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We have carried out ultrasonic investigations of~TMTSF!2PF6 in the spin-density-wave~SDW! ground
state. Some features for the elastic behavior of the SDW state are found. One of the acoustic modes shows a
jump in the sound velocity at the critical temperature of the SDW transition (TSDW'12 K) and a relaxation
peak in the attenuation of sound just belowTSDW. From this peak we have estimated the characteristic
relaxation time of the spin fluctuations along theb axis to bet052310211 s. The sound velocity of another
acoustic mode changes with temperature as the square of the order parameter. Besides a maximum just below
TSDW the attenuation of this mode has an exponential behavior at low temperatures and yields an energy gap
value equal to 2D(0)'96 K, which is much larger than the BCS value 2D(0)'43 K. In addition there is an
acoustic mode which displays a slow decrease of the sound velocity in the SDW state. We have also studied
the influence of a magnetic field applied along thec* axis on the acoustic properties of~TMTSF!2PF6: TSDW

increases in the magnetic field. We discuss our experimental results in the frame of theoretical considerations
which are based on the assumption that phonons influence the exchange interaction between the spins of the
conducting electrons and thus couple to the SDW~magnetoelastic coupling!. In our model, the temperature
behavior of the sound velocity and the attenuation of sound is related to the real and imaginary parts of the
dynamical spin susceptibility. This model allows us to classify the temperature behavior of different acoustic
modes and to explain the observed anomalies in the sound velocity and the attenuation of sound in the SDW
ground state.@S0163-1829~99!06821-6#
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I. INTRODUCTION

One-dimensional electron systems are of great theore
importance1,2 because the reduced dimensionality leads t
number of interesting ground states like charge den
waves~CDW!, spin density waves~SDW!, or spin Peierls
~SP!. Since their discovery twenty years ago, the Bechga
salts (TMTSF)2X, where TMTSF is tetramethyl-tetraselen
fulvalene andX stands for a monovalent anion like AsF6,
PF6, or ClO4 and their sulfur analogs (TMTTF)2X became
the prime examples of quasi-one-dimensional materials
an enormous amount of experimental data has been acc
lated over the years; for reviews see Refs. 3 and 4.

~TMTSF!2PF6 has a triclinic crystal structure with aP1̄
symmetry (a57.297 Å, b57.711 Å, c513.522 Å, a
583.39°, b586.27°, g571.01°). The organic cathion
TMTSF are stacked along thea direction,b8 is perpendicular
to a, andc* is normal to theab8 plane. At room temperature
~TMTSF!2PF6 is highly conducting along the chain directio
with an anisotropy of several orders of magnitude. Cool
PRB 590163-1829/99/59~21!/13861~11!/$15.00
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down at ambient pressure it undergoes a metal-to-insul
transition atTSDW'12 K to a SDW ground state, i.e., it be
comes an itinerant antiferromagnet. Due to the instability
the low-dimensional electron gas a gap opens at the Fe
surface. In contrast to a CDW transition, no structu
changes are observed.3 For the thermal expansionDa/a of
~TMTSF!2PF6 within a few parts in 1028 no change was
found atTSDW,5 indicating that the spin-lattice coupling i
the SDW state is very weak. However, this does not m
the coupling is negligible. For instance, the missing spec
weight of the collective phason excitation observed in
SDW state6 may be explained by the electron-phonon co
pling leading to an enhanced mass of the condensate. In
der to address the coupling issue we have performed u
sonic measurements on~TMTSF!2PF6 in the temperature
range around the SDW transition.

We present results of high frequency ultrasonic investi
tions of single crystal~TMTSF!2PF6 in the temperature rang
2 K,T,40 K. Due to the small size of the crystals, acou
tical studies of the organic compound (TMTSF)2X have
13 861 ©1999 The American Physical Society
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13 862 PRB 59ZHERLITSYN, BRULS, GOLTSEV, ALAVI, AND DRESSEL
been limited in number. To our knowledge only low
frequency vibrating-reed technique measurements have
performed7–11 where an anomalous behavior of sound velo
ity and internal friction was observed below the critical te
perature (TSDW;12 K) of the SDW phase transition. Th
temperature dependencies of these characteristics were
retically discussed in a number of papers.12–14 Specifically
the hardening of the elastic constants belowTSDW was as-
cribed to the reduction in the quasiparticle screening of
ion potential due to the formation of the SDW state. Anoth
possible mechanism is a finite magnon-phonon coupl
One important point in these considerations is whether
SDW is pinned~without depinning electrical field, it is!.
Measurements of the Youngs’ modulus under external b
were performed to explore these phenomena.8,11 Virosztek
and Maki14 predict a coupling of only the transverse sou
wave with displacement vector parallel to the chain direct
to the phason of the spin density wave. Due to this fact
relative change of the longitudinal sound velocity belo
TSDW should be a factor 102 smaller than for the velocity o
the transverse sound wave.

In addition to the small size of the sample, performi
and analyzing the experiments is complicated by the fact
~TMTSF!2PF6 has a triclinic crystal symmetry with nonor
thogonal crystal axes. Only the long axis of the sample
incides with the real crystallographica axis ~the direction
along the spin chains!. Theb andc axes have some nonzer
angle~see above! with the normal directions of the as-grow
crystal surfaces. Under these circumstances the experim
tally excitable sound waves are mainly in combinations
even representing pure~longitudinal or transverse! modes. In
practice, it means that our transverse~shear! transducers will
excite also~quasi!longitudinal sound modes and vice vers

II. EXPERIMENTAL TECHNIQUE AND RESULTS

The crystal used in our study had a size of 230.7
30.3 mm3 with the crystallographica axis directed along the
largest dimension. We utilized resonant LiNbO3 ultrasound
transducers with a fundamental frequency of 70 MHz.
order to reduce the possibility of a bond break we used a
mylar film ~thickness 10mm! as a buffer between the samp
and the transducers. Sputtered aluminum film on the m
served as the electrical ground contact for the transduc
The transducers and the mylar film were glued to the
grown planes normal toc* with a liquid polymer~Thiokol
LP-32!. The geometry of the sound excitation is shown
Fig. 1. In case of the transverse transducers the polarizatie
was along thea axis. We performed measurements of t
sound velocity and the attenuation of ultrasound both at
fundamental frequency of the transducers and at the t
harmonic. The ultrasonic pulse technique used is descr
elsewhere.15

