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a-(BEDT-TTF),KHg(SCN),
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We have used a low-frequency magneto-thermopoMEFEP) method to probe the high-magnetic-field
ground-state behavior af-(BEDT-TTF),KHg(SCN), along all three principal crystallographic axes at low
temperatures. The thermopower tensor coefficieBts, 5, andS,,) have been measured to 30 T, beyond the
anomalous low-temperature, field-induced transition at 22.5 T. We find a significant anisotropy in the MTEP
signal, and also observe large quantum oscillations associated with Landau quantization. The anisotropy indi-
cates that the ground-state properties are clearly driven by mechanisms that occur along specific directions for
the in-plane electronic structure. Both transverse and longitudinal magnetothermopower show asymptotic
behaviors in the field, which can be explained in terms of magnetic breakdown of compensated closed orbits.
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[. INTRODUCTION ing the potential difference across a sample in the presence
of a thermal gradient, as shown in Figcll In general, the

The ground state of the quasi-two-dimensional organicl EP (or more simply, the thermopow@) can be expressed
conductora-(BEDT-TTF),KHg(SCN), has emerged as an by the Mott formula®
important problem in the area of the physics of synthetic
metals in high magnetic fields. This is due to the highly q-erZBT dIno(e)
unusual magnetic-field-dependent behavior of the low- S= 3e  de : @)
temperature ground state which appears below a transition T

tempera}tureTp_=8 K. Ba_nd-structure ca_llc_ulatlohmdlcat_e where o (€) is the energy-dependent electrical conductivity.
a two-d_lmensmnal Fermi s_urface, consisting of a quasl-On€, aqgition toS, we have also measured the Nernst effect for
d|menS|.ona! electron seF:t|0n and a cIo_sed.hole .pocket, a§pecific sample configurations. This involves the transverse
shown in Fig. 1a). Density wave formation is believed 10 hermopower which is given in the simple approximation by
occur belowT, due to an instability |n.the open F.erm| sur- S, =QB(I/d), whereQ is the Nernst coefficientd is the
face sheets at low temperatures, which results in a Ferminagnetic field, and/d is the ratio of the distance between
surface reconstruction with the periodicity of the densitythe Nernst leads and the sample thickness. We note that,
wave nesting vectdr.This in turn leads to the unusual be- jgeally, for closed orbitsS,, is not sensitive to electron/hole
havior of this compound at low temperatures and high magcompensation effects, and that it increases linearly with mag-
netic fields>* The assignment of the ground state as a spinnetic field.(See discussion below.
density wave or a charge density wa¢€DW) remains Clearly the thermopower and Nernst signals can be a
controversiaP. Above 22.5 T, an anomalicalled the “kink  complex mixture of phenomena which can be difficult to
field” or B, after its discovery by Osadat al®) appears in interpret, unless specific aspects of the system under consid-
the magnetoresistance, and a high-field electronic stateration dominate and/or change dramaticllxamples in-
emerges. Studies in tilted magnetic fi€tlflin the vicinity of  clude the case of a conventional metSh(kéT/eeF), a su-
By have indicated CDW behavior. This is, however, based omperconductor $=0), and the quantum Hall effec6&0 or a
a comparison with theoretical work for a one-dimensionalfinite value depending on the Landau-level filind\s we
metal, where both spin and orbital mechanisms competewill show in the present case, the thermopower for
Recently the observation of critical state behavior in thea-(BEDT-TTF),KHg(SCN), is particularly sensitive to the
magnetizatiof® and susceptibilit}t aboveB, has been re- Landau-level spectrum, to the gap in the electronic structure,
ported, which indicates an unusual, highly conductive stateand to the in-plane electronic anisotropy.
which is associated with the Landau-level filling fraction. In light of the discussion above, here we state the main
Additional thermodynamic evidence of an unusual, hysterfindings of the present work before the full presentation.
etic behavior abov8, , which is related to the Landau-level First, where comparisons can be made with previous studies
filling, has also been reported in high-field magnetocalorigdmost of which were done at low or zero magnetic figldge
measurements. find that our results agree in the details of the sensitivity of
The purpose of the present work is to probe this groundhe thermopower to the anisotropic Fermi surface topology,
state by thermoelectric powé€FEP), which involves measur- and with the absolute values of the thermopower signals pre-
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% FIG. 2. Temperature dependence of the zero-field thermopower

of a-(BEDT-TTF),KHg(SCN), when the temperature gradient is
FIG. 1. Fermi surface of-(BEDT-TTF),KHg(SCN), (&) prior applied along the axis ($2,*), the ¢ axis (S°,0), and theb axis

to and (b) after reconstructiong denotes the nesting vectdc) (S°,A). The inset shows the low-temperature behavior near the
Lead wire configuration for magnetothermopower and Nernst effectransition temperatur&p, .
measurements.

