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Temperature-dependent phonon lifetimes in lead investigated with neutron-resonance
spin-echo spectroscopy
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An experimental study of phonon lifetimes in lead using a novel high-resolution neutron spectrometer is
presented. The spectrometer combines the neutron-resonance spin-echo and the three-axis techniques.
Transverse-acoustic phonon modes in the low-q limit along the high-symmetry directions are investigated at
temperatures between 5–300 K. We apply an analytical approach based on a Gaussian approximation of the
instrumental resolution function to separate intrinsic lifetimes from artifactual damping due to sample mosa-
icity and curvature of the four-dimensional dispersion surface. Observed linewidths are significantly lower than
predicted by a theoretical model of anharmonic lattice dynamics based on a force-constant parametrization of
the interatomic potential. In the high-symmetry directions theq dependence of the linewidth is found to be
linear. No change in lifetime is observed at the superconducting transition temperatureTC .
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I. INTRODUCTION

Phonons in elemental metals have first been studied in
early 1960s by Brockhouse1 and Stedman2 using three-axis
neutron spectrometers. They obtained detailed phon
dispersion relations, but intrinsic phonon linewidths arisi
from microscopic effects such as the electron-phonon
phonon-phonon scattering could only be resolved in a
favorable cases. The reason for this limited energy resolu
is the limited neutron source flux, which was increased o
by about one order of magnitude during the last four
cades. Significant progress in spectrometer design and in
use of focusing components allows to reach very high re
lution in favorable cases.3 But in general even at moder
high-flux neutron-sources the standard inelastic neutr
scattering techniques are restricted to energy resolution
the meV range, introducing large errors in the accuracy
phonon linewidth measurements. Experiments using Ra
scattering reach resolution in themeV range and can resolv
intrinsic phonon linewidths, but are restricted to optic
modes at the Brillouin-zone center. For lead, the latest n
tron study dates back to 1970.4 Due to the lack of new ex-
perimental data, there is also only limited theoretic
work,5–8 although modern theoretical methods andab initio
calculations should be able to predict phonon energies
linewidths for each phonon branch.9,10

Novel neutron spectrometers combining the neut
spin-echo11 ~NSE! and three-axis spectrometry~TAS! tech-
niques allow us to measure linewidths ofdispersingexcita-
tions, including both phonons and magnons. NSE allows
increase the energy resolution by several orders of magni
without excessive loss of intensity. The basic idea of NSE
to use differences of the Larmor precession phase of an
tially polarized neutron beam running through uniform ma
netic fields~precession fields! before and after the sample t
encode the energy transfer. Mezei12 and Pynn13 pointed out
0163-1829/2004/69~10!/104301~8!/$22.50 69 1043
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that the spin-echo resolution function can be tuned to
slope of the dispersion curve~group velocity! by tilting the
boundaries of the precession fields relative to the neu
beam.

Considerable effort was undertaken to implement inclin
field boundaries on conventional NSE spectrometers with
precession coils, but problems with stray fields at the c
boundaries impeded essential progress. In a first approac
the early 1980s Zeyen14 used compact iron frame electro
magnets with vertical dc fields. The coils worked well f
quasielastic scattering and for the measurement of pho
excitations on dispersionless branches15–18with field bound-
aries perpendicular to the neutron beam~zero tilt angle!.
However severe problems were reported for nonzero
angles.

Mezei followed a different approach: instead of rotati
the main precession coils, he added special gradient coi
the main solenoids of the NSE instrument IN11 at IL
Grenoble19 generating a field gradient in the horizontal dire
tion perpendicular to the neutron beam. This way effect
tilt angles in the order of 10° were obtained, which allow
the measurement of phonon linewidths in superfluid4He.20

Those phonons had relatively small group velocities (vg
.200 m/s), i.e., one order of magnitude smaller than typi
acoustic phonons in solids. The gradient coil technique w
later also used by Zeyen21 on the thermal three-axis instru
ment IN20 at ILL and by Zeyen and Kakurai22 at the three-
axis spectrometer PONTA at JAERI~Japan!, but to date only
quasielastic experiments were reported from these ins
ments.

