Magnetic oscillations and field-induced spin-density
waves in (TMTSF) 2CIO 4

Radié, Danko; Bjelis, Aleksa; Zanchi, Drazen

Source / Izvornik: Physical review B: Condensed matter and materials physics, 2004, 69

Journal article, Published version
Rad u casopisu, Objavljena verzija rada (izdavacev PDF)

https://doi.org/10.1103/PhysRevB.69.014411

Permanent link / Trajna poveznica: https://urn.nsk.hr/urn:nbn:hr:217:086778

Rights / Prava: In copyright /Zasti¢eno autorskim pravom.

Download date / Datum preuzimanja: 2025-03-29

‘C\L‘STE u ZA4 e

A 2,
< 4
S %
g % Repository / Repozitorij:
8> = . . . .
7;'-; i_.“; Repository of the Faculty of Science - University of
2 S Zagreb
% T
<, N
Oy, cF

YO . MaTEmES

DIGITALNI AKADEMSKI ARHIVI I REPOZITORILII


https://doi.org/10.1103/PhysRevB.69.014411
https://urn.nsk.hr/urn:nbn:hr:217:086778
http://rightsstatements.org/vocab/InC/1.0/
http://rightsstatements.org/vocab/InC/1.0/
https://repozitorij.pmf.unizg.hr
https://repozitorij.pmf.unizg.hr
https://repozitorij.unizg.hr/islandora/object/pmf:6809
https://dabar.srce.hr/islandora/object/pmf:6809

PHYSICAL REVIEW B 69, 014411 (2004

Magnetic oscillations and field-induced spin-density waves ifTMTSF),CIO,
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We report an analysis of the effects of magnetic field on a quasi-one-dimensional band of interacting
electrons with a transverse dimerizing potential. One-particle problem in bond-antibond representation is
solved exactly. The resulting propagator is used to calculate the spin-densityt&@ave response of the
interacting system within the matrix random-phase approximation for the SDW susceptibility. We find that the
value of the anion potential fitting experiments in relaxed (TMT8H, is large, of the order of interchain
hopping. In particular we predict the magnetic-field-induced transition of the first order between interband
SDW, and intraband SDW phases, we reproduce the rapid oscillations with a period of 260 T and the overall
profile of the (TMTSF)CIO, phase diagram.
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. INTRODUCTION stem from the particular ordering of ClQanions?!° This
ordering introduces the new modulation with the wave vec-
Investigations of quasi-one-dimensional electronic systor (0,#/b,0), i.e., a dimerization in the low-conducting di-
tems at high magnetic fields and at low temperatures coryection with the interchain distande The magnitude of the
tinue to give an important insight into the one-particle prop-dimerizing potential can be tuned to some extent by varying
erties and interaction-induced phases such as spin- anfle cooling raté:® Thus, anions presumably remain disor-
charge-density-wave, ~ superconductivity, ~and  Mottgered in the rapidly quenched samples. Then there is no
localization* One of most spectacular phases of this kind ar€jimerization gap in the band, and the system shows proper-
field-induced spln-densny wavéFIS_DV\/), found in Bech-  yieg of asingle quasi-1D imperfectly nested band with a
gaard saltsand in some other Iow-(_j|men3|onal compogﬁds. SDW order appearing already in the zero magnetic figitf:
ggihzgz?gngzﬂo(q'&nggPESvlak\:\é rles t\’r\:gncl;rslggésem;d S'BJ\?eThe anion ordering in slowly relaxed samples is at about 24
6 K, and coincides with the onset of rapid oscillations in the

phases with quantized wave vector is induced by orbital ef- ) .
fects of magnetic field to the quasi-one-dimensiof@1D) magne'ForeS|stan6§..The_RO n (.TM.TSF}CD“ have pegn
Iﬁeoretlcally explained in two limiting cases. The limit of

orbits of band electrons. Theory based on the mechanism 4 ) ) . ) : )
quantized nestirfreproduces satisfactorily main experimen- S'ong anion potentiat>t,, t, being the interchain hopping