thermopower measurements were previously carried out on
viously reported. In addition, we extend these measurementbe a-(BEDT-TTF),KHg(SCN), material in very high mag-
below T,, where the thermopower reveals details of thenetic fields.
transition into the density-wave statecondwe observe, in Due to the complex nature of thermopower signals in an-
the oscillatory magneto-thermopow@ETP), quantum os- isotropic materials, it is useful to briefly consider previous
cillations associated with the main closed Fermi surface orbistudies in organic materials, including those at high magnetic
frequency, and also oscillations associated with the Fermifields where field-induced phase transitions occur. For con-
surface reconstruction and anomalous second harmonic sigistency in the anisotropic thermopower parameters reported
nals which result from the density-wave ground state. Webelow, we use the following notation: the measured values
believe that this is the first detailed study of quantum oscil-can be written asj; , wherei,j =X,y or z, signifying that the
lations in a quasi-two dimensional organic conductor by therheat current is applied along a geometrical direcfiand the
mopower methodsThird, the backgroundnonoscillatory  thermal emf is measured along a directipanda is one of
METP is sensitive to changes in the density-wave groundhe crystallographic axes along which the heat current is ap-
state with magnetic field. This includes the signatures folplied. For zero magnetic fiemojf can be written in the re-
three changes in the Fermi surface topology, one near 3.75 §yced form such aSZ,, or simply S*.

are _associated with magnetic brga}kdown effe(_:ts, a_md the lagp, a-(BEDT-TTF),KHg(SCN),, where the temperature de-
ter is the first-order phase transition to the high-field Statependence o6 and St were found to be consistent with the
The temperature-magnetic field phase diagram, based on tigsology of the holelike and the electronlike Fermi surfaces
METP results, is presenteéinally, in the high-field state, (see Fig. 1 Here, in general, the thermopower is positive
we describe the phase relationship between the Nernst signghen the thermal gradient is parallel to the open Fermi sur-
and the METP signal, which is consistent with theoreticaliace sheetgéwhere holes from the cylindrical Fermi surface
predictions. dominate the signland negative when the thermal gradient
is perpendicular to the open sheétdere the electrons from
the open sheets are the main contributio®ur results,
shown in Fig. 2(and to be discussed belpvare in reason-
The magnetic-field dependence of the thermopower irable agreement with these measurements. This assignment is
metals was previously treated theoretically. In the limit of supported by a simulation of the thermopower, based on
w:.7>1 (where w, is the cyclotron frequency and is the  Boltzmann transport theory, with the bandwidth parameters
scattering timg asymptotic magnetotranport properties as input:®°
(electrical conductivity® thermal conductivit} and Another experiment involving in-plane thermopower has
thermopowet’) are highly dependent on the Fermi-surfacebeen performed on the 11.6-K organic supercondéter
topology and carrier compensation, while they depend-(BEDT-TTF),CUN(CN),]Br (also see Gartneet al?!
weakly on the scattering time and the energy dispersion reand Buravowet al?). This system also has open and closed
lations. It was therefore compelling to consider the case ofFermi surfaces, and again, the sign of the thermopower in the
the magnetothermopower ia-(BEDT-TTF),KHg(SCN),, normal state abové follows a general rule that it is posi-
since changes in the Fermi-surface topology with increasingjve when the thermal gradient is parallel to the electron
magnetic field should be apparent. To our knowledge, nsheets, and negative when perpendicular. Bélgwthe ther-

IIl. BACKGROUND
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mopower vanished, as expected for a superconductor in zegensitive to these transitions. As the final FISDW subphase is
magnetic field. In the Br-Cl alloy systems, i.ex  entered at constant field with lower temperatures, the ther-
—(BEDT-TTF),CU N(CN),] Cl;_,Br,, the thermopower mopower first rises with an activatédaplike behavior, fol-
takes on a more complex characté In the nonsupercon- lowed by a decrease at lower temperatures deeper in the
ducting k. — (BEDT-TTF),CU N(CN),]CIl material, the ther- SDW phase. The behavior is interpreted in terms of collec-
mopower shows a T/dependence below the metal-insulator tive modes within the SDW phases. Notably, quantum oscil-
transition temperature, followed by a sharp decrease, and fiations(the so-called “rapid oscillations” which are periodic
nally, a temperature-independefaerg thermopower. This in inverse field are observed in the thermopower for both
behavior was attributed to a weak ferromagnetic transitiormaterials. These experiments show the usefulness of ther-
due to the complex electronic structuiee., the coexistence mopower measurements to probe ground states that are in-
of 1D and 2D Fermi surface®f the compound. duced at high magnetic fields.