In case of triclinic symmetry there are 21 independ
elastic moduli and in general the modes propagating al
the crystal axes are neither purely longitudinal nor pur
transverse. However, it is well known that there are th
independent acoustic waves with different velocity for a
crystallographic direction in a crystal, and the particle d
placements for these modes are perpendicular to e
other.16 In the case of triclinic symmetry there is a nonze
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respectively non-90°, angle between the wave vectorq and
the polarization vectore for each mode taken separatel
Here, we do not consider the exceptional occurrence of p
modes due to special relations between the ela
constants.17 Thus we assume that one quasi-longitudinal a
two quasi-transverse modes exist for each direction in a
clinic system. The receiving ultrasonic transducer picks
signals from all these modes. The situation becomes m
complicated because of the small size of the sample~along
the selectedc* crystallographic direction! and a possibility
of interference between the acoustic waves reflected from
sample surfaces. For our investigation we used short~,100
ns! ultrasonic pulses. That allows us to separate tempor
the different signals in the receiving part of the setup. Th
signals are associated with different acoustic modes in
crystal. They were stable below 50 K and we could obse
different types of temperature behavior for the sound vel
ity and the attenuation of sound for them.

Using longitudinal transducers glued on as-grown crys
surfaces normal toc* ~see Fig. 1!, we observed a few signal
separated in time, which are related to different acou
modes of the triclinic crystal. The modes demonstrate diff
ent temperature dependencies of the velocity and the att
ation belowTSDW. In Fig. 2 we present the behavior of on
of these modes~called mode I! that is similar to the results
observed by using vibrating-reed technique.7–9 Apart from
this type of temperature behavior, we discovered comple
different temperature dependencies of the ultrasonic velo
and attenuation for other modes. They are shown in Fig
and 4 and called mode II and mode III, respectively. Us
transverse transducers with the polarization vector along
a axis gives one more type of temperature behavior~prob-
ably a mixed mode, see Fig. 5! for the velocity of sound and
the attenuation. Such kind of behavior represented in F
3–5 has never been theoretically discussed for SDW ph
transition in quasi-one-dimensional conductors li
~TMTSF!2PF6. However, the steplike behavior is very com
mon for a second order phase transition which exhibit
linear coupling of the strain to the square of the ord
parameter.18 It is also observed for a CDW transition, fo
instance in the quasi-one-dimensional metal blue bronz19

One can note that while it is well known that a CDW
associated with a lattice distortion, this is not so obvious
the case of a SDW in itinerant electron systems. Within o

FIG. 1. Sketch of the geometry used to explain the excitation
the ultrasound waves in (TMTSF!2PF6. Metallized mylar was used
as a buffer. Two resonance LiNbO3 transducers and a mylar film
were glued to the as-grown surfaces normal to thec* axis. In case
of the transverse transducers the polarization vector was dire
along thea axis. Thea axis is perpendicular to theb8-c* plane.
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experimental accuracy, we did not detect any hysteresi
the SDW phase transition and hence no indication for a p
sible first-order character of the transition.

Owing to the low triclinic symmetry of~TMTSF!2PF6
there is an angle between phase and group velocity of
sound waves which traverse the crystal. Since the ela
constants change at the phase transition, the angle may
change. In principle, this effect must be taken into acco
when analyzing the data on the sound attenuation. Howe
this effect is sufficiently small, because the relative chang
the angle is proportional to a relative change of the so
velocity. In our case the latter has a value of about 1023.
Hence, the relative change of the angle is also of the orde
1023 and can explain only about 1% of the observed cha
in the sound attenuation. Therefore we can neglect this
fect.

FIG. 2. Temperature behavior of the sound velocity~filled
circles! and the attenuation~open circles! of sound for the quasi-
transverse acoustic mode~mode I! in ~TMTSF!2PF6. Longitudinal
ultrasonic transducers (qieic* ) were used at a frequencyf
5199 MHz. The solid lines represent the BCS-like behavior of
attenuation according to Eq.~33!. The best fit gives a value of 96 K
for the single particle gap 2D~0!. The inset shows the temperatu
dependence of the sound velocity up to 40 K.

FIG. 3. Sound velocity~filled circles! and the sound attenuatio
~open squares! versus temperature for the quasilongitudinal acou
mode ~mode II! in ~TMTSF!2PF6. Longitudinal transducers
(qieic* ) were used at a frequency of 204 MHz. The lines conn
the experimental points.
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It is known from the different experiments~Refs. 20 and
21 and references therein! that there is an additional trans
tion in ~TMTSF!2PF6 at approximately 3.5 K. As it was sug
gested, the energy gap does not open completely atTSDW and
below this temperature both the normal charge carriers
the SDW coexist,20,21 the complete opening of the gap ov
the Fermi surface occurs in~TMTSF!2PF6 at 3.5 K. The sug-
gestion that at the SDW transition the energy gap at
Fermi level opens only partially stands in contrast to t
strong increase of the resistivity atTSDW,4 and the rapid
vanishing of the EPR signal related to the conduct
electrons.22,23The negligible change of the optical properti
at the SDW transition along the chains, however, may in
cate that a part of the normal electrons remains belowTSDW
~Ref. 6! ~to our knowledge, no optical measurements ha
been performed below 4 K!. In particular magnetotranspor
and Hall-effect measurements indicate a strong coupling

e

c

t

FIG. 4. Temperature behavior of the sound velocity~filled
circles! and the attenuation~open circles! of sound for the quasi-
transverse acoustic mode~mode III! in ~TMTSF!2PF6. Longitudinal
ultrasonic transducers (qieic* ) were used at a frequency of 6
MHz.