tal data for this salt. integral, was calculated by Brazovskii and Yakovenko,

In this paper we concentrate on (TMTSE)O,, a Bech- while the qpposite limitV<t, was §olved by Lebed and
gaard salt which after a slow cooli§jenters into a qualita- Bak*® In this paper we solvexactly i.e., for anyV andB,
tively different type of FISDW phase at low temperatures,the one-particle problem, which determines the RO phenom-
with a phase diagram that is still, after more than 10 years o¢non.
intensive studies? a matter of both experimental and theo-  The dimerized band has two pairs of Fermi sheets in the
retic controversies. In particular for magnetic figd>8 T  new Brillouin zone, as shown in Fig. 1. Already simple geo-
the nature of the ordering in the relaxed material is not ametric argumentssuggest three possible nesting wave vec-
simple FISDW with some low integer quantum numibér  tors favoring various SDW phases. The interband nesjigg
but a qualitatively different state containing several puzzlingleads to SDW that is the two-band version of the standard
subphase$!® This phase is at 8 T separated by a line of FISDW phase. Other two nesting vect@®s andQ_ relate
first-order transition from a cascade of FISDW phases whicliFermi sheets within the same band. They give SD¥Yur
very much resembles that of the standard model. Anothebbond nesting and SDWfor antibond nesting. However the
characteristic phenomenon, the rapid oscillatigR®) in interplay between SDY/and SDW. is not only a geometric
1/B with a frequency of 260 T, is visible in transport prop- question of the choice of the nesting vector. Due to a finite
erties in both metalli@and FISDW state”®° Similar RO are  anion potentialV in the kinetic part of the Hamiltonian an
seen also in thermodynamic quantities such as torque, magff-diagonal term appears in the SDW response, making nec-
netization, sound velocity, and specific heat, but only in theessary an appropriate matrix appro4cfiin the calculation
ordered phas&? The highest value oT; in the T(B) de-  of the critical susceptibilities. This matrix aspect of the prob-
pendence is 5.5 K, instead of 12 K as expected from analogiem was ignored in all former theoretical approacted??!
with the (TMTSF),PF; salt. We formulate the response matrix in the space of two order

The incompatibility of above facts with the quantum nest-parametersA,, (homogeneoysand A, (alternating deter-
ing model(QNM) for a single quasi-1D band is believed to mining the magnetic pattern,
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FIG. 1. Two Fermi surfaces of (TMTSEEIO, (wrapping is
highly exaggerated Wave vector9Q,, Q, , andQ_ correspond,
respectively, to SDy, SDW, , and SDW..

m,(X,R, )= (A= A,)cog (2kg+k)x+ pnd]. (1)

FIG. 2. (a) Energy ratiow.6/V as a function of the magnetic
Here d=2b and the upper and lower sign stay for evenbreakdown parameter for several values 0¥/t . (b) Dependence
(R, =nd) and odd R, =nd+d/2) chains, respectively. As ©of 6 onr for §=10°(A), 45°(B), and 80°C).
it is shown in Refs. 14,15, three types of SDW modulations
with wave vectors shown in Fig. 1 are candidates for orderof the following section. In Sec. lll we include interactions
ing at the phase transition from the metallic state. D%  Vvia the matrix random-phase approximatidRPA) for the
stabilized for low values o¥ (providing the imperfect nest- two-componentSDW order parameter and construct the
ing parametet], allows for SDW stabilizatiojy while SDW, phase diagram. The last section contains conclusions.
or SDW_ get stable foV/t,>1.6 irrespective of the value

of t{). The slowly relaxed (TMTSECIO, samples are ex- II. EXACT SOLUTION OF THE STARK

pected to lie in the range of intermediate values\bfn INTERFEROMETER

which there is no SDW ordering &=0 down toT=0. _ )
Indeed, as it will be shown below!/t,, fitting the experi- We solved the one-particle problem of the Q1D band with

