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Combination frequencies of magnetic oscillations in8”-(BEDT-TTF),(NH,)[Fe(C,0,)3]-DMF
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Interlayer magnetoresistance of the quasi-two-dimensional organic superconductor
B"-(BEDT-TTF),(NH,)[Fe(GO,);]- DMF has been investigated in pulsed magnetic fields of up to 55 T in
the temperature range from 1.6 K to 4.2 K. According to band-structure calculations, the Fermi surface of this
compound originates from hybridized intersecting hole tubes with a cross sectional area equal to the first
Brillouin-zone (FBZ) area, leading to two compensated electron and hole orbits. Actually, the Fourier spectrum
of the oscillatory magnetoresistance exhibits various frequencies which can be regarded as linear combinations
of the two frequencies with the highest amplitydie,= (48+2)T andF,=(241+5)T] corresponding to 1.2%
and 6.0% of the FBZ area, respectively. The oscillatory spectrum can be accounted for by three compensated
electron and hole orbits and combination frequencies typical of networks of orbits coupled by magnetic

breakthrough.
DOI: 10.1103/PhysRevB.69.144523 PACS nuni®er74.70.Kn, 71.18ty, 72.20.My
[. INTRODUCTION eter, numerous combination frequencies that cannot be ac-

counted for by the semiclassical mod&l.
One of the unsolved questions regarding magnetic oscil- The molecular salts of the
lations in metals deals with combination frequencies that are .
observed in two-dimensiondRD) multiband systems even B"-(BEDT-TTF)4(A)[M(C;04)3]- Solv
though their occurrence is “forbidden” within the semiclas- (A=H,0; M=Cr, Fe, Ga; Solv= benzonitrile, nitrobenzene,

sical theory of magnetic breakthroughiB) by Falicov and  pyriding) family exhibit various ground states and
Stachowiak! In that respect, the organic charge-transfer saltsemperature-dependent physical behaviors despite the fact
of the x-phasé; constitute experimental realizations of the that all of these compounds have a similar structtré®The
linear chain of coupled orbits introduced by Pippaird the crystal structure, which has been described in detail
early 1960s. Although these compounds, in particularelsewher®°-?! consists of layers of the BEDT-TTF donors
k-(BEDT-TTF),Cu(SCN), [where BEDT-TTF stands for with the well-knowng”-type packing and anionic layers in
bis(ethylenedithigtetrathiafulvaleng have been extensively between. These layers are built frgmi (C,0,)3]3 anions
studied, the physical origin of some of the observed combiand A* cations which leave cavities filled by the solvent
nation frequencies remains unclear. Actually, besides MBmolecules(Solv). Although the conductivity of these salts
induced closed orbits, quantum interfereri@d),*® oscilla-  originates from the BEDT-TTF donor layers it has been
tion of the chemical potentidl®~® and MB-induced field- found that changing the nature of the solvent molecules in

dependent broadening of the Landau lett5have been the anionic layers strongly alters the conductivity. For in-
invoked in order to interpret the data. Numerical computa-stance, whereas

tion of the de Haas—van AlphefdHvA) oscillation spec-

trum, based on a realistic tight-binding model and including B"-(BEDT-TTF)4(H30)[ F&(C,0,)5] - benzonitrile
MB, also evidenced combination frequencies at high mag- . . 14
netic field, both in tf;}eg framework of the canonical and g|ran0's superconducting witlT;=8.5 K,

canonical ensembles. Similarly, magnetic oscillations in " . CAvridi

the 2D network of compensated closed orbits provided B"-(BEDT-TTP)4(H;O)[F&(C204)s]- pyridine

by the Fermi surface(FS of the organic metals exhibits a metal-insulator transition at 116'KThe charac-
(BEDT-TTF)gHg.Cli5(CgHsX), (X=CI, Br) have revealed, terization of the FS of the different members of this family of
in addition to few closed orbits and one two-arm interferom-2D conductors is thus extremely interesting because of the
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possibility to correlate subtle variations in the crystal struc-
ture with the different conductivity behaviors.

Recently, Prokhorovat al?® have reported three new me-
tallic salts of the above family. As reported below, some hints
of a superconducting ground state are found for one of therr
B"-(BEDT-TTF)4(NH,)[Fe(GO,)3]-DMF (where DMF
stands for the dimethylformamide solventhe FS of this
organic metal originates from one quasi-2D elliptic hole tube
with a cross section area equal to the first Brillouin zone
(FBZ2) area. In the following, the corresponding orbit is re-
ferred to as the® orbit. In the extended zone schente, @ “~=_,
tubes intersect in thE’'M’ directiorf? (see Fig. 1. Remov- ﬁ

als of degeneracy yield the resulting FS which is composea ) '
FIG. 1. Fermi surface of8”-(BEDT-TTF),(NH,)[Fe(G0,)3]

of one electror{E) and one hol€H) tube, located arouny’ DME g band culat s 20 and 3
andM’, respectively. The calculated cross section of thesg according to band-structure calculatiofiefs. 20 and 22

