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Quantum liquid of vortices in the quasi-two-dimensional organic superconductor
k-(BEDT-TTF) ,Cu(NCS),
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We present magnetic torque measurements on the quasi-two-dimensional organic superconductor
k-(BEDT-TTF),Cu(NCS), at low temperaturd/T . =0.01. The irreversible fielt;, lies far below the upper
critical field H., even atT=0. In the magnetic field regiomd;,<H<H,,, a vortex liquid state exists even at
T=0, resulting from the quantum fluctuations instead of the contribution of the thermal one at higher tem-
perature. This finding is explained as the quantum vortex liquid state driven by the quantum fluctuations from
the different theoretical models. In the liquid state, de Haas—van Alphen oscillations are observdd, and
defined by the appearance of the additional damping on the oscillation amp[i8@63-18208)11017-2

Vortices in the layered superconduci@e., highT. su-  sional crossover phenomenon between the three-dimensional
perconducting oxide, organic superconductbave strong (3D)-flux-line-lattice and the 2D-vortex pancake structures
thermal fluctuations, which have been extensively studiedvas observed around the crossover fiBlg, (~0.01 T) as
experimentally and theoretically. the second peak effect on the magnetizafiand was con-

The material parameters of the superconductors, implyindirmed by muon spin rotation measuremetftsyhich re-
their short coherence length and large anisotropy of the efvealed the change of the internal field distribution. Josephson
fective mass, enhance the importance of the fluctuation effegilasma mode was observed in the microwave surface resis-
on the phenomena such as the vortex melting or the giarthnce belowT . .*® These observations resemble some of the
creep? At low enough temperatures, vortices are also exhigh-T, compounds such as Bbr,CaCu,Og. A moderate
pected to be affected by quantum fluctuations. The observad ,(0) (=6 T) in the magnetic field normal to the two-
tion of a strong magnetic relaxation at very low temperaturedimensional plane can be exceeded by using standard super-
has demonstrated the quantum effects. The importance @bnducting magnets. This implies that the organic supercon-
quantum fluctuations on the melting of the vortex lattice hasluctors have a good potential for general studies on the
been studied in the higli; oxide superconductofss 8 The  vortex matter.
favorable material parameters for the experimental observa- High-quality single crystals of «-(BEDT-
tion of a quantum melting transition involve a large normal-TTF) ,Cu(NCS), were grown by an electrochemical oxida-
state resistivity, a moderate upper critical field,(0) at zero  tion method. The crystals have platelet shape, and the weight
temperature, and a small length scaléor the fluctuations of a piece of the crystal used in the present study was 0.85
(i.e., short coherence length or short layer separatibhe  mg for sample 1 and 0.79 mg for sample 2. Magnetic torque
BEDT-TTF molecule based organic superconductors areneasurements were performed by using a precision capaci-
good candidates for the observation of this effect. In thistance torque meter. The torque meter had an improved ther-
paper, we show that a quantum vortex liquid state appears amal contact to the sample in comparison with the previous
the organic superconductok-(BEDT-TTF),CuNCS),, onel* The capacitance was measured by the auto precision
where BEDT-TTF denotes Histhylenedithigtetrathi- capacitance bridge(Andeen-Hagerling, AH2500A The
afulvalene. The liquid state is observed widely belowtorque meter with sample was cooled down to 0.46 K
He(T) even at a very low temperatuf@T.=0.01, which  (sample 1 and 0.12 K(sample 2 during the sweep of the
has been predicted by some thectiéand simulations using magnetic field by usingHe and3He-*He dilution refrigera-
quantum Monte Carlo techniquBdhe de Haas—van Alphen tor, respectively. Temperature was monitored by a calibrated
(dHVA) oscillation is also observed in the quantum vortexruthenium-oxide thermometer.
liquid state with shorter scattering time than that in the nor- Figure Xa) shows the magnetic torque curves for sample
mal state. 2 at various temperatures below 1 K. The sample is tilted

There have been several studies on the vortex states aboutd=1°, whered is the angle between the magnetic field
«x-(BEDT-TTF),Cu(NCS),. The anisotropy of the effective and a direction normal to the-c plane. The torque curves
massy=+ym, /m; was estimated to be 20099 A dimen-  show the hysteresis against the up and down sweep of the
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0 FIG. 2. Temperature dependence of the irreversible fi¢)d

4
UoH(T) and the upper critical fiel#l,, (a) the wholeH-T diagram,(b) the
expanded view in the low-temperature region. The symbols are re-
ferred to in the text. The dashed curve and the solid straight line are
guides for the eye.

