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The presence of subphases in the spin-density waia\V) phase of (TMTSF)PFR; below T*~4 K has
been suggested by several experiments but the nature of the new phase is still controversial. We have inves-
tigated the temperature dependence of the angular dependence of the magnetoresistance in the SDW phase
which shows different features for temperatures above and b€&few4 K. For T>4 K the magnetoresis-
tance can be understood in terms of the Landau quantization of the quasiparticle spectrum in a magnetic field,
where the imperfect nesting plays the crucial role. We propose that bElewd K the new unconventional
SDW (USDW) appears modifying dramatically the quasiparticle spectrum. Unlike conventional SDW the
order parameter of USDW depends on the quasiparticle moment(ik)cos Dk,. The present model
describes many features of the angular dependence of magnetoresistance reasonably well. Therefore, we may
conclude that the subphase in (TMTSPFJ; below T*~4 K is described as SDW plus USDW.
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. INTRODUCTION identified for X=AsFs and CIQ,.1° On the other hand, there

_ _ _ are a few reporf$!? indicating similar transition in
The very anisotropic organic conductors (TMT$K) (TMTSF),AsF;, though less pronounced than in
(where  TMTSF is tetramethyltetraselenafulvalene andTmTSF),PF,. Therefore, at this moment, we cannot ex-

X = PR, AsFg, ClO,, ... stands for monovalent anipor  cjyde the presence of similar transitions in other Bechgaard
Bechgaard salts continue to attract much attention since thgyts.
discovery of their superconductivity in 19#9% variety of Recently, we have studied the MR in (TMTSPF;, with

electronic ground states under pressure and/or magnetéc magnetic field rotated within tha—c* plane, which be-

field, (conventional spin density wavéSDW), field induced haves differently forT>4 K and T<4 K at ambient

spin density wave with quantum Hall effect and unconven- . .
tignal (mos),/t likely p—wrgve) superconductivity, are very pressuré®ForT>4 K the magnetoresistance was described

intriguing 2° in terms of the quasipgrticles scgttergd by khedependent
(TMTSF),PFis metallic down toTspw~12 K, where scattering ratéwherek is the quasiparticle wave vecjoin .
the transition into the semiconducting SDW state occurs. It i9ther words, we could understand the magnetotransport in
known that SDW in (TMTSF)PF; undergoes another tran- €rms of th'e standard Fermi Ilqwd theory, i.e., by t.he.qua5|-
sition at T*~Tgpw/3 (at 3.5—-4 K at ambient pressif® particles with the energy gap given in the model with imper-
The indication of the subphase transition was first seen bject nesting:* In spite of the fact that fof <4 K we had to
nuclear magnetic resonantayhere T; ! diverges and the introduce a rather artificial scattering ralg¢="bk,) the
spin susceptibility changes #t. The transition af* is pre-  description of the resistance along teé axis was not
served through the entile—T phase diagram. Furthermore, satisfactory®
a calorimetric transition at 3.5 K, with a large hysteretic phe- More recently, an unconventional density wal¢SDW
nomena in the temperature range 2.5—4ddused by the and UCWD was proposed as a possible ground state of the
sample history, has been observed and interpreted as an inelectronic systems in organic conductors and heavy fermion
dication of a glass transitichOn the other hand, the low systems®>'° Unlike the conventional SDW, the USDW is
frequency dielectric relaxation of SDW in (TMTSfPR; did  defined as the SDW where the order parameték) de-
not show the existence of the glass transifidince then, pends on the quasiparticle momentlémin spite of a clear
the SDW state was widely investigated, but the nature of théhermodynamic signalas in the usual mean field-like tran-
possible subphases remains controversial. Our study of thetion), the first-order term im\(k), corresponding to local
angular dependence of the magnetoresistaM®) for  charge or local spin, is invisible. Consequently, these states
B||(a-b’) plane has shown dramatically different featuresmay be called the phase with hidden order parantéter.
above and below*~4 K.2° However, taking into account UCWD has been identified very recently, from the tempera-
our MR results for temperaturé&=2.2 K, the transition at ture dependence of the threshold electric fflih the low
T* appears to be unique to (TMTSIPR;, as it has not been temperature phase af-(ET),KHg(SCN),.2* Similarly, a
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mysterious micromagnetism seen in AF phase of LR
could also be interpreted in terms of USD¥V.