S Fig. 1(@] and schematic representation of intersecting elliptic
compensated orbits is 8.8% of the FBZ area. Nevertheless, : ; .
poin'?ed out in Ref. 20 the0 Fermi level lies in a very small lbes in the extended zone scheffig. 1(b)]. The cross section of

in th e | ¥ h dditi | the ellipses in dotted line is equal to the FBZ area. Latin labels are
energy gap in the region close so that an additional = ic\<sed in the text.
small orbit labeledo in Fig. 1(b) may be present in this
region. In that respect, it can be mentioned that the L
calculated FS of the isostructural Compoundtemperature .(v.150 K), which is followed by a supercon-
B"-(BEDT-TTF)4(NH,) 0 740 24 Cr(C,0,)s]- DMF exhibits ducting transition below 2 K.

quite similar featuré® Provided at least one of the MB gaps The _int_erlayer .magnetores_istance, measured_ with the
A, andAgy, between the orbits of this multiband system is magnetic field applied perpendicular to the conducting plane,

not too large in view of the strength of the magnetic field will Zrt]dl thetcorrespc:ndlngthOltJrler spe_ﬁtr? are d'.stﬁliﬁedk"n E'g'tS'
give rise to a network of coupled orbits. As reported in this ow temperature, the two oscillations wi € highes

aper, this latter picture actually holds for this compound. amplitude are at frequencids,=(48+2)T and Fp=(241
hap P y P +5)T that correspond to 1.2% and 6.0% of the FBZ area,

respectively. In addition to these two frequencies, two oscil-
Il. EXPERIMENT lations with frequencies of (1922)T and (28(_5‘t 5)T which
can be ascribed té,_, and Fy, ,, respectively, are ob-
The studied crystal is a hexagonal platelet with approxi-served in the Fourier spectra. A frequen@p,= (480
mate dimensions 0260.4x 0.25 mn?, the largest faces be- +20)T, which is equal to £, within the error bars, is ob-
ing parallel to the conductingb plane. Four terminal mag- served more clearly in the high field range of the magnetore
netoresistance experiments were performed in pulsedistancdsee Fig. 8a)]. The splitting of theb oscillation ob-
magnetic field of up to 55 Tpulse decay time 0.18 sei  served above-3 K in Fig. 3(b), which is not observed for a
the temperature range from 1.6 K to 4.2 K. A rotating samplemagnetic field tilted away front* [see Fig. 4b)], arises
holder allowed us to change the direction of the magnetigikely from some artifact with no physical meaning.
field with respect to the conducting plane. Electrical contacts |n the framework of the 2D Lifshits-KosevickLK)
were made to the crystal using annealed Pt wires oftB80  modef® and neglecting for the moment any eventual contri-
diameter glued with graphite paste. Alternating currentoution of MB and spin damping, the field and temperature
(2 wA, 20 kHz) was injected parallel to the* direction
(interlayer configuration A lock-in amplifier with a time 1.0 et

constant of 10Qus was used to detect the signal across the _
potential leads. 0.9
<
IIl. RESULTS 08 .
(Y
The temperature dependence of the interlayer resistance 0.7 ]
of the studied crystal, normalized by its room-temperature c |
value, is plotted in Fig. 2. A metallic behavior is observed i
down to ~38 K while a resistance increase is observed at 06T
lower temperature, followed by a resistance decrease below i ]
~2 K that is suppressed by a very low magnetic fiedde ol v e o ]
the inset of Fig. 2 Such a behavior is very similar to the ¢ 20 40 60 80 100 120
temperature  dependence of the resistivity of T(K)
B"-(BEDT-TTF),(H30)[ Ga(G04)3](CsHsN).#  Indeed, FIG. 2. Temperature dependence of the normalized interlayer

this monoclinic salt, which is isostructural to the compoundresistance. The inset shows the lowest temperature part of the inter-
studied, displays a resistance minimum, although at highdayer resistance both in zero magnetic field and at 0.1 T.
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FIG. 3. Interlayer magnetoresistance at various temperatares range 10-55 Tb) for various directions of the magnetic field {s
and corresponding Fourier spectra of the oscillatory magnetoresighe angle between the field direction and the normal to the conduct-
tance calculated in the range 10-55H). The curves have been ing ab plang at 4.2 K. The curves have been shifted with respect
shifted from each other for clarity. Down triangles, up triangles andfrom each other for clarity. Down triangles {b) are marks calcu-
diamonds in(a) are marks calculated witF,=48T, F,=241T, lated as in(b).