FIG. 5. Temperature behavior of the sound velocity~filled
circles! and the attenuation~open circles! of sound for the mode
that shows a behavior which is a mixture of mode I, mode II, a
mode III, with a sign reversal of the mode I and mode III coef
cients~see text!. Transverse ultrasonic transducers (qic* ,eia) were
used at a frequency of 71 MHz.
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13 864 PRB 59ZHERLITSYN, BRULS, GOLTSEV, ALAVI, AND DRESSEL
the SDW and the normal electrons.24,25 As discussed for in-
stance in Ref. 21, the partial opening of the gap could
related to an incommensurate nesting vector. A comple
alternative picture with respect to the 3.5 K anomali
emerging from dielectric constant and heat capac
measurements,26–28 is a glass transition. In our ultrasoun
experiments we observe a slight anomaly in the sound ve
ity of the acoustic mode II shown in Fig. 3. In order
extract this anomaly we made a second order polynomia
of the temperature dependence of the sound velocity at
temperature range between 5 and 9 K. Then we subtract
low temperature extrapolation of this polynomial fit from th
data. The result is shown in Fig. 6. This additional term
the sound velocity exhibits a clear kink at a temperature
about 3.5 K. The nonexponential temperature behavior of
attenuation of sound observed for some of the acou
modes belowTSDW is typical for a gap-anisotropic system
with nodes. Therefore the kink could be an indication o
phase transition between incommensurate and commens
SDW phases below which the gap opens over the comp
Fermi surface.

We investigated the influence of an external magne
field up to 13 T, applied along the magnetically hardc* axis,
on the acoustic properties of~TMTSF!2PF6. We did not no-
tice any significant anomalies in the field dependencies of
sound velocity and the attenuation of sound in the temp
ture range 2 K,T,14 K. However the temperature depe
dencies measured at different applied magnetic fields dis
a shift of TSDW as a function of magnetic field. Figure
shows the temperature dependence of mode I in Fig. 2 m
sured forB50 T andB513.2 T. The inset of Fig. 7 exhibits
a part of theB-T phase diagram obtained from our ultrason
data. This phase diagram is consistent with the one propo
by other groups21,29–31who observed and explained a qu
dratic field dependence of theTSDW.

III. THEORY

In order to explain the origin of the different temperatu
dependencies of the acoustic modes observed atT,TSDW it

FIG. 6. Temperature dependence of the sound velocity of
acoustic mode II~see Fig. 3! in the vicinity of the low temperature
transition between different SDW phases in~TMTSF!2PF6. A para-
bolic background was subtracted~see text!. Temperature sweep u
~filled squares! and sweep down~open circles! are shown.
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is necessary to have a model of the electron-phonon coup
in ~TMTSF!2PF6. The model of the electron-phonon cou
pling proposed in a number of works12–14 does not allow to
describe all observed anomalies. The temperature beha
of the sound velocity displayed in Fig. 2 is in qualitativ
agreement with this model. However, the jump in the sou
velocity and the sharp peak in the attenuation presente
Fig. 3, as well as the temperature behavior of the veloc
and the attenuation of the acoustic mode in Fig. 4 are
explained. In order to account for our data, we have to
sume that there is an additional mechanism of electr
phonon coupling active in~TMTSF!2PF6. In the present sec
tion we consider a microscopic model of magnetoelas
coupling that allows us to explain the observed peculiarit
of the acoustic modes.

In quasi-one-dimensional conductors both intrachain a
interchain exchange interactions between conduction e
trons play an important role in the formation of the differe
ground states~see, for example, Refs. 4, 1, and 32!. One can
write the exchange interactions in the general form:

Hexc5 (
p,p8,k

(
abgd

G~p2k,a;p8

1k,g;p8,d;p,b!ap2k,a
1 ap81k,g

1 ap8,dap,b , ~1!

where, for instance,ap2k,a
1 and ap8,d are the operators o

creation and annihilation of the conduction electrons in
state with momentump2k and spina and a state with mo-
mentump8 and spind, respectively. The dependence of th
exchange constantG on momenta and spin indices is dete
mined by both the lattice anisotropy and the magnetic ani
ropy. The latter, for example, is related to the spin-orbi
interaction. It is known that~TMTSF!2PF6 has anisotropic
magnetic properties4,33 with similarities to an ordinary anti-
ferromagnet belowTSDW. The easy, intermediate, and ha
axes are located approximately along theb, a, and c axes,
respectively. One can suppose that phonons having w

e FIG. 7. Temperature behavior of the sound velocity for mod
~see Fig. 2! measured with and without magnetic field applied alo
the c* direction. The open circles correspond toB50 T and the
filled squares correspond toB513.2 T. The inset shows a part o
the B-T phase diagram. The points were extracted from the ul
sonic data. The line was drawn to guide the eye.
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vector q and producing the strain« i j , i , j 5x,y or z, influ-
ence the exchange interactions:

dHexc5 (
p,p8,k,q

(
abgd

Gi j ~p2k1q,a;p8

1k,g;p8,d;p,b!« i j ~q!ap2k1q,a
1 ap81k,g

1 ap8,dap,b ,

~2!

where « i j (q) is the Fourier transform of the strain and
related to the phonon creation and annihilation operatorsbq

1

andbq , respectively, in the conventional way:

« i j ~q!5
i

2 S \

2Mvq
D 1/2

~qiej1qjei !~bq1b2q
1 !,

wheree is the polarization vector,vq is the frequency of the
acoustic wave, andM is the ion mass. Unfortunately, th
Hamiltonian ~2! is too complicated to be used for our sp
cific aims. It is very difficult to perform a complete analys
of the influence of the electron-phonon coupling~3! on the
acoustic modes due to the low triclinic symmetry
~TMTSF!2PF6. Most of the dominant physical features
acoustic measurements may be explained by assumin
orthorhombic system; thus for the further discussionb85b
andc* 5c.

Based on symmetry considerations and neglecting the
pendence ofG on momenta we represent the Hamiltonian~2!
in the form of a magneto-elastic spin Hamiltonian:

Hexc8 5(
k,q

H(
i j

Gj
i « j j ~q!Si~k2q!Si~2k!

