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Two-dimensional Fermi liquid with fixed chemical potential
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de Haas-van Alphen measurements made on the organic giet8EDT-TTF),SKCH,CF,SO; reveal the
existence of an ideal two-dimension@D) Fermi surface, but rather than having the conventional sawtooth
wave form that is normally observed in all other 2D electron gases, instead, an “inverse sawtooth” wave form
is observed, which is to be expected when the chemical potential is pinned at a constant value. While this
proves the existence of the theoretically predicted quasi-one-dimensional band, it further implies that this band
has an exceptionally large density of states.

The observation of magnetic quantum oscillations inwere observed, indeed, with sharp drop#/rccurring with
three-dimensiona(3D) metals is well proven,within the  rising field in line with theoretical predictions’ thereby
framework of the Lifshitz—KoseviclLK) theory? to be a  confirming the validity of the canonical ensemble for a 2D
powerful tool for obtaining important band-structure param-electron gas. A much larger and, therefore, easier to measure
eters by means of quantitative analyses of experimental datdHvA signal has been observed in 2D layered organic met-
This is in contrast to two-dimension&2D) conductors in als. These materials are characterized by a highly 2D elec-
which a qualitatively different behavior is expected. For antronic band structure with, often, negligible dispersia@m
ideal 2D metal, i.e., a metal with only one 2D Fermi surfacewarping of the cylindrical Fermi surfagein the third
(FS), at sufficiently high-magnetic field®, a sawtooth-like direction! In spite of the fact that these materials are of high
de Haas-van AlphefdHvA) signal(with sharp drops of the quality with long scattering times, i.e., small Dingle tem-
magnetizatiorM for rising fields is predicted. While an ana- peraturesTp=7%/2mwkgr, and the conditionf w >kgT is
lytical formula for the 2D electron gases applicable whenyery easily reachefithe dHvA oscillations in most of these
ho>kgT (where w.=eB/m. is the cyclotron frequency, bylk quasi-2D organic metals exhibit only marginal devia-
m, is the effective cyclotron maskg is the Boltzmann con-  tions from the 3D LK theory. The only notable exceptions

stant, andr is the temperatujevas derived in Ref. 3, impor- are k-(BEDT-TTF),ls,a-(BEDT-TTF),KHg(SCN),, and
tant damping effects, such as those arising from quasiparticl@_(BEDT_T-I-F)2|3 489 \where BEDT-TTF is bis-ethylene-

scattering, were not included. Such effects can ConSiderabléfithio-tetra-thia-fuIvalene. In the latter salt, a sawtooth mag-

broaden the Landau levels and thereby mask the 2D behay- .. o0 with very sharp drops was reporfagt, no quan-

ior. Subsequently, a numerical model was develdbetich o .
included these damping effects, and also the effect of a bachitative analysis of the data was presented and the result was

ground reservoir of states, which reduces the extent of th ever reproduced. Inc-(BEDT-TTF),l5 at h'gh'mag'?e“c .
oscillations of the chemical potential. However, neither of lelds and low temperatures, a sawtooth magnetization with

these models can be utilized with the same simplicity that i&" apparently enhanced spin splitting and an apparently
possible with the LK formula in 3D metdidor extracting field-dependent effective mass could quantitatively be ex-
band-structure parameters. plained by the effect of the oscillations of the chemical po-
It has been a long-standing experimental challenge téentialin a 2D Fermi liquid®.In other layered organic metals,
verify the theoretical predictions for the wave-shape, fieldsuch deviations are more subtle, with only a moderate en-
and temperature dependence of magnetic quantum oscill®ancement of harmonic content and small reduction in their
tions in 2D metals, yet only recently have different groupsapparent effective masses having been obséetvett.
succeeded in measuring the magnetization of multifaged In contrast, very strong deviations from conventional LK
single-layef 2D electron gases within GaAs/&a _,As behavior were reported to occur with magnetoresistance os-
heterostructures directly. Sawtooth-like dHvVA oscillationscillations, i.e., for the Shubnikov-de Ha&SdH) effect, in a
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0 5 10 15 20 25 FIG. 2. (a) Field dependence of the torque signal of sample 2 at
B (T) selected temperatures fér=—0.7°. (b) dHVA signal timesB ex-

tracted from the negative torque signal after subtraction of a qua-

FIG. 1. (a) Field dependence of the torque signal of sample 1 foryratic hackground(c) Low-field hysteresis of the torque signal at
selected temperatured) Field dependence of the dHVA amplitude @ — _ 4 5o for rising and falling field.

