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We report a three-pulse, pump-probe experiment oraekld D™ local modes in Caf; SrF, and Bak using
the Dutch free electron laser, FELIX. The 10-K lifetimes of thé ldcal modes were measured as3
170+ 15, and 212 20 ps for Cak, Srk,, and Bak, respectively. For D, the corresponding 10-K lifetimes are
3.8+0.5, 10.5-0.5, and 11.60.5 ps. Three-phonon anharmonic decay accounts for the temperature depen-
dence of the H lifetimes, while two-phonon anharmonic decay is expected to apply for thdifetimes.
However, the D in BaF, lifetime is anomalous in requiring the three-phonon decay occasioned by a close
resonance of this D mode with a three-phonon lattice peak. From a combination of lifetime and linewidth
measurements, the pure dephasing rates of these hydrogenic local modes have been determined and well
accounted for by elastic band-phonon scattering processes.
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. INTRODUCTION first study’ utilizing infrared-light pulses shorter than the H
lifetime in a pump-probe technique determined a longer
The localized modes of vibration of defects in crystals10-K lifetime of 45 ps.

have been studied extensively by infrared absorpfiand Recent work here at FELIXRef. 9 using four-wave mix-
Raman scatterin@.However, few time-resolved measure- ing techniques in both the time and frequency domain has
ments have been reported and little is known about the dydemonstrated “negative-time” quantum beats arising from
namics of this class of vibrations, which play a significantyibrational ladder climbing under free-electron la$EEL)
role in the nonradiative decay of optically active defects inexcitation. These so called “negative-time” oscillations oc-
liquids and solid$.We present measurements of the lifetimescyr only for essentially homogeneously broadened lines.

of H™ and D" local modes in Caf; SrF,, and Bak crystals. The principal result of this paper is measurement and
The term “hydrogenic” is used to cover both™Hand D analysis of the lifetimes of both Hand D~ local modes for
local modes. Cak, SrF, and Bak as a function of temperature. The hy-

Local modes occur when a light ion is introduced into adrogenic local-mode lifetimes are determined by decay of
crystalline lattice with unaltered force constants between théhe hydrogenic local modes into several host lattice-band
light ion and its neighbors. Local modes have been observeghodes, such that the frequencies satisfy energy
for a wide variety of materials, including 111-V semiconduc- conservatiort. For D~ local modes, decay into two band
tor compounds doped with Be, B, C, or Sionic crystals modes is possible, whereas for the kocal modes at least
containing transition-metal ions such asCin SrTiO; (Ref.  three are required. The temperature dependences of

6) and ionic crystals such as CafSrF,, and Bak with H™  these lifetimes are fitted to anharmonic-decay processes
and D ions! in Sec. IllA.
For hydrogenic ions in CaF SrF, and Bak, the hydro- Measurements of the local-mode infrared absorption lines

genic center present is formed by the substitutional replaceas a function of temperature are also reported. The measured
ment of an F by a hydrogenic ion. The hydrogenic ion has linewidths are broader than those derived from the measured
tetrahedral T4) symmetry and a single fundamental vibra- lifetimesT; because of the presence of additional broadening
tional mode is observed in infrared absorption. To a goodrocesses. The principal contribution to the linewidths is
approximation, this vibrational mode may be regarded as from processes in which band phonons are elastically scat-
vibration of a single light ion with the rest of the lattice taken tered off the hydrogenic defect without changing the vibra-
as static. tional state of the hydrogenic idnThis scattering removes
Previous time-resolved studies have been reported fahe local mode from its initial or final state giving a reduced
CaR,:H™ crystals’~® Carbon-dioxide-laser saturation studies lifetime T,. These scattering processes hava@2adepen-
of the H™ local mode reported a strong temperature dependence at high temperature, in agreement with observation.
dence of the saturation intensity, but virtually no change The temperature-dependent linewidths for the hydrogenic lo-
in the derived lifetime of 17 ps between 10 and 110 Rhe  cal modes are analyzed in Sec. Ill B. From a combination of
determination of this local-mode lifetime from absorption the infrared-absorption linewidths and the lifetimes mea-
saturation of the H line is rather indirect and involves as- sured with FELIX, the elastic-scattering dephasing contribu-
sumptions about the absorption, which affects its value. Théions can be separated from those due to anharmonic decay.