FIG. 1. (a) Magnetic torque curves of the sample 2 elbK in
the magnetic-field directioA=1°. (b) Amplitude of the hysteresis,
A7=7 (down sweep— 7 (Up sweep, as a function of the magnetic
field. The curves are shifted byx410™ 2 dyn cm each. The irrevers-

ible field H,, is indicated by the arrows. melting phenomena has been reported yet. The reason is not

clear, but it may relate to different material parameters in
magnetic field. It is noted that the torque becomes zero d@hese two compounds. The anisotropy of «-(BEDT-
H=0, where the remanent magnetization remains still finite TTF) ,CUNCS), is about two times larger than that of
simply because the torque is expressedraMxH. The  k-(BEDT-TTF),CUN(CN),]Br,*® and the mean-free path of
amplitude of the hysteresis becomes large with decreasindpe former, indicating the quality of the sample, is almost
the temperature, and the irreversible fielgl simultaneously one order longer than that of the lattér.
shifts to larger magnetic field. A remarkable large scattering The irreversible fieldH;, is determined by the onset of the
of the magnetic torque appears in the irreversible part of théincrease of a quantith 7= (down-sweep— 7 (up-sweep,
curves below about 500 mK. The instability is not due to theas indicated in Fig. (b). The criterion for the onset is about
extrinsic origin of the torque meter we used. The same typd% of the maximum amplitude of the hysteresis. This defi-
of the torque meters have not shown such instability even imition has an ambiguity to some extent, but it does not ex-
detecting larger magnitude of the torque at higher magneticeed the error bar af 0.2 T, which is shown in the follow-
field or larger tilt anglé The scattering always occurs in- ing phase diagram.
side the envelope curve of the torque. It means that the Figures Za) and Zb) show the irreversible fieldH;, and
torque acts on the sample toward the stable direction. Thuthe mean field upper critical fielH, as a function of tem-
the scattering may result from the flux jumps in the sampleperature. The meaning of the symbols are following: the
which have a tendency to take place effectively at low tem-open squares and the reverse triangles for the superconduct-
perature. This phenomenon at low temperature may have iag quantum interference devid&QUID) data in Ref. 18
close relation to the quantum creep of the vortitesit the  and Ref. 11, the triangles for the torque data on the sample 1
detail has not been investigated yet. at #=4°, and the open and filled circles for the data on the
Let us return to the field region arourtd,,. First, no sample 2 a¥=1° and 5°, respectively. The crosses and the
visible discontinuity of the magnetic torque is observedplus are determined by the fluctuation analysis on the mag-
around Hy,, which will remind us of a first-order phase netization using a scaling-ldf/and by taking the mean-field
transition such as the vortex melting. There are recenvalue of the specific-heat measuremént$he point of the
findings of a discontinuous step of the magnetization in thedouble circle is determined by the dHvA effect described
similar type of the organic superconductok-(BEDT- later. The present;, values abog 2 K are in good agree-
TTF) ,CUN(CN),]Br,*® which is concluded to be an evi- ment with the previous SQUID measurements. The tempera-
dence of the vortex melting. No direct experimental obserture dependence dfl;, belov 1 K is almost linear inT,
vation on the present organic superconductor suggesting thehich is evidenced in Fig.(®) in the expanded linear scale.
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T T T T the reported one in the normal sta&¢° A downward devia-
tion from the fit curve is clearly seen below 6 T. This behav-
ior is similar to a common feature observed in the vortex
state of the 2D(Refs. 22 and 2bas well for the 3D
superconductors?*The deviation starts &, although the
origin of the additional damping as is due to the quasiparticle
scattering is not clear. Thud., at the lowest temperature
- 0.12 K is determined as 6 T, which is indicated by the double
¥ circle in Fig. 2a), where the normal-state LK formula starts
to deviate from the measured dHvA oscillation amplitude.
At higher temperatures$] ., values are not determined by