The aim of this work was to see if the presence of pos-
sible subphases in the SDW beld K could be observed in
the temperature dependence of the conductivity and MR as
well as in the anisotropy of the MR. In this paper we com-
pare the experimental MR data of (TMTSP)Fg in the
SDW state, showing the pronounced differences Tor
>4 KandT<4 K, with our new theoretical resu|'[($re_ FIG. 1. Three configuration@asesA, B, andC) of the current
liminary results in Ref. 2B We propose that the anomaly at j apd magnetic field direction.(See the text for a detailed expla-
T*~4 K in (TMTSF),PF, signals the appearance of Nnation)

USDW. We point out that USDW requires more subtle bal-
ance between different interaction terms than conventiongturrent direction.d is the angle betweeB and thea axis,
SDW?® and consequently it is perhaps not easily found ini.e., #=0 for Blla and §=90° for B|/c*. (b) Figure 1b)

other Bechgaard salts. shows the case when the current direction is alongcthe
axis and the magnetic field is rotated in thé-c* plane
Il. EXPERIMENT (jllc*, B||(b’=c*)). 6 is the angle betweeR and theb’ axis,

_ ~i.e., #=0 for B|b’and #=90° for B|c*. (c) Figure Xc)
~ The measurements were done down2tK in magnetic  shows the case when the current direction is alongcthe
fields up to 5 T and with different directions of the current 5yis and the magnetic field is rotated in theb’ plane llc*,
(through the crystaland different orientations of magnetic g (3—p’)) perpendicular to the current directiof. is the

field. A rotating sample holder enabled the sample rotatior}jmg|e betweerB and theb’ axis, i.e.,#=0 for B|b’and 6
around a chosen axis over a range of 190°. The single crys= gge for Blla. T

tals used all come from the same batch. Tledirection is
the highest conductivity direction, tH& direction (with in-
termediate conductivilyis perpendicular taa in the a—b
plane, anct* direction(with the lowest conductivityis per- A. Quasiparticle spectrum aboveT*=~4 K
pendicular to thea—b (and a—b’). The room temperature
conductivity values fowr,, o},, ando, are 500, 20, and 1/35
(2 cm)~ 1, respectively.

The experimental MR data, that will be analyzed here, ar
for c* andb’ axes and for different orientations of magnetic
field. The MR, defined ad p/py=[p(B)—p(0)]/p(0), was
measured in various four probe arrangements on samples
from a long crystal. Moreover, the measurements*ofxis
MR, for two different magnetic field rotations, were per-
formed on the same sample but which was cut to two part
In the case opy, (j||b’) two pairs of the contacts were placed
on the oppositea—c* surfaces while forp. (j/lc*) on the

Ill. MODEL, RESULTS, AND DISCUSSION

We limit ourselves to the* axis magnetoresistance, i.e.,
to the caseB when the currenj direction is along thec*
axis, the magnetic field is rotated in tlé—c* plane with
e6?=<I(b’,B). We leave a detailed analysis for another cur-
rent directions and magnetic field orientations above 4 K for
a future publication.

CUlThe Landau guantization of the quasiparticle spectrum ap-

pears to describe very well the observed results. In the limit
of perfect nesting all the electron orbits are open and there
will be no Landau quantization. On the other hand, in the
presence of the imperfect nestifigs in (TMTSF}PF; , the

. ; . quasiparticle energy landscape develops local minimig, at
oppositea—b’ surfaces. We used very slow cooling rates:ikF’ k= + m/2b. In other words, closed orbits appear

(abput 2_5. K/h to avoid the appearance of the irreversibleand they will be quantized in the presence of a magnetic
resistance jumps usually encounteredjf@ measurements. field.