1
1

2 (
iÞ j

Gi j « i j ~q!Si~k2q!Sj~2k!J , ~3!

where

Si~k!5
1

2 (
pab

ap2k,a
1 sab

i ap,b ~4!

is the Fourier transform of the spin density operatorSi(r )
5 1

2 (abaa
1(r )sab

i ab(r ) of the conduction electrons, an
sab

i are the Pauli matrices, withi 5x,y,z. The Hamiltonian
Hexc8 is an approximate representation ofHexc, because there
are some terms omitted~the problems with transforming a
exchange Hamiltonian into a spin Hamiltonian have be
discussed by Herring34!. The magnetic properties o
~TMTSF!2PF6 have been sussesfully described using an
fective Heisenberg Hamiltonian.32 Therefore we expect the
magnetoelastic spin Hamiltonian of Eq.~3! to be appropriate
also. In the Hamiltonian~3! one can group the componen
of strains« i j to form irreducible representations of the orth
rhombic group. Then the Hamiltonian~3! can be represente
as a sum over the representations~see, for example
review35!. However, it makesHexc8 to be complicated and
inconvenient for the purpose of the paper. Equation~3! de-
scribes a magnetoelastic coupling between electron spins
strains like it has been discussed for ferromagnetic and a
ferromagnetic crystals.36

We begin with a longitudinal acoustic mode propagat
along thei axis, i 5a, b or c. The theoretical result for this
an

e-

n

f-

nd
ti-

mode will turn out to fit the steplike behavior of Fig. 3~i.e.,
mode II! quite well. The coupling of the mode to the sp
density of conduction electrons contains the following term

El~« i j !5« i i ~q!(
k,q

(
j

Gj
i Sj~k2q!Sj~2k!. ~5!

Apart from the electron-phonon coupling the behavior of t
electron subsystem is governed by the conventional Ha
tonianH0 .1 We will suppose that below the critical temper
ture TSDW a SDW state with a nesting vectorQ is formed,37

with the spins of the conduction electrons directed along
b axis:

^Sb~r !&5^Sb~Q!&exp~ iQ•r !1^S~2Q!&exp~2 iQ•r !

5Sb~T!cos~Q•r1w!, ~6!

whereSb(T) is the temperature dependent amplitude of
spin-density wave. It is well known thatSb(T) is propor-
tional to the energy gap which opens at the Fermi surf
and thus to the order parameter. Using the Matsubara me
in the second order of the coupling constantsGi

j , we find
that atT,TSDW the coupling~5! gives two contributions to
the elastic constantcii :

Dcii 5Dcii
~1!1Dcii

~2! ,

Dcii
~1!524~Gb

i !2Sb
2~T!xbb8 ~Q1q,vq!, ~7!

Dcii
~2!524(

j
~Gj

i !2Yj j8 ~q,vq!, ~8!

wherexbb8 (Q1q,vq) is the real part of the longitudinal sus
ceptibility xbb(p,v)5b^Sb(p,v)Sb(2p,2v)& at p5Q1q
and v5vq . The functionYi j (q,vq) is a four-spin correla-
tion function,Yj j8 (q,vq)5ReYjj(q,vq). We approximate the
four-spin correlation function by a product of two-spin co
relation functions. As a result we obtain

Yi j ~q,vq![ lim
ivn→vq1 i«

T(
k

(
iv

x i i ~k2q,iv2 ivn!

3x j j ~k,iv!,

ReYi j ~q,v!5
1

2p (
k
E

2`

`

d« cothS «

2TD
3$x i i9 ~k2q,«!x j j8 ~k,«1vq!

1x i i8 ~k2q,«2vq!x j j9 ~k,«!%,

Im Yi j ~q,v!5
1

2p (
k
E

2`

`

d« cothS «

2TD
3$x i i9 ~k2q,«!x j j9 ~k,«1vq!

2x i i9 ~k2q,«2vq!x j j9 ~k,«!%. ~9!

The electron-phonon coupling~3! gives an additional contri-
bution to the attenuation of the longitudinal acoustic wav

a i i 5a i i
~1!1a i i

~2! ,
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a i i
~1!5

4vq

Mv l
3 ~Gb

i !2Sb
2~T!xbb9 ~Q1q,vq!, ~10!

a i i
~2!5

4vq

Mv l
3 (

j
~Gb

i !2Yj j9 ~q,vq!, ~11!

wherev l is the velocity of the longitudinal acoustic wav
xbb9 (Q1q,vq)5Im xbb(Q1q,vq) and Yj j9 (q,vq)
5Im Yjj(q,vq). In the paramagnetic phase, i.e., atT.TSDW,
the a i i

(1) andDcii
(1) are equal to zero sinceSb(T)50. There-

fore, only Dcii
(2) anda i i

(2) contribute to the elastic constan
and the attenuation, respectively. AtT,TSDW both contribu-
tions must be taken into account.

For understanding the results represented by Eqs.~7! and
~8! it is necessary to note that in accordance with Eq.~5! the
strain « i i is coupled linearly to the square of the order p
rameterSb

2. Equations~7! and~8! are the conventional equa
tions for this kind of coupling.18 The contributionsDcii

(2) and
a i i

(2) are due to spin fluctuations.
From Eqs.~7!–~11! it follows that the temperature behav

ior of the elastic constants and the attenuation are determ
by the temperature dependence of the dynamical suscep
ity x i i (k,v). However, unlikea i i

(1) and Dcii
(1) , which are

determined by the staggered susceptibility atk'Q and v
5vq , the termsDcii

(2) and a i i
(2) are determined by a com

plete dependence ofx j j (k,v) on k and v in the wholek
2v space.