T ]-0 ] this way because the dHvA oscillations are not observed in
> wyH(T) . . .
T low enough magnetic fields than thé., points expected.
4 ijH (T) 6 Further discussion of the damping effect is beyond the scope

of this paper.

FIG. 3. de Haas—van Alphen oscillation in the normal state Let us return to the quantum vortex liquid phenomenon.
abowe 6 T and in the vortex state below 6 T. The inset shows theSeveral theoretical works have already reported on the quan-
magnetic-field dependence of the oscillation amplitude. The cleafum melting and the quantum liquid of vortice<® Blatter
deviation from the Lifshitz-Kosevich formulgsolid curve is seen  gnd IvleV have examined the influence of quantum fluctua-
b_elow_ 6 T_, which results from the additional scattering for the qua-tigns at finite temperature to investigate the quantum statis-
siparticle in the vortex state. tical mechanics of the vortex system. They estimated the

Neither saturation nor further upturn is seen down to theshift in the melting curve using a Lindemann criterion.
lowest temperature 0.12 K. Thi$-linear dependence is Blatteret al* have also shown that a first-order melting at
much different from either a power law o (1—T/T)" low temperature occurs belott,, resulting in a quantum
with n~ 2 in the 3D vortex line lattice region below the liquid state. Ikedahas independently shown a similar quan-
crossover fieldB,p, or an exponential of T/ like H;,xexp  tum liquid state on the basis of the time-dependent Ginzburg-
(a/T) in the 2D vortex pancake region aboBep, ,** both of ~ Landau theory with quantum fluctuations. ChudnoVshkgs
which are based on the Lindemann-type melting scenarigstudied a hypothetical 2D quantum liquid state Tat 0.
driven by the thermal fluctuations. The observedinear  Onogi and Doniachhave calculated the melting field by
dependence is connected smoothly to the exponential depepsing quantum Monte Carlo simulation technique. Their re-
dence in the 2D vortex pancake regidmt lower tempera-  sults show the quantum vortex stateTat 0 and a numerical
ture, the quantum vortex fluctuation should become domievidence for the fractional quantum Hall state in the resulting
nant in place of the thermal one. Therefore, the downwargiquid state. Rozhkov and Strolitiave estimated the condi-

shift of Hi, from Hj->exp@/T) to Hj,>T at low temperature tjons for quantum melting of a 2D vortex lattice Bt 0.
is considered to be a demonstration of the influence of the Here, we try to evaluate the melting field B0 on the

quantum vortex fluctuation. In addition, it must be noted that . <is of the above theories. A first-order melting fiBld at
the extrapolation of th&-linear dependence to lower tem- T=0 in the 2D system by Blatteet al* takes place aB,,

perature points to the field 3.8 T &=0. This means thata _ _ b . .

finite vortex liquid state exists betweét.,(0) and H,,(0) Hea 1 152 exp(_—;f 0'2-5%{41? %,t\évhere c,_t|s the I__|rt1de

even afT=0. In order to confirm this point, it is important to mann numberRqy= & =a € guanium resistance,
the sheet resistance. ChoosiHg,=6 T, C, =0.2,

show how to definéd ., at the lowest temperature, indicated 2" Ro ¥
as the double circle in Fig.(a). andRo=1 kQ (p,=0.2 M) cm ands=15 A),* B,,=4 T