There have been several studies of quasi-one dimensional In this paper, we report thermopower measurement results
(1D) systems based on the TCNQ charge transfer®afts carried out under high magnetic field and at low tempera-
and also the perylene based compoufiddere, depending tures ina-(BEDT-TTF),KHg(SCN), . The heat current was
on the species of cations and the temperature range, the th@pplied along all three crystallographic axes, and the longi-
mopower shows a linear temperature dependencel &d/ tudinal (Seebeck coefficieptand transvers¢Nernst effeck
havior, or temperature independence. The different temperdhermopowers were measured.
ture dependences are described as follows. The linear

decrease of thermopower has been treated with a simple, Il. EXPERIMENT
single carrier in a 1D tight-binding band model, where the )
temperature behavior followed a linedr dependenceS a-(BEDT-TTF),KHg(SCN), single-crystal samples were

=2m2k2T/3e Wcos(r/2p)/sird(m/2p). Here W is the band- synthesized by conventional electrochemical crystallization
width and p is the number of carriers per site. Below the téchniques. The orientation of crystallographic axes were de-
metal-to-insulator transition, the low-temperature behaviof€fmined from polarized IR reflection measurements at room
follows the 1T form S=—(kg/e)[(c—1)/(c+1)E,/2kgT  EMperature. Three different samples from a single batch
+3/4 In(m./m;)] whereE, is the gap and: is the ?atio of Were used for each three different experimental conditions
the electron to hole mobilities. Finally, the temperature inde{N€at current parallel to the axis, thec axis, or theb axis).
pendent thermopower, typically with a magnitude of | he magnetic field was always applied along the least con-
+60 uV/K, has been attributed to the spin configuration dUcting axis b axis). When the heat current was applied in
entropy [+kg/e (In2)] in the strong Coulomb potential the most conducting plan&¢ plang, the off-diagonal term
limit (U>t) in a quarter-filled band. of the thermopower tensorS(,) was measured simulta-
In the presence of an applied magnetic field, the transneously. The polarity of the magnetic field was switched for
verse thermopowefthe Nernst effedtmay be measured in the measurement &, to remove spurious components due
addition to the normal longitudinal thermopowghe See- t© the misalignment of the voltage lead$he alignment of
beck effect. Logvenov et al? investigated the supercon- voltage leads fof5,, measurements was also checked in this
ducting states of twox—(BEDT-TTF),X materials (X mannen. Thermopower measurements were carried out by

=Cu(NCS),, C{N(CN),]Br) up to 3 T. The results were applying sinusoidal heat currents along a specific crystallo-
interpreted in terms of flux motion and the Magnus fofice graphic axis of the single crystal, and measuring the thermal

the case of the Nernst effecfThe authors found consider- €Mf in the same direction, and at 90° 8y, [see Fig. {c)].

able anisotropy, which was attributed to the difference in the! N® sample was mounted between two quartz blocks, which

electron and hole Fermi surface sections. were heated by sinusoidal heating currefwgh an oscilla-

The quasi-one-dimensional Bechgaard salts, which extion frequencyfo=66 mHz) with a=/2 phase difference.
hibit a spin-density-wavéSDW) formation, have been in- The corresponding temperature gradieAfl§ and the ther-
vestigated by TEP and MTEP in some detail. The SDW tranmal emf with X, oscillation frequenpy were 'meas'ured. The
sition in (TMTSF)AsF, at ambient pressure Tgpw magnetothermopower of Au lead wires vyasﬂu calibrated
—12 K) has been investiga®up to 11.3 T. Hysteretic PY YB&CUsO7, ; superconductov T, which was found to
temperature effects in the thermopower were observed asg nearly field independent, was set prior to each magnetic
function of field direction belowTspy, and the authors fi€ld sweep. The procedures of the magnetothermopower
speculated about pinning, structural changes, and subphagggasuremsnt method used in this work are detailed
associated with the SDW ground state to describe the datgsewheré’

For systems with magnetic-field-induced spin-density-wave

(FISDW) states, two thermopower studies to 30 T have done IV. RESULTS AND DISCUSSION

on the quasi-one-dimensional organic conductor series
(TMTSF),CIO, (Ref. 3) and (TMTSF}PF; under
pressuré” In these materials a FISDW transition occurs The temperature dependence of the zero-field ther-
from a quasi-1D metallic state to a sequence of SDW statesnopower for a-(BEDT-TTF),KHg(SCN),, along each of
Both the MTEP and Nernst signals, which bear some relatiothe principal axes, is shown in Fig. 2, where the inset shows
to the corresponding transport measuremeirgs, longitudi-  the low-temperature region nedp=8 K. The in-plane re-

nal resistivityp,, and the Hall effecp,,, respectively, are  sults are in general agreement with previous measurements