Now we will study the temperature behavior ofa i i
(1) and

Dcii
(1) . In case of the itinerant antiferromagn

~TMTSF!2PF6, belowTSDW, the imaginary and the real par
of the longitudinal susceptibility at small frequenciesv and
wave vectorsk near6Q, i.e.,k56Q2q, have the form38,39

xbb9 ~Q1q,v!5
Avt

t@~11j i
2qi

2!21t2v2#
, ~12!

xbb8 ~Q1q,v!5
B~11j i

2qi
2!

t@~11j i
2qi

2!21t2v2#
, ~13!

where t512T/TSDW is the reduced temperature,j i
5j0,it

21/2 is the correlation length in thei direction (i 5a, b
and c!, t5t0t21 is a characteristic time, andA and B are
smooth functions of temperature. The expression~12! was
used successfully38 for explaining the singular profile of the
nuclear relaxation rateT1

21 in ~TMTSF!2PF6. For a suffi-
ciently broad temperature region nearTSDW but not too close
to TSDW we havejq!1, i.e., the acoustic wave length
much larger than the correlation length whiletvq may be
arbitrary. Then Eqs.~7! and ~13! give

Dcii
~1!52@4~Gb

i !2Sb
2~T!t21B#

1

11t2vq
2 . ~14a!

Close toTSDW the characteristic timet5t0t21 is large and
tvq@1, therefore, atT5TSDW we haveDcii

(1)50. With de-
creasing temperature the characteristic timet decreases very
quickly and tvq becomes small. In the temperature regi
wheretvq!1, the termsDcii

(1) have the following tempera
ture behavior:
-

ed
il-

Dcii
~1!~T!524~Gb

i !2Sb
2~T!t21B. ~14b!

From the experimental data40,41one can see that atT close to
TSDW the square of the order parameter has a linear temp
ture dependence:Sb

2(T)}t. Therefore, the valueSb
2(T)t21

is of the orderO(1) and in the limitT→TSDW the function
Dcii

(1)(T) is also finite. The transition fromDcii
(1)50 to the

valueDcii
(1)(T→TSDW)Þ0 takes place in a very narrow tem

perature interval belowTSDW and appears as a jump. Be
cause a change in the sound velocityDv l is proportional to
Dcii

(1) , the velocity of the longitudinal acoustic waves al
undergoes a jump atTSDW. The jump may be different for
longitudinal waves moving along different axes, since t
coupling constantsGb

a , Gb
b andGb

c can be different.
It is interesting to note that the temperature behavior

the susceptibility@xbb(Q,0)}uTSDW2Tu21# and the order
parameter@Sb

2(T)}(TSDW2T)# corresponds to the conven
tional mean-field behavior for a second order phase tra
tion. The reason for this fact has been discussed for the
erant quasi-one-dimensional conductor~TMTSF!2PF6.

38

Now we study the sound attenuationa i i
(1) . Substituting

Eq. ~12! into Eq. ~10! gives

a i i
~1!5S 4~Gb

i !2Sb
2~T!A

Mv l
3t D vq

2t

11vq
2t2 . ~15!

Since the value in the brackets is a smooth function ofT, the
temperature dependence ofa i i

(1) nearTSDW is determined by
the characteristic timet5t0t21. It is easy to see that Eq
~15! looks like the standard Debye relaxation results t
describe the anomalous sound attenuation due to slow c
cal fluctuations near the critical temperature of a second
der phase transition.42 According to Eq.~10! one can expect
a sharp peak in the attenuation at the temperature determ
by the equationtvq51, which is slightly belowTSDW. It is
interesting to note, that according to Eqs.~14a! and ~14b!,
the elastic constantDcii

(1) reaches the midpoint of the jump a
this temperature. By expanding the temperature scale of
3 ~not shown!, we verified that this is indeed the case in o
experiment.

Now we study the temperature behavior of the fluctuat
contributionsDcii

(2) anda i i
(2) at T>TSDW. For this purpose it

is necessary to calculate the real and imaginary parts of
function Yi j (q,vq) given by Eq.~9!. There are two contri-
butions toYi j (q,vq) which differ in their temperature be
havior. The integration in Eq.~9! over the regions far from
the pointsk56Q and v50 gives a regular function ofT
denoted asYi j ,r(q,vq), whereas atT close toTSDW the in-
tegration in the neighborhood of the pointsk56Q and v
50 can give a singular function ofT which we denote as
Yi j ,s(q,vq). It is very difficult to calculate theYi j ,r(q,vq),
but the singular functionYi j ,s(q,vq) may be easily found.
For simplicity we neglect the magnetic anisotropy and s
pose thatx i i (k,v) for all i is given by Eqs.~12! and ~13!,
then one obtains

Yii ,s9 ~q,vq!5
TvqA2

2p3t0t3/2 S dadbdc

j0,aj0,bj0,c
D E

2`

` k2dkd«

@~11k2!21«2#2 ,

~16!
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Yii ,s8 ~q,vq!5
2TAB

p3t0t1/2 S dadbdc

j0,aj0,bj0,c
D E

2`

` ~11k2!k2dkd«

@~11k2!21«2#2 ,

~17!

i.e., at T→TSDW these functions diverge:Yii ,s9 (q,vq)
}t23/2 andYii ,s8 (q,vq)}t21/2. Now from Eqs.~8! and ~11!
one can findDcii ,s

(2) anda i i ,s
(2) . The power law behaviora i i ,s

(2)

}t2r with r53/2 is in agreement with Schwabl’s result43

for magnetsr522v(d2z) if we take the mean field value
v51/2 andz52 at d53 ~the critical exponents are take
from the analysis of NMR data38!. The comparison of the
quantities with the jumpDcii

(1)(T) given by Eq.~14a! and
maxaii

(1) yields

Dcii ,s
~2!

Dcii
~1!~T!

}
Tct

21/2

g2
S dadbdc

j0,aj0,bj0,c
D,t21/21024, ~18!

a i i ,s
~2!

maxa i i
~1! }

Tct
23/2t0vq

g2
S dadbdc

j0,aj0,bj0,c
D,t23/21026,

~19!

where g2 is the conventional exchange constant~see, for
example, Ref. 1! andda , db , anddc are the lattice constants
For the estimate we usedj0,i'0.46t idi /T, and ta'3000 K
'15tb'450tc .3,38 The valuet0vq'1022 we found from the
analysis of our data~see the next section!. These estimates
show that the singular contributionsDcii ,s

(2) anda i i ,s
(2) are very

small even close toTSDW. Our experimental data for mode
in Fig. 3 is in agreement with the theoretical estimate.
smoothing of the temperature behavior of the sound velo
and attenuation nearTSDW that is a fingerprint of fluctuations
is not noticeable in Fig. 3.

