . .
also been obtained in Pr31:LaF3.
8 If we assume the Debye

model, the rate of phonon emission and absorption sc
v3,10 wherev is the frequency of phonons. Therefore w
expectC;23~6.2/23!350.039 GHz at 6 cm21 using the
value of Pr31:LaF3 and assuming that the density of phon
states are the same for crystals and glasses. Although
scaling is not always applicable~For example, the scaling
does not apply well to the data in Table I of Ref. 8.!, the
larger value than that expected by the Debye model sh
that the one-phonon process is caused by the low-freque
modes of silicate glass.

The agreement between the theory and the results of
experiments shows that the dephasing is probably cause
the one-phonon processes between the Stark levels of N31.
This kind of dephasing process differs from the often o
served dephasing processes of rare-earth ion-doped gla
the TLS dephasing process and the Raman process with
frequency modes peculiar to glasses.3,4

Now we consider the possibility of the one-phonon p
cesses of the excited and ground states. In interpreting
previous experiments on accumulated photon echoes fo
4F3/2(1)-

4I 9/2 transition of Nd31 in a silicate glass fiber be
tween 1.6 and 44 K,4 we attributed the dephasing mechanis
to the TLS dephasing process and the Raman process
low-frequency modes and excluded the possibility of
one-phonon processes. The magnitude ofGh(T) of the

4G5/2,
2G7/2-

4I 9/2 transition is larger than that of the4F3/2(1)-
4I 9/2

transition4 when Nd31 ions are doped in a silicate glass fibe
Therefore the contribution of the one-phonon process in
ground state should be smaller than that in the excited s
We exclude the contribution of the one-phonon processe
the ground state and consider that dephasing is only ca
by one-phonon processes between the excited Stark leve
the4G5/2,

2G7/2-
4I 9/2 transition, at least in the measured tem

perature regime.
The different dephasing processes between the4G5/2,

2G7/2-
4I 9/2 transition and the4F3/2(1)-

4I 9/2 transition of
Nd31 in a silicate glass fiber may be attributed to the diffe
ences of the energy-level distributions between the4G5/2 and
2G7/2 states~densely distributed states! and the4F3/2~1! state
~single state!. Phonon emission and/or absorption in the4G5/2
and2G7/2 states will occur easily because of the narrow d
tribution of the energy levels.

The dephasing processes of the4G5/2,
2G7/2-

4I 9/2 transi-
tion of Nd31 in an ordered crystal@LaF3 ~Ref. 8!#, and a
disordered crystal@CaF2-YF3 ~Ref. 9!# have already been
considered to be the one-phonon processes between the
levels of Nd31. Therefore the dephasing process of the4G5/2,
2G7/2-

4I 9/2 transition of Nd
31 is considered to be determine

by the one-phonon processes between the Stark leve
Nd31 regardless of the disorder of the inorganic host mate
~crystal or glass!.

Figure 7 shows the transition-wavelength dependence
the homogeneous widthsGh~4.2 K! and Gh(T→0). The
boxes show values obtained at 4.2 K, and the circles s
the temperature-independent homogeneous widthGh(T→0).
Both Gh~4.2 K! andGh(T→0) are smaller at longer wave
lengths. At 596 and 598 nm, the measured homogene
widths are temperature independent atT<2.5 K, and are the
same value. As the transition-wavelength decreases, the
mogeneous width becomes temperature independen
es
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higher temperatures. The homogeneous width at 588 nm
temperature independent atT<4.2 K. A similar tendency has
been observed in the transition-wavelength dependenc
the homogeneous width measured for Nd31:ED-2 silicate
glass.12

This dependence can be explained qualitatively by
one-phonon process in the following way. Assume that
energy splittings of the Stark levels which contribute to t
dephasing increase as the wavelength is decreased. We
expect that the homogeneous width will be temperature
dependent at higher temperatures when the transit
wavelength decreases. And if the parameterC becomes
larger at shorter wavelengths, the overall transitio
wavelength dependence shown in Fig. 7 can be well und
stood.

The transition-wavelength dependence of the homo
neous widths shown in Fig. 7 can be explained numerica
in the following way. The energy of thej th Stark level is
given byEj andE1 is set to 0. The energy difference be
tween the j th and kth Stark levels is given by
DEjk (5DEkj). For simplicity we consider only one
phonon processes between adjacent levels (j↔ j61). The
4G5/2 and

2G7/2 Stark levels are Kramers’ degenerate lev
and show at most seven levels,17 so here we consider seve
levels.

