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Diffraction satellites in indium caused by thermal-diffuse scattering
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An x-ray search for charge-density-wave structure in indium revealed more than one hundred diffraction
peaks having half integral~h,k,l!. However, the ‘‘satellite’’ intensities were found to be proportional to tem-
perature~above 20 K!, which proves they are caused by thermal-diffuse scattering~TDS! involving phonons
near the$1

2,
1
2,

1
2% points of the Brillouin-zone boundary. Theoretical TDS peaks, which were calculated for forty

half-integral$h,k,l% families, explain the observed intensities. The peaks arise from a sharp dip in the slow shear
phonon mode near$1

2,
1
2,

1
2% for q-space trajectories nearly parallel to the hexagonal face of the relevant extended

zone boundary.~TDS peaks do not appear in scans along trajectories that are nearly perpendicular to the
hexagonal face of an extended zone boundary.! The dynamic pseudopotential model for lattice vibrations in
metals was employed.@S0163-1829~99!03919-3#
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I. INTRODUCTION

Indium would be face-centered cubic were it not for
7.5% tetragonal extension along one of its~otherwise! cubic
axes. The cause of this distortion is unknown. What has
remained a puzzle for more than 40 years is the behavio
thec-axis lattice parameter versus temperature, shown in
1 together with the~ordinary! expansion of thea-axis param-
eter with increasingT. The data are from Graham, Moor
and Raynor.1 Not only is thec-axis expansion coefficient to
small by an order of magnitude, it becomes negative foT
.275 K.

Another unexpected property of In is the reduction in t
Debye,AT3, component of the specific heat in the superco
ducting state~relative to its magnitude in the normal state!.
The anticipated fractional reduction is expected to
;1025, a typical value observed in several superconducto2

by precision acoustic measurements. However, the reduc
for In is ;10%, too large by four orders of magnitude,3 even
after allowance for nuclear hyperfine effects.4 This discrep-
ancy has never been explained.

The motivation for the x-ray diffraction study describe
below stems from a realization that a charge-density-w
~CDW! broken symmetry could possibly explain the ph
nomena just mentioned. If a CDW has wave vectorQ, then
conduction electron momentum states$k% will become mixed
with $k6Q% components.5 If the angle betweenQ and thec
axis is small enough, i.e., less than 55°, the kinetic press
of the admixed momentum components will lead to a latt
expansion along thec axis. ~We assume that there would b
a family of four or eight$Q% so that tetragonal symmetr
would occur.! We anticipate that the amplitudep of each
CDW would be related to the tetragonal distortion

p2'mS c

a
21D , ~1!
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wherem is a constant. Now it has been pointed out that
temperature dependence ofp(T) for a spin-density wave or a
CDW is similar to that for a superconducting energy ga6

Accordingly, the strange behavior ofc(T), shown in Fig. 1,
can be interpreted as a consequence of the decrease in C
amplitude with increasingT. By comparing the behavior o
(c/a21) with D2(T) for a superconducting energy gap,7 we
surmise that In would become cubic (c/a51) near 650 K.
Unfortunately, In melts at 430 K, so this estimate cannot
checked.

A CDW structure leads to low-frequency phason mode8

and these are heavily damped.9 Phason spectral density wi
then contribute to theAT3 term in the specific heat.10 Most
of this contribution will disappear when phason damping
suppressed by the presence of a superconducting energy
2D at the Fermi surface. Accordingly, the~unexpected! drop
in the AT3 specific heat might thereby be explained. T
possibility of understanding for the first time both of the
long-standing anomalies, described above, led us to se
for CDW x-ray diffraction satellites.

II. X-RAY DIFFRACTION SEARCH FOR CDW
SATELLITES

A search for CDW satellites in In is simplified by th
requirement that the CDW$Qi% must be commensurate wit
the lattice. In fact the$hi ,ki ,l i% must be integral or half
integral. This condition derives from the observed sharpn
of the nuclear quadrupole resonance.11,12 ~Otherwise, hyper-
fine electric-field gradients would depend on the nucl
site.! Also, uQi u should nearly equal the diameter, 2kF
53.01 Å21, of the conduction-electron Fermi sphere.6 Both
conditions are satisfied if the CDW structure is a family
eight $Qi%

$6 3
2 ,6 1

2 , 3
2 % and $6 1

2 ,6 3
2 , 3

2 %, ~2!
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expressed in reciprocal lattice units (2p/a,2p/a,2p/c). Al-
ternatively, a family of four CDW’s

$6 3
2 ,6 3

2 , 1
2 %, ~3!

would also satisfy both conditions. However, these la
$Qi% have a 77° angle with thec axis, and would likely lead
instead toc/a,1. The angle of the$Qi% family ~2! is 47°,
which is smaller than 55°, the limiting value separating
tragonal extension from contraction.

