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Nonanalytical magnetoresistance, the third angular effect, and a method
to investigate Fermi surfaces in quasi-two-dimensional conductors
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We demonstrate that transverse magnetoresistance is a nonanalytical function of the magnetic field,
p. (H)~|H|*?, if a magnetic field is parallel to the plane of anisotropy and normal to the Fermi surface at an
inflection point in a quasi-two-dimension&®2D) conductor. The so-called “third angular effect,” recently
discovered in organic conductors (TMTSK) (X=CIO,,PFK;) and (DMET)l;, is interpreted in terms of the
existence of an inflection point on their Fermi surfaces. Nonanalytical magnetoresistance is predicted to appear
when the magnetic field is applied at the “third magic angle®,= +0.. It is also shown that at arbitrary
directions of the in-plane magnetic field the magnetoresistance does not depend on relaxation time and obeys
the law p, (H)~A|H| with factor A being a function of local characteristics of a Q2D Fermi surface. The
above-mentioned phenomena provide useful methods to investigate Fermi surfaces in strongly anisotropic Q2D
conductors including organic and high-superconductor§S0163-18207)51814-3

Numerous quasi-two-dimension@2D) conductors from i.e., normal to the inflection point on the FS of a Q2D con-
chemical families (TMTSE)X and (ET)X demonstrate un- ductor with the electron spectrum:
usual properties in a metallic state in a magnetic fiéd a
review, see Refs. 134 Although such phenomena as e(p)=*ve(pa+ Pg)—2tpcogpyb*)—2t, cogp,c*), (2

“magic angles” and “rapid magnetic oscillations” seem to
gic ang pic Mag where er=prup=2000 K, t,=200 K, and t, ~5—10

be of many-body origiri, some others have a clear Fermi- , ) :
y y org K; O is the angle betweea axis andH; h=1 (see Fig. 1L

surface topology nature. Among them, there are Yamafi's, . .
Osada’55'4p D%{mer_(:haikm,g? and the so-callzd Nevertheless, as shown in Ref. 10, TAE does not disap-

“third” 1% angular resonances. Due to a strongly anisokear if the magnetic field is slightly inclined with respect to
tropic nature of Fermi surfacé(;FS’s) in (ET),X and the plane of anisotropy when closed orbits do not exist. Con-

(TMTSF),X materials, the Fermi-surface topology effects intrary to Ref. Awhere nymericgl solutions of kingtic equation
their metallic phases were shown to be nontrigidi®14 were found for the anisotropic 3D spectrum with an under-

The aim of our paper is to present nontrivial Fermi- €Stimated value of the anisotropy ratig,/t, =4), in the
surface topology phenomena that must exist in Q2D comPresent paper we ignore the existence of small closed orbits.

pounds. We point out that in the Q2D casentrary to the It is shown that TAE can be understood in terms of the
3D onéY) the Boltzmann kinetic equation possesses soly@ppearance of nonanalytical magnetoresistance due to the ex-

tions which diverge if the anisotropy and the vakigr tend istence of “effective electrons” in the case of large values of
to infinity. Under these conditions an electric current is de-to/tL in EA.(2). In addition, we show that, if the direction of

fined by a small group of “effective electrons” which are the in-plane magnetic field is far enough from the TMA's

located in the vicinity of the poinPy where the magnetic

field is normal to the cross section of the Q2D (s8e Figs. P

1 and 2. It is shown that it results in the appearance of e Vn

non-analytical transverse magnetoresistance. ~ \
On the basis of the above-mentioned finding, we propose Q H

an interpretation of the recently discovered “third angular P'/ \pH P

effect” (TAE)®-%and suggest useful methods for the inves- H

tigation of Q2D FS’s. Note that TAE was originally inter-

preted as a consequence of some changes in electron®tates.

In Ref. 9, this effect was treated in terms of the disappear- \

ance of closed orbits when the in-plane magnetic field is
applied at the “third magic angles{TMA’s):

2t b* FIG. 1. The in-plane magnetic field is normal to the cross sec-
@52: iarctar( b ) , (1) tion, p,— pe = 2t,cosppb*)/ve, of the open FS2) at the inflection
Ur point Py, .
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FIG. 2. The in-plane magnetic field is normal to the cross sec-
tion, e(p4,Pp) = €, Of the Q2D FS(3) at the ordinary poinPy . 0 2 4 6 8 10 2 14

(1), magnetoresistance does not depend on electron relax-
ation timer and depends Only_on some local characteristics FIG. 3. The resistivity, calculated for the magnetic field applied
of the FS. We propose experiments on the measurement gf g—@_ [Eq. (1)], is shown to obey a nonanalytical law,
transverse magnetoresistance in Q2D compounds to obtaj) — 1|2 if . r=2 (solid line). Solid circles: experimental data
detailed information about their FS’s. (Ref. 9 for (TMTSP),CIO,.

Let us consider the peculiarities of the solutions of the
kinetic equation in a strongly anisotropic Q2D conductor.