A. Zero-field thermopower
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by Mori et al,'® and also similar to another member of this nonmonotonic temperature dependence in transport proper-
compounda— (BEDT-TTF), TIHg(SCN), reported by Ye- ties. The crossover temperature depends on relative magni-
fanov et al3* tudes of the transfer integrals and the Coulomb interadtion
The negative(positive) sign of thermopower along the From our measurements, we assume that the crossover tem-
a(c) axis indicates that the Fermi surface is electron likeperature is around 150 K, whe® shows a broad minimum.
(hole like) along thea(c) axis, which corresponds to the A hump structure in the temperature dependence of resistiv-
Fermi surface as shown in Fig. 1: here, for a thermal gradienity also appears around 150 K for KH&ef. 38 and TIHg
along thec-axis direction, the hole pockets should contrib- (Ref. 39 salts. Within this model, Eq1) will be applicable
ute, whereas for the-axis direction the electron like open only below this temperature, and the high-temperature be-
sheets should contribute as well. We note however, that thiavior should be treated more carefully.
temperature dependence of the thermopower shown in Fig. 2 The peak inS® at low temperature can be explained by
is nonmonotonic. There is a minimum Bf and S? in the  either model as long as the temperature range is well below
range of temperature between 120 and 150 K. the crossover temperature. This peak behavior was also ob-
The interplane thermopower Sf), perpendicular to served in  most thermopower measurements for
the conducting planes, shows a monotonioearly «a-(BEDT-TTF),MHg(SCN), salts, though there is a distri-
linean decrease down to 35 K, where it changes sign. Fobution of magnitudes and peak temperatures among the
comparison, the interplane thermopower forsamples. The peak in thermopower may arise from the
a-(BEDT-TTF),TIHg(XCN), (X=S or S¢ also has been energy-dependent scattering term of Ek, or from the pho-
reported® 3> where S” also shows a linear temperature de-non drag effect. The thermopower associated with phonon
pendence, but the overall magnitude is substantially less, arffag results from the electron-phonon coupling. The tem-
there is no low temperature feature observable. The origin aperature dependence changes froffifdo aT ! behaviot*
the differences ir8? between the K and TS or S@ salts is  with increasing temperature. In particular, peak structures at
uncertain without further study. We note that the lindar low temperaturgtypically betweenéy/10 and6p/5, where
dependence for inter plane thermopower is commonly ob#ép is the Debye temperaturare usually attributed to the
served for both organic conductors and high- phonon drag effect, whose temperature dependence in noble
superconductor® which is distinctly different in form from metals is quite similar to that &°. Thermopower measure-
that of the in-plane thermopower. ments on the other members of this compound
When the heat current is applied perpendicular to thg a-(BEDT-TTF),MHg(SCN),, where M=TI, Rb, NH,]
most conducting planes, the 2D band model will not be apalso showed peak structures at lower temperat(t&s-20
propriate without considering the energy dispersion betweeK), which were attributed to the phonon drag effécOf
conducting planes. Furthermore, a straightforward applicanote is the superconductivity of the Nisalt, where there is
tion of the S~T/W relationship produces unrealistic values an enhancement of density of states and effective mass
of the b-axis bandwidth of order 250 meV from our results (m*~2.1my) for [x-(BEDT-TTF),NH,Hg(SCN), over
(and 50 meV from the data of Yefanaat al3%, which is  that of nonsuperconducting-(BEDT-TTF),KHg(SCN),
known from fermiology studies to be at least 100 tinfes  (m* ~1.5m,)], as pointed out by Morét al® However, the
20 timeg smaller. For YBaCu;0,, s superconductors, a origin of enhancement afi*, which may be due to electron-
phonon-assisted hopping mechanism was suggested to eatectron interaction and/or electron-phonon interaction, is not
plain the linear T-dependent interplane thermopower. At yet clear.
present, however, there is no satisfactory treatment of either The temperature dependence of the thermopower in the
the magnetoresistance or the thermopower for the inter-planécinity of the density wave transition has been reported for
transport behavior. the x-(BEDT-TTF),TIHg(SCN), salt33° It was observed
The deviation from the lineal dependence for the in- that the thermopower dropped rapidly to zero below the
plane thermopower in the intermediate-temperature rangeensity-wave transition temperatufg. The authors attrib-
has been treaté®'® by Mori et al, as mentioned in Sec. Il uted this behavior to the collective motion of a sliding SDW
above. Fork—(BEDT-TTF),CUN(CN),]Br (Ref. 20 and  belowT,. In our measurements, however, a jump rather than
x-(BEDT-TTF),Cu(NCS), (Ref. 19 salts, the same method a drop of thermopower is observed aroufg, as shown
(solving the Boltzmann equation on the Fermi surfge®-  in the inset of Fig. 2. The difference may be due to the fact
duces thermopower curves that reasonably describe the ethiat the density wave is more highly pinned in our samples.
perimental results. For thex-(BEDT-TTF),MHg(SCN),  Without the sliding of density waves, the effect of opening
salts, the computed thermopower is satisfactorySoover  of a gap for the open sheets would dominate the transport
the entire temperature rangtheir S° data increase mono- properties.
tonically). However, forS?, the broad minimum feature can-  In electrical transport measurements, the rise in resistance
not be accounted for by the model. nearT, may be attributed to the vanishing of conductivity
It was suggested by Merino and McKenzie that the pealcontributed by carriers from the open-Fermi surface sheets
in the temperature dependence of thermopower can be eXe1p), in parallel with the remaining finite conductivity of
plained by the destruction of the Fermi liquid quasiparticlesclosed hole pocketsa(p).*! In addition, for thermopower
resulting in a “bad” metaf’ In this model, a smooth cross- measurements, metallic carriers give a lin&atependence,
over from coherent Fermi-liquid excitations at low tempera-while activation over a band gap gives ar ldependence.
ture to incoherent excitations at high temperature leads to @herefore, for one type of carriéirom either open sheets or
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closed pockets exclusivelythe S* will diverge belowT,. B. Magnetothermopower