We employed a NONIUS-ENRAF CAD4 four-circle dif
fractometer to scan 512 half-integral~hkl! points. Since the
In single crystal was a disc, 11 mm in diameter and 4-m
thick, the incident or diffracted beam was blocked more
ten than not. The axis of the cylindrical crystal was appro
mately @212#. Nevertheless, we found 118 satellitelike d
fraction peaks. Mo Ka radiation (l50.71 Å) was used with
a graphite monochromater on the incident beam. The an
voltage was set at 30 kV, so there was no1

2l component in
the beam.~A 0.355 Å photon cannot be created by a 30 ke
electron.! That there was indeed no second-order contam
tion was proved by the absence of a peak at~100! and other
integral, non-Bragg points.~Such reflections did appear if th
anode voltage was set to 40 kV.! The anode current was 2
ma; eachu22u scan lasted 10 min. The diffraction featu
at ~ 5

3,
3
2,

1
2! is shown in Fig. 2. All half-integral peaks had

comparable width. Also shown is the~202! Bragg peak after
reduction by a factor 2000. The width of this peak indica
the instrumental resolution and sample quality. Table I li
all forty ‘‘satellite’’ families that were studied. The relativ
integrated intensities observed for each family are show

FIG. 1. Temperature dependence of the lattice constantsa andc
for ~tetragonal! indium. (c/a51.075 at room temperature.!
r

-

-
-

de
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the first column, and were normalized to unity for the~5
2,

3
2,

1
2! family. ~The intensity of the strongest reflection from ea
family was, of course, the value chosen.!

The intensity of a CDW satellite should decrease w
increasingT; so such anticipated behavior must be verifie
Since a low-temperature cryostat was not available for
CAD4 diffractometer, the temperature dependence of
half-integral superstructure was investigated at the Natio
Synchrotron Light Source. Beam line X-18A was employ
with l51.38 Å. A double-crystal Si~111! monochromator
was used with a focusing, specular-reflection toroidal mirr
~We checked that there was no12l component.! We found
that the half-integral ‘‘satellite’’ intensities were approx
mately proportional toT between 20 and 200 K. Synchrotro
data for the~5

2,
3
2,

5
2! peak are shown in Fig. 3. Consequent

the ‘‘satellites’’ are caused by thermal-diffuse scatteri
~TDS! of phonons near the$1

2,
1
2,

1
2% points of the Brillouin-

zone boundary; and not by CDW diffraction.

III. PHONON SPECTRUM OF INDIUM

The interesting question that presents itself is how pho
TDS can give rise to relatively sharp ‘‘satellite’’ structur
exemplified in Fig. 2 and observed for 23 of the 40 famili
listed in Table I. TDS peaks are always present at Bra
reflections, and result from scattering by small-q acoustic
phonons~sincev j→0 asq→0). The TDS peaks discovere
here must arise from phonons havingq near the centers o
the hexagonal faces of the Brillouin-zone boundaries. A p
can be caused by a sharp dip inv j (q) or, alternatively, by
rapid variation of the phonon polarization vector withq.

The phonon spectrum of In has been measured by Sm
and Reichardt.13 A theoretical fit to the data using the dy
namic pseudopotential model14 has been made by Chen

FIG. 2. Radial (u22u) scan at room temperature through th
~5

2,
3
2,

1
2! point in the reciprocal space of In. Mo Ka x-rays (l

50.71 Å) were employed. The~202! Bragg reflection, reduced by a
factor 2000, is shown for comparison.
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Xuan, and Overhauser~CXO!.15 CXO did not display
v j (q) along the@111# direction because no data were ava
able for comparison. We have calculated the spectrum a
@111# by using the CXO fit~which describes the data fo
@q00#, @qq0#, @00q#, and@q0q#). Calculatedv j (q) of the
three~acoustic! modes for@qqq# are shown in Fig. 4. Notice
the very low frequencies of the shear modes at the z
boundary (q50.5). There are no sharp dips, however, n
q50.5, so peaks in TDS would not be expected in an x-
scan along@111#. This explains the absence of ‘‘satellites’’ i

TABLE I. Relative intensities of ‘‘satellite’’-like diffraction
peaks in indium caused by TDS for 40 half-integral~h,k,l! families.
~Each family has 16 equivalent scattering vectors, but only 8 ih
5k.) The intensities have been normalized to unity for the~5

2,
3
2,

1
2!

family.