This was especially important fgf{b’ geometry, where ad-

ditional care was required to avoid possible mixtureogf

and o conductivities:® This can be described by using the Ey= 72+ A2— e cos 2k,

concept of the equivalent isotropic sample that gives a

simple picture of the current distribution in the anisotropic 1, 2.2

sample?* The eligible test for properly measuréd-axis re- ~A—ept DYN +2eob%ky, @

sistivity is linear temperature dependence at high

temperature® Namely, there is a nonmonotonic tempera-Wheren=[v2(k,—ke)?+v2k2]¥2is the quasiparticle energy

ture dependence gf, in (TMTSF),PF; at ambient pressure in the normal statey(, andv. are Fermi velocities in tha

going through a well-characterized maximum at 80 K in con-andc* direction, respectively A (=34 K) is the order pa-

trast to the results fop, (=T2) and p, (<T) exhibiting a  rameter for conventional SDW ang, (=13 K) is the pa-

monotonous, metallic-like decrease upon lowering temperarameter characterizing the imperfect nesting effécthe

ture. quasiparticle energy is expanded for small<€ kg)? and k§ .
Figure 1 presents three configurations that will be anain a presence of a magnetic field within thé—c* plane,

lyzed in this work.(a) Figure Xa) shows the case when the with 6 being the angle between the magnetic fiBldnd the

current direction is along thie’ axis and the magnetic field is b’ axis, the minimum energg.e., the energy gapn Eq. (1)

rotated in thea—c* (j||b’, B|(a—c*)) perpendicular to the is given by

For T>4 K the quasiparticle energy is given by

235117-2
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| T=4.2K, j||c* ‘11 T=42K,B=5T jlle* 1
- | BJb'and c*

Aplp,

Bj|c*

B||b'l Bllc*‘l

-90° -60° -30° 0° 30° 60° 90°

6 [o]
FIG. 2. Magnetic field dependence Ap/p, at 4.2 K forj||c*, ©)
B||b’ andB||c*. Solid lines are fits to the theofigee the text FIG. 3. Angular dependence dp/p, at 2.2 and 4.2 KB
=5 T, forj||c*, B in b’—c* plane. Solid lines are fits to the theory
(see the text

B(T)

E(B,0)~A—¢gg+ \/%vabe Bysirf 6+ y,cos6, (2)

B. Quasiparticle spectrum belowT*=4 K

with y,=(L/eoA) (v /2b)%. ForB=0 the resistance is given __ Ve start by proposing that the anomaly Bit~4 K in

asp,(T.0)xexd BE(0,0)], whereas foB+#0 we have (TMTSF),PF; signals the appearance of USDW with the
pzAT.0) HAEQ.0)] momentum dependent order paramefgi(k)=A; cos 2p,
_ E(B, where ¢ =bk, with wave vectoiQ= (2kg ,7/2b,0). In other
pzAT,B)*Bsi g+ y, cos' ge =(*:7), (3 words, belowT* two order parameter€SDW and USDWY

. . ) .. coexist. In this case the quasiparticle spectrum changes from
First, we note that the energy gap is given in the both IlmltsEq_ (1) to:

(B=0 andB+#0) by Eq.(2). Second, forw.7>1, wherew,
is the cyclotron frequency and is the scattering rate,
p,AT,B) contains aB linear coefficient. So, we may inter-

Ev= (7’ +A%— g, cos Dk,)2+ A% cod 24
(

polate these expressions as 2
A1 2 2 2
= 7’ +A%)———+(AT+e5)(coS 2¢—CoS 2¢h)
p,4B T)~ @B(A —s0)(L+AzB \SiIP0+ y; cod) Al+eg
Z il

5
X (1+ C,BV/sif 0+ y, cosh), (4 ®

with Ay=(go/A) Y% bel(A—gg).