0163-1829/2001/64.4)/1443037)/$20.00 64 144303-1 ©2001 The American Physical Society



WELLS, BRADLEY, JONES, AND PIDGEON PHYSICAL REVIEW B4 144303

RETRO Inm.u 0.1 - ‘
s () CaF,:H ‘
BEAMSPLITTER PUMP ¥ 25MHz ’_‘J |
FELIX N MCTDETECTOR
XN s ETE 0.01 H
.

I 0.001 :
S ) o '
MIEROR = 0.0001 = v
= 0 100 200
= 4
-1 TELESCOPE _é ] (b) Q..w Ser'H_
A S ] \
S 0.01 4 L
FIG. 1. Schematic diagram of the three-beam pump-probe ex-  § I ) “'.,'.’é.‘.". s e .,
perimental setup. S p 'é.' >, A ‘:‘c-. ..,,..:
: : : 8 o001 BRI
The lineshapes of both the Hand D infrared absorption = 0 200 400 600
lines are essentially Lorentzian. For a homogeneously broad- § 0.01 5
ened Lorentzian line, the linewidff is related to the homo- = 1O e, BaF,:H
geneous dephasing timg, by I'=1/#T,. This homoge- 1 .“'-".s ’
neous dephasing time&, has contribution® both from the 0.001 5 L., R st
vibrational lifetimeT, and from the pure dephasing tirig, “‘_‘" .P'.'.-.:'-:.\'
1 1 1 0.0001 4° ¢ % Tem .t
= + 200 0 200 400 600 800
. .
72 T2 2w, Delay (picoseconds)
As the measured linewidths determifig, while theT, life-
times are measured directly, the pure dephasing tif§esan FIG. 2. Probe transmission as a function of delay between the
be derived. These pure dephasing times are analyzed asP#mp and probe pulses as measured at 10 K fomtbdes in(a)
function of temperature in Sec. 111 C. CaF; (b) Srk, and(c) BaF,.

As elastic scattering of phonons is a process that vanishes o .

at the lowest temperatures, the measured 10-K lifetime¥as employed, as shown in Fig. 1. From the input FELIX
should concur with those derived from the residual line-Pulse, both probe and reference beams are split off with the
widths. However, the measured linewidths remain larger byappropriate Baj-or ZnSe beamsplitters. The reference pulse
about a factor of 2 as a probable consequence of residulfi delayed by 20 ns with respect to the probe pulse and back
crystal inhomogeneities. Four-wave-mixing measurement&eflected to the beamsplitter with al telescope onto the
were carried out to determine the free polarization decayprobe-beam position. Thus, both the probe and the reference
width to compare with the narrowest infrared linewidth ob-Pulses follow the same optical path, travel through the

tained and these are discussed in Sec. Il D. sample at the same position and are detected by the same
liquid N, cooled MCT detector. The detector bias is modu-
IIl. EXPERIMENT lated at 25 MHz, synchronized to FELIX. This results in

signals with opposite phase for the probe and reference

The Cak, SrF, and Bak crystals were offcuts purchased beams. When the system is in balance, the integrating elec-
from Optovac Inc. H or D™ ions were introduced by heat- tronics give an apparent zero output signal. The three beams
ing these crystal offcuts in contact with molten aluminum toare focused onto the sample with an off-axis parabolic mirror
850 °C in$ atm of H, or D, for periods of up to an hodt.  of 17 cm focal length. Samples were cooled with an Oxford
This sufficed to give an optimal 90% absorption depth at 1dnstruments “Microstat” flow cryostat equipped with a
K for the respective local-mode lines. The crystals weremodel ITC503 controller to provide variable temperatures.
cleaved to obtain samples with minimal surface scattering.

