JETP Letters, Vol. 78, No. 3, 2003, pp. 138-142. From Pis' ma v Zhurnal Eksperimental’ nor i Teoreticheskor Fiziki, Vol. 78, No. 3, 2003, pp. 170-174.

Original English Text Copyright © 2003 by Lebed.

Theory of Magnetic Field-Induced
Char ge-Density-Wave Phases'

A.G. Lebed

Department of Physics, Boston College, Chestnut Hill, MA 02467, USA
Landau Institute for Theoretical Physics, Russian Academy of Sciences, Moscow, 117334 Russia
Received June 26, 2003

We elaborate an analytical theory of a cascade of magnetic field-induced charge-density-wave (FICDW)
phases. It is shown that the following features distinguish it from the well-known spin-density-wave cascade:
(1) the FICDW phases exist at temperatures much lower than the characteristic CDW transition temperature at
H = 0; (2) the cascade of the FICDW phases dramatically changes at certain directions of amagnetic field due
to aninterplay of Zeeman spin-splitting and electron motion along open Fermi surfaces. Theoretical resultsare
compared with the recent experimental attempts to reveal FICDW phases in the organic conductors
a-(ET),MHg(SCN), (M =K, Tl, Rb, etc.). © 2003 MAIK “ Nauka/Interperiodica” .
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A cascade of magnetic field-induced spin-density-
wave (FISDW) phases has been intensively studied
sinceitsexperimental discovery inthe (TMTSF),X and
(DMETTSeF),X organic compounds[1, 2] (for thefirst
theories of this phenomenon, see [1-4]; for the recent
theoretical analysis, see[5]; for the recent experiments,
see [6]). The possibility that a similar phenomenon, a
cascade of magnetic field-induced charge-density-wave
(FICDW) phases, may exist in some solids was dis-
cussed in [3] and was numerically proved in [7].
Indeed, if a charge-density-wave (CDW) state is
destroyed by pressure in a gquasi-one-dimensiona
(Q1D) conductor, it can be restored in amagnetic field,
which increases 1D Peierls instability for both SDW
and CDW phases due to the “one-dimensionalization”
of the electron’s motion, as shown in [3-5, 7]. Never-
theless, the existence of the FICDW phases in redl
materials has not been firmly established, and an ana-
lytical theory of FICDW states has not been elaborated
so far. The major problem in observing the FICDW
phenomenon is sufficiently high CDW transition tem-
peratures, Tepw = 100 K, in traditional Q1D conduc-
tors. Dueto high Tepy, the CDW states normally dem-
onstrate very low responses to the experimental mag-
netic fields, H = 10-30 T, and experimental pressures,
P < 10 kbar.

Very recently, thefirst experimental indications[8-10]
that the FICDW phases perhaps exist in layered organic
conductors a-(ET),MHg(SCN), (M = K, Tl, Rb, etc.)
with low enough DW transition temperatures at H = 0
and P = 1 bar, Tepyw = 8-10 K, have appeared. To be
more specific, the unexpected changes in slope of the
low temperature magnetoresistance at T < Tepw
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accompanied by hysteresis [8] (observed under pres-
sure P = 3 kbar, which destroysthe CDW stateat H = 0)
were interpreted [8] in terms of the FICDW phase tran-
sitions. Mareover, the recent low-temperature measure-
ments in a tilted magnetic field [9, 10] in
a-(ET),MHg(SCN), conductors were suggested [9] to
reflect an interplay of Zeeman spin-splitting and the
orbital effects of the electron’s motion along open
Fermi surfaces (FS). Note that the most popular
description of the ground statesin a-(ET),MHg(SCN),
compounds at T = 8-10 K is based on an idea [11]
about a formation of some density-wave (DW) phase.
Although the physical nature of this DW phase is still
controversial (see, for example, discussions in [7-10,
12-14]), the experimental confirmation [8] of the the-
ory [7] at low enough magnetic fields and the interpre-
tation of the experiment [9] seem to be strong argu-
ments in favor of the CDW scenario.