A new solution became available with the NRS
~neutron-resonance spin-echo! technique introduced by
Golub and Ga¨hler.23 This technique uses small radio fre
quency~rf! spin flippers instead of large dc coils to define t
precession regions~Fig. 1!. The field boundaries are geo
metrically defined by the precise windings of the rf flippe
©2004 The American Physical Society01-1
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Along the flight path between the rf flippers no magne
field is applied. A special setup using pairs of identical
flippers with opposite dc fields~bootstrap technique24! re-
duces stray fields to negligible values. Large field tilt ang
up to 50° are easily obtained by rotating the rf flippers ab
a vertical axis.

The results presented in this paper were obtained fro
new spectrometer incorporating the combined NRSE-T
technique. This instrument was developed at the Techn
University Munich and installed at the TAS V2 at BENS
~Berlin Neutron Scattering Center!.25–27The instrument suf-
fers from two restrictions: First it is located at a neutr
guide at the cold neutron source, which restricts the incid
neutron energy and thus the excitation energy to val
,5 meV. Second the neutron flux at Berlin Neutron Sc
tering Center~BENSC! is about one order of magnitud
lower than at leading high-flux sources, thus restricting
periments to large crystals. Presently two NRSE-TAS ins
ments avoiding these limitations are under construction
the new high-flux source FRM-II, Munich28 and at the ILL,
Grenoble.29

The maximum energy resolution of a NRSE-TAS spe
trometer is given by the maximum radio frequency applied
the rf spin-flip coils. Instrumental resolution effects origina
ing from finite beam collimation and monochromaticity a
from sample properties, e.g., mosaicity and curvature of
dispersion surface, lead to artifactual line broadening effe
Quantitative knowledge of the instrumental resolution and
the influence of sample properties is a necessary prerequ
to extract intrinsic lifetimes from experimental data. In th
work we apply an analytical approach30 which allows us to
correct the data for these extraneous effects.

FIG. 1. Experimental setup of the NRSE spectrometer
BENSC, Berlin. M, monochromator~pyrolytic graphite PG, verti-
cally focusing!; A, analyzer~PG, flat!; TP, supermirror transmission
polarizer and analyzer. The rf-flipper coils and the sample
housed inside a mu-metal magnetic shield~shielding factor 100!.
Each rf-flipper coil can be rotated around a vertical axis (z). n1,2 are
normal vectors to the coil surfaces,u1,2 are the coil inclination
angles,k1,2 are the neutron wave vectors. The last coil in front
the analyzer~A! can be translated along the beam direction to tu
the lengthL2 of the second arm.
10430
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II. BASIC PRINCIPLES OF SPIN-ECHO
PHONON FOCUSING

For conventional NSE instruments with precession fi
boundaries perpendicular to the neutron beam path the s
echo phasefNSE(v)5f22f1 is proportional to the energy
transferv and independent of the momentum transfer\Q.
f1,2 are the Larmor phases accumulated in the first~second!
spectrometer arm. In the case of quasielastic scattering
cesses, where the mean excitation energy is zero and
independent ofQ, one can use an incoming beam with bro
spectral distribution~typically Dl/l510%) and thus a very
relaxedQ resolution without losing energy resolution. In th
case of dispersive excitations such as phonons, where
energy transferv depends on the wave vector of the excit
tion q, v5v(q), a finite momentum resolution leads to
spread inv and infNSE(v) even for an excitation with zero
linewidth. To be able to measure the intrinsic linewidths
phonons, the spin-echo phase has to be tuned to the s
~group velocity! vg5“qv of the dispersion surface to ge
constantfNSE(v,q) for all scattering events lying on a lin
with slopevg ~Fig. 2!.

It was pointed out by Mezei12 that such a first-order fo-
cusing can be achieved by inclining the boundaries of
precession fields relative to the beam path. In this case
neutrons scattered from an excitation with zero linewidth a
a linear dispersion have the same spin-echo phasefNSE, a
finite linewidth causes a spread infNSE, which leads to a
beam polarization proportional to the Fourier transform
the spectral line shape.