ments is close to unity, which is also in agreement with re-2nion potentialV. Resulting electronic propagator with lon-
cent detailed x-ray dafd. Still, Haddadet al?* recently put ~ gitudinal momentunk has poles at
forward some arguments in favor of the smillin order to
construct the phase diagram with dominant SD#ready in Ei=vg[f(k—kg)+GN]£vG6, (2)
the range of smalV these authors put larger coupling con-
stant for SDW. than for SDW,. This assertion is not plau- Wwheref is left-right index, G=eBb/# is the magnetic wave
sible because the renormalization group for the quasi-ongiumber, andN is integer number. The first term in E@) is
dimensional interacting fermions suggests that one obtainge standard QNM dispersion and the last term is the split-
difference between intraband and interband effective couting due to anions. Overgap resonances are preses(tBh
pling constants only i¥/ is of the order or larger thaty .22 as will be discussed belovsee Fig. 2 The expression for

In the rangeV/t,=1 it is not allowed to use the quasi- the spectrunt2) is common to perturbation calculatiotfsto
classical approximation of Gor’kov and Leb&dyhich con-  quasiclassical tunnelling analysisand to our exact solution
sists in making Peierls substitutign—p—eA in each sub- as well. What change from one approach to another are the
band separately and including the anions’ effects only vigdependencé(B) and the result for electronic wave function.
magnetic breakdow(MB) junctions near the zone boundary. In order to obtain them exactly we start from the effective
While this approximation is sufficient for/t,<1, here one one-particle Hamiltonian for electronic operato¥s(x,p),
has to solve the whole quantum-mechanical problem instead.

It was pointed out several time¥!’that a mechanism of Ho=ivppsdy+ 75T(pb—Gx) + T(pb—Gx)—Vry, (3)
coherent interband tunneling, very similar to Stark overgap
quantum interferencéQl) in magnesiunt’ is essential for \yherep's and ' are Pauli matrices in left-right and bond-
high-field physics in (TMTSF)CIO,. In particular, RO in  antibond indices, respectively. The most general transverse
metallic state can be explained only in terms of QI mechagispersion was split into two parts,
nism because no closed orbits exist. On the contrary, in the
SDW state both closed orbigsd Stark interference contrib- o
ute to RO. Oscillating behavio.r periodic inBL/can pe seen ﬂpb)zzz tcog (2j —1)pb], (4)
already at the level of one-particle spectrum. This is the topic =1

014411-2
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ﬁpb)zzgl t/cog 2jpb],

corresponding to effective hoppirfgdetween odd and even
neighbors, respectively. We diagonaliig, by the unitary
transform

ag

B
—Bf af
with |a|?+|B|2=1, and functionsy, 8, and# depending on

x andp only through the combination=pb—Gx. From the
requirement that the effective Hamiltonian for fiedel be

only ifvrdy, we get8(z)=vg'f?dZI(z) and a system of
differential equations for functions and g,

q’f:< )eif(‘}q)f, (5)

ifvpat(2)=—T2)as(2) - VBt (2),

ifoeBt(2)=—17(2) B(2) + Va7 (2). (6)

This “one dimensionalization” of the effective Hamiltonian

PHYSICAL REVIEW B69, 014411 (2004
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FIG. 3. (a) Phase diagranib) Energy ratiow.5/t, on the same
magnetic scale as the phase diagram.

as well as other insight$?® however strongly suggest thét
in (TMTSF),CIQ, is rather large, i.e., comparable tp.
The rapid oscillations in observable response functions

is the two-component generalization of the standard phasere related to the oscillations éf(Ref. 17, shown in Figs. 2
transformation procedure for Q1D systems in magneti@nd 3b). At 30 T the magnetic breakdown parameter has

field* Note thatd(z+27)=6(z) and thata, (z)=a*(2)
and 8. (z)=B*(2), so that it suffices to follow, e.g., solu-
tions @, (2),8,(z) of the system(6). According to Floquet
theory these solutions can be written in the fowa(z)
=A(2)exp(=izd); B(z) =B(z)exp(zd). A andB are periodic
with the period 2r, and closer inspection shows that the
Floquet exponend for the systen(6) is real for all values of
parameters, at least after keepingZtz) only the leading
termj=1.

The Floquet exponend and the functionsA and B are

moderate value ok~0.5.