We shall now compare our experimental data with the ~ 1 ~ _
above equations. The magnetic field dependence of MR fof’hereAzzAAl(A%’ng) 2, va=vady(AT+e0) 7 and
ilc*, Bl|lb’, andBc* at 4.2 K is presented in Fig. 2. Figure 3 vc=vcA1(A+&5) "2 We have not included a constant
shows the angular dependence of MR fix*, B=5 T at  shiftink, andk,, since they are of no importance when one
4.2 K and 2.2 K.¢ is the angle betweeB and theb’ axis  considers the effect of the magnetic field. In the absence of
(see Fig. 1, casB). Solid line is the fit based on E¢4). The  the magnetic field, the effect df, (or USDW) is to change
change in the angular dependence of MR Tor4 K and  the minimum energy gap frork,,,=A—g, (T>4 K) to
T<4 K is clearly seen(the case forT=2.2 K will be  E_;,,=A (T<4 K).As we shall see later, the introduction of
treated in Sec. Ill B It is evident that the present model the magnetic field changes dramatically the minimum energy
describes rather well the data, with both the field and angulagap E,,,,. Such a dramatic shift irE,, in USDW and
dependence of MR, af=4.2 K andB=5 T giving (A UCDW in a magnetic field has already been discussed in
—g0)=21 K, A,=0.014 T?! C,=038 T and y, Ref. 26 and 16.
=0.85. These values enable us to extract dhexis coher- We shall see in the following that the field and the angle
ence lengthé,=v,/A=1.2x10"°® cm and v /v,=7.33  dependent quasiparticle spectrum describes the angle depen-
X102 (we used here flux quantumr/e=®,=2.07 dent MR observed in (TMTSEPF; below T*~4 K rather
x 101 Tcn?). Both &, andv./v, thus deduced are con- satisfactory. The quasiparticle energy gap in the absence of
sistent with the ones deduced from the anisotropy in thenagnetic field is given by Eq$5) and (6). Due to the qua-
resistivity? dratic form ink in the square root, we expect the Landau

~ A2+ 2 (ke — Ke) 2+ D22+ A(A2+ £2)b2K2, (6)

235117-3
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guantization in the presence of magnetic field. Let us con- T - T T 100
sider three case$-ig. 1) separately. 10°F [ 31!

1. CaseA: j||b’, B|(a—c*), =< (a,B)
We can recast E(6) as an eigenvalue problem:

1 80

E?(B,6)y=| A%+ v2(eBycosh)?+v2(eBysinf)? 1o
o2 <
—<2b>2<A§+sé>F ¥, (7) S
y 1 40
wherey is the electron wave function. This gives readily for
the quasiparticle energy corresponding to tite Landau
level:
1 20
EA(B,6)=2A%+2v,A,eB(sif 6+ y; cos'0) V4 2n+1) T=22K
tS) . .
- - - jllb', Bfle*
(n=0,1,2...). From this we obtain the minimum energy {10
gap Emin: L L L . .
0 1 2 3 4 5
Emin(B, ) =A\1+A,|B[(sirP6+ y; cog ), B(T)
20,0, Zc 2 FIG. 4. Magnetic field dependence af/p, at 2.2 K forj||b’
1=, be, yi=|= ~10°3. (9 and B||c*. Inset:R vs inverse temperature f@=0, 2 T, and 5 T.
A Va Solid lines are fits to the theorigee the tejt
In this configurationy; is clearly negligible. By approximat- ~ o~
=120 A). We obtain the USDW order parametér,
El(B,H)—EO(B,0)=Z(\/1+3A1|Bsin 0| ~20 K. These numbers look rather reasonable. So, in this
_ geometry, the present model describes the experimental data
—\1+A,|Bsing|)~AA,|Bsindg|, reported in Ref. 13 rather well.
(10)