Experimentally, there is always the possibility.of r'andom dif- | Fig. 3, we present the magnetic-field dependence of the
fusion of heat along the sample due to a misalignment bergp j e MTEP for all three crystallographic directions at
tween the heat current and the crystal axes, and, also, thierent, fixed temperatures. To show the field dependence
total thermopower may involve a mixing of contributions g clearly, some traces are offset from zero as indicated by
from several bandgespecially belowT, where the Fermi {he gashed lines. The MTEP signal contains two compo-
surface is reconstructed Nevertheless, we believe that honts the background MTEP which is sensitive to the Fermi
dominant behavior of thermopower in the present case reg face topology, and the oscillatory MTEP which is a mani-
flects the influence of the heat currents with respect to thgsstation of the Landau quantization of the closed orbit Fermi

topology and orientation of the specific orbits. surface. To separate the two signals, in Fig. 4 we show the
When two types _of carriers are involved, the total ther'background MTEP data, where the oscillatory MTEP has
mopower can be written & been removed by filtering out the total MTEP signal. Finally,
the Nernst effect at different temperatures is shown in Fig. 5.
_01pS1p+ 020Sp In all cases the magnetic field is applied along thexis,

Stor= (20 perpendicular to tha— ¢ conducting plane.
A similarity between the magnetic-field dependence of the

i . . thermopower and the resistance can be expected from the
AboveT_p,_ carriers from both Fermi surfaces have a metallicgtzmann transport equations. Indeed, we find that the gen-
conductlv_lty and thermopower; hence the total thermopoweg, 4 field dependence of the MTEP is similar in some re-
shows a linear temperature dependence. However, BElow spects to that of the magnetoresistah¢) Below T,, the
a band gap opens for the 1D band,, , goes to zero expo- in-plane MTEP shows a broad peakB=B,)~10 T.(2)
nentially as the temperature decreases, 8jildiverges as  apove the “kink field” B, at 22.5 T, the field dependence is
1/T. However, below this temperature, a modified closed oryyeak. (3) Quantum oscillations are observed in the MTEP
bit band remains, which still gives a metallic thermopowersigna| associated with the de Haas—van AlptivA) and
contribution. Consequently, just below the transition tem-gp,pnikov—de HaatSdH) effects[i.e., from Eq.(7) below,
perature, there will be a jump in the thermopowe$ from  poth thermodynamic and transport properties are involved in
the divergence oB,p, but this contribution quickly disap-  the thermopowdr The oscillation amplitudes are largest for
pears asr;p goes to zero. ¢, and the oscillations are also observedsly. (4) The

Itis interesting to compare the temperature dependence §TEp also shows hysteresis for up and down field sweeps.
resistivity and thermopower of the quasi-1D Bechgaard Salt%eyond the general comparison between resistivity and

with the KHg salt, since, for the Bechgaard salts, the entir§ Tep ynique field-dependent features are observed in the
Fermi surface is involved in the spin-density-wave forma-\TEp and Nernst signals:

tion. Since there is only one band to nest, both the resistivity (1) For S, and S¢,, the MTEP exhibits a minimum at

and the thermopower in the Bechgaard salts show gg act-:Bmin afte;( which I’EE rapidly increases up to maximum at

vated behavior below the transition temperature. In additiong, _ .

in the vicinity of the SDW transition anpanomalous featureB._ B.A' Bm".‘ 's also temperature dependent, and decreases
’ with increasing temperature.

; ; 42,43 R B
arises in the thermopow&t*?*3The anomaly is conS|stentW (2) For thea-axis behavior, the Nernst Sigf@@x shows a

with a theoretical treatment of the thermopower at the SDW . .~ "~ . )
transition. Here a strong singularity is predicted in the tem-Slmllar field dependence to the MTEP sigig, in general,

perature derivative of the thermopower at the anitiferromagPUt Sjx is asymptotic to zero abovBy for all temperatures

netic ordering temperatufé.In our data, we do not observe Mmeasured. In contras§;, is asymptotic to non-zero, tem-

any singularity atT,, nor do we see activated behavior at Perature dependent values ab@&e _ _

lower temperatures. Since in-(BEDT-TTF),KHg(SCN), (3) For thec-axis behf;1V|or,S§X shows a linear field de-

not all the Fermi surface is nested, we would not expecpendence at higher field, which is distinct from the other

activated behavior beloW, . Likewise, we would not expect thermopower coefficients.

a strong singularity at,, particularly if the transition is not (4) For theb axis, S2, exhibits some aspects &, and

to a conventional SDW state. S;« mentioned above, which may involve some mixing of the
We may further compare the magnitude of jump of thein-plane components.

thermopower AS) with that of the electronic heat capacity = Figure 6 shows the temperature dependence of magneto-

(ACy). Since the thermopower measures the heat carried bippermopower for a fixed magnetic field. As the magnetic

a carrier, divided by the carrier charge and temperati®, field is increased, the transition temperatlig represented

is equal toAC,,/e. Adding both contributions frong? and  as a jump or shoulder in the data, shifts to lower temperature.