For a phonon with energyv0, momentumq0, and group
velocity “qv(q0), we require the Larmor precession pha
after the second coil to be a linear function:

DfNSE5fNSE2fNSE5tNSEDv, ~1!

where

Dv5v2v0~q!5v2@v0~q0!1~q2q0!•¹qv~q0!#

t

e

e

FIG. 2. The resolution function of thehostthree-axis spectrom-
eter ~ellipsoid! selects a region in the (q,v) space. High-v resolu-
tion is provided by the NRSE spectrometer. The linesfNSE

5const have to be oriented parallel to the dispersion curve~spin-
echo phonon focusing! by inclining the precession field boundarie
1-2
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with fNSE5fNSE(q0,v0). (q0,v0) are the nominal phonon
wave vector and energy~Fig. 2!. tNSE is called spin-echo
time.

Mezei has shown that in order to satisfy Eq.~1! the nor-
mal vectors to the coil surfaces have to be oriented such

n1,2i S k1,22
m

\
“qvoD ~2!

or

cosu1,25

k1,2•S k1,22
m

\
“qvoD

k1,2Uk1,22
m

\
“qvoU . ~3!

The index 1~2! refers to the first~second! spectrometer
arm. k1,2 are the mean neutron wave vectors. The rfv1,2

applied to the coils in the first and the second arm have to
adjusted to the ratio

v1L1

v2L2
5

k1
3S 12

m

\
k1•“qvo /k1

2D
k2

3S 12
m

\
k2•“qvo /k2

2D . ~4!

If these tuning conditions, Eqs.~2! and ~4! are satisfied, we
get

tNSE5S m

\ D 2 v1,2L1,2

k1,2
3

1

S 12
m

\
k1,2•“qvo /k1,2

2 D , ~5!

wheretNSE is the same for the first and the second spectro
eter arm~indices 1 and 2!.

Neglecting instrumental effects and theQ dependence o
the scattering functionS(Q,v), the polarization of the scat
tered beam at the exit of the second spectrometer arm
given by

P~tNSE!}E S~v!cos~vtNSE!dv, ~6!

i.e., the Fourier transform of the scattering functionS(v).
Thus a Lorentzian with half width at half maximumG,

S~v!5
1

p

G

G21v2
,

transforms to an exponential decay of the polarization:

P~tNSE!5exp~2GtNSE!. ~7!

The influence of resolution effects onP(tNSE) is discussed
in Sec. IV.

III. EXPERIMENT

Inelastic neutron-scattering experiments were conduc
at the cold three-axis spectrometer V2~FLEX! at the
10430
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BENSC. This instrument can optionally be equipped with
NRSE setup.31

Two different high-quality Pb single crystals have be
used in the experiments. These cylindrical shaped crys
had 30 mm diameter and 40 mm height and have b
mounted in a standard Orange cryostat with their cylin
axes~110! or ~100! perpendicular to the scattering plane.

In order to satisfy the spin-echo conditions@Eqs.~2! and
~4!# the phonon energy\v0 and the slope of the dispersio
curves“qv0(q0) at the phonon wave vectorq0 have to be
known. These quantities have been obtained from a Bo
von Kàrmàn fit to dispersion data from the literature.1,4

Where measurements at temperatures different than the
persion data of the above cited literature have been
formed,\v0 and“qv0(q0) were interpolated.

The spectrometer was configured in the SM521, SS
521, SA511 scattering senses with fixedk151.7 Å21

~SM, SS, SA: scattering sense at monochromator, sam
analyzer; 21, clockwise!. The monochromator~PG 002!
was used vertically focusing with a curvaturerM50.3 m21

and a tunable PG filter32 was installed to suppress secon
order contamination. Two supermirror (m.2) transmission-
type polarizers were used, installed after the monochrom
and after the flat PG analyzer. No additional collimators w
used.

To measure the phonon lifetimes for a particular phon
mode and temperature the TAS was set to the nominalQ, E
values where it was kept fixed during spin-echo scans. M
surements were always performed atk2,k1. The spin-echo
focusing conditions then require the TAS to be configured
a TAS-defocused mode. A TAS-focused mode would res
in large coil tilt angles (uuu.50°), which are experimentally
inaccessible. The configuration used in our experiments
fers high-Q resolution in the direction parallel toq0. Typi-
cally a transverseQ resolution of about 0.015 Å21 FWHM
~full width at half maximum! was achieved. The tilt angle
u1,2 and the frequency ratiov1 /v2 were set according to the
calculated values. Typical values wereu15230° and u2
5125° for @j00# transverse-acoustic~TA! phonons withj
,0.2 r.l.u.