at T=0.43 K. The lines show the expected field dependence from
3D LK theory (dashed lingand for the 2D casksolid line, see Eq.  The sign of the torque signal depends on the relative orien-
(1)]. (c) Temperature dependence of the dHVA amplitude for antation of B with respect to the cantilever, and on the sign of
average field of 19.8 T. The dashed line is a fit with the LK theoryine capacitance change as the cantilever is bent. The obser-
(equivalent to that expected for the temperature dependence in thestion of the diamagnetic peak in the low-field torque en-
2D grand canonical ensemhlerhe solid line shows the expected ,pas the unequivocal determination of the sigiMofwhich
dependence for the effective mass determined at low fields. is important for the wave-shape analysis of the dHVA oscil-
lations discussed in detail below.
number of organic metafst?~*The applicability of the LK The dHVA signal is clearly apparent as the oscillating part
formula in the case of the SdH effect is, nevertheless, probsuperimposed on a steady background of the torque, increas-
lematic owing to complications involving the conductivity ing with field. The steady part of the torque is proportional to
tensor, and other novel effects that appear to be unique 82, arising from an anisotropic field-independent susceptibil-
magnetotranspolt'1® Hence, a reliable comparison of ex- ity x of the sample. In generay; is a tensor and the magne-
perimental results with theoretical predictions should betization is proportional to the product of this tensor Wﬁh
done with true thermodynamic quantities such as the magnerhus, the absolute value of the torque has the farm
tization. Here, we provide experimental evidence for axAyB?sindcosd, where Ay is the susceptibility differ-
unique situation where the magnetic quantum oscillations ognce between two principal axes of theensor andy is the
a 2D metal are qualitatively different from the theoretical angle betweerB and one of principal tensor axes. In the
expectation and from the observed behavior in present material, the principal axes do not coincide with the
semiconductor-based 2D electron gaSeand bulk organic  crystal axes. One of these axes occur® at30°, where® is
metals®®9 Rather unusually, the measured dHvA signal haghe angle betweeB and the normal to the conducting layers,
exactly the form to be expected for a system in which theas evidenced by the vanishing of the magnetic torque at this
chemical potential is pinned at a constant value, i.e., the 2Rngle. The origin of this unusual anisotropic susceptibility is
grand canonical ensemblé. unclear, but might be a remnant of the local magnetism of
The single crystals of the organic superconductorthe molecular bands.
B"-(BEDT-TTF),;SKCH,CF,SO; (T,~4.4 K) used here The torque acting on a sample with an anisotropic FS is
were grown by electrocrystallization.In contrast to earlier proportional to the derivative of the extremal area of the FS
crystals**®the quality of the samples hefahich we shall  with respect 10, i.e., proportional todF/d®, where F
refer to as 1 and)2were much better, as evidenced by the =F/cos® is the dHVA frequency of a 2D cylindrical FS.
lower Dingle temperatureg¢see below. The dHVA effect Hence, for@~ 0, the amplitude of the dHVA signal in the
was measured by means of a capacitance cantilever torqygagnetic torque is rather small. This has been utilized in the
magnetometer mounted on a rotatable sample holder in geasurement of sample 2 shown in Fige)Zo exclude any
*He cryostat at the Grenoble High Magnetic Field Labora-nonlinearities of the torque signal due, e.g., to the torque
tory in fields of up to 28 T. interaction effect, and to ensure the reliability of the ddta.
Figure Xa) shows the raw torque signa¥,= MxB, of The steady part of the torque @t= —0.7° follows perfectly
sample 1 at different temperatures. The pronounced peak behe B? behavior up to the highest fields, implying that the
low about 1.5 T originates from the diamagnetic response oforquemeter operates unequivocally in the linear regime and
the sample in its superconducting state. For rising fields, ¢hat the relatively small dHvVA signal is undisturbed by ex-
type-Il superconductor exhibits diamagnetism, i.e., a negaperimental artifacts. Another possible distortion of the dHvA
tive magnetization. For falling fields, a positive magnetiza-signal might in principal be caused by magnetic interaction.
tion occurs below the irreversibility point, with the hysteresisHere, this can only be of marginal importance owing to the
being due to vortex pinning effecfsee Fig. 2c)]. Here, we  small magnetization and the very small dHVA frequency.
discuss only the torque dHVA data taken on the rising field. The angular dependence of the dHVA frequency WFth
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=198+1 T agrees closely with previous resuits*1>18
However, at low temperatures and high fields, clear devia-
tions from the conventional 3D LK theory are observed in
both samples. Figure(fi) shows the field dependence of the
fundamental dHvVA amplitude extracted from the Fourier
transformations made over short intervals iB Df the data