IIl. MANY-BODY EFFECTS

We proceed with the solution of the interacting problem.
Neglecting the absence of a presumably small umklapp scat-
tering, the effective coupling for SDW is the forward-
scattering amplitudg,, here simply denoted by. We em-
ploy the matrix RPA formalism developed in Ref. 14. The
resulting relevant bare susceptibility ig,(q;T)=3{xaa

+xont[(Xaa— xnn) 2+ 4(xna)?1"%,  entering into  the

calculated using the Hill's theory and the fundamental matrixstoner criterion

method?® In the present work we limit our calculations only
to first harmonics in Eq(4), parametrized witht;=t, and

t;=t; . Let us concentrate on the magnetic-field dependence

of the Floquet exponent that splits the QNM spectrum as
given by Eq.(2). Figure Za) shows the energy.45 (in units

of V) as a function of the magnetic breakdown paramete

k=2w:,/V?, wherew.=vgG is the cyclotron frequency.
In quasiclassical picture@ determines the probability of the
overgap tunnelingP=exp(—m/2«).}” One sees that the

crossover from oscillating to saturating behavior does not

coincide with the crossover from the weak<1) to the
strong («>1) MB. The position of the last zero af is not
universal ink, but approximately i =[(yV)2+t2]"% .,
where the value ofy is 0.77. Figure &) shows§(r) for
several “polar angles” defined by tah=t,/yV. Oscillations
of & are approximately periodic in with a period of 0.80.
Choosing the parametetg=300 K, vp=2x10° m/s, and
b=7.7x10 1 m we fit RO at 260 T by puttinyy~0.8t,,..
Taking the limit of strong magnetic field./t,>1 and of
weak anion potentiaV//t,<1 we can easily reproduce the
1D spectrum of Osadat al,'® E,— fur(k—k¢) + 0.8 with
6— (Vwe) Jo(4tylwe), Jp being the Bessel function. On
the other hand the spectrum of Gor'kov and LeYed re-
produced for weak anion potential/t,<1. The above fit,

1_UXl(qC!TC):Ov (7)

g being the wave vector at whicpy(q) has the maximum.
The ratio of two SDW order parameters from Eg) is also

g function of bare correlatong, ,, xnn»xan in the (@,h) basis

(see Ref. 14 Their analytical expressions are

1 1
Xhh:% Ino|*Po+ §|ﬁ+P++§|ﬁ—P—}
1 1
Xaa= 2, { lao 2P0+§|§+P++§I§P_},

* 1 1
Xna= 25 |Rellnol 30)Po+ 51 nilarPr = 5ln-la Po
)
where Py,P. stand for P(q—NG,T) and P[q,—G(N
+26),T], respectively, P(k,T) being the familiar 1D

Lindhard function at the wave numbek2+k. P, and P
are the interband and the intraband susceptibilities ofNttine

split level of the spectrunt2). Coefficientsay, by, ay, and
by are Fourier components of the producfsexp(6),

014411-3
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B exp(6), A*exp(6), and B*exp(#d), respectively. The de- The result of the subtle interplay between two scales
pendence on the transverse momentum is present in the a@nd t;, is that the realistic profile of the phase diagram is
plitudesl(q, ,N), possible only within a rather restricted range of thgt()
space. We have calculat@dhe phase diagram for all values
~oa i(n— of V and concluded tha¥~0.8%,, is indeed the only value
Tho(dL ’N):z (@nby—n—bpan-—n)e' NI, fitting the phase diagram obtained in experimentsy. Namely,
increasingV or t;, by a few percent one reduc@g(SDW)
A ) below T (SDW..) in the wholeB domain. On the other hand
Ihe (9, N)= 2 (8nan-n+byby_p)e' N2, by decreasingV by a few percents one gets a hump in

" T.(SDW,) on the left of the transition SDY¥ SDW, .

The maximal value of the critical temperature in Fig. 3,

Ino (a1, ,N)=> (@pay_n+Dyby_n) e =N2a, TI®™~1.1K, is considerably smaller than the experimental
" value of 5.5 K. In this respect we note thigt**is essentially
model dependent quantity, i.e., the Hamiltoni&@) repre-

lao(q, ,N)=> (apayn_p—bpby_p,)e ("N sents aminimal model for understanding the interplay be-

n tween two SDW phases in the magnetic field. Namely, recent
experiment® suggest that the anion ordering in
TMTSF,CIO, induces also, beside a strong dimerizing po-
tential V, rather large changes in other band parameters.