Due to the relatively large observed linewidthsG, the
range of the spin-echo timetNSE used for the spin-echo mea
surements was typically between 10 and 50 ps. FortNSE
above this range the polarizationP @Eq. ~7!# usually decayed
to zero. The technical limits of the spin-echo time for t
spectrometer as used in the configuration for this experim
are 10 ps&tNSE&300 ps.

To measure the polarization for a giventNSE, the field
integral v2L2 of the second spectrometer arm is varied
translating the last rf coil through a small distanceDL. This
causes the intensity to oscillate,

I ~DL !5I 0$11P cos@2p~DL1DL0!/DLp#%, ~8!

whereDLP52p\k2 /(mnv2) is the oscillation period,DL0
is an offset,I 0 is the average intensity. TheseDL scans run
through one periodDLP ~see Fig. 3!, typically a few milli-
meters. The polarizationP is extracted by fitting Eq.~8!,
where the periodDLP is known from the instrumental pa
1-3
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rameters. The polarization is determined for at least four
ferent values oftNSE per phonon and temperature by chan
ing the rf, however keeping the ratiov1 /v2 fixed.

IV. DATA CORRECTION

The linewidth data as obtained from our measureme
~see Table I! represent an upper limit on the intrinsic line
width ~lower limit on the intrinsic lifetime!. We now discuss
different instrumental sources of signal depolarization t
mask the intrinsic line broadening:~i! depolarization due to
field inhomogeneities and stray fields of the rf spin-flip coi
~ii ! instrumental resolution effects, due to the fact that
Larmor phase depends in second order on the beam m
chromaticity and divergence,~iii ! instrumental misalignmen
due to inaccurate dispersion data,~iv! sample mosaicity, and
~v! influence of the curvature of the dispersion surface.

~i! Stray fields are excluded as a significant source
signal depolarization from calibration measurements. T
was verified by measuring the polarization as a function
frequency and coil tilt angles in the unscattered beam.

~ii ! Instrumental resolution effects resulting from bea
monochromaticity and divergence cannot reach a signific
level in the t range covered by our experiments. This h
been shown by calculating the polarization as a function
t. In the general case the polarization of the scattered b
obtained by a combination of a spin-echo and a three-
instrument is proportional to

P}E S~Q,v!T~k1 ,k2!eif(t,k1 ,k2)d3k1d3k21c.c., ~9!

where S(Q,v) is the scattering function,T(k1 ,k2) is the
TAS transmission probability, andf(t,k1 ,k2) is the differ-
ence of the Larmor precession angles in the first and
second arm. Equation~9! has been evaluated based on t
following assumptions:~1! The TAS transmission probability
is adequately described by a Gaussian approximation b
on the Cooper and Nathans approach;33 ~2! the remainingQ
dependence in the Larmor phase can be treated by a sec

FIG. 3. Polarization as a function of spin-echo timet for the @2
0.1 0# phonon,T5200 K. In the semilogarithmic plot the exponen
tial decay of the polarization shows up as a straight line. In
Spin-echoDL scan att540.7 ps.
10430
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order expansion of the total Larmor angle;~3! the intrinsic
linewidth is assumed to vanish. Numerical data of the de
larization as a function of spin-echo timet are shown in
Fig. 4.

~iii ! Instrumental misalignment errors have been d
cussed in detail by Pynn.13 These can be ruled out as a si
nificant source of signal depolarization in our lifetime me

t:

TABLE I. Experimental phonon linewidth data. Phonon mod
@jjj# are given in r.l.u. Data in the(011) direction refer to theT1

branch. TemperaturesT are given in kelvin. Phonon energiesE are
given in meV. G (meV) is the half width at half maximum
~HWHM! as obtained from the experimental data.GCM (meV) is
the HWHM after correcting for curvature of the dispersion surfa
and sample mosaic spread.