of sample 1 aff=0.43 K. The dashed line depicts the be-
havior expected for a 3D metal witft,=1.3 K, as obtained
from a best fit to the 3D LK formula at low-magnetic fields.
At higher fields, the data lie clearly below the fitted line; note

AM B (arb. units})
o

the logarithmic scale of the ordinate. A fit of the 3D LK 04  °dHvAdata i
formula at higher fields would yield a much low&g , but — 2D formula (1)

leaving the low-field data well below the fit line. A com- . ! . ! . !

pletely analogous behavior is observed for sample 2. A fur- 10 15 20 2

ther observation is the apparent field-dependent effective cy- B

clotron mass,m;. At low fields, below ~12 T, m, FIG. 3. Comparison of the measured dHvA data of sample 2

=1.9m, is found to be in good agreement with earlier low- (open circles with the 2D formula[Eq. (1), solid lin] lying virtu-
field data®® At higher fields, however, the fit to the LK for- ally on top of the experimental data.
mula results in an appreciably reduced effective mass, i.e.,

m.=1.6m, for an average field 0B~20 T [Fig. 1(c)l. A tooth” wave form, characterized by an increased harmonic
similar apparent mass reduction with increasing magnetigontent and more steeply increasing slopes of the dHVA sig-
field was observed previously with dHVA data of anotherpg| with respect td.
organic superconductor, where it could be explained by the The extraordinary ability of Eq(1) to reproduce the ex-
influence of chemical-potential oscillations on the wave formperimental data is most clearly apparent for samplie Eig.
in a 2D spin-split Fermi liquid.In the present case, however, 3) \here the dHvA data are plotted as open circles enabling
we are far from the spin-split condition, and the origin of thethem to be distinguished from theogsolid line). The param-
apparent mass reduction is not cl¢see discussion below eters used are those obtained from previous
Another feature, which has been observed already for a nuMneasurements®® and from the low-field high-temperature
ber of 2D organic metalssee, e.g., Refs. 9 and J1is that  gata of the present experiment, i.e=1.9m,, gm./m,
the higher harmonics of the dHvA signal are more weakly_ 3 g (which is independent from the theory employeand
temperature-dependent than predicted by either the 3D Ll — 4 K. Indeed, the latter parameter can be analytically
theory_ or the 2D grand cananor_lical ensemble. This_ appare@iiracted from the present data by means of fits to (Ex.
behavior leads to very low estimates wf; for the higher  anq fits with the low-field estimate using the 3D LK formula.
harmonics. Here, we obtam.~1.2m. from a fit to the sec- | js the exceptionally high quality of sample 2 that gives rise
ond harmonic of sample 1 #&~20 T. to the inversed-sawtooth shape of the dHVA signal, which
A remarkably new aspect of the data reported here, is thhen becomes less pronounced—but still detectable—for
clear observation of an “inversed sawtooth” of the dHVA samples with higher scattering rates, i.e., for sample 1 with
signal (having subtracted of the quadratic backgroiRy. T, —1.3 K. Note that, with the exception of a simple scaling
2(b)]). Such a behavior inot expected for a 2D metal in the acior, no free parameter is necessary to obtain the almost
canonical ensemble, i.e., with fixed number of charge Carrinerfect agreement of data and 2D thedty.
ers and oscillating che_mical potential. It is, however, (_axactly An important ingredient for the validity of Ed1) is the
the wave shape predicted by the 2D grand canonical enyssymption of a fixed chemical potential, or equivalently, the
semble approximation, originally calculated for a FS slab ingxjstence of a charge-carrier reservoir. Band-structure calcu-
k space assuming a fixed chemical potential. In this case, thgtions do after all predict the existence of a pair of quasi-1D