andF,,=482T, respectively. Down triangles itb) are marks cal- ] - ) )
culated withF ,= 48T andF,=241T. superconducting transitiofsee Fig. 2 and a negative mag-

netoresistance is evidenced in Figa¥for magnetic field
dependence of the oscillations amplitude is given byA  applied parallel to the conductingp plane. Analogous be-
«R;Rp . The thermal R;) and Dingle Rp) damping fac- havior of the temperatuf@ and magnetic fief dependen-
tors are given by Ry=u/sinh) where u cies of the resistivity have already been observed in
=27?kgmoTm./heB and Rp=exp(-up) where up the (BEDO-TTF}Re(Q,-H,O supercondu_c_tor which is
=uTp/T. The LK model formally accounts for the field and known to undergo several phase transitions as external
temperature dependence of the various oscillations merR@rameters such as temperature, magnetic field and pres-
tioned above(see, e.g., Fig. 5 for the temperature depen-sSure are varied. It can k_)e _r(_emarkgd that the FS of this latter
dence of the amplitude The effective massesn) and compound bears similarities with that oB"-(BEDT-
Dingle temperaturesT(,) deduced from the data analysis are TTF)a(NH4)[Fe(GO,)3]- DMF, namely, compensated elec-
given in Table I. Remarkably, even though the amplitude oftron and hole orbits originating from intersectify orbits?’
the 2 oscillation exhibits a significant magnetic field depen-  According to band-structure calculatioffselectron and
dence in the explored temperature rarigexexp(-B,/B)  hole orbits are_compensatgd. Only one frequency shoul_d_then
with By=(140=30)T] it remains temperature independent. & observed in the Fourier spectrum unless an additional

This latter feature accounts for an apparent zero effectiv@'bit [labeledo in Fig. 1(b)] is present in the region close to
mass. the pointY’ of the FBZ, as mentioned in the introduction. As

a matter of fact, the oscillatory spectrum involves several
oscillations whose frequencies are linear combinatiorfsof
and Fy,. Provided the FS schematized in FigblLis still

The temperature and field dependence of the interlayevalid at low temperature, it is likely tha,, which corre-
resistance displayed in Fig. 2 is in agreement with a supersponds to 1.2% of the FBZ area, only, is linked to the small
conducting ground state, as it is the case for other monoclinio orbit. Assuming, as suggested in Ref. 20, that the FS can be
salts of this family*** A large resistance rise is observed in regarded as arising fro® orbits intersecting in both direc-
the temperature range from38 K down to the onset of the tionsI'’'M’ andI''Y’, the o orbit should have a hole char-

IV. DISCUSSION
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0.015 T T T TABLE |. Experimental effective massem() and Dingle tem-
H peratures Tp) relevant to the observed oscillation series.

oscillation m; Tp (K)
2 0.010 a 0.58+0.06 3.6:0.8
2 b—a 0.7+0.1 6.5-1.5
g b 1.07+0.10 5.5:2.0
o b+a 0.5+0.1 17+4
= 2b 09
>
S 0.005

Indeed, since within the above hypotheses, the relation
I F,+Fy=Fg should hold, theH and E orbits can then be
0.000 linked to either(i) F, andF,, , or (ii) F,_, andF,, respec-
T 2 3 4 5 tively. Given the value of,,,, the effective mass of the
T (K) oscillationb+a is very small when compared to that linked
to the oscillationb (see Table ). In addition, the Dingle

FIG. 5. Temperature dependence of the amplitude of the variou . . .
oscillations evidenced in Fig. 3. The mean value of the magnetifemperatureTD(bJra) is much higher thanTp(b) which

— — k likely the h hesi$). B he h hesi
field is B=17 T except for the B oscillation for whichB=33 T. z:? %ign :n%)k/]tt c?)rrzggtt)n?(f()) a-|aiezi Otr;;eeMgpg:bﬁSIS

However, this latter statement cannot be considered as a re-
acter. Nevertheless, in the case where the FS region locateg |t of the ES topology. Thb+a oscillation should then be
aroundY’ is of electron character, a set of two quasi-one-regarded as a combination frequency rather than a conven-
dimensional sheets parallel to theM " direction should be tional SdH orbit, as stated above. Since its temperature de-
generated rather than a closed orbit. In this case, a MBpendence is consistent with a zero effective mas® Fig.
induced closed orbit could nevertheless be generated in high) the 2b oscillation cannot be regarded as due to, e.g., spin
enough magnetic field. In addition, it cannot be excluded thagp"ttmg effect on the oscillation and has also a non-SdH
an electron closed tube arises arouit, given that the origin. Although a zero effective mass is often the signature
above picture might be oversimplified. of a QI path?®*3the FS in Fig. 1 cannot yield a QI path with