S, AS is about 1 uV/K, which corresponds to 1/6.24 (For S, and S5, at B=27 T, however, T, could not be

X 10724 J/K carrier. Reports foAC,, are in the range 0.1 resolved) The temperature-field phase diagram, based exclu-

J/imol K (Ref. 45 to 0.25 J/mol Ki® both of which are in fair ~ sively on the field and temperature-dependent thermopower

agreement witlAS computed from our data. A correspond- data[Byi,,Ba,Bk, and Tp(B)], is shown in Fig. 7. The

ing change irs” atT, is unclear, if it exists at aliin Fig. 2). phase diagram is very similéwith the exception of the new

This indicates that the phase transition arodije-8 K oc-  Bp,, line) to previous determinations by transpoft>°

curs predominantly within the in-plane electronic structure. NMR,>*?> magnetizatiort®*®and specific heat!

o1pto2p
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FIG. 3. Magnetothermopower
of (@ S?, (b) S, and (c) S for

-10 field sweeps(decreasing Field
L S S . ) . L sweep data for both directions are
0 5 10 15 20 25 30 0 5 10 15 20 25 shown forT~1.5 K. The arrows
Magnetic Field (T) Magnetic Field (T) indicate characteristic fields as de-

fined in the text. Shifted zeros for
some data sets are indicated by

50F 6.8K

dashed lines. For unshifted data,
see Fig. 4.
0 5 10 15 20 25 30
Magnetic Field (T)
1. Theoretical aspects of high field thermopower measurements E,=a, VT, (Jg),= K, VT,. (4)

To interpret the origin of the field dependence of the b .
MTEP, it is useful to examine the magnetic-field dependencc-arhe measured valus; is qbtamed frorrEZ_/VTZ. a
(b) H parallel to thez axis and perpendicular tdy, (S;,,

of the thermopower for an anisotropic system. When the , *~__ P . .
thermopower is measured in a magnetic field, the tensor ePyx: Skx @nd Sy, in this paper. In this caseVT is not par-

ements of thermopower should be considered, since both ttflle! 10 Jq, and has a nonzerp component given by T,
temperature gradient and the magnetic field are vectorial. FaF — V TxKyx/Kyy . If we rewrite Eq.(3) for this case,
our experimental condition&ero electric current and zero

transverse heat currgntthe kinetic equations for ther- ( EX> [ P Iy ( VTx ) 5)
mopower and heat currents can be written as E, ayy  ayy) | VT K Ky
Ei=a;jVT;, (Jg)i=—K;VTj, ©) In terms of measured values, E&) can be expressed as

whereE is the electric field produced by the thermal emf, S, Ex = Ky
is the thermopower tensor under a magnetic figlgdis the VT, @x ™ Uxy Kyy'
heat current, and is the thermal conductivity tensor. We
have two different experimental situations. E, Kyx

(@) H parallel to thez axis, parallel tol,, and parallel to Syx=V7Tx =gy any—yy. (6)

VT, (Skz’Z in this papey. In this case, no Lorentz force is
applied so tha¥ T,=VT,=0, and the above equations have The asymptotic behavior of thermoelectric tensgy (Ref.
simple scalar forms 17) and thermal conductivity tensdf;; (Ref. 16 were cal-
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FIG. 4. Background magnetothermopower & and SP

obtained from Fig. 3 by filtering out the quantum oscillation

component.

FIG. 5. Nernst effect of-(BEDT-TTF),KHg(SCN), when the
heat current is applied along tlaeaxis (Sj,) and thec axis (S],).

10 15 20
Magnetic Field (T)

25 30

FIG. 6. Temperature dependence of magnetothermopower of
a-(BEDT-TTF),KHg(SCN),, measured under a fixed magnetic
field. Arrows indicate the transition temperatufg. Due to com-
plications associated with the changes in the quantum oscillation
amplitudes, the 30-T background data from Fig. 4 has been used for
S* and S,

culated at low temperature and high magnetic field. They
show different behaviors for the three different cases, (ieg.,
closed and compensated orbitb) closed and uncompen-
sated orbits, andc) open orbits along the& direction. For
each case, the asymptotic behaviorsSgfcan be calculated

1
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FIG. 7. T-B Phase diagrams o&-(BEDT-TTF),KHg(SCN),
drawn from S}, and S;,. T, is obtained from the temperature
sweep andB,i,, Ba, andB, are obtained from the field sweep.
Open symbols are fror8g,, and solid symbols fronss, .
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TABLE I. High-field power-law behavior i where y=1,0, e -
and -1 of the magnetothermopower for different types of orbits. [ Sa SXXc
Closed Closed Open along the I —86~27T|]
compensated  uncompensated x direction ; TTeemIRT
[180 T; ]
Kyx/Kyy HO H? H™* Co
Axxr Fyy HY H® HO L :
ayy H* H? H* = s 1l 30
ayy H* H™! H! 3 . MMH
a,, HO HO H? -c% nh.l. AN I 3
S H1 HO HO = 2000 3000 4000
1 1 -1 c [ T T T T T
zyz)z( e e o i ¢ e 8/
L ——86~27T
e I | I 86~12T
£180 T, 3o £
and the results are summarized in Table I. The saturation l | o ]
values are temperature dependent for each case, and they Y
should be determined by considering the scattering and the [ 5
dispersion relations. «
Ba
2. Comparison of theoretical and experimental MTEP results : 4.” ol