2. CaseB: j||c*, B||(b’—c*), 6=<(b’,B)

and noting the fact that in the presence of magnetic field In this configuration the eigenequation is rewritten as

|B sin#|exd — BAV1+A,|Bsing|] . : : : : : .

o 1+C'(Bsin6)? ! '
(Bsing) jlp', B=5T
we finally obtain the interpolation formula: g0 | )
pyywexp(,BZ\/1+A1|Bsin0|)(1+C1A1|Bsin0|), ' 22K
(11) o 60 F ' -
~ Q

whereC,;=(A/T")? andT is the quasiparticle relaxation rate &_ 42K
(note thatl" is k-independent < 0l : ]

The comparison of Eqll) (with 8= #/2) with the ex-
perimental data is given in Figs. 4 and 5. Figure 4 shows the
results of the magnetic field dependence of the MR at 2.2 K 20
for j|b’ and B||c*. The inset shows the temperature depen-
dence of the MR foB=5 T in the same geometry. The

solid lines show the fit to the theoretical model explained or . ) ) ) ) ]
previously. Figure 5 shows the angular dependence of MR 90°  -60°  -30°  0° 300 60°  90°
for j|b’ andB=5 T at 2.2 K(see Fig. 1, casé). The 0(°)

dashed line shows the results at 4.2 K. The solid line is fit

based.on Eq(1d). Fgrther, _the o dependent m.agnetoresis— FIG. 5. Angular dependence afp/p, at 2.2 and 4.2 K,
tance is compared in the inset of Fig. 4. By fitting the datag_5 T, for j||b’, B in a—c* plane. Solid line is fit to the theory
we can deduced=20 K, A;=0.027 T'!, which gives (see text

235117-4
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FIG. 6. Temperature dependence of the resistdder j|c*,
B=0 andB=5 T (for two different magnetic field orientations
B||b’ andBl||c*).

o d?
E2(B,6)y=| A2—7p?2

Bl iad 2
Uy +vg(eBxcosh)

+(2b)2(A3+&2)(eBxsing)? |y, (12

which is solved as

E2(B,0)=A%+2v,A,eB(sif6+ y, co 6)¥42n+1),
(13

(n=0,1,2,...).Therefore, the minimum energy g&p,, is

Emin(B, ) =A 1+ A,|B|(sirf 6+ y, cog6)*?,

~2
UC

_253A1 B
(2b)2(A2+¢d)

<z be 7 (14

2

The magnetoresistance along ttfeaxis is given by

pa~exd BA1+A,|B|(sirf 6+ v, cog 6)Y?]

(19

Figure 6 shows the temperature dependence of the resis-

tance forj||c* (B=0, B=5 T) and for two different mag-
netic field orientation8|b’ andB|/c*. The difference iR vs
10/T behavior below=4 K for two magnetic field orienta-

tions is clearly observed. The magnetic field dependence of

magnetoresistance fgffc* andB||c* at 2.2 K is presented in

Fig. 7. As mentioned before, Fig. 3 shows also the angular

dependence of magnetoresistancejfef, B=5 T at 2.2 K
(see Fig. 1, casB). Solid line (in both Figs. 3 and )is fit

based on the Eq15). The present expression is comparable

with both the B dependence of magnetoresistance #or
= /2 and thed dependent magnetoresistancelat2.2 K

PHYSICAL REVIEW B65 235117

T=22K
jlle*, Bjje*

Aplp,

OIIIIIIIIIZI I3llll4llll5
B(T)

FIG. 7. Magnetic field dependence ap/p, at 2.2 K forj||c*
andB|c*. Solid line is fit to the theorysee the text

and B=5 T. Again, the present model describes the data
rather well. In the present comparison we dedukg
=0.00134 T'=A,/20.2,C,=0.5192 T'=C,/20.2, and
¥>=0.060 which givesA=20 K andv./v,=0.02. On the
other hand, we obtaim;/A=0.0284, which givesA,

~1 K. This implies the USDW order parameter in the
present configuration is reduced by a factor of 1/20 com-
pared with the one in the first configuration. This result is
rather unexpected, but we hope the future work will clarify
this problem.