Infrared absorption spectra were measured at either 0.1 or IIl. RESULTS AND ANALYSIS
0.25 cm ! resolution with a Bio-Rad FTS-40 FTIR spec-
trometer. The crystal samples were cooled by thermal con- A. Vibrational lifetimes (T,)

duction with the 10-K stage of a CTS LTS 0.1 closed-cycle
helium cryostat.

The pump-probe experiments were performed using FE- The pump-probe experiments were performed with exci-
LIX at FOM “Rijnhuizen” at Nieuwegein in The Nether- tation of the H local-mode fundamentals for all three host
lands. The output of FELIX is a train of as length “mac-  crystals. Figures (@)—2(c) shows the normalized probe
ropulses” at a repetition rate of 5 Hz. Each macropulsetransmission as a function of the time delay between the
comprises a train of “micropulses,” each with a width ad- pump and probe pulses for samples at 10 K. Under certain
justable between 500 fs and 10 ps with a pulse separation @onditions, the transients show a sharp feature arae@]

40 ns. To counter fluctuations in the macropulse output, avhich results from coherent coupling between the pump and
three-pulse pump, probe, and reference-beam techifiqueprobe beamsa consequence of which is self-diffraction of

1.H™ in CaF,, SrF,, and BaF,

144303-2



FREE-ELECTRON-LASER STUDIES OF TH. .. PHYSICAL REVIEW B 64 144303

the pump beam into the probe-beam pafrhis effect causes 55000 -
no problems for the interpretation of the observed signal, but {a) CaF,H
yields no information about the population decay time of the 45000 1 3 x (LO)L (322 cm™)
H™ mode.
10K lifetimes ofH™ local modes.Single exponential fits 35000 -
to the data yield population decay4) lifetimes at 10 K for '
the H modes of 4% 5, 170+ 15, and 212 20 ps for Cak, 25000 -
SrF,, and Bak, respectively. The value of 43 ps inferred for 25000 -
the H™ lifetime for Cak, is in excellent agreement with the {b) SIF,:H
reported value of 45 p%while the values for Srf-and Bak é 20000 1 2y 370 cm™'+152.8 cm™ %
are new measurements. £ 45000 4 i
The primary deexcitation pathway for Hocal modes is o )
direct anharmonic decay into host-lattice band modes. As g‘>§ 10000 -
these band modes have cutoff enerfe® of 460, 370, and & o | &
335 cmi L for Cak, Srk, and Bak, respectively, the lowest-
order anharmonic process possible for tbcal modes is 20000 - (c) BaF:H’ )
decay into three band modes. 2x335cm'+132.1 cm™
It is notable that the H lifetimes are substantially longer 15000 +
for SrF, and Bak. As the anharmonic constants for Hbcal
modes for all three host crystals are simifathe difference 10000 1
in these lifetimes is attributed to the relative placement of the 5000 |
H™ local-mode frequencies with respect to the peaks in the ‘ ‘ ’ ' ‘ ‘ '
three-phonon density of states of the respective host crystals. 0 5 100 150 200 250 300
Hence the faster decay of Hmode in Cak is attributed to Temperature (K)

the presence of favorable decay paths. FIG. 3. Temperature dependence of the decay fatddHz) for
i o _ .3. u y z
Temperature-dependent lifetimes far local modesAs the H- modes in(a) CaF, (b) SrF,, and(c) BaF,.

yet, there are no reported temperature-dependent lifetime

measurements for Hlocal modes above 110 K, at which
equately account for the temperature-dependent decay rates,

temperature the decay rate is not expected to have variet e two high-energy phonons each need to be set to the maxi-
significantly from the residual10 K) value. The only mum host-lattice frequency.