Our goalsare (1) to elaborate an analytical theory of
a cascade of FICDW phase transitions in a magnetic
field perpendicular to the conducting layers (i.e., [x(a),
z(c)]-plane) and (2) to suggest a theory of the above
mentioned cascade at some “ commensurate directions”
of a magnetic field. (We note that the possihility that
some special directions of a magnetic field may exist
due to interplay of the Zeeman spin-splitting and the
orbital electron motion along open orbits was discussed
in [7, 15]. Nevertheless, no theoretical description of
this phenomenon in FICDW phases has yet been pro-
posed.) Below, we reveal some peculiar features of the
FICDW phase diagram that distinguish it from the
FISDW one [1-5] and present an additional argument
in favor of the CDW-FICDW scenario for the ground
states in a-(ET),MHQg(SCN),, compounds.
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Let us consider the FICDW phases in a tilted mag-
netic field perpendicular to the conducting chains[i.e.,
x(a) axig],

H = (0, cosB, sinB)H, A =(0, sinB,—cosB)HXx, (1)
inalayered conductor withaQ1D FS[1-4, 7, 8, 11, 16]:

€' (p) = V(P T Pr) —ta(py, P,),
to(py, P,) = 2t.cos(p,c*) 2
+ 2t.cos(2p,c*) + 2t,cos(pyb*),

where 6 is the angle between the field direction and the
normal to the conducting plane, +(—) standsfor theright
(Ieft) sheet of the FS; v and pr are the Fermi velocity

and Fermi momentum; t, > t, ~ t. are the overlapping
integrals of the electron wave functions[1-5, 7, 11].
Asin [1-5, 7, 8], we suppose that, under external
pressure, the “antinesting term” t. is bigger than its
critical value, t. > t¥, which corresponds to destruc-

tion of the CDW phase [14, 7, 8]. Let us find the
metal-FICDW  phase transition  temperature,
Tacow(H), where the FICDW phases exist a high
enough magnetic fields and low enough temperatures.
They correspond to the following order parameters:

Agicpw(r) = Aexp(iQr),

N . (©)
Q = (2pg + K, TUb*, TUc*).

Using the Green’s functions method [1, 3-5, 7, 17],
we find that the Green’s functions in the mixed repre-

sentation [3, 4], G; (i 0y Py, P2 X, X;), Where

Gé(iwm; py! pz; X, Xl)

= exp[i Pe(X = X)1 G5 (i Py Pai X, Xa),

4
obey the following equations:

[iwmiivF%(

eH sinBx eH coso
_tm%y_ c Z+T)%_UBHG} ©)

X Ge(iWns Py Psi X, X1) = B(X—X,).

Here, iw,, is the so-called Matsubara frequency [17],
0 = +(-) stands for electron with spin up (down); pgis
the Bohr magneton, c isthe speed of light; and Planck’s
constant h = 1.
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Note that the main difference between Egs. (4), (5)
and the equations determining the Green's functionsin
the FISDW case [1, 3-5] is the appearance of the Zee-
man spin-splitting term, pgH, in Eq. (5). Let us solve
Egs. (4), (5) using the procedure described in [3, 4].
Then, let ususethe Gor’ kov-type equations[1, 3-5, 17]
to determine the meta-FICDW phase transition tem-
perature, Tpcpw(H). Asaresult, wefind that, in contrast
to the well-known case of the metalFISDW phase
transitions [1, 3-5], the equation

1_ } 2T picpwdZ
g . 2T cowd[
dstth v, O ©)
At. . [90.ZCOS 2UgHZ
XJO|:OOCCOSGS|nD Ve D} 0S Ve Dcos(KZ)

determining the metal-FICDW phase transition tem-
perature, Tr,cpw(H), contains the Zeeman spin-splitting
term, 2ugH. (Here, g isabare coupling constant for the
CDW instability, Jo[...] isthe Bessel function, w,(H) =
eHc* v/cisthe frequency of electron motion along the
open sheets of the FS (2).)