@jjj# T E G GCM

0.025 0.025 0.025 300 0.315 26(2) 14(2)
100 0.343 20(2) 8(2)
50 0.350 26(3) 12(3)

0.05 0.05 0.05 300 0.627 29(1) 21(1)
100 0.681 11(3) 2(3)

0.1 0.1 0.1 300 1.228 43(7) 40(7)
200 1.280 36(6) 32(6)
100 1.332 33(5) 28(5)

0 0.025 0.025 300 0.364 26(2) 6(2)
50 0.391 23(1) 1(1)
10 0.395 20(3) 23(3)
5 0.396 22(3) 0(3)

0 0.05 0.05 300 0.724 31(3) 15(3)
200 0.744 26(2) 10(2)
100 0.767 22(2) 6(2)
50 0.778 19(2) 3(2)
15 0.786 18(4) 2(4)
5 0.788 17(3) 1(3)

0 0.1 0.1 300 1.411 46(8) 38(8)
200 1.461 25(3) 16(3)
100 1.515 24(3) 14(3)
50 1.543 19(3) 9(3)

0 0.15 0.15 300 2.088 20(9) 14(9)
0 0 0.05 300 0.439 23(1) 7(1)

10 0.559 15(6) 25(6)
0 0 0.1 300 0.879 28(2) 18(2)

200 0.952 24(2) 13(2)
100 1.040 25(2) 13(2)
50 1.084 17(3) 4(3)
10 1.119 15(2) 1(2)
5 1.124 14(3) 0(3)

0 0 0.15 300 1.318 34(2) 26(2)
200 1.422 31(3) 23(3)
150 1.480 24(2) 15(2)
100 1.537 22(3) 12(3)
50 1.595 13(4) 3(4)

0 0 0.2 300 1.757 51(7) 45(7)
200 1.881 45(7) 39(7)
100 2.019 29(4) 22(4)
1-4
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surements. In particular we investigated the polarizat
behavior as a function of frequency or tilt-angle detuni
~Fig. 5!.

Since the instrument parameters are calculated from
dispersion data, incorrect values for the excitation ene
and group velocity lead to wrong coil tilt angle and fr
quency settings. To estimate the effect of false dispers
data we have calculated the depolarization assuming a
error in both the nominal phonon energy\v0 and the slope

FIG. 4. Depolarization due to purely instrumentally limite
resolution, assumingG50, perfect sample~no mosaic spread, pla
nar, i.e., uncurved dispersion! as calculated for the@2 0.1 0# TA
phonon. Scattering senses are at the monochromator SM521, at
the sample SS521, and at the analyzer SA511 ~solid curve! or
SA521 ~dashed curve!. Note that thet range of our spectromete
is restricted tot,0.3 ns. The present experiments were perform
up to t'50 ps.

FIG. 5. Detuning of phonon-focusing parameters for the@2 0.1
0# TA phonon at att535 ps,T5150 K. Left: Tilt-angle detuning
in the second arm. Right: Frequency detuning in the second
Solid lines result from a resolution calculation~Ref. 30!. Nominal
parameters are indicated by vertical bars. As the coil tilt angles
controlled with an accuracy of 0.01° and the frequencies are
rived from a quartz oscillator, we conclude that in ourt range
depolarization due to instrumental misalignment is below the sta
tical error.
10430
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“qv0(q0) of the dispersion curves. Since we are in the line
regime of the dispersion, we have assumed that therelative
errors in phonon energy and slope of the dispersion are
same. Assuming an intrinsic linewidth ofG intr520.00meV
would correspond to an experimental linewidthGexpt
520.62meV if we assume110% error in \v0 and
“qv0(q0). For a 210% error Gexpt519.85meV is ob-
tained. The difference in absolute errors is due to the as
metry of the polarization with respect to the nominal valu
as is also seen in Fig. 5. We conclude that rather coa
knowledge of the dispersion data on a 10% accuracy leve
is easily obtained from standard TAS scans, is sufficient
linewidths G*20 meV (t,200 ps). For linewidths in the
meV range (t.200 ps) the dispersion input paramete
would have to be known with higher accuracy.

~iv! Taking sample mosaic into account and assumin
Gaussian mosaic distribution the polarization will be reduc
by a factor30

A2phSe2(1/2)t2u“qv0(q0)u2uG0u2sin2q hS
2
, ~10!

i.e., a Gaussian with 1s standard deviation
(u“qv0(q0)uuG0usinqhS)22. HerehS denotes the mosaicity
expressed as 1s standard deviation.q is the angle between
the mean reciprocal-lattice vectorG0 and the phonon wave
vectorq0.