Summing up, we conclude that the longitudinal mod
propagating along thea, b, andc axes exhibit a jump of the
velocity at TSDW and a Landau-Khalatnikov peak in the a
tenuation slightly belowTSDW. These longitudinal sound
modes we call ‘‘mode II.’’

Now we study a transverse acoustic mode which is po
ized along thea axis and propagating along theb axis. It is
interesting to note that according to Virosztek and Mak14

this sound wave couples to the phason of the SDW, and
which one should expect a significant electromechanical
fect. Within our model the transverse wave couples to
SDW in the following way:

Et~«ba!5(
k,q

Gba«ba~q!Sb~k2q!Sa~2k!. ~20!

At T,TSDW we have two contributions into the correspon
ing elastic constant and the attenuation:

Dcab
~1!52~Gba!

2Sb
2~T!xaa8 ~Q1q,vq!, ~21!

aab
~1!5

vq

Mv t
3 ~Gba!

2Sb
2~T!xaa9 ~Q1q,vq!, ~22!

Dcab
~2!522~Gab!

2Yab8 ~q,vq!, ~23!

aab
~2!5

2vq

Mv t
3 ~Gab!

2Yab9 ~q,vq!, ~24!
ty

s

r-

or
f-
e

where v t is the velocity of the transverse acoustic wav
Below TSDW the transverse susceptibilityxaa(Q1q,v) en-
tering into these equations, is not equal to the longitudi
susceptibility xbb(Q1q,v) determined by Eqs.~12! and
~13!. In the collisionless limit, the poles of thexaa(Q
1q,v) determine the spectrum of magnon excitations~for
an itinerant antiferromagnet, see, for example, Ref. 39!. Un-
fortunatelyxaa(Q1q,v) is unknown, but assuming that it i
not too singular, the temperature dependence of the ela
constant change is determined by the factorSb

2, i.e., the
square of the order parameter. Maki and Virosztek13,14 pre-
dict a similar temperature dependence nearTSDW, making it
difficult for this mode to distinguish between the two cont
butions.

The transverse acoustic mode polarized alongb axis and
propagating alongc axis displays another type of temper
ture behavior. For this mode Virosztek and Maki predicts
collective contribution, because it does not couple to
phason.14 Within our model the mode couples to electrons
the following way:

Et~«bc!5(
k,q

Gbc«bc~q!Sb~k2q!Sc~2k!. ~25!

At T,TSDW we find

Dcbc
~1!52~Gbc!

2Sb
2~T!xcc8 ~Q1q,vq!, ~26!

abc
~1!5

vq

2Mv ls
3 ~Gbc!

2Sb
2~T!xcc9 ~Q1q,vq!. ~27!

The fluctuations also produce additional contributionsDcbc
(2)

andabc
(2) determined by Eqs.~23! and~24! after the replace-

ment of the indexa by c. These contributions are also sma
enough as well as in the case of the mode II. Thec axis is the
hard magnetic axis. Such a magnetic anisotropy m
strongly influence the transverse susceptibilityxcc(Q,vq).
The fact can probably be explained by the magnetic ani
ropy in g2 . Based on NMR studies,38 one can suggest tha
the susceptibilityxcc(Q,0) has only a cusp atTSDW but not a
divergence. Thus, atT5TSDW the temperature dependenc
of the elastic constant~26! should also have a kink in the
temperature dependence unlike the modes II which hav
jump. BelowTSDW Eq. ~26! predicts the change of the soun
velocity to be proportional to the square of the order para
eter. One can say less about the attenuation~27! because the
temperature behavior ofxcc9 (Q,vq) is unknown. We shall
call this transverse mode ‘‘mode I.’’

From the phenomenological point of view18 a qualitative
difference in results for modes I and II is related to a diffe
ence in kind of coupling. Formally, in accordance to Eq.~20!
there is a linear coupling of the strain«ba to the order pa-
rameterSb multiplied by the fluctuating spin componentSa .
After the integration over fluctuations ofSa one obtains that
the free energy contains the following coupling term:F I

}Sb
2«ba

2 while, as we have discussed above, for mode II th
is a linear couplingF II}Sb

2«bb . The factor that is propor-
tional to Sb

2 adds to the effective elastic constant of mode
and we get Eq.~21!.

Finally, we consider a transverse mode propagating al
thec axis and polarized along thea axis. For this mode Maki
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and Virosztek14 predict no contribution from coupling to th
phason. Within our model the coupling of the mode to el
trons is given by

Et~«ac!5(
k

Gac«ac~q!Sa~k2q!Sc~2k!. ~28!

In this case the termsDcii
(1) and a i i

(1) equal zero, becaus
^Sa(r )&5^Sc(r )&50. Therefore, the corrections to the ela
tic constant and the attenuation of the transverse mode e
Dcii

(2) anda i i
(2) :

Dcac
~2!522~Gac!

2Yac8 ~q,vq!, ~29!

a i i
~2!5

2vq

Mv t
3 ~Gac!

2Yac9 ~q,vq!. ~30!

As we have discussed above, due to the magnetic anisotr
the susceptibilityxcc(Q,vq) has a cusp atTSDW, but does
not diverge. This peculiarity ofxcc(Q,vq) removes singu-
larities in Yac8 (q,vq) and Yac9 (q,vq). Therefore,Dcii

(2) and
a i i

(2) also are expected to have a break in the tempera
dependencies atTSDW. This mode we shall call ‘‘mode III.’’

From the phenomenological point of view the res
Dcii

(1)5a i i
(1)50 means that mode III is decoupled from th

order parameter. Indeed, using the interaction~28! after in-
tegration over fluctuating spin componentsSa and Sc we
obtain the following contribution into the free energy:F III

}2Yac8 «ba
2 with nonsingularYac8 . The factor that is propor-

tional toYac8 adds to the effective elastic constant and we
Eq. ~29!. Therefore we can conclude that a qualitative diffe
ence in results for models I, II, and III is related to a diffe
ence in kind of coupling of the strain produced by the aco
tic modes to the order parameter.