The homogeneous widthGh j(T) between thej th excited
Stark level and the ground state is given by10

Gh1~T!5A12N~DE12!1A0 , ~3!

Gh j~T!5Aj j11N~DEj j11!1Aj j21$N~DEj j21!11%

~ j52 to 6!, ~4!

and

Gh7~T!5A76$N~DE76!11%, ~5!

where

N~DEj j11!51/$exp~DEj j11 /kT!21%, ~6!

Ajk5Akj , ~7!

FIG. 7. Measured homogeneous widths as a function of tra
tion wavelength. Boxes showGh~4.2 K! and circles show
Gh(T→0). The curves are theoretical curves for the one-phon
process model with the upper one for 4.2 K and the lower one
1.6 K.
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5716 55RYUZI YANO AND NAOSHI UESUGI
andA0 is the lifetime contribution of the first Stark level a
T→0. The inhomogeneous widths of all the Stark levels
assumed to be the same and are set tovinh .

The echo signalEecho~t12! induced from the population
grating by the pump beamE1 is given by19,20

Eecho~ t12!}S j Pj
4Wj~vL!exp@22pGh j~T!t12#, ~8!

wherePj is the electric dipole moment between thej th ex-
cited Stark level and the ground state.Wj (vL)’s ~j51–7! are
weight functions which take into account of the inhomog
neous broadening, and are given by

Wj~vL!5exp$24~ ln2!~vL2Ej /h!2/v inh
2 %. ~9!

HerevL is the laser frequency measured from the cente
the first excited-state Stark level. The spectral width of
exciting laser is assumed to be much smaller thanvinh . Since
the spectral width of the laser was about 10 cm21 and the
typical inhomogeneous widths of rare-earth ion-dop
glasses are of the order of 100 cm21,18 this assumption is
considered to be satisfied. The measured homogeneous w
Gh(vL ,T) is given by assuming Eq.~8! to be a single expo-
nential decay curve proportional to exp@22pGh(vL ,T)t12#.

Because the Stark levels of Nd31 in a silicate glass fiber
have not been measured, we must assume the values fo
Stark-level splittings. Using the Stark levels of Nd31:ED-2
silicate glass12 and Nd31:LaF3 crystal15 as references, we
tentatively set the Stark-level splittings from the lowest o
as 5.6, 70, 80, 6.2, 190, and 200 cm21 and tried to fit the data
plotted in Fig. 7.

The curves shown there are obtained by using the follo
ing parameters:A050.80 GHz, A1252.5 GHz, A2351.5
GHz,A3451.6 GHz,A4553.3 GHz,A5653.1 GHz,A6758.3
GHz, andvinh5170 cm21. The center of the transition wave
e
t

. B

J.

ys

, J
e

-

f
e

d

dth

the

e
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length of the first Stark level was set to be 598 nm. T
temperatures were set to be 1.6 K for the lower curve and
K for the upper curve. For simplicity, thePj ’s were set to be
the same for allj ’s. Although theDEj j11 values are tenta-
tive, the whole transition-wavelength dependence of the
mogeneous widths are well explained by the one-pho
process model. If we assume thatvinh.220 cm21 or
vinh,130 cm21, the agreement becomes worse even if
change both theAj j61 andDEj j11 parameters. As the inho
mogeneous widths of the5D0-

7F0 transition of Eu31 in a
silicate fiber3 and the4F3/2(1)-

4I 9/2 transition of Nd31 in a
silicate glass fiber4 are, respectively, about 240 cm21 and
about 80 cm21, the assumed value of 170 cm21 is considered
to be not far from the true value.

IV. CONCLUSION

The temperature dependence of the homogeneous w
of the 4G5/2,

2G7/2-
4I 9/2 transition of Nd31 in a pure silicate

glass fiber measured between 1.5 and 44 K by using a
mulated photon echoes cannot be explained by the T
dephasing process and the Raman process with l
frequency modes peculiar to glasses. The dominant dep
ing process is instead considered to be one-phonon proce
between the Stark levels of Nd31 as in the case of ordere
and disordered crystals. The densely distributed Stark le
of the 4G5/2 and

2G7/2 states are responsible for these on
phonon processes. Our experimental results show that
dephasing process of this transition is considered to be in
pendent of the disorder of the inorganic host material~crystal
or glass! and to be governed by one-phonon processes.
transition-wavelength dependences of the homogene
widthsGh~4.2 K! andGh(T→0) are explained well by using
the one-phonon process model.
-

.
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