We now compare the thermopower data with the theoret- 0 1000 2000 3000 4000
ical field dependence described above. We focus our atten- FFT freq. (T)
tion on the behavior of th&° signal shown in Figs. 3 and 4,
since it is significantly larger than the other signals, and it i
predominantly holelikdi.e., positive, and closed hole pocket
Se“Sgt;"Q- As a gwde we may use the detalled Wor.k bY Uji are clearly shown. The peak at 180 T is therbit, as discussed in
et al> on the fermiology study of the quantum oscillations, po¢ 55
due to closed orbits in the magnetic breakdown network,
which were proposed to describe the Fermi-surface topology S o
for T<T, (also see the discussion of reconstructed Fermi Finally, above the kink field, the original, uncompensated
surface by Harrisoret al5® below). In this model, it is as- closed orb_lt FS_ls realized, and the field dependence disap-
sumed that only small closed orbit pockets exist in the refears, as is evident from tt& data. AboveBy, we may
constructed Fermi surface beloW, near a zero magnetic compare the temperature dependenc8afith those at zero
field. As the magnetic field is increased, larger and largefield aboveT, (see Fig. 6. Except for the field-dependent
Fermi surface sections become involved in the SdH oscillaffsets, the thermopower abovig,(B) for the three direc-
tions as magnetic breakdown becomes more probable. The8ins is similar, save for the case 8f which is anomalous,
effects appear experimentally in the SdH measurements: ifiven in the absence of field. .
Figs. 8 and 9 of Ref. 55, the onset of the SdH oscillations Beyond this simple comparison of the most dominant
&, etc) occurs above 3.5 T. At higher fields, above 7 T, ghe  Pectations, .the. assignment the mechanisms responsible for
orbit associated with the Brillouin zone appears. Finally,the magnetic field dependence®fands® are more specu-
above the kink f|e|d’ the Origina' Fermi surface topoldgy Iaﬂve.' This is due to the apparent m|X||:\g of terms in the
in Fig. 1) re-emerges. experimental data, and to sort them out is beyond the scope
In light of the above, our first point of comparison is the of the present work. However, the Nernst data show signifi-
behavior ofB,,;,,. ForS’, and indeed in all MTEP directions, cant differences for tha andc axes &, andS[,). This is
there is a distinct change in the signal abd¥g,, from a  most apparent abov@,, where the original Fermi surface is
relatively flat response to a pronounced increase in slopexpected to be recovered. He8f, is seen to be asymptotic
(approximately linearwith field. This behavior is entirely to zero(i.e., H ! dependende while S§X clearly assumes a
consistent with the theoretical model above for a set ofinear (i.e., H!) dependence.
closed, compensated orbits. Of note is the Fermi-surface reconstruction proposed by
At higher fields, abové,, the compensated closed orbit Harrisonet al, who fitted the tight-binding band parameters
behavior ofS® changes dramatically, and this indicates thatusing the SdH, dHVvA, and angle-dependent magnetoresis-
the magnetic breakdown network of closed orbits is undertance oscillation date The resulting Fermi surface is differ-
going a modification with increasing field. By comparison ent from that derived from SdH data by Wit al.>® but the
with the theory above, we may speculate that this is the onsefeneral features of the MTEP are consistent with either
of uncompensated closed orbit behavior, which exhibits lessnodel. However, one difference between two models is the
(eventually no field dependence. existence of open sheets on the Fermi surface after recon-

s FIG. 8. FFT spectrum fo§;, andSj, at T=0.7 and 1.5 K for
8.6 T<B=<12 T and 8.6 T=B=<27 T. The fundamental fre-
quency of the closed hole orbit(orbit) and its higher harmonics

205119-8



MAGNETOTHERMOPOWER STUDY OF THE QUASI-TWQ. . . PHYSICAL REVIEW B 65 205119

struction. According to Harrisoret al, the nesting of the [ ' ' '
original open sheets is imperfect, which results in a new set '
of quasi-1D sheets with different orientations. If we compare
our experimental resulte/anishingsey‘x and increasings§x) 0.5
with the asymptotic behavior @, in Table I, the existence
of open sheets seems to be more likely.
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3. MTEP and Landau quantization

Equation(1) can be rewritten in the alternative fottn 05l " |

§ 0.035 0.040 0.045
72k5_(dinn(e) dInv(e) din(e) = AU ' -
=T + + R TSK () |
3e de de de e L S,
- (7) A S
wheren(e) is the density of the states(e) is an average ool PRt

charge velocity, and(e€) is the carrier scattering relaxation
time. From this equation, it is clear that for a quasi-two di-
mensional Fermi surface, the magnetic- field dependence of
the Landau-level spectruthwill produce quantum oscilla- 4 , , , ,
tions in the thermopower, which will originate from both 0.040 0045 0.050 0055
thermodynamic and electron transport factors. The latter was 1/(Magnetic Field) {1/T)