Family Experimental Theoretical

$1
2

1
2

1
2% 0 0

$1
2

1
2

3
2% 0 0

$3
2

1
2

1
2% 0.2 0.2

$3
2

1
2

3
2% 0.3 0.2

$3
2

3
2

1
2% 0 0

$1
2

1
2

5
2% 0 0

$3
2

3
2

3
2% 0 0

$5
2

1
2

1
2% 0.2 0.2

$3
2

1
2

5
2% 0.6 0.4

$5
2

1
2

3
2% 0.5 0.4

$5
2

3
2

1
2% 1.0 1.0

$3
2

3
2

5
2% 0.5 0.3

$5
2

3
2

3
2% 1.0 1.0

$1
2

1
2

7
2% 0.4 0.3

$5
2

1
2

5
2% 0 0

$7
2

1
2

1
2% 0.9 0.8

$5
2

5
2

1
2% 0 0

$3
2

1
2

7
2% 0.2 0.2

$5
2

3
2

5
2% 0.6 0.7

$7
2

1
2

3
2% 0.6 0.6

$5
2

5
2

3
2% 0 0

$7
2

3
2

1
2% 0.2 0.2

$3
2

3
2

7
2% 0 0

$7
2

3
2

3
2% 0 0

$5
2

1
2

7
2% 0.6 0.4

$7
2

1
2

5
2% 0.9 0.7

$5
2

5
2

5
2% 0 0

$7
2

5
2

1
2% 1.1 1.1

$5
2

3
2

7
2% 0.7 0.6

$7
2

3
2

5
2% 0.4 0.3

$7
2

5
2

3
2% 1.1 0.9

$7
2

1
2

7
2% 0 0.2

$5
2

5
2

7
2% 0.4 0.2

$7
2

5
2

5
2% 1.1 0.7

$7
2

7
2

1
2% 0 0

$7
2

3
2

7
2% 0 0

$7
2

7
2

3
2% 0 0

$7
2

5
2

7
2% 0.5 0.4

$7
2

7
2

5
2% 0 0

$7
2

7
2

7
2% 0 0
ng

e
r
y

FIG. 3. Integrated intensity of the~ 5
2,

3
2,

5
2! ‘‘satellite’’ versus T.

The open circles are the measured intensities; the solid points
clude a correction for the measured Debye-Waller factor. The cu
is proportional to T/v2, with v(T)5v0(12gT) and g56.8
31024. ~The In-crystal orientation was readjusted near 50, 1
and 170 K to compensate for thermal expansion.!

FIG. 4. Theoretical$v j (q)% for the phonon modes of In along
the @111# direction. The dynamic pseudo-potential fit of Chenet al.
~Ref. 15! to the experimental spectra along other directions w
employed.~No data along@111# were available.!
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Table I for the~1
2,

1
2,

1
2!, ~3

2,
3
2,

3
2!, ~5

2,
5
2,

5
2!, and~7

2,
7
2,

7
2! families.

The cause of the TDS peak shown in Fig. 2 becomes c
by calculatingv j (q) for @5q,3q,q#. The frequencies of the
two transverse modes are shown in Fig. 5. The sharp dipv
for the T1 mode, centered atq50.5, causes the observe
peak because TDS is proportional tov22. TDS is also
proportional to (êj•K̂)2, whereêj is the polarization vector
of the phonon andK̂ is the unit vector parallel to the x-ra
scattering vectorK . Figure 6 shows that the polarization ve
tors do not rotate significantly in the scan interval of the TD
peak.~The interchange at the ends reflects only the cross
of the T1 andT2 modes.!

It must be remembered thatv j (q) is periodic~in q! with
the periodicity of the reciprocal lattice. Accordingly,q0
5(2.5,1.5,0.5), is the center of a hexagonal face of a u
cell, and$v j (q0)% equal the frequencies atq50.5 in Fig. 4.
The q-space trajectory of the@5q,3q,q# scan forms a glanc
ing angle of 17° with respect to the hexagonal face cente
at q0 . We conclude that the peaks reported here arise fro
sharp frequency dip of the slow shear mode (T1) along
scans that form a glancing angle with a hexagonal z
boundary. The center of each hexagonal face is a sa
point for theT1 mode.