For a conductor with an electron spectrum (3)], is zero at poinfy (i.e., Py is an inflection point (see

Fig. 1); (2) 2D curvatureR™ ! is nonzero at poinPy (i.e.,
_ * Py is an ordinary point(see Fig. 2
€(P)=€(Pa,Pp) —2t,COIP,CT), T <€, ©) It is easy to make sure that;(a)~ a~(dl)? in the first
the Boltzmann kinetic equation case which results in a strong divergence of the integhal
in the clean limit. From Eq(7), it is possible to obtain the
df(p) _ f(p)—fo(p) 4  following expression for the perpendicular resistivipy
dp T @ \when we>1:

e
eE+ E[VX H]

can be rewritten in the following form:

~ 12 __ 1/2
d¥(p) _¥(p) pu(H) ~ p(0) (@)™ ~[H["™ (®)

dpJ_ T

e
2eEth*sin(pic*)—E|vn(a)|Hsin(a) ,
(5) [We have taken into account thag(H)aH(H)>a(2L”)(H)

. i i § i if ti<6|: ]
if magneuc and electric flelds_ are applied parallel and per- \we stress that magnetoresistar(& is a nonanalytical
pendicular to the plane of anisotrodyn Eq. (5), we have  fynction of a magnetic field. It is due to the fact that only

omitted the component of the Lorentz force which comes:effective electrons” which are located in the vicinity of the
from the electron velocity perpendicular to the plane;jnfiection pointP,,,

f(p)="fo(p)—[dfo(p)/dp]¥(p); v, is in-plane electron ve-
locity; « is the angle betweeH andv, (see Figs. 1 and)2
It is important that Eq(5) has a simple solution, dl~a'~(w.7) " Y?<1 9)

2eEt, c* 7sin(p, c*) — w (a)Tcogp, c*)]

¥(p, @)= 1+w§(a)7'2

contribute to the conductivitysee Fig. 1L To demonstrate
that nonanalytical behavid8) is valid in a broad region of

(6) S . oS
magnetic fields we performed a numerical estimation of the

Therefore conductivity perpendicular to tha, ) plane can integral (7) for a model spectruni2) of (TMTSF),X com-

be expressed in the following form: pounds. Both the results of numerical calculations and ex-
perimental datafor (TMTSF) ,ClO, at ambient pressure are
(H) e’t’c* r dl @ shown in Fig. 3. As it follows from Fig. 3, Ed8) (which has
o — ' . ; U < O
L 2 Vo(@)|[1+ (@) 7] been derived in the limitw.7>1) becomes valid if

w.7=2. From Fig. 3, it is also clear that magnetoresistdnce

where the integration is taken along the contourmeasured at TMA is in satisfactory agreement with common

€,(Pa:Pp) =€r; w(a)=(elc)|v,(a)|Hc*sina is a char- nonanalytical dependenc8).

acteristic frequency of an electron motion in the direction Let us consider the case when the in-plane magnetic field

perpendicular to the plane. The main difference betweels applied at an arbitrary directioe., Py is not an inflec-

Egs.(6) and(7) and typical solutions of the kinetic equation tion point (see Fig. 2 In this casew.(a)~a~dl in Eq.

in the 3D casE’ is that the integral7) diverges at small (7) and the divergence of the integr@) is not as strong as

a in the clean limit whenw 7= w(90°)7— . in the first case. Nevertheless, as follows from &y, trans-
Below, we consider two different casdg) 2D curvature  verse magnetoresistance is still a nonanalytical function of a

R~ of the cross sectior(p,,p,) =€ Of the FS’s[(2) and  magnetic field:
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. Below, we discuss an applicability of the “effective elec-
1 trons” approach(5)—(11) for the description of the proper-
i ] ties of real Q2D compounds. The first question is “When
4+ . can we ignore the Lorentz force component which comes

1<w.7<(er/t,)Y? correspondingly. Using the following
T values of the parameterg-=2000 K, t, =5 K, and
[ 5 10 15 20 7=4.3x10 2 sed, we found that fofTMTSF),CIO, the
o (degree) above inequalities can be rewritten assBi<40 T and
1<H=<15 T. At higher and lower magnetic fields, solutions

, of the kinetic equatiori4) are becoming nondivergent, which
FIG. 4. Experimental data fdTMTSF),PFg (Refs. 10 and 12 . - .
(solid circleg are shown to be in a good agreement with theoretical![eads. :O thé?gresmratlon of a textbook analytical magne
angular dependence, (0) (solid ling), at®@<0.=19.5°. oresistance. . L . .
The second important question is related to an applicabil-
Vo(P)[2 ity of the Fermi-liquid picture and kinetic equati@4) in the
M (100 Q2D case. The comparison of a numerical estimation of the
R(Pw) integral (7) with experimental data offMTSF) ,PF; (Refs.