temperature-depender_n _study thus7far reported found only a Figure 3b) shows the fit of the H rate in S for decay
small temperature variation to 110°K. into two 370-cm ! phonons and one 152.8-cthphonon and
The temperature-dependence of the three-phonon a”h%'lth [Tg]fl set to 6000 MHz. Figure (8) gives the corre-
monic decay rat¢T,] ! is governed by the Bose-Einstein sponding fit of the H rate in Bak for decay into two
factors n=[expiw; /kT)—1]"* for band modes of energy 335 oy phonons and one 132.1-cthphonon with[ T9]~*

hwi, set to 5200 MHz. In both cases, acceptable fits are obtained.
Other choices of three lattice-phonon combinations with the

[Te] ™ =[T1 (14N (1+ny)(1+Nng) —nynpng], three phonon energies closer to one-third of the respective
local-mode energy give significantly degraded fits. The

where[T?] 1 is the zero-temperature decay rate, which weChicé of two high-frequency phonons and one low-

approximate with the measured 10 K value above. frequency phonon is essential to give any acceptable fits.
Figure 3a) shows the calculated and experimental .
temperature-dependent decay rate for therbde in Cak. 2.D7 in CaF,, SrF,, and BaF,
An excellent fit is obtained for the specific choice of three The pump-probe experiments for Oocal modes were
equal phonon energies of 322 c¢h which is coincidental carried out for excitation of the respective Bundamentals,
with the (LO)L point!” and for[Tg]*1 set at 23520 MHz. which are located on broad absorption bands of the host lat-
Equally good agreement is obtained for a range of differentices. For excitation of these Dmodes, the samples had to
phonon combinations summing to 965 chwhich indicate  be thinned to 20Qum to obtain more than 10% transmission
that several pathways are available for the decay of the Hof the FEL beam through the samples. These underlying lat-
mode in Cak. The temperature dependences of thed¢-  tice absorptions cause dispersion of the FEL pulse and limit
cay rates for Srfand Bak are shown in Figs.(®) and 3c),  the temporal resolution.
respectively. For both SgFand Bak, the measured decay  10-K lifetimes for D~ local modes Figures 4a)—4(c)
rates increase more rapidly with temperature than for,CaF show the normalized-probe absorption as a function of the
with increases up to a factor of 4 by 300 K rather than just 2time delay between the pump and probe pulses for D
This indicates that lower-energy phonons are required as asamples at 10 K. Single exponential fits to the data yigld
cepting modes, with the three-phonon summations beingjfetimes at 10 K of 3.8 0.5, 10.5-0.5, and 11.6 0.5 ps for
combinations of low- with high-energy phonons. To ad-CaF, SrF,, and Bak, respectively.
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FIG. 4. Probe transmission as a function of delay between the FIG. 5. Temperature dependence of the decay kategSHz) for

pump and probe pulses as measured at 10 K fomiddes in(a)

CaFR, (b) SrF,, and(c) BaF.

Temperature-dependent lifetimes for local modesFig-
ures %a) and Hb) show the measured D temperature-
dependent decay rates for GabBnd Bak,

respectively,

D™ modes in(a) CaF, and(b) BaF..

principal decay path. Two-phonon decay would still be

present, but to a lesser degree. Evidently, energy resonance
between a local mode and lattice phonons can be an impor-
tant factor governing nonradiative decay processes. Such ob-

which could be measured up to 200 K. The temperature deservations have been mdfigor the case of C¥ local

pendence of the D fundamental for Srf could only be
tracked to 100 K due to its proximity to a lattice-absorption
peak No decrease in the lifetime to 100 K was observed. for D~

modes in MgSiO,.
No temperature-dependeiit; lifetimes could measured
in Srk,. Nevertheless,

the similarity of the

local modes decay through two phonon anharmon'Qemperature -dependent infrared linewidths for i SrF,

processes whose temperature-dependenf Tafe *

[Ty 2=[T Y (1+n)(1+ny)—

nin,J,

and Bab, together with the similar 10-K lifetimes of 10.5
and 11.6 ps, respectively, suggest that therbode in Srk
would have comparable three-phonon resonances to those
found for the D mode in Bak.