Figure 3 shows the dHVA oscillations on the magneticis obtained, and is close to the obsertgd(0) although the
torque curve of sample 20 1°) at 0.12 K. Clear oscilla- Parameters used here are very rough.
tions are visible above about 4 T. The dHVA frequency of The approach by Rozhkov and Strduteads to a
597 +2 Tis in very good agreement with previous repdfts. different relation, B, /B.,=Bo/(Bo+Bcy), where By
The effective massn* obtained by a fit of the temperature = BMyc*s®o/4m\(0)?g%,m, is the pair mass +2me),
dependence of the dHVA oscillation to the Lifshitz-Kosevichthe pair charge {2e), ¢ the light velocity, @, the flux
(LK) formulatis (3.5+0.2)m, at 6.2 T and higher magnetic quantum, A(0) the penetration length aT=0 and g8
fields, and (3.50.4)m, at 4.4 T. Within the experimental (=0.1) the numerical melting condition parameter. Using
error, no magnetic field dependence of the effective mass ihe value=0.1, s=15 A, and\(0)=6400 A" we find
observed. The dHVA oscillation in the vortex state is knownBo=11 T and thereforeB,/B.,~0.65. The evaluation by
to have an additional damping of the oscillation amplitude agkeda is not easy to compare with the experimental results
compared to the normal state.?® The mechanism is still applying the real material parameters. Considering the
unclear and controversially discussed by some the®%ié8. Ginzburg-Landau numbes3=1672kgT oA (0)/®;s=0.04,
The inset of Fig. 3 shows the field dependence of the dHvAUsing the present material parameters for the 2D case to its
oscillation amplitude. The solid line is a fit curve of the LK calculation, howeverH ,(0)/H.,(0) tends to be in a range
formula with the effective mass of 3% to the high of 0.5-0.7. Although Chudnovskyloes not show a numeri-
magnetic-field region. The fit is good above 6 T. The Dinglecal formula for the difference betweét, (or H;,) andH_,
temperaturd p=0.28 K obtained there is in agreement with he points out the possibility that;, exists well belowH ., at
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T=0. Thus our experimental finding for the finite quantum Finally, the T dependence oH;, persists down to the
vortex liquid state aff=0 is explained well by different lowest temperaturd/T.=0.01. A T-independent portion is
theoretical ways. expected at low enough temperattfeln order to explain

An important question, however, still remains. Our mag-the temperature dependence in the pure quantum fluctuation
netic torque measurements do not detect the melting transiegion, we need to make an experiment at still lower tem-
tion, but the irreversible field. The transition between theperatures.
solid and liquid states is strongly influenced by the quality of |5 conclusion, we have presented that the irreversible field
the sampldi.e., degree and the type of the pinningnd also . of the quasi-two-dimensional organic superconductor
by the magnitude of the magnetic field. The magnetlzatlonK_(BEDT_TTF) L,LCUNCS), lies far from H,, even at low

step, resulting from the first-order vortex melting observed intemperaturél’/T ~0.01. The quantum vortex liquid state ex-
Bi,Sr,CaC,0¢ (Ref. 32 disappears in the high magnetic ;. inH;,<H<H_,, which is driven mainly by the quantum

field above about the dimensional crossover fiBlg, and . N . .
the transition is believed to become a second-order-like on w:tgi?fté?gﬁi :[rhheeo\r/:tlil::glir:/sg)/s Htjgfr?) Ihoéenﬁ;?e?;g)llag];?ntgers
There is no clear explanation for changing the nature of th Y 9 b ‘

urther investigation is required to make the pure quantum

transition. fluctuation effect clear at lower temperature
In the present material, there has been no evidence for thé P '

first-order melting transition even in low magnetic field. = The authors would like to thank M. Kartsovnik, N. Koba-
Therefore, we cannot concludé;,=H,, in our measure- yashi, and T. Nishizaki for their useful discussions. This
ments, but it may be possible to consider tHatlies near by  work was supported in part by a Grant-in-Aid for Scientific
Hi.. Even so, the result of the finite quantum vortex liquid Research from the Ministry of Education, Science and Cul-
state afT=0 is not altered. ture, Japan.
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