Nonanalytical dependend¢@0) comes from the fact that for 10 and 12 at pressure®=8.5 kbar(see Fig. 4 shows that
an arbitrary direction of the in-plane magnetic-field conduc-the Fermi-liquid picture works well if there exist “effective
tivity is defined by “effective electrons” located in the vi- electrons” on the FSe.g., for the in-plane magnetic field
cinity of the pointPy: applied at® <0.=19.5°[Eq. (1)]). The applicability of the
kinetic equation at @0, (which corresponds to
Hp,<2.3 T) is also supported by the observation of angular
dI=R(Py)a~(wc7) *<1. (1) oscillations in Refs. 10 and 12 which seem to be of a semi-
o _ o classical origin® On the other hand, in Refs. 14 and 15 it is
At this point we would like to present a qualitative expla- ghown that much smaller in-plane magnetic fields applied at
nation of TAE. When the direction of a magnetic field is ®=90°, H,=0.2 T, destroy coherent electron motion be-

approaching an inflection poirR, (see Fig. 1, more and tween la ; _

e . yers ifTMTSF) ,PFg at pressurd®=9.8 kbar. Per-
more electror)s are becoming “effectivgtompare Eqs(Q) haps it indicates that pressure may induce a Fermi-liquid—
and (11)], which leads to the appearance of a minimum Ofnon—Fermi—quuid transition in this compound.

the resistivity in the vicinity of the TM_A s(1). To be more In conclusion, we recall that above we ignore the exis-
specific, we made numerical calculations of an angular det-

e ence of closed orbits in the case of in-plargeh)) rotation
pgndence of the conductivityy) fo_r elgctron spectru_nq2) of a magnetic field. The importance of closed orbits in
with t,/t,=8.3 and compared it with the experimental

> . (TMTSF) ,CIlO, for out-of-plane &-c) rotation was demon-
?ﬂsll#g::) g?:pecnodn%nu%or(s?:tﬁ W;S obtained on the strated both experimentally and theoretically in Ref. 7.
Let uszcoane back 1o Ec(lO)g.N&)te that magnetoresis- Qualitative analysis shows that the “effective electrons” ap-
tance(10) does not depend on electron relaxation ti d proach developed by us has to result in the appearance of a

thus does not depend on temperature. This is an example inimum of resistivity at the in-plane direction of a mag-

u ) p perature. 1his 1 Xampi€ @hiic field under the conditions of out-of-plane rotation if
when the diagonal element of the resistivity tenpgrde- 1<w,r=(er/t,)M2 This conclusion seems to be in accor-
pendslcl)_r'ﬂ)l/l on _b?n.(il-structure parf\rwetfrs. Unlike the nonOIHance with the theoretical results of Ref. 7 where it is shown
agonai Hall resistivi y componepi(L, ), ransverse magné- at the diminishing of.=t, results in the disappearance of
toresistance10) depends on local characteristics of a Q2Da peak in resistivity at the in-plane direction of a magnetic
FS (3). Therefo.re, measure_ment_s of the _angular dependenqleeld We also consider the experimental observation of shal-
of the factorA in Eq. (10) gives information about the an-

low minima at the in-plane direction of a magnetic field in
2
gular de"’e”iﬁ”ceh"f ba”f tﬁarégd“‘fﬂpﬂﬂ / R(.PH)-Z'S TMTSF),ClO, for H=6 T (Ref. 7) as well as the obser-
somedg(asesf €s apels OR fe;L3ThS are known in Qt f CONYation of sharp minima at the in-plane direction of a mag-
pounl s(,jee, o(rj examp;ttar,] et. ten r_n?asureme_r:j oran netic field in(ET) ,KHg(SCN) 4 (see, for example, Ref. 17
angular dependence of the magnetoresis am)eprow €Sa as evidence of an importance of “effective electrons” in
method to investigate the dependence of Fermi velocity

" . these compounds.
[v,(Py)|, on the position on the FS. In a simple case of an
elliptic Fermi surface we point out thatO(Py)/(OP}) We are thankful to E.V. Brusse, S.B. Brusse, S. Ka-
=A(Py)/A(P})) (see Fig. 2 In the case of higf, com-  goshima, I.J. Lee, M. Naughton, T. Osada, T. Sasaki, J.
pounds, when the existence of the FS’s is not clear, the disSingleton, T. Toyota, V.M. Yakovenko, K. Yamaiji, and H.
covery of the magnetic-field dependeri¢é) could be a con- Yoshino for stimulating discussions. We also wish to thank
firmation of an applicability of a Fermi-liquid picture. M. Motokawa and K. Yamaji for their kind hospitality.

.*;:’ from the electron velocity perpendicular to the plame.,
S L ! ignore the existence of small closed orf#ts An analysis
g 3r ] shows that for electron spect(2) and(3) nonanalytical de-
‘:‘ i pendence$8) and(10) have to be valid in a broad region of
SApIE ] magnetic fields, Ko r<(e:/t,)?? and

p (H)~APY) Hl . APy~
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