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Abstract Heat capacity measurements of quasi-two-

dimensional Mott insulating compounds consisting of

BEDT-TTF (bisethylendithiotetrathiafulubalene) donor

molecules and counter anions were performed by the ther-

mal relaxation calorimetry technique for single crystal

samples. No distinct thermal anomalies at the predicted

antiferromagnetic transition temperatures in j-(BEDT-

TTF)2Cu[N(CN)2]Cl (TN = 27 K) and b0-(BEDT-TTF)2

ICl2 (TN = 22 K) were observed. These results demonstrate

that the Mott insulating state of the organic salts which are

dominated by the strong two-dimensional intra-layer anti-

ferromagnetic interactions between neighboring S = 1/2

spins shows somewhat different features from the simple

quasi-two-dimensional Heisenberg model with S = 1/2.

The strong quantum fluctuations produced by the electron

correlations suppress the long-range character of the spin

correlations, which seems to be an important aspect of this

kind of Mott insulating materials.
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Introduction

The electronic states of charge-transfer salts (BEDT-

TTF)2X, where BEDT-TTF is an abbreviation of bisethy-

lendithiotetrathiafulubalene and X represents counter

anions are attracting wide interests in the area of condensed

matter physics, since they give various kinds of strongly

correlated electrons systems with quasi-two-dimensional

structure. The donor molecule of BEDT-TTF and the

counter anion crystallized to form segregated layered

structures and they are inclined to form metallic state due to

the imperfect filling of electron band. It is now well-known

that some of these salts show 10 K class superconductivity

at ambient pressure [1, 2]. Existence of several insulating

salts which show antiferromagnetic transitions [3, 4],

charge order transitions [5] and a crossover to the spin

liquid states [6, 7] with similar layered structures are also

known up to now. The important parameters which domi-

nate the electronic properties are coulomb energies

expressed by U, V and the width of quasi-two-dimensional

bands W. When the dimerization of the donors are strong

enough and an approximation to consider each dimer as a

structural unit is held, the electron filling is 1/2 and the

simple Mott–Hubbard physics determined by competition

of the on-dimer U and W appears. If the value of U is larger

than that of W, the system becomes a Mott insulating state.

As a matter of fact, the pressure–temperature phase diagram

in which the antiferromagnetic phase is neighboring to the

superconducting phase is reported by Kanoda et al. [8]

According to this diagram, the strongly correlated Mott

insulating salts where effectively 1/2 filling transforms into

superconductors with rather high-Tc when external pres-

sures are applied. The interesting physics related to the

phase separation in the mesoscopic levels, spin liquid state,

and field-induced transitions or reentrant transitions are

being discussed [6, 7, 9, 10] around this Mott boundary.

j-(BEDT-TTF)2Cu[N(CN)2]Cl is a typical Mott insu-

lator [3]. Since the value of U/W of this salt is closed to the

boundary, it has been studied in details under hydrostatic

pressures. A systematic appearance of the ground state

from antiferromagnetic insulator, superconductor, normal

metal states [3, 11, 12] is realized with a pressure range up
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to a few hundred bars. The intra-layer magnetic interac-

tions J/kB = -2t2/U, where t is a transfer energy between

neighboring dimers is one order of magnitude larger than

the inter-layer magnetic interactions. Therefore, it is gen-

erally believed that j-(BEDT-TTF)2Cu[N(CN)2]Cl should

be a model material of quasi-two-dimensional Heisenberg

system with S = 1/2. In fact, the long-range ordering is

observed at 27 K [3] in spite of the much larger intra-layer

interaction J/kB is in the order of 102 K. However, the

thermal anomaly around the ordering temperature was not

observed in the previous thermodynamic reports except for

the kink of thermal expansion measurements performed by

Müller et al. [13, 14].

The salt of b0-(BEDT-TTF)2ICl2 which also has a

strongly dimerized structure shows Mott insulating behavior

at ambient pressure. Although the donor packing is different

from j-(BEDT-TTF)2Cu[N(CN)2]Cl, the electronic state of

this compound is phenomenologically resembles to the j-

type salts. The long-range antiferromagnetic ordering is

reported to occur at 22 K [4] and the superconductivity with

the critical temperature of 14.2 K appears under pressure of

8.2 GPa [15]. The intra-layer magnetic interaction is esti-

mated as J/kB = -59 K from the magnetic susceptibility

measurement which is nearly 3 times larger than the order-

ing temperature.

In this paper, the heat capacity measurements of

j-(BEDT-TTF)2Cu[N(CN)2]Cl were performed with better

resolution using high-quality single crystal in order to

examine the existence or absence of the transition anomaly

in heat capacity. We also compared the results with the

measurements of dimer-Mott insulating salt of b0-(BEDT-

TTF)2ICl2.

Experimental

The low-temperature heat capacity measurements were

performed by our homemade relaxation calorimeter con-

structed for measuring single crystals of molecular com-

pounds. We have used two calorimetry cells which covers

the temperature region between 0.7–10 K and 5–70 K. The

stage of the higher temperature cell is consisting of a cernox

thermometer (LakeShore) and a strain gauge heater (Tokyo

Sokki). For the low-temperature cell, we have used a

ruthenium oxide sensor of which resistance is 1 kX at room

temperature. The sample stage was linked to the heat sink

through six constantan wires of which diameters are 25 lm.

The heat leak is adjusted so as to attain appropriate time

constant of the temperature relaxation (typically 101–2 s) in

the whole temperature range. We used a single piece of

crystals of 3.88 mg for j-(BEDT-TTF)2Cu[N(CN)2]Cl salt

and 0