where[T‘i]‘1 is the zero-temperature decay rate amdre
the Bose-Einstein occupation factors. Figuta) Shows the
fitted curve for the D mode of Cak for decay into two

phonons of energies 394 and 300.5 ¢rand for a high and
low-frequency combination of 462 and 232.5 cmEither of

B. Vibrational linewidths (T,)

For all three hosts, the Hlocal mode infrared lines have
narrow residual linewidths of less than 0.3 chat 10 K.

these phonon combinations give good fits to the experimentightly hydrogenated crystals give the narrowest linewidths
and the spectra of these are shown in Figa)-66(c).

tal data, with g T9]~* of 263 GHz.

In contrast, the temperature dependence of thenidde

AllD~

lines are relatively broad, with residual widths of

in BaF, could not be accounted for by two-phonon anhar-more than 0.8 cm* at 10 K. All the D™ lines occur on broad
monic decay, regardless of the choice of lattice-phonon eninfrared absorption bands of the host crystals, which are
ergies. Figure é) shows a representative two-phonon com-three-phonon lattice combinations with peaks centered at

bination. The temperature dependence of the ode in

740, 645, and 550 cnt for Cak, Srk, and Bak respec-

BaF, could be better fitted by decay into three equal-energytively. As much D as possible was introduced into these

TO lattice phonons of energy 191.7 chwith a[T‘l)]‘1 of

crystals to minimize the spectral effect of these underlying

86.2 GHz. It appears that three-phonon anharmonic decay efbsorptiongFigs. 8d)—6(f)]. As shown in these figures, the
the D" mode in Bak is enhanced by its fortuitious coinci- D~ fundamentals for CgFand Bak are below and above

dence in energy with three 192 crlattice modes, which

their respective lattice peaks, while the Bundamental for

give a three-phonon peak, sufficient for these to provide th&rF, is situated close to its lattice peak.
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FIG. 6. 10 K infrared absorption line profiles for the khodes 1
in (@) Cak, (b) SrF,, (c) BaF, and for the D modes in(d) CaF, 10000 : . ‘ ‘ , . .
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C. Pure dephasing times(T3)

The pure-dephasing rat@?[;]’l can be extracted from FIG. 7. '[emperatl_Jre dependence of the pure dephasing(nates
the population decay ratdd,] ! determined from pump- MH?2) for H™ modes in(a) Cak, (b) SrF,, and(c) BaF,.
probe experiments and the ratgE,] * derived from the
infrared-absorption linewidths. Pure dephasing results fronity is proportional toT* at high temperatures aridf at low
the temporal evolution of the vibrational transition energy.temperatures. An additional temperature-independent erm
Quantum fluctuations of the vibrational transition energyneeds to be introduced to account for any residual linewidth
about the average cause the individual oscillators, whiclgontributions from crystal inhomogeneities. As shown in
comprise the vibrational ensemble, to lose phase with onEigs. 88)—8(c), excellent fits are obtained for Hmodes in
another. Pure dephasing can be considered as the adiabadtthree hosts with values for the consta#nof 16, 6, and 3
modulation of the vibrational energy levels, which is zero atTHz for Cak, SrF,, and Bak, respectively.
zero temperature.

2.D” in CaF,, SrF,, and BaF,

1.H™in CaF,, SR, and BaF, Figures 8a)—8(c) show the pure dephasing rates as a

Figures Ta)—7(c) shows the experimentally derived pure function of temperature for the Dmodes in Cal; SrF,, and
dephasing rates for Hin Cak, SrF,, and Bak as a function BaF,. The rates shown for SgRwere obtained from pre-
of temperature. As for the analySisf the H™ local-mode  dicted temperature-dependent lifetimes, derived on the as-
linewidths, temperature-dependent dephasing is attributed tsumption of three-phonon decay as for bn Bak,. For
a two-phonon scattering process in which lattice phonons arsrF,, the assumed anharmonic decay is into three 213tcm
scattered off the H defect without a change in its vibrational TO phonons with a[Tg]‘l value of 95 GHz derived from
state. In the Debye approximation for the host-lattice bandhe measured 10.5 ps lifetime at 10 K.
modes,” this process has a temperature dependence of the All these pure dephasing times for Dare well fitted by