It should be mentioned that the frequency linked to&he  the F,, frequency.
orbit (Fo=4007 T) whose cross sectional area is equal to |t should be noted that, in the case where ohabit is of
the FBZ area cannot be detected in the data, even at th&ectron character, and following analogous arguments, we
h|ghest magnetic fields epr(_)red. The reduction of the os_mlcome to the conclusion that thg,_, andF, frequencies are
lation amplitude due to MB is accounted for by a dampingjinked to theE andH orbits, respectively, while thie+a and
factor Ryg involving the probabilities of magnetic break- 2p oscillations are still not due to SdH orbits unless the
through ;) and Bragg reflectiond|) at the MB junctions.  calculated FS strongly differs from the actual FS at low tem-
The probability amplitudep; and g; are usually given by perature.
p?=exp(~B;/B) and q°=1—p{ where the MB fieldB; is Frequency combinations are often attributed to the oscil-
proportional to the square of the MB gay [the indexi lation of the chemical potential of 2D Fermi liquid in mag-
stands fomE or EH, see Fig. {b)]. The drastic damping of netic field. Nevertheless, the oscillation of the chemical po-
the amplitude of thed oscillation may be due to either the tential is significantly damped by defect scattefirgd by
large number of MB junctions involved Ryg(®) the smearing of the Fermi-Dirac function at temperatures
= pﬁEp‘éH), a large value of at least one of the MB dapg., above~1 K.”8 According to the data in Table I, the scatter-
Agy in view of the FS of Fig. (a)], or to a large effective ing time is of the order of few 10" s only, which makes a
mass(m.~ 2.4, in the framework of the Falicov-Stachowiak predominant contribution of the chemical potential oscilla-
mode), in view of the large Dingle temperature values re-tion to the data unlikely. Consequently, the combination fre-
ported in Table I. quencies could be mainly due to MB-induced Landau levels

It remains to correlate the other frequencies observed iroadening'> even though no MB orbits are directly in evi-
Fig. 3 with the orbitsE andH and to eventual MB orbits. dence, probably because they are masked by the contribution
Assuming the compound is compens&feahd F, is linked  of the “basic” orbits. Indeed, assuming as above that dhe
to the o orbit (of hole charactér it can be inferred from the orbit is of hole character and keeping in mind that electron
data that b—a) andb oscillations[which have higher am- and hole orbits have “opposite signs,” the MB orlkit+ o
plitude than b+ a)] correspond to thél andE orbit, respec-  corresponds to the same frequerigy , as theH orbit. Nev-
tively. Besides, thd+ a oscillations can likely be regarded ertheless, the contribution of the MB orbit should be masked
as combination frequency due to e.g., MB-induced Landaly that of theH orbit due to a higher effective magm(E
levels broadening rather than Shubnikov—de H&aH) fre-  +0)=m(b) + m.(a), in the framework of the semiclassical
guencies linked to, eventually MB-induced, closed orbitsmodel of Falicov and Stachowidkand a reduced value of
(see Refd? 13, the damping factof Ry g(E+ 0) = p202e0ae=<0.25].
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V. SUMMARY AND CONCLUSION (zero effective magssuggest that they do not correspond to
At low temperature, the spectrum of the oscillatory mag_conventlonal MB orbits. Remarkably, the frequency combi-

. " X nation F,, , is observed at relatively large temperatied
netoresistance of the (BEDT TTF)4(NH4)[Fe(QO4)3] least up to 4.2 Keven though the scattering time is as low as
-DMF superconductor exhibits various frequencies that can. 10-3s. This suggests that it mainly result from MB-
be regarded as linear combinations fof=(48=2)T and . ' ' : o
F,=(241+5)T. Although the calculated FS is composed Oflnduced Landau levels broadening which leads to combina

ne electron and one hole orbit. it has been ted thtign frequencies as predicted by the model of coupled orbits
OdS.t‘? ecl 0 a” %.te o€ OI A as ef. ?ﬁgg;észf Abtwork by Pippard™ and by numerical simulatiofsrather
additional smalfl orbits may aiso be present in the .than oscillation of the chemical potential. Indeed, it is known

agreement with this statement, the osc_|llatory Magnetoresisy o+ this latter phenomenon is significantly damped by defect
tance at low temperature can be consistently mterpre_ted ° cattering and by the smearing of the Fermi-Dirac function
the basis of three compensated electron and hole orbits wif temperatures above tharl K.

area 1.2%, 4.8%, and 6.0% the FBZ area. These areas corre-
spond to the frequencies,, F,_,, andF,, respectively.
Assuming the compound is compensated, drabit, which

is certainly linked td~,, is of the same character as the orbit

linked to F,_,. Assuming further, in agreement with the ACKNOWLEDGMENTS
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