To describe a cascade of the FICDW phases analyt-
icaly, we suppose that the magnetic field is strong
enough to satisfy the condition of the so-called “quan-
tum limit,” TTyepw(H) < wy(H) (for discussions,
see[5]). In this case, we find with a logarithmic accu-
racy the following expression for the meta—FICDW
phases transition temperature from Eqg. (6):

Trcow(H) = wC(H)exp[_geff_](-'_l)}; @
w.(H) = evHc*/c,
1
2In(t/tY)

4t . [:(H)Zcos6
xMAX%JO[wC(H)COSesnD - D}

y H:OS[(K VE _ZHBH)Z}

VE

gur(H) =

(8)

+ cos ,
[ 1

where t¥ isacritical value of the“antinesting term” t.,

which destroys the CDW phase at H = 0; [..[J means

averaging over the coordinate Z, MAX(...)x stands for

the maximum value of a function with respect to the

variable K.

Asfollowsfrom Eq. (8), the FICDW effective inter-
action constant g; (H) is nonzero only for the FICDW

Ve

(Kvg+ ZUBH)Z}S 0
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Fig. 1. Upper curve: phase transitions between the FISDW
phases [3-5] with K = 2Nw(H)/vE; lower curve: the phase
transitions between the FICDW phases with K = 2ugH/vg +
2Nw,(H)/vE [see Egs. (3), (12)] calculated in the paper for
0 =0[seeEgs. (7), (11)], where N isan integer. The follow-
ing notations and values of the parameters are used: A' =
2t lw(H) ~ UH; In(t /tg ) = L.4. Note that the FICDW

phase transition temperatures are much lower than the
FISDW phase ones.

phases (3) with the “quantized” longitudinal compo-
nent of the wave vector,

2ugH H 0
Ki(H,L,) = +._”_B__ + 2|_1(i)££__)_39§_, 9)
2ugH H
Kz(H, L2) - _ I“iB + 2L2wc( )COSG, (10)
F F

where L, and L, are integers. It is possible to rewrite
Eq. (8) asfollows:

e )
2In(ty/t*) Lo (H)cosh |’

2 Zt; _ D 2 211:3
JN[coC(H)cose} B MAXDJL[Q)C(H)COSGEL’

where the effective FICDW coupling constant (11)
defines the metalFICDW phase transition line for the
FICDW order parameters (3) with

2u1gH
K1,2,3,4(H) == He t2

O«t(H) =
(11)

Nooc( H) cos6

(12

where N and L are integers. Note that the order param-
eters (3) with four possible wave-vectors (12) corre-
spond to the same value of the metal—-+I SDW transition
temperature (see Egs. (7), (11)). In other words, thelay-
ered Q1D metal (2) is unstable in a magnetic field (1)
with respect to the formation of four FICDW phases
with the* quantized” wave vectors (12). Our theoretical
results (7)—«(12) are summarized in Fig. 1, where the
cascade of the FICDW phase transitions (cal cul ated for
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0 = 0) is compared with the FISDW cascade[1, 2, 4, 5,
18-20].

In contrast to the FISDW case [1-5, 18-20], the
guantization rules (12) for the FICDW wave vector (3)
contain the Zeeman spin-splitting term. This leads to
significant differences between physical properties of
the FICDW and FISDW phases. Indeed, as follows
from Eqg. (11), the effective interaction constant for the
formation of the FICDW phases is two times smaller
than the corresponding constant for the formation of the
FISDW phases [1-4, 18-20] (see Fig. 1). Therefore,
unlike the FISDW phases, the FICDW ones can appear
only at temperatures much lower than the CDW charac-
teristic temperatureat H=0and P = 1 bar:

Tricow(H) < Tepw(H =0, P =1 bar). (13
Notethat thisresult isin agreement with the experiment
[8] and, thus, supports the hypothesis [ 7—12] about the
CDW ground states in a-(ET),MHg(SCN), compound
aH=0and P =1 bar.

As follows from Egs. (7)—10), the second distinc-
tive feature of the FICDW phases is that the effective
FICDW coupling constant changes at “commensurate
directions’ of a magnetic field,

cos® = (1/M)[2ugH/0,(H)], (14)

where M # 0 isan integer.