HE 59 .
treated by Zil bermaf and Longet al,> where scatterlng FIG. 9. Transverse and longitudinal magnetothermopower oscil-
between states of the Landau-level closest to the Fermi SUlation as a function of inverse magnetic field in the high-field region

face and states of other occupied were considered. In Oy, (5 s2 and (b) S°. The background magnetothermopower was

results we find a clear indication of the Landau-level specyptracted and the amplitude 8§, was divided by 5.

trum in the MTEP and Nernst data, the periodicity of which

is in good agreement with previous SdH and dHvAdent aboveB, . We note that in this range of temperature, the

measurement®. In particular, the oscillation frequency ob- guantum oscillation amplitude is complicated due to the

tained from the fast Fourier transfor(RFT) analysis ofS;,  anomalous high field state, where the dHvA and SdH oscil-
and ij at 0.7 K(see Fig. 8 is about 667 T, which agrees lations behave in a significantly different manner, and a com-
with results obtained from other measureméntghis com-  parison based on standard LK theory is not applicable. A
parison also includes the observation of higher harmonics afnore systematic study of the MTEP and Nernst effects above
the fundamentadr orbit, and even theb orbit (180 T) which By vs temperature, and also vs field orientation, will be nec-
is expected to be a manifestation of the magnetic breakdowessary to provide a complete picture.

topology belowB, . (See, for instance Ujet al>®) There is

another explanation for the origin of the 180-T oscillation in 4. Thermopower above the kink field 8

terms of a quantum interference effé%t[hls is based on the One final important question is the nature of the ther-

observation that the 180-T frequency is only observed inmopower in the high-field state. This is in light of the specu-
resistivity (SdH), and not in magnetizatiodHvA). In the

071

present case, for MTEP measurements, we cannot rule ot 4of ' RS n ]
such possibilities since thermopower probes both transpor—. 20f -.'-12~-°:;'.";-".:E.‘-**.*'g!
and thermodynamic properties. 2 0 3 - . y
. . o oo Y
An important feature of our results, most evident above% 20§ ":f“""-"g_,‘;;s;;, iv¢? i
R Y
]

By, is a phase difference between the METP and Nernst “40p% ¥~ ~ "Vl aesiads
guantum oscillations. This is shown in Fig. 9 for two differ- | ' '
ent cases, the, andc axes. Indeed, Zil'berman’s mod&l

(also see Ref. 59, predicted a phase difference between

the MTEP and Nernst oscillations. We show this more ex-&
plicitly for S;, and §, at T=0.7 K in Fig. 10 , with the =~ Z
angle () defined as the ratio of the electric fields due to Y

o0l T=07K

V/

il ‘,M,U

transverse and longitudinal thermopower [ 6
=arctang/S,)=arctang, /E,)]. The phase difference is, . . . . . !
which supports Zil'berman’s modéf. 0 5 10 15 20 25

Zil'berman’s model also predicted similar field and tem-
perature dependences of the oscillation amplitude with that
of the Lifschitz-KosevichLK) formula for de Haas—van Al- FIG. 10. Comparison of the phases of oscillations betw&gn
phen oscillations. The amplitude of thermopower oscillationands], atT=0.7 K, and a plot of arctans{,/Ss,) as a function of
increases wheB,<B<B,, but it is almost field indepen- the magnetic field.

Magnetic Field (T)
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lations mentioned previously concerning a critical stpes- dependent phase of the anisotropic organic conductor
sibly superconducting behavior associated with a CDW «-(BEDT-TTF),KHg(SCN),. Our results show that the
ground stat?! above the kink fieldB,. Based on the sensitivity of thermopower to anisotropic Fermi-surface
simple notion that the thermopower should vanish in a sutopologies may be extended to the study of systems where
perconducting state, we consider the behavior of the MTERemperature and magnetic field alter these topologies. The
above the kink field, . Referring to the background MTEP most significant results of the present investigation include
data shown in Figs. 4 and 6, we note that the thermopoweihe determination of the low temperature phase diagram
signal in the range betweeB, and 30 T decreases with of «-(BEDT-TTF),KHg(SCN),, based purely on ther-
decreasing temperature for all three crystallographic direcmopower measurements, the study of the onset of magnetic
tions. This is accompanied by a reduced amplitude of thdreakdown effects via the magnetothermopower, and the
guantum oscillation§see Fig. 3 aboveB,. However, the measurement of quantum oscillations in the magnetothermo-
thermopower remains finite. This is in contrast to the behavpower and Nernst effect, which are in accord with theoretical
ior for a superconducting ground state, wheSeshould expectations.
strictly be zero. Nevertheless, it is clear that some mecha-
nism is driving the thermopower to lower values in the high- ACKNOWLEDGMENTS
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