3. CaseC: j||c*, Bl|(a=b"), #=<(b’,B)
In this configuration the eigenequation is rewritten as

o d? _
E%(B,6)y= A2—v§@+v§(estm6)2

+(2b)%(A2+&2)(eBzcosh)? |y, (16)

0.5

r=22K

04

Aplp,

01}

00|

B(T)

FIG. 8. Magnetic field dependence afp/p, at 2.2 K forj||c*
andBJ|a. Solid line is fit to the theorysee the text
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0.6

0.5

02

01l

-90° -60° -30° 30° 60° 90°

FIG. 9. Angular dependence dfp/py at 2.2 and 4.2 KB
=5 T, forj||c*, B in a—b’ plane. Solid line is fit to the theorisee
text).

which gives

E2(B,0) =A%+ 20 ,eB(sif 0+ y;cog0)Y3(2n+1),
(17)
(n=0,1,2...). For theminimum energy gajt,, we ob-
tain

Emin(B, 0)=A 1+ Ag|B[(Sir?6+ y5 cof6) 2,

VUl

3=

_(2b)*(A%+ef)

V3= (18

~2
Va

It follows that the magnetoresistance along ¢hes given by

po~exd BA 1+ Ay B|(sirP0+ y; cos )]
X (1+ C3A4|B|\/sinP 8+ y5 cos ).

Figure 8 presents the magnetic field dependence of M
for j||c* andB|a at 2.2 K, while Fig. 9 shows the angular
dependence of magnetoresistancejfiof, B=5 T at 2.2 K
(see Fig. 1, cas€). We point out that there is a maxima in
MR for B||a at 2.2 K, while there is a minima in MR fd3||a
at 4.2 K(dashed line Fig. @ This kind of behavior cannot be

(19

PHYSICAL REVIEW B 65235117

may be described within our new theoretical model. We shall
now compare our experimental data at 2.2 K with the Eq.
(19). The solid line is fit based on the theory that describes
the data on Fig. 8 and Fig. 9 at 2.2 K very well. We deduce
A;=0.0165 T1, C3~0, andy;=0.154. FromA; we ob-
tain:

U gl
% = £,£,=1.087x 10" Bcn?

and assuming,/&,=1/13.6 we obtairg,=1.2x10°% cm,
which is quite reasonabfeOn the other handy;=0.154
givesA,/A=1.75 that is too large, at least by a factor of 2,
giving A;~60 K.

IV. CONCLUDING REMARKS

We have proposed that the phase transitioh*at4 K in
(TMTSF),PF; is due to the appearance of the USDW in
addition to the already existing SDW. As we have shown, the
quasiparticle spectrum in SDW with imperfect nesting and/or
USDW in a magnetic field is, due to the Landau quantiza-
tion, very different from the one fd=0. The appearance of
USDW order parameter modifies the quasiparticle spectrum.
This change is readily accessible to both the magnetoresis-
tance and the angular dependence of the magnetoresistance.
Indeed, USDW describes the dramatic change in the magne-
toresistance below*~4 K. Furthermore, from the angular
dependence of the magnetoresistance we can deduce the pa-
rametersA=20 K, v,/A=¢,=1.2x10"% cm, andv./v,
=7.33x1072, which are consistent with the previously
known values. However, the new order parametgr asso-
ciated with USDW, appears to behave somewhat unexpect-
edly (as the deduced values givg =20, 1, and 60 K foB
in thea—c* plane, in theb’—c* plane, and in tha—b’ plane,
respectively. The reason for differences df; is unclear at
present. We note, however, that in contrast to our earlier
analysist® here we have taken into account the Landau quan-
tization of the quasiparticle spectrum, but we have consid-
ered thek-independence of the scattering rate. We can only

[SupPpose, that in addition to the Landau quantization the in-

clusion of thek-dependent” would solve thisA; discrep-
ancy.
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