Starting from Eq. (8), it is possible to show that the
effective coupling constant for the *commensurate
directions’ of amagnetic field (14) isequal to

1

M
H) = ———
% (H) = ™)

2 2t:; 2 2t::
% MAX%]L[Q)C(H)COSG} L M[u)c(H)coseEL’ (15)

Tracow(H) = eXp[_

1
gzﬁf(H)}’

where L and N are integers. Thus, the cascades of the
FICDW phase transitions at the “commensurate direc-
tions’ of amagnetic field (14) are qualitatively different
from the cascade at 8 = O (see Fig. 2). As can be seen
from Eq. (15) and Fig. 2, the FICDW transition temper-
atures at “commensurate directions’ of amagneticfield
can be significantly higher than the FICDW transition
temperatures for the standard experimental geometry,
where magnetic field is perpendicular to the conducting
layers (i.e., a 6 = 0). This provides a method to detect
the FICDW phasesin other Q1D compounds. We spec-
ulate that the experimenta results [9], where some
novel phases were observed only at angles higher than
0 = 174, may be related to the main “commensurate
angles’ (14) (seeFig. 2).
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Fig. 2. Phase transitions between the metallic and the
FICDW phases are calculated for 8 = 0 (solid line) [see
Egs. (3), (7), (11), (12)] and for two “commensurate direc-
tions” of amagnetic field [see Eq. (14)]. Upper dashed line
corresponds to 6 = 174 (i.e, M = 1), whereas the lower
dashed line corresponds to M = 2 [see Egs. (14), (15)];
In(ty/th ) = 1.4, 2ugHiwgH) = 1/.4/2; X' = 2t /w(H) ~
VUH. Note that Tgcpw(H, 8 = 14) is higher than
Tricow(H, 6=0).

Below, we discuss the applicability of the analytical
theory of the cascades of FICDW phase transitions sug-
gested in the paper to real experiments. We stress that,
in the paper, we have extended the so-called “ quantized
nesting” (QN) model [1-4, 18-20] to describe the cas-
cade of the FICDW phase transitions. As shown in [5],
the analytical QN model in the case of FISDW phase
transitions is an approximation that is qualitatively cor-
rect in the quantum limit where w.(H) = 1T cpw(H)-
Therefore, we expect that the analytical theory sug-
gested by us is qualitatively correct at least if w,(H) =
Tt cow(H). In contrast to the FISDW case, application
of the present theory is restricted by the second condi-
tion, wy(H) < 2t;, since Egs. (7)~(15) are valid only
with logarithmic accuracy. Using the typical values of
and t; = 10 K, we can conclude that the analytical the-
ory suggested in the paper is an appropriate description
of the FICDW phases in a broad region of magnetic
fields, 3 T<H<20T.

To summarize, an analytical theory of a cascade of
the FICDW phase transitions in a magnetic field per-
pendicular to the conducting chains in layered Q1D
metals (predicted by L.P. Gor’ kov and the author in [3]
and numerically proved in [7]) is elaborated. As a
result, we come to the conclusion that, in contrast to the
FISDW phases, the FICDW ones can exist only at suf-
ficiently low temperatures (13). This is in agreement
with the experimental data[8] and is an extraargument
in favor of the CDW/FICDW nature of the ground
states existing at low temperaturesin organic conductor
a-(ET),MHQg(SCN),. We have suggested a theory of
the FICDW phases in an inclined magnetic field and
calculated the FICDW phase diagram for some “com-
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mensurate directions’ [7, 15] of a magnetic field (see
Egs. (14), (15) and Fig. 2). It is shown that the FICDW
transition temperatures can be higher for some “com-
mensurate directions’ of a magnetic field than for the
field perpendicular to the conducting plane (see
Egs. (11), (14), (15) and Fig. 2). This provides an
experimental method to detect the FICDW phases in
other Q1D compounds and may be related to the exper-
iment [9], where some novel phases were observed
only ininclined magnetic fields.
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