IV. THEORY OF THE TDS DIFFRACTION PEAKS

Since the Debye temperature of In is 108 K, the hig
temperature expression16 for the x-ray scattering intensity
I (K ) caused by emission or absorption of a phonon may
used at room temperature

FIG. 5. Theoretical$v j (q)% for the two shear modes along
@5q,3q,q# trajectory. The sharp dip in theT1 mode nearq5

1
2

causes the TDS peaks. The mode crossings atq50.47, 0.53 should
be noted.
ar
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I ~K !5
NkBT

M
u f ~K !u2e22WL(

j 51

3 uêj•K u2

v j
2 . ~4!

M is the atomic mass,N is the number of atoms in the dif
fraction volume,f (K) is the x-ray form factor for scattering
vector K ,17 and v j (q) is the phonon frequency for wav
vector q and polarizationê j . ~The sum is over the three
acoustic modes of In.! The exponent in the Debye-Walle
factor is

2W~K !5
kBT

NM (
q j

1

v j
2~q!

uêj~q!•K u2. ~5!

q is summed over theN wave vectors of the Brillouin zone
and K5G6q, whereG is a reciprocal lattice vector. The
Debye-Waller factor was measured by studying theT depen-
dence of four Bragg reflections. We found

2W510.5S sinu

l D 2

. ~6!

l is here, the x-ray wavelength in Angstroms and

sinu

l
5

1

2a Fkx
21ky

21kz
2S a

cD 2G1/2

, ~7!

where k is the scattering vectorK , but in ~dimensionless!
reciprocal lattice units, anda is in Å. Finally, the Lorentz-
polarization factorL of Eq. ~4! is

L5
11cos2~2u!

2 sin~2u!
. ~8!

~This factor is appropriate for calculating the integrated
tensities that are to be compared with those measured
the CAD4 diffractometer.! The computed TDS scattering fo
@5,3,1# and @3,1,1# trajectories are shown in Figs. 7 and
together with the corresponding data. The agreement is
isfactory. The vertical heights of both curves were adjus
for optimum fit, but no attempt was made to include abso

FIG. 6. Behavior of the polarization vectorsêj•K̂, relative to the

x-ray scattering unit vectorK̂ along a @5q,3q,q# trajectory. The
sharp variations nearq50.47, 0.53 are associated with the cros
ings of theT1 andT2 modes, shown in Fig. 4.
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tion corrections in the theory~which could modify slightly
the skew asymmetry of the calculated peaks!.

Another challenging test of the theory is to compute
integrated intensities for all 40 half-integral families listed
Table I and to compare them with the observed roo
temperature intensities listed in column 1. The scan width
u was 5° ~for each family! and each scan comprised 9
points. The ‘‘raw’’ integrated intensity was defined as t
sum of the 96 counts minus the background, which w
taken to be 96 times the average of the first 16 and las
points. In order to minimize effects of absorption the stro
gest peak of each family was chosen. The ‘‘raw’’ intensit
were then normalized so that the~5

2,
3
2,

1
2! family had unit in-

tensity.
The TDS scattering was then calculated for the same

points of each experimental scan; and the theoretical in
sity was defined by the same scheme just described.
theoretical relative intensities are listed in column 2. T
remarkable agreement allows one to conclude that the

FIG. 7. The TDS peak along@5q,3q,q#. The theoretical curve
shown was computed from Eq.~4! and scaled along the vertical ax
for an optimum fit. The glancing angle of the trajectory relative
the hexagonal face it pierces is approximately 17°.
y
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served half-integral ‘‘satellites’’ arise from TDS by the slow
shear mode (T1) near the ~61

2,6
1
2,6

1
2! points of the

Brillouin-zone boundary.
Appearance of TDS peaks is a consequence of the s

dip in v1(q) along trajectories that are nearly parallel to t
hexagonal faces of the Brillouin zone boundary. This beh
ior is predicted successfully by the dynamic pseudopoten
model14,15 for phonons in In, since there is no experimen
data for$v j (q)% near~1

2,
1
2,

1
2!.

The puzzles that prompted this research—the behavio
c(T), Fig. 1, and the 10% reduction in theT3 specific heat
on entering the superconducting state3,4—remain unsolved.
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FIG. 8. The TDS peak along@3q,q,q#. The theoretical curve
shown was computed from Eq.~4! and scaled along the vertical ax
for an optimum fit. The glancing angle of the trajectory relative
the hexagonal face it pierces is approximately 10°.
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