magnetization is given simply By electron surfacé8 in addition to the 2D hole pocket that
gives rise to the dHvA signal. It is therefore most likely that
it is this 1D band that acts as charge-carrier reservoir causing
2ﬂ<E_ 1” i the chemical potential to be pinned. The influence of an ad-
B 2/| ditional density of state€DOS), originating from 1D bands,
has been shown to modify the dHVA wave sh&f@imula-
tions of the dHVA signal with this numerical model show
with the Dingle Rp), temperature Ry), and spin-splitting that the 1D DOS has to be at least approximately five times
damping factors Rg) being identical to those in the 3D LK larger than the 2D DOS at the Fermi le¥However, the
formula® The only principal differences in the 2D formula numerical model reproduces the experimental data somewhat
are the omission of thBY2 factor, the omission of ther/4  less accurately than Eq1). In particular, it is the steep
phase factor, and the modified harmonic content, namely alopes of the rising magnetization that cannot be reproduced
factorr ~* in Eq. (1) occurs instead of %2 in the 3D for-  perfectly by the numerical model.
mula. The first is responsible for the slower increase of the Until now, there has been no direct evidence for the ex-
dHvA amplitude with field[see the solid line in Fig.(b)] istence of these 1D bands in the present material. Only some
compared to that expected from 3D LK theory. The latterrather indirect indications, such as a negligible Hall effect
two account for the Fourier components of the “inverse saw-and the enormous background magnetoresistéhicehave
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been reported. The present results show clearly thatetoresistance oscillations at higher fields and lower
B"-(BEDT-TTF),SRKCH,CF,SO; is a compensated metal temperature*'®2! This is partially understood since the
with a large 1D DOS. This provides additional support for SdH effect, i.e., the relative conductivity oscillations, is ex-
the validity of the predicted band structure and makes specipected to be proportional t@?dM/dB. This leads to
lations on a possible density-wave transition questionable. strongly peaked nonsinusoidal SdH signals, as have been ob-

Although the expression for the 2D grand canonical enserved experimentalf? However, the large background
semble reproduces the experimental dHVA data at low temmagnetoresistance in strong fields, with an apparent field-
peratures rather well, the temperature dependence of the simduced insulating behavidf;™® prohibits a reliable compari-
nals, i.e., the apparent field dependencemf, cannot be son of the experimental magnetoresistance oscillations with
explained. The 2D grand canonical ensemble predicts theheory as is possible here for the dHVA effect.
same temperature dependence of the dHVA signal as the 3D In conclusion, we have found clear experimental evidence
formula. In the numerical model, a notable apparent fieldfor a 2D Fermi liquid in a bulk organic material. In contrast
dependent effective cyclotron mass is only expected close tto previously reported scenarios, we observed magnetic
a spin-splitting zerd,which is not the case here. The origin quantum oscillations that are characteristic of a 2D grand
for the reducedn, found for both samples, independent of canonical ensemble, which can only be possible if the chemi-
quality, is unclear but might be caused by a crossover frontal potential is fixed. This, therefore, can be considered as
the 2D theory at low temperatures to the 3D behavior aproof for a field-independent fixed chemical potential, indi-
higher temperatures. It would be of considerable interest teating the existence of a large 1D DOS at the Fermi energy
investigate the origin of this aparent field-dependagt of the present material.
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