The mosaicityh of our crystals was measured using
novel spin-echo diffraction technique~Larmor diffraction34!
with the same NRSE setup as was used for the linew
measurements. The advantage of this Larmor diffract
technique is that the same beam size can be used as fo
linewidth determination. Thus we obtain the mosaicity f
the same sample volume as is illuminated in the inela
measurements. Using the~200! Bragg reflection and the
samek1 as for the inelastic measurements we obtainedh
5(5.6860.04)8 FWHM and h5(4.1660.04)8 FWHM for
the two different crystals used in the experiments. For the@2
0.1 0# TA phonon in Pb the polarization is reduced by
factor of 2 att.56 ps~76 ps! for hS55.7 8(4.28) FWHM.
This significant effect has been included in the correction
our experimental lifetime data.

~v! The curvature of the dispersion surface is taken i
account via the second-order derivative in the expansion
the dispersion relation. The spin-echo phasef then has an
additive term

2 1
2 tDqTĤDq. ~11!

Here Ĥ is the symmetric (333) Hessian evaluated at th
nominal wave vectorq0,

Hi , j5
]2v

]qi]qj
, i , j 51,2,3. ~12!

Since the curvature term is of second order, a correct desc
tion of curvature depolarization must include all possib
second-order terms in the spin-echo phase. Horizontal
vertical resolution are then no longer decoupled. We h
expanded the spin-echo phase up to second order and s
quently integrated Eq.~9! analytically. The following as-
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HABICHT, GOLUB, MEZEI, KEIMER, AND KELLER PHYSICAL REVIEW B 69, 104301 ~2004!
sumptions were made:~1! the spin-echo conditions are sa
isfied; ~2! the sample is perfect~no mosaic spread!; ~3! the
TAS transmission probability is adequately described b
Gaussian approximation based on the Cooper and Nat
approach;~4! the intrinsic linewidth is assumed to vanish;~5!
the dispersion is approximated by a sinusoidal function. T
model is adequate for the small q values investigated in
present experiment.

In addition to the instrumental spin-echo parameters
usual TAS parameters enter the resolution calculation.
monochromator and analyzer mosaic spreads are assum
be hM ,A5308, close to the experimental values.35 Collima-
tion parameters which describe the TAS resolution funct
are inferred from the effective collimation of the beam op
cal elements used in our setup. In the elastic limit the ca
lated TAS resolution function was experimentally check
by measuring the Bragg widths. At the~200! Bragg peak we
obtain experimental~calculated! values: longitudinalQ reso-
lution: DQx50.014 (0.014) Å21, transverseQ resolution
DQy50.014 (0.011) Å21, and elastic energy resolutio
DE50.071 (0.071) meV. The evident agreement betwe
calculated and measured values gives us confidence into
parametrization of the resolution function.

To correct for both, sample mosaic and curvature, the
perimental polarization data have been normalized with
calculated data. The combined effect of mosaic and curva
is obtained by the product of the Gaussian, Eq.~10!, and the
integrated Eq.~9! including curvature terms.

At very low wave vectorsq ~as shown in Fig. 6! the
intrinsic linewidth G is expected to vanish and the sign
depolarization results from resolution effects only. The c
culated resolution curve is in good agreement with the
perimental data. For larger wave vectorsq the intrinsic line-
width increases and the effect of the curvature decreases
increasingq ~Fig. 7!.

V. EXPERIMENTAL RESULTS

Within statistical error all measured phonon linewidt
were in agreement with a single exponential decay@straight

FIG. 6. Calculated depolarization due to sample mos
~dashed!, curvature~dotted!, and both effects~solid!. The calculated
curves have been multiplied by a factorP050.58 for a direct com-
parison with the experimental data. Experiment and theory refe
the @2 0.025 0.025# TA mode atT550 K.
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line P(t) in a semilogarithmic plot, Fig. 3#. Thus we find no
evidence for possible deviations from Lorentzian line sha
S(v) predicted by theory at least for longitudinal modes36

The multiphonon background does not contribute sign
cantly to our data.

LinewidthsG as obtained from the raw data and correct
linewidthsGCM are given in Table I and in Figs. 8–11.