form the lattice-phonon scattering process, with values for the
, o constantA of 8.0, 1.7, and 1.3 THz for CaF SrF,, and
(T5] lmatA| — f@)D/T x°e dx BaF,, respectively. The values derived farfor both the H'

2 0p) Jo (=127 and D" modes in all three hosts are given in Table I. The

value of A inferred for the D mode in Srk is less certain
where @ is the Debye temperatur@vith values of 516, because of the difficulty in accurately measuring the line-
380, and 282 K adopted for CaE® SrF,%! and Bak,??  width of this mode, whose transition is superimposed upon a
respectively andA is an elastic band-phonon scattering con-broad host-lattice phonon band. Apart from this less accurate
stant. As this process involves two band modes, its probabilvalue for D™ in SrF,, there is a overall decrease by a factor
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, LI , ‘ , , FIG. 9. 10-K free-induction decay of the Hnode in Cak.
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Temperature (K) polarization(or free-induction decay created in the medium
upon excitation. This is expected to match that derived from
L the spectral linewidth. Figure 9 presents the infrared free-
FIG. 8. Temperat_ure dependence of the pure dephasing(nates induction decay(IR-FID) measured for our best CgFi~
GHz) for D™ modes in(@ Cak, (b) SrF, and(c) Bak sample. As the infrared FID has a decay term of exp
) ) (—27T,), a value forT, of 49 ps is inferred with a derived
of 2 in the A values determined for the Dmodes as com-  |inewidth of 0.22 cm! in excellent agreement with the mea-
pared to those for the Hmodes. With the anharmonic gyred infrared linewidth of 0.24 cil. It is concluded that
potential—wgll constants essentially the same for bothaHd  the H- local mode in Cafis almost wholly homogeneously
D~ modes'® the isotope-dependent terw’ and () of Eq.  proadened, with its 10-K width approaching the 0.15 ¢m
(7.27 of Ref. 1 readily account for this decrease. width derived from the measureg lifetime.
The temperature-independenterm varies little with host
crystal and is attributed to residual homogeneous broadening
of the respective Hand D™ modes. V. CONCLUSIONS

o ) Measurements of temperature-dependent lifetimes and
D. Degenerate four-wave mixing experiments linewidths are reported for Hand D" modes in Cak, Srh,
Degenerate four-wave mixing techniques are a useful tochnd Bak. The temperature-dependent lifetimes of the H
for measuring vibrational dynamics and our results havdocal modes are accounted for by anharmonic decay into
been detailed elsewhetdor a purely homogeneously dis- three band phonons. For CaRhe lifetime of the H mode
tributed ensemble of Hoscillators, one measures the free-is well fitted to anharmonic decay to three equal-energy

TABLE I. 10-K fundamental frequencigsm™* =0.1), lifetimes T, (picoseconds-10%) as measured at
10 and 300 K(unless otherwise indicatgcelastic band-phonon scattering coupling constant§;H4z), and
temperature-independent contributionéMiHz) for the H and D™ local modes in Caj; SrF, and Bak.

T1 (ps

Crystal Frequency 10K 300 K A a
Cak:H™ 965.2 43 20 16.0 13550
SrE:H™ 892.8 170 50 6.0 25300
BaFk,:H™ 802.1 212 54 3.0 25000
Cak:D~ 694.5 3.8 3.1220 K) 8.0 16 350
Srk:D™ 640.1 10.5 1.7 43600
BaF,:D™ 575.1 11.6 4.8190 K) 1.3 28 300
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