As pointed out before, our consideration was based on
orthorhombic symmetry. For the triclinic symmetry th
modes I, II, and III are not pure modes. One should exp
that acoustic modes in~TMTSF!2PF6 have a mixed characte
of behavior.

IV. ANALYSIS OF THE EXPERIMENTAL DATA

A. Sound velocity

First we shall analyze the temperature behavior of diff
ent modes when the sound wave is excited along thec* axis
using longitudinal transducers~see Figs. 2 to 4!. As we have
discussed in Sec. II, due to the low triclinic symmetry, o
can expect the presence of one quasilongitudinal and
quasitransverse modes. Let us identify the observed mo
basing on the theoretical results obtained in Sec. III.

The sound velocity of the mode represented in Fig
shows the behavior expected for the mode I, i.e., the tra
verse mode propagating along thec axis and polarized along
the b axis. In this case according to Eq.~26! the change of
the sound velocity should be proportional to the square of
order parameterSb

2(T). From the data in Fig. 2 we extrac
the background contribution in the sound velocity belo
TSDW which was found as a low temperature extrapolation
the polynomial fit of the high temperature part of the cur
between 12 K and 40 K. From Refs. 9 and 40 we took NM
data representing the static internal fieldH int associated with
-
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the SDW formation. In Fig. 8 we plot the square of th
internal field,H int

2 , together with the change of ultrasoun
velocity. In this case there is a good agreement between
data and the NMR results. This correlation between the or
parameter and the velocity of the bending mode in
vibrating-reed experiments was found before by Bro
et al.9 For comparison, we added the BCS temperature
pendence of the order parameter squared.44 Maki and Virosz-
tek also predict a change of velocity which nearTSDW is
proportional to the square of the order parameter, in th
case originating from a coupling of this sound mode to
phason of the density wave.13,14 Lacking knowledge of the
respective coefficients, at this stage we are unable to sep
the various contributions.

NearTSDW the velocity of the mode represented in Fig.
has a jump-like behavior which is similar to the predict
behavior for the longitudinal mode II propagating along thec
axis @see Eqs.~14a! and~14b!#. Additional evidence for this
interpretation comes from the fact that the attenuation ha
sharp peak as expected for the longitudinal mode II@see Eq.
~15!#. One can see in Fig. 3 that the maximum in the atte
ation occurs at the temperature of the midpoint in the so
velocity jump in a complete agreement with our theoreti
study of the mode-II behavior. A detailed analysis of t
attenuation peak in terms of Eq.~15! will be given below. On
decreasing the temperature further, the velocity of this m
behaves similar to the mode I~see Fig. 2!. Therefore, the
mode in Fig. 3 demonstrates a mixed mode-I–mode-II
havior. Moreover, the main contribution comes from the lo
gitudinal mode II, and a relatively small contribution com
from the transverse modes I. Therefore, the mode in Fig.
a quasilongitudinal sound wave propagating along thec*
axis.

The velocity and the attenuation of the acoustic mo
represented in Fig. 4 show only a break in the tempera
dependence at the SDW transition. According to our theo
ical considerations such a behavior is expected for the so
mode III, i.e., the transverse acoustic wave propaga
along thec axis and polarized along thea axis @see Eqs.~29!
and ~30!#.

FIG. 8. Comparison of the sound velocity of the mode I~see
Fig. 2! behavior below the SDW phase transition with the square
the internal fieldH int

2 ~open squares! at the proton sites that is re
lated to the order parameter squared and the square of the BCD
function ~solid line!. H int is taken from Ref. 40. The temperatur
background in the sound velocity was subtracted from the data
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In the case shown in Fig. 5 the sound wave was exc
using transverse transducers with the polarization ve
along thea axis. Writing the total change of elastic consta
as Dc5a1DcI1a2DcII1a3DcIII 1¯ , the temperature de
pendence of the sound velocity displays a mixture of mod
mode II, and mode III behavior, with a sign reversal for t
coefficients of mode I and III.

B. Attenuation of sound

As seen from Figs. 2 to 5, the observed acoustical mo
differ in the temperature dependence of the attenuat
Some of them have a peak at temperatures slightly be
TSDW. The others have a smooth behavior near the ph
transition. There are also significant differences in the l
temperature behavior. For these reasons we believe tha
is a manifestation of different mechanisms of the sound
tenuation.

At first, we study the peak in the attenuation of the sou
mode shown in Fig. 3 within our theory. In Sec. IV A, an
lyzing the sound velocity behavior, we have identified th
mode as the quasilongitudinal mode II. In order to check t
conclusion let us analyze the form of the peak and its p
tion and compare this with Eq.~15!. As it was discussed in
Sec. III, the temperature of the maximum is determined
the conditiontvq51. For the used frequencyf 5200 MHz
the condition gives the characteristic timet5t0t2158
310210s. The maximum is observed about 0.3 K belo
TSDW. From this we conclude that in~TMTSF!2PF6 the bare
characteristic relaxation time of spin fluctuations along thb
axis is equal tot052310211s. This value has the sam
order of magnitude as it was found for other antiferroma
netic systems.45,46 There should be no fundamental diffe
ence between the coupling of local antiferromagnets to
sound waves and an itinerant SDW state. At temperatu
above the peak (tvq@1) but belowTSDW, Eq. ~15! can be
written in an approximate form:

a~1!'a0 /t5a0t0
21~12T/TSDW![a1~12T/TSDW!.

~31!

On the other hand, atT below the peak whentvq!1 we
have

1/a~1!'1/~v2ta0!5~v2t0a0!21~12T/TSDW!

[a2
21~12T/TSDW!. ~32!