The present treatment also does not include the quantita-
B N R {(n—N/2)g tive analysis of the splitting of degeneracy of two intraband
la-(q, 'N)_; (@nbn—ntbnay-n)e€ L. (9 phases SDW and SDW . Physically the degeneracy is
lifted because the realistic tight-binding dispersion along the
There are two important selection rules for these amplitudesshain is not strictly linear. Consequently the dominant insta-
namely, forN even, I;,o(N)=14(N)=0 while for N odd, bility will be that of SDW_, as discussed in Ref. 14. Similar
In+(N)=1,.+(N)=0. Thus the interband processes contrib-conclusions were obtained also by numerical calculattdns,
ute only to FISDW phases with odd while the intraband  but without taking into account the two-component aspect of
processes contribute only to phases with ewenConse- the order parametefl). The critical temperature for the
quently only phases with evel “see” the splitting by o. SDW, subphase can be calculated within Landau theory as
According to Eq.(7) the maximum ofy,(q) attains the in Ref. 15, and by taking the nonlinearity of the band disper-
value 1U at T=T.. Figure 3 shows the resulting phase sion into account. The subphases of the high-field phase cor-
diagram for a realistic choice of parametevs:0.85,, t;,  respond to SDW phases within SDW, each one nesting
=0.03,, andT,(V=t,=0)=13 K. The resulting maximal its own pair of Fermi sheets. Such scenario is impossible for
critical temperature within the present field rangeT™  SDW, since it proceeds through nesting of all four sheets at
~1.1 K. The most obvious characteristic of the obtainedthe singlecritical temperature. On this point our picture dif-
phase diagram is the first-order transition from Spw  fers again from the one advanced in Ref. 21, where it was
SDW., atB.~9 T. Dependenc@,(B) for B<B, is similar ~ argued that SDW and SDW. mustorder simultaneously
to the FISDW cascade in TMTSPFR;, with the difference because otherwis€; would disappear exponentially. As far
that here only odd phases appear because the even ones ageve see this kind of locking of the two critical temperatures
suppressed by splitting. We expect that at lower temperaturd§ not possible. The splitting of the singlg to T(SDW,)
the first-order transition from SDyWo SDW. is driven by ~ andT (SDW.) is a smooth function of the appropriate band
stabilization of soliton lattices with competing SQWnd  parameters, the simplest one being the effective third-
SDW. domains?’ For B>B, the critical temperature in- neighbor interchain hoppint.*®
creases towards the highest valif&*. As the magnetic field
further increases the critical temperatirgB) starts to os-
cillate, with the sharp dips corresponding to commensurabil- We solved exactly the one-particle problem of dimerized
ity condition 2G6=G between the Floquet wave number Q1D band of electrons in magnetic field. Observables con-
and the magnetic wave number. We can also estimate th@in characteristic periodicity in B/ consistent with 260 T
quantum Hall effect in the phase SDWor SDW.. The  oscillations in normal and SDW phases of (TMTSE)O,.
shift from the perfect nesting in these phasesvisAk  Using matrix RPA for SDW susceptibility we reproduce the
=V2+2t2— (YV2+4t5+V) /2. For V~t, this gives overall profile of the experimental phase diagram, containing
veAk~1,/10 and the quantum number of the Hall effect, the first-order transition from thigow-field) interband SDW
Ny~veAk/w¢, takes values between 3 and 1 for magneticto the (high-field intraband SDW (or SDW, ). The value
fields between 10 and 30 T. However, the precise values aéf the anion potentialV fitting experiments in relaxed
Ny and whetheN,, is integer or not are the questions be- (TMTSF),CIOQ, is large, of the order of interchain hopping
yond the present analysis. tp.

las (9, ,N)= > (A, byt bpay_ )€ (N2
n

IV. CONCLUSION
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