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Ground state of „TMTSF … 2ClO 4 in high magnetic fields:
The creation of Su-Schrieffer-Heeger solitons
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It is shown that the problem of spin-density-wave formation in a quasi-one-dimensional organic conductor
~TMTSF!2ClO4 in a magnetic field is equivalent to Brazovskii-Dzyaloshinskii-Kirova variant of an exactly
solvable one-dimensional problem of Su-Schrieffer-Heeger~SSH! solitons. We demonstrate that the ground
state in~TMTSF!2ClO4 in high magnetic fields corresponds to SSH solitonic superstructure. We calculate the
magnetic moment and energy gap in an electron spectrum and discuss recent experimental data in terms of the
creation of SSH solitonic superstructure.@S0163-1829~97!03203-7#
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Quasi-one-dimensional ~Q1D! organic conductors
~TMTSF! 2X (X5ClO4, PF6, etc.! demonstrate a compli
cated phase diagram in a magnetic field. The primary dist
tive feature of this diagram is a cascade of phase transit
between different field-induced spin-density-wave~FISDW!
subphases.1 According to the so-called ‘‘standard model,’’2–4

the explanation of a metal FISDW phase transition is ba
on the effective ‘‘one-dimensionalization’’ of an electro
spectrum in a magnetic field.2 This effect leads to the insta
bility in the ‘‘Peierls-channel,’’ which results in the creatio
of FISDW subphases.3,4 Most of the properties of FISDW
subphases in~TMTSF! 2PF6 can be described within th
standard model.2–4

The organic conductor~TMTSF! 2ClO4 exhibits some ex-
perimental features that cannot be understood in terms o
standard model. Unlike~TMTSF! 2PF6, it demonstrates
‘‘rapid magnetic oscillations’’~RMO! of specific heat5 and
magnetic moment6,7 in the FISDW state at magnetic field
15<H<27 T . In addition, it was recently shown7 that at
H<27 T there exist two SDW phases that demonstrate
ferent properties. At higher fields,H>27 T, experimental
data are still controversial.8–10 In our opinion, experimenta
data in steady magnetic fields8 are in favor of the appearanc
of a semiconducting FISDW phase atH>27 T that pos-
sesses anomalously strong oscillations of resistivity. On
contrary, similar measurements in pulsed magnetic fields9,10

should be interpreted as resistivity oscillations in a semim
tallic phase.

At the moment it is clear that the above-mentioned spe
features of the phase diagram in~TMTSF! 2ClO4 come from
the existence of an anion-ordering~AO! gap in its electron
spectrum.11 Most recent attempts to calculate the pha
boundary of the metal-SDW transition in a magne
field12,13 utilize an effect of magnetic breakdown~MB!
across the AO gap14 that is believed to occur a
H.H0;10 T.15 Unfortunately, no attempt to find a groun
state of FISDW phase under the condition of MB has
been made to our knowledge.

In this paper we reveal an analogy between the prob
of FISDW formation in a quasi-one-dimensional~Q1D!
550163-1829/97/55~3!/1299~4!/$10.00
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~TMTSF! 2ClO4 conductor in high magnetic fields an
Brazovskii-Dzyaloshinskii-Kirova variant16 of an exactly
solvable 1D problem of Su-Schrieffer-Heeger~SSH!
solitons.17 We show that the production of solitons is ene
getically favorable atH@H0. This allows us to conclude tha
the ground state of~TMTSF! 2ClO4 in high fields corre-
sponds to the appearance of SSH solitonic superstruc
The mean distance between solitons is found to be perio
in 1/H. This leads to a periodic dependence of the FISD
energy gap and the magnetic moment on inverse magn
field in accordance with the observation of RMO in Re
5–7.

In the presence of the AO gap,h(y)5hcos(py/b* ),
Q1D electron spectrum of~TMTSF! 2ClO4 corresponds to
four open sheets of the Fermi surface~FS! ~see Fig. 1!:

ek
6~p!56vF~px7pF!1~21!kA@2tbcos~pyb* !#21h2

12tccos~pzc* !, ~1!

where the first term represents free-electron motion along
chains;vF andpF are the Fermi velocity and Fermi momen
tum; tb.250 K andtc.527 K are the overlapping integral
of electron wave functions in perpendicular directions,b and
c, correspondingly;h;50 K !2tb ; andk51,2.

FIG. 1. Fermi surface of the Q1D conductor~TMTSF!2ClO4

below the AO phase transition.
1299 © 1997 The American Physical Society
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In all previous papers the FISDW ground state was st
ied in relation to the formation of the most suitableharmonic
SDW:2–4

D8~x,y,z!5Dexp@2ipFx1 i ~p/b* !y

1 i ~p/c* !z#exp~ ivcnx/vF!, ~2!

which provides the complete nesting of right and left s
tions of the FS in a magnetic field, wherevc5eHvFb* /c,
n is an integer.3,4

Below we choose a more common expression for SD
potential in an incommensurate case:

D~x,y,z!5D~x!exp@2ipFx1 i ~p/b* !y

1 i ~p/c* !z#exp~ ivcnx/vF!, ~3!

whereD(x) is supposed to be a smooth function ofx on the
scalexH;vF /vc .

In a magnetic fieldH5(0,0,H) in the presence of both th
AO gap, h(y), and the SDW gap ,D(x,y,z), the Schro-
dinger equations in the Landau gauge,A5(0,Hx,0), have
the following form:

eS c1~py ,x!

c1S py1 p

b*
,xD

c2~py ,x!

c2S py1 p

b*
,xD D 5T̂S c1~py ,x!

c1S py1 p

b*
,xD

c2~py ,x!

c2S py1 p

b*
,xD D ~4!

where the matrixT̂ is given by

T̂51
2 ivF

d

dx
12tbcosS pyb*2

vcx

vF
D ,h,0,D* ~x!

h,2 ivF
d

dx
22tbcosS pyb*2

vcx

vF
D ,D* ~x!,0

0,D~x!,1 ivF
d

dx
12tbcosS pyb*2

vcx

vF
D ,h

D~x!,0,h,1 ivF
d

dx
22tbcosS pyb*2

vcx

vF
D 2

~5!

with e and c being the electron charge and the velocity
light. @Note that Eqs.~4! and ~5! are written for the case
n50 in Eq. ~3! since we consider the high-field limit
vc@tb8 ~Refs. 2 and 12!#.

At high magnetic fields,H@H0, we can consider MB
phenomenon in the framework of the perturbative appro
~see Refs. 12, 18!, when the solutions of Eqs.~4! and ~5! in
a metallic phase@D(x)50# are symmetrical (S) and anti-
symmetrical (A) combinations of unperturbed wav
functions:12
-

-

f

h

S cS
06~py ,x!

cS
06S py1 p

b*
,xD D5expF6 i

~e2h* !x

vF
G

3S 1expF6
il

2
sinS pyb*2

vcx

vF
D G

1expF7
il

2
sinS pyb*2

vcx

vF
D G D ,

~6!

S cA
06~py ,x!

cA
06S py1 p

b*
,xD D

5expF6 i
~e1h* !x

vF
G

3S 1expF6
il

2
sinS pyb*2

vcx

vF
D G

2expF7
il

2
sinS pyb*2

vcx

vF
D G D ~7!

h*5hJ0~l!.hAvc/2ptbcos~4tbc/eHvFb* !, ~8!

whereueu,uh* u!vc , J0(x) is the zeroth-order Bessel func
tion, l54tb /vc .

The calculated energy spectrum of electrons with wa
functions ~6! and ~7! consists of four one-dimensiona
branches:

eS,A
1 ~p!51vF~px2pF!6h* ,

eS,A
2 ~p!52vF~px1pF!6h* ~9!

~see Fig. 2!. ~We have omitted the dependence of energy
pz since an ideal nesting of the right and the left parts of
FS along thepz direction is supposed.!

Note that energy splitting betweenS andA combinations
of unperturbed wave functions, 2uh* u, rapidly oscillates in
inverse magnetic field with frequency:

FIG. 2. Electron spectrum forupx7pFu!vc /vF corresponding
to the magnetic breakdown phenomenon across the AO gap~m
stands for the chemical potential!.
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D~1/H !54tbc/evFb* . ~10!

From Eq.~9! and Fig. 2, it is evident that the wave vect
QS52pF22h* /vF @which corresponds to the interaction
S electrons with potential~3!# differs from the wave vector
QA52pF12h* /vF ~which corresponds to the interaction
A electrons with the same potential!. Therefore, in the pres
ence of the AO gap we have to consider the possibility of
opening of two SDW gaps on the Fermi level. That is w
we have introduced the functionD(x) in Eq. ~3!.

It is convenient to represent electron wave functions
the presence of the SDW potential~3! in the form

S cS
6~py ,x!

cS
6S py1 p

b*
,xD D 5 f S

6~x!H1expF6i
l

2
sinS pyb*2

vcx

vF
DG

5r H 1expF7 i
l

2
sinS pyb*2

vcx

vF
D G J ,

~11!

S cA
6~py ,x!

cA
6S py1 p

b*
,xD D 56 f A

6~x!

3S 1expF6 i
l

2
sinS pyb*2

vcx

vF
D G

2expF7 i
l

2
sinS pyb*2

vcx

vF
D G D .
~12!

Let us substitute Eqs.~11! and ~12! into Eq. ~4!. Taking
into account thatue,h* u!vc , we can average quickly os
cillating exponential functions overx on the scale
x;minuvF /e,vF /h* u@vF /vc . As a result of this proce-
dure, we get the following equations:

S eS2h*1 ivF
d

dx
,2D* ~x!

2D~x!,eS2h*2 ivF
d

dx
D S f S1f S2D 50, ~13!

S eA1h*1 ivF
d

dx
,2D* ~x!

2D~x!,eA1h*2 ivF
d

dx
D S f A1f A2D 50. ~14!

Equations ~13! and ~14! describe two bands of one
dimensionalS andA electrons interacting with SDW poten
tial ~3! with Fermi energies ofS and A electrons being
shifted byd(mS(A))56h* .

It will be recalled that Eqs.~13! and ~14! are valid for
electrons with small energies,ueu!vc . We also suppose tha
D(x) is a smooth function of the variablex on the scale
n

n

xH;vF /vc and that maxuD(x)u!vc , H@H0 @i.e., max
uh* (H)u!vc#. It is obvious that these inequalities are fu
filled in high fields,H@10 T, sinceH0.10 T andD.10 K.
Under the above-mentioned conditions, Eq.~13! @~14!# deter-
mines the energy spectrum ofS(A) electrons.

It is important that we are interested in the differen
between the energy of the SDW state and the energy of
tallic one,dW(H)5WSDW(H)2Wmet(H). Due to the loga-
rithmic divergence of the energy of the 1D Peierls state,
quantitydW(H) is defined both by electrons with small en
ergies, ueS(A)u<vc , and by electrons with large energie
ueS(A)u>vc . It has been shown

4 that the contribution of elec-
trons with energiesueu>vc leads only to the renormalizatio
of the constant of electron-electron~‘‘ e-e’’ ! interactions:

1

g*
5
1

g
2 lnS V

vc
D.0, ~15!

whereg is a constant of ‘‘e-e’’ interactions responsible for
SDW pairing,g* is a renormalized constant of ‘‘e-e’’ inter-
actions, andV is the cutoff energy. Therefore, we do n
need to know the energy spectrum atueu;vc if we want to
determinedW(H) with logarithmic accuracy.

Using Eqs.~13!–~15!, we can derive the difference be
tween the energy of the SDW state and the energy of me
lic one:

dW~H !5E
2`

1` uD~x!u2

g*
dx1 (

2vc8,eS,0

eS2 (
2vc,eS

0
,0

eS
0

1 (
2vc8,eA,0

eA2 (
2vc,eA

0
,0

eA
0. ~16!

„Here eS(A) is the energy of theS(A) electrons in a SDW
state @Eq. ~3!#, eS(A)

0 is the energy ofS(A) electrons in a
metallic state@i.e., whenD(x)50#; the cutoff energy in a
SDW,vc8 , differs from one in a metallic state,vc , in order
to keep the same numbers of electrons in all summation
Eq. ~16! ~see Ref. 16! .…

From a mathematical point of view, the problem of min
mizing of the functional~16! is equivalent to the problem o
minimizing of the energy of 1D conductor with two non
equivalent chains in the presence of lattice distortion16. The
potential,D(x), minimizing energy~16! is known to be a
superstructure of SSH solitons.16,17 In the incommensurate
case an isolated soliton is known to carry spin, but it does
carry charge.16 It is possible to prove that in our particula
case solitonic superstructureD(x) has two characteristic
scales, x1;vF /uh* u and x2;vF /maxuD(x)u, and thus
D(x) is a smooth function of the variablex on the scale
xH;vF /vc , as was suggested. We stress that, unlike h
monic SDW, the SSH solitonic superstructure opens t
gaps in the electron spectrum to minimize the total energ

Taking advantage of the mathematical analogy betw
our problem and the problem of Ref. 16, we can investig
the functiondW(H) for arbitraryH. Below we present ex-
pressions for FISDW energy gap,D(H), and magnetic mo-
ment,M (H), in the case when maxuD(x)u!hAvc /tb:
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D~H !5
D0
2~2ptb!

1/2

hvc
1/2ucos~4tbc/eHvFb* !u

, ~17!

M ~H !H52
16D0

4tb
2sin~4tbc/eHvFb* !

h2vc
2cos3~4tbc/eHvFb* !

, ~18!

whereD(x)5D0 is the solution of the problem~16! in the
caseh*50. @Note that Eqs.~17! and ~18! are valid when
u4tbc/eHvFb*2p/22pnu@D0t b

1/2/hv c
1/2!1, whereas in

the narrow vicinities of the zeroths of cos(4tbc/eHvFb* ),
u4tbc/eHvFb*2p/22pnu.D0tb

1/2/ hvc
1/2!1, small is-

lands of the uniform Peierls-Frohlich state have to exist.#
From Eqs.~17! and ~18! it follows that energy gap and

magnetic moment are periodic functions of 1/H in accor-
dance with experiments.7–9
To summarize, a ground state of the organic conduc
~TMTSF! 2ClO4 at high magnetic fields,H@H0;10 T, is
constructed for the first time. The solitonic ground state s
gested by us explains the observation of ‘‘rapid magne
oscillations’’ both in a specific heat5 and a magnetic
moment6,7 as well as the existence of an anomalously stro
resistive oscillations atH.27 T8. We stress that our calcu
lations are strictly valid atH@10 T and thus we canno
pretend to describe some exotic experimental features7 ob-
served in moderate magnetic fields.
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Chaikin, C. Doherty, J.R. Schrieffer, and V.M. Yakovenk
for very useful discussions. This work is supported by t
NHMFL through the NSF Contract No. DMR9016241 an
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