Hence, we obtain the following useful relation:a2 /a1

5vq
2t0

2 which enables us in another way to findt0 , calculat-
ing the slopes of the functionsa (1) and 1/a (1) in regions of
the linear temperature dependence. The existence of a
perature region where 1/a (1) has a linear dependence can
seen in Fig. 9~the data represented by filled squares!. Ap-
plying this analysis to the attenuation peak displayed in F
3, we obtaint055310211s in satisfactory agreement wit
the first estimate. The difference between the two estim
can be related to the fact that apart from the Land
Khalatnikov mechanism of the sound attenuation there
additional mechanisms that also give temperature depen
contributions. Some of them will be discussed below.

It was shown47 that the ultrasonic attenuation of the lo
gitudinal waves at an incommensurate phase transition h
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peak due to the coupling of the acoustic waves to the pha
mode. However, in~TMTSF!2PF6 the spin-density wave is
pinned ~see, for example the review4! moving the phason
mode into the GHz range6 and we think that the phaso
mechanism can be excluded.

The attenuation of the acoustic mode represented in Fi
also has a peak at a temperature slightly belowTSDW. How-
ever, the peak is more symmetric than the nonsymme
Landau-Khalatnikov peak in Fig. 3. Moreover, there is
region with linear temperature dependency as discus
above. This can be clearly seen from Fig. 9 where we p
1/a~v! versus TSDW2T. Above we have classified thi
acoustic mode as the quasitransverse mode I. To ma
detailed analysis of the attenuation peak, it would be nec
sary to know the staggered susceptibility along thec axis.

However, since it is clear that belowTSDW we have a
strong decrease of the electronic attenuation, we can ana
the behavior of the sound attenuation in Fig. 2 by using
BCS expression with a type II coherence factor appropr
for an SDW32,48

as

aN
5

1

\v E
2`

` @E~E1\v!1D2#@ f ~E!2 f ~E1\v!#

~E22D2!1/2@~E1\v!22D2#1/2 dE.

~33!

Our best fit yields a single particle gap 2D(0)'96 K ~see
Fig. 2!. In this calculation we used the temperature dep
dence of the gap extracted from our ultrasonic data~see Sec.
IV A and Fig. 8!. The obtained value of the energy gap
significantly larger than the prediction of the mean fie
theory 2D(0)53.52kBTSDW and the result 2D(0)'46 K de-
termined from transport measurements.49 Recent optical
experiments50 show a single particle gap 2D(0)>100 K.
The discrepancies may be attributed to the dispersion of
energy bands in quasi-one-dimensional compounds with
viations from perfect nesting.51

The low temperature behavior of the sound attenuation
the acoustic modes represented in Figs. 3–5 has a powe
character unlike the exponential behavior found in Fig.
Recently, based on an NMR study on~TMTSF!2PF6, Val-
fells et al.20 suggested that the SDW phase transition

FIG. 9. Inverse attenuation 1/a versus TSDW-T: the filled
squares correspond to mode II from Fig. 3; the open circles co
spond to mode I from Fig. 2. The lines indicate the linear a
parabolic behavior, respectively.
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TSDW;12 K causes an incomplete opening of the SDW g
and leaves residual carriers at the Fermi surface. These
sidual carriers can possibly produce the observed power
temperature behavior of the sound attenuation atT,TSDW.52

However, these assumptions give only a qualitative expla
tion. A detailed quantitative analysis demands a model o
incomplete SDW transition.

V. DISCUSSION AND CONCLUSION

From our experiments we can conclude that the coup
of the SDW to the lattice is important for both longitudin
and transverse acoustical modes. These findings may ex
the problem related to the missing spectral weight of
collective phason excitation observed in the SDW state
optical and dielectric measurements.6,53 At first glance there
should not be any coupling to the lattice and the effect
mass of the phason should be unity. The electron-pho
coupling may lead to an enhancement of the effective m
of the SDW condensate. Recently, x-ray diffuse scatter
experiments54 gave indications of a mixed charge-spin cha
acter of the modulation in~TMTSF!2PF6, implying a cou-
pling of the electronic degrees of freedom and the lattice
further experiments we want to investigate the pinning of
SDW to the lattice by studying the acoustic properties wh
applying an electric field stronger than the threshold slid
field.

We report high frequency ultrasonic studies of the qua
one-dimensional organic conductor~TMTSF!2PF6 below 40
K. We have shown that the sound velocity and the atten
tion of sound have a more complicated behavior at the S
phase transition and in the SDW state, than it was suppo
before. For some modes, the sound velocity in the SD
phase changes with temperature as the square of the
parameter. For others, there is a jump in the sound velocit
the critical temperatureTSDW. Still another mode shows
kink at TSDW and a slow decrease of the velocity below th
temperature. The behavior of the attenuation is also diffe
for different modes. One of them exhibits a Landa
Khalatnikov-like peak with a characteristic relaxation tim
t052310211s. Another one shows a BCS-like behavior
the SDW state with an energy gap value equal to 2D(0)
n.
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'96 K. A phase transition between different SDW states
3.5 K manifests itself as a kink in the temperature dep
dence of the sound velocity. Moreover, an additional te
which appears in the sound velocity below 3.5 K shows
linear temperature dependence in the low temperature ph
Our results for the influence of an applied magnetic fie
along thec* axis on the SDW phase transition are consist
with earlier works.

Our theoretical consideration of the experimental resu
was based on the assumption that phonons influence the
change interactions between spins of conduction electr
and couple to the spin-density wave in accordance to Eq.~3!.
Within the proposed model we have found that the tempe
ture behavior of the sound velocity and the attenuation
sound is related to the real and imaginary parts of the
namical spin susceptibility. In this way different types
temperature dependencies may be explained when ta
into account the magnetic anisotropy. For example, the
tenuation of the longitudinal mode propagating along thc
axis is related to the imaginary part of the longitudinal su
ceptibility along the easy axis, whereas the jump in the
locity is related to the real part of the susceptibility. Th
temperature behavior of a transverse sound wave propa
ing along thec axis with polarization along thea or b axes is
determined by the transverse susceptibility. Therefore,
find acoustic measurements to be a powerful instrument
investigating~TMTSF!2PF6, and, in addition to NMR mea-
surements which give information about the imaginary p
of the dynamical susceptibility, the acoustic measureme
enable us to investigate both real and imaginary parts of
dynamical susceptibility.
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