Both temperature and wave-vector dependence of the
trinsic anharmonic linewidth of transverse-acoustic phon
have been determined atqÞ0. The variation of the intrinsic
linewidth with temperature or wave vector is well outside t
error bars. The resolution obtained in the present experim
is at least one order of magnitude improved compared
earlier inelastic neutron-scattering data.2,4 The statistical ac-
curacy of the data is insufficient to detect a phonon linewi
anomaly at the superconducting transition temperatureTC .

VI. DISCUSSION

Single crystalline Pb is a representative of the structura
simple fcc metals where at high enough temperaturesT

c

to

FIG. 7. Calculated depolarization due to sample mosaic~dot-
ted!, curvature~dashed!, and a combination~solid! together with the
experimental data~full circles! and normalized data~open squares!.
Left, @2 0.05 0# TA phonon; right, @2 0.1 0# TA phonon at T
5300 K.

FIG. 8. Temperature dependence of the@j00# phonon linewidth
G. j is given in r.l.u.
1-6
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TEMPERATURE-DEPENDENT PHONON LIFETIMES IN . . . PHYSICAL REVIEW B69, 104301 ~2004!
.10 K) phonon-phonon interaction dominates over electr
phonon interaction and therefore can be regarded as a m
system where phonon-phonon interaction can be studied
itself. Ab-initio calculations37 show that the electron-phono
contribution to the phonon linewidths is negligible, thus su
porting the hypothesis that the intrinsic linewidths extrac
are due to phonon-phonon interaction. Furthermore due
the low Debye temperatureuD.100 K anharmonic effects
become apparent in a wide range of temperatures co
niently accessible by experiment. The variation of the lin
width with temperature is clearly observed in our expe
ments.

For the simple fcc metals the lattice-dynamical proble
was solved by using a force-constant parametrization of
interatomic potential.8 This approach has also been appli
to calculate linewidths for phonon modes in lead,7 but a com-
parison between theory and experiment has been impe
due to the fact that two contradictory sets of experimen
data for Pb phonon linewidths exist in the literature.2,4 Zoli7

obtains in general larger values for the linewidth than exp
mentally observed, e.g.,G590 meV for the @0.1 0 0# TA
mode in contrast to our data and the data of Furrer.4 In the
theoretical model harmonic constants are obtained from
to experimental phonon-dispersion data and macrosc
elastic constants. Anharmonic constants are obtained fro
fit to the linear coefficient of thermal expansion and the th
modynamic Gru¨neisen parameter. The fact that the int

FIG. 9. Temperature dependence of the@jj0# T1 phonon line-
width G. j is given in r.l.u.

FIG. 10. Temperature dependence of the@jjj# phonon line-
width G. j is given in r.l.u.
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atomic potential in the fcc metals is of long range implies
large number of parameters. Furthermore an approach
only central, two-body forces is not possible since the ela
constants do not satisfy the second-order Cauchy relati
In total the model relies on 22 harmonic force-constant
rameters and four anharmonic force-constant parame
The accuracy of the anharmonic parameters obtained f
this non-ab-initio model is not quantified so that the accura
of the theoretical prediction remains questionable.

From our experiment theq dependence of the linewidth i
found to be linear. Within statistical error no lifetime chan
at the superconducting transition is found for low-q phonons
in the @110# and @100# directions, indicating that even atT
,10 K the electron-phonon interaction plays no domina
role. This is in agreement with earlier inelastic neutro
scattering experiments by Youngbloodet al.38 on a TAS with
instrumental resolution on the order of 100–200meV and
contradicts the results of Bobrovskiiet al.39

VII. CONCLUSIONS

The combined NRSE-TAS technique has been succ
fully applied to dispersive phonon modes. In single cryst
line Pb broadening of the one-phonon peaks due to lat
anharmonicity resulting in Lorentzian linewidths could b
measured with high accuracy. The resolution is improved
one order of magnitude as compared to conventional ine
tic neutron spectroscopy. Intrinsic phonon linewidths we
extracted by taking mosaicity and curvature of the dispers
explicitly into account with a resolution approach based
the Gaussian approximation of the TAS transmission fu
tion. The present data go quantitatively beyond previous
elastic neutron-scattering work and offer an opportunity
compare theoreticalab initio models with experiment.
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FIG. 11. j dependence of the phonon linewidthG at T
5300 K.
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