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Ground state of (TMTSF) ,CIO , 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),CIO, in a magnetic field is equivalent to Brazovskii-Dzyaloshinskii-Kirova variant of an exactly
solvable one-dimensional problem of Su-Schrieffer-Hed&SH solitons. We demonstrate that the ground
state in(TMTSF) ,CIO, 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 superstructuf&0163-18207)03203-1

Quasi-one-dimensional (Q1D) organic conductors (TMTSF),CIO, conductor in high magnetic fields and
(TMTSPF),X (X=CIO,, PFs, etc) demonstrate a compli- Brazovskii-Dzyaloshinskii-Kirova variatt of an exactly
cated phase diagram in a magnetic field. The primary distincsolvable 1D problem of Su-Schrieffer-HeeggiSSH
tive feature of this diagram is a cascade of phase transitiorgolitons'” We show that the production of solitons is ener-
between different field-induced spin-density-wa#SDW) getically favorable aH>H,. This allows us to conclude that
subphasebAccording to the so-called “standard model;*  the ground state of TMTSF),CIO, in high fields corre-
the explanation of a metal FISDW phase transition is base@Ponds to the appearance of SSH solitonic superstructure.
on the effective “one-dimensionalization” of an electron 1he mean distance between solitons is found to be periodic
spectrum in a magnetic fiefdThis effect leads to the insta- " 1/H. This leads to a periodic dependence of the FISDW
bility in the “Peierls-channel,” which results in the creation €N€rdy gap and the magnetic moment on inverse magnetic

of EISDW subphase%‘.‘ Most of the properties of FISDW field in accordance with the observation of RMO in Refs.

; . s 5-7.
ztj;)npdhaar(sje;(;g(;MTSF)zPFfs can be described within the In the presence of the AO gail(y)=Clcos@y/b®),

The organic conductdiTMTSF) ,CIO, exhibits some ex- Q1D electron spectrum dfTMTSF),ClO, corresponds to

perimental features that cannot be understood in terms of thfgur open sheets of the Fermi surfa@es) (see Fig. 1

standard model. Unlike(TMTSF),PFg, it demonstrates

“rapid magnetic oscillations”(RMO) of specific heat and € (P)= *ve(pyF pr) + (— 1)¥\[ 2t,coq pyb* ) 12+ 02
magnetic momefit’ in the FISDW state at magnetic fields g

15<H<27 T . In addition, it was recently shovirthat at +2t.cogp,c*), (€]
H=<27 T there exist two SDW phases that demonstrate dif-

ferent properties. At highelfo field$d=27 T, experimental \yhere the first term represents free-electron motion along the
data are still controversidrl°In our opinion, experimental chains:vr andpg are the Fermi velocity and Fermi momen-
data in steady magnetic fieftare in favor of the appearance tum; t,=250 K andt,=5—7 K are the overlapping integrals

of a semiconducting FISDW phase Ht=27 T that pos-  qf glectron wave functions in perpendicular directidmsind
sesses anomalously strong oscillations of resistivity. On the correspondinglyf1~50 K <2t,; andk=1,2.

contrary, similar measurements in pulsed magnetic fléfis
should be interpreted as resistivity oscillations in a semime-

tallic phase. ' '

At the moment it is clear that the above-mentioned special ! / \ !
features of the phase diagram(ifMTSF) ,CIO, come from C T T T T T |
the existence of an anion-orderitgO) gap in its electron [ [
spectrumt! Most recent attempts to calculate the phase ! !
bourfgl?gry of the metal-SDW transition in a magnetic : :
d ,
across the AO gdff that is believed to occur at I
H>H,~10 T!® Unfortunately, no attempt to find a ground
state of FISDW phase under the condition of MB has yet —————2Pf—————
been made to our knowledge.

In this paper we reveal an analogy between the problem FIG. 1. Fermi surface of the Q1D conduct@fMTSF),CIO,
of FISDW formation in a quasi-one-dimension&D1D) below the AO phase transition.

fiel utiize an effect of magnetic breakdow(vB) ---- T x ——————— 7 rF=-=--%
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In all previous papers the FISDW ground state was stud-
ied in relation to the formation of the most suitabl@rmonic
sbw? 2 O

€4
A'(x,y,2)=Aex 2ipex+i(m/b* )y /
+i(m/c*)z]expiwnX/vE), (2 \;\\, 3 ////y >
I | a
which provides the complete nesting of right and left sec- =kr kp

tions of the FS in a magnetic field, whese.=eHvb*/c,
n is an integer:*

Below we choose a more common expression for SDW FIG. 2. Electron spectrum fdp,+ pg|<wc /v corresponding
potential in an incommensurate case: to the magnetic breakdown phenomenon across the AO(gap

stands for the chemical poteniial

€s

A(X,y,2)=A(X)exd 2ipgx+i(m/b*)y '/I(S)t(py X)
+i(m/c*)z]explionX/ve), ) o - :exp[ii(e—m*)x
Ps | Pyt = X Vg
whereA(x) is supposed to be a smooth functionxobn the
scalexy~ve/we. i
In a magnetic fieldd=(0,0H) in the presence of both the +eXp{ il—sin( pyb* — wcx)
AO gap, [(y), and the SDW gapA(x,y,z), the Schro- 2 Y UF
dinger equations in the Landau gauges (0,Hx,0), have X in WX ,
the following form: +ex;{ +?sin( pyb* — )
UF
¥ (py,X) ¥ (py,X) (6)
+ ™ + ™ 0+
U pyt o* X g pyt o+ X Pa (Py.X)
€ - ::l\- - (4) + T
(py,X) ¢~ (py.X) Yo py+ b—*,x)
_ a _ a
F{ (e+0O%)x
=expg fi———
-~ VE
where the matrixT is given by N .X
e * _ C
+ex;{t 23|n< pyb ve )
o d WX X . (7)
—ive o2 +2t,cos pyb* — ,L0,0A%(x) N WX
dx VE —exg ¥ sin pyb* — —
F

d X
D,—ide——thcm( pyb* — w—c) ,A*(x),0
oy X UF O* =0Jo(\) =OVw27t,co8 dt,cleHub*),  (8)

. d WX
O,A(x),+|vp$(+2tbcos( pyb* — vr )'D where|e|,|0* |[<w., Jo(X) is the zeroth-order Bessel func-
d tion, \=4t,/ w.
A(x),O,D,+ivF——2tbcos< pyb* — “’CX) Th_e calculated energy spectrum of electron_s with wave
dx Vg functions (6) and (7) consists of four one-dimensional
branches:
(5
+ —_— J—
with e and ¢ being the electron charge and the velocity of esa(P)=+vr(Px—Pe) =0,
light. [Note that Egs.(4) and (5) are written for the case
n=0 in Eg. (3) since we consider the high-field limit, esa(P)=—ve(pxt+pe) =0~ 9)

w1, (Refs. 2 and 14.

At high magnetic fieldsH>H,, we can consider MB (see Fig. 2 (We have omitted the dependence of energy on
phenomenon in the framework of the perturbative approaclp, since an ideal nesting of the right and the left parts of the
(see Refs. 12, 18when the solutions of Eq$4) and(5) in FS along thep, direction is supposep.

a metallic phasg¢ A(x)=0] are symmetrical $) and anti- Note that energy splitting betweéhand A combinations
symmetrical @) combinations of unperturbed wave of unperturbed wave functions|2*|, rapidly oscillates in
functions?? inverse magnetic field with frequency:
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A(1H) = 4tycleveb*. (10)

1301

Xu~velwe and that mald(x)|<w., H>H, [i.e., max
|O0* (H)|<wc]. It is obvious that these inequalities are ful-

From Eq.(9) and Fig. 2, it is evident that the wave vector filled in high fields,H>10 T, sinceH,=10 T andA=10 K.
Qs=2pg—20* /v [which corresponds to the interaction of Under the above-mentioned conditions, EB) [(14)] deter-

S electrons with potential3)] differs from the wave vector

Qa=2pg+20*/ve (which corresponds to the interaction of

A electrons with the same potenjial herefore, in the pres-

mines the energy spectrum 8fA) electrons.
It is important that we are interested in the difference
between the energy of the SDW state and the energy of me-

ence of the AO gap we have to consider the possibility of artallic one, SW(H) =Wsgpw(H) —W{H). Due to the loga-
opening of two SDW gaps on the Fermi level. That is whyrithmic divergence of the energy of the 1D Peierls state, the

we have introduced the functiak(x) in Eq. (3).

quantity SW(H) is defined both by electrons with small en-

It is convenient to represent electron wave functions inergies, |ega)|<w., and by electrons with large energies,

the presence of the SDW potenti@) in the form
5 (Py %)

RISETN) RS

N . WX
+ex ilgsm pyb* —

Ur

_ _. N b* WX
=r| +expg Fisin py o |
(11
Wi (Py %)
l/l; py+ b—*,X) —fA(X)
n i A b* ch)
ex _IESIn py o
X N b* WX
exp ¥i 5sin| py )
(12

Let us substitute Eqg11) and (12) into Eq. (4). Taking

into account thate,(1*|<w., we can average quickly os-

cillating exponential functions overx on the scale
X~minjve/e,ve /0% |>velw.. As a result of this proce-
dure, we get the following equations:

d 0, (13

~A(x),es~ O —ive g

o d
ES_D*+|UFd_X,_A*(X) fg
fs

\_/
I

o d
EA+D*+|UF&,_A*(X) f;
f]=0. (4

d
—A(X),GA-I—D*—iv,:d—X

Equations (13) and (14) describe two bands of one-
dimensionalS and A electrons interacting with SDW poten-

tial (3) with Fermi energies ofS and A electrons being
shifted by 6(uga)=+0*.
It will be recalled that Egs(13) and (14) are valid for

|es(n)|= .. It has been showfrthat the contribution of elec-
trons with energiese|= o, leads only to the renormalization
of the constant of electron-electréhe-e” ) interactions:

(15

*

1 1 (Q)
=——In| —|>0,
g9

Wc

whereg is a constant of &-e” interactions responsible for
SDW pairing,g* is a renormalized constant of“e” inter-
actions, and) is the cutoff energy. Therefore, we do not
need to know the energy spectrum| &t~ o, if we want to
determinedW(H) with logarithmic accuracy.

Using Egs.(13)—(15), we can derive the difference be-
tween the energy of the SDW state and the energy of metal-
lic one:

+2| A(x)|?
&N(H):f | (*)| dx+ X e~ X el
—= 9 — . <eg<0 —wc<sg<0
+ 2 e 2 e (16
—0.<epr<0 —we<ea<0

(Here eg) is the energy of theS(A) electrons in a SDW
state[Eq. (3)], eg(A) is the energy ofS(A) electrons in a
metallic state[i.e., whenA(x)=0]; the cutoff energy in a
SDW, w¢, differs from one in a metallic statey., in order

to keep the same numbers of electrons in all summations in
Eq. (16) (see Ref. 1B.)

From a mathematical point of view, the problem of mini-
mizing of the functional16) is equivalent to the problem of
minimizing of the energy of 1D conductor with two non-
equivalent chains in the presence of lattice distoffiofihe
potential, A(x), minimizing energy(16) is known to be a
superstructure of SSH solitoh%!’ In the incommensurate
case an isolated soliton is known to carry spin, but it does not
carry chargé? It is possible to prove that in our particular
case solitonic superstructur&(x) has two characteristic
scales, x;~vg/|0*| and x,~ve/maxyA(x)|, and thus
A(x) is a smooth function of the variabbe on the scale
xp~velw, as was suggested. We stress that, unlike har-
monic SDW, the SSH solitonic superstructure opens two
gaps in the electron spectrum to minimize the total energy.

Taking advantage of the mathematical analogy between
our problem and the problem of Ref. 16, we can investigate
the functionSW(H) for arbitraryH. Below we present ex-

electrons with small energielss| < w.. We also suppose that pressions for FISDW energy gap(H), and magnetic mo-

A(X) is a smooth function of the variabbe on the scale

ment,M(H), in the case when maX(x)| < w/ty:
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AH Aj(2mty)*? .
(H)= Owl?cog4t,cleHvb*)|’ (7
16At2sin(4tpc/eHo gb*)
M(H)HZ 0'b n( b F (18)

 D2w2cos(4t,cleHveb*)’

whereA(x) =A, is the solution of the probleril6) in the
casel1* =0. [Note that Eqs(17) and (18) are valid when
|4t,c/leHveb* — 7/2— mn|> Aot /40w Y?<1, whereas in
the narrow vicinities of the zeroths of cog@eHvgb*),
|at,c/eHugb* — m/2— mn|=Aott Dol?<1, small is-
lands of the uniform Peierls-Frohlich state have to ekist.

From Eqgs.(17) and (18) it follows that energy gap and
magnetic moment are periodic functions oHlin accor-
dance with experiments?®

To summarize, a ground state of the organic conductor
(TMTSF),CIO, at high magnetic fieldsH>H,~10 T, is
constructed for the first time. The solitonic ground state sug-
gested by us explains the observation of “rapid magnetic
oscillations” both in a specific heatand a magnetic
moment’ as well as the existence of an anomalously strong
resistive oscillations &l >27 T®. We stress that our calcu-
lations are strictly valid aH>10 T and thus we cannot
pretend to describe some exotic experimental featurbs
served in moderate magnetic fields.
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Chaikin, C. Doherty, J.R. Schrieffer, and V.M. Yakovenko
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NHMFL through the NSF Contract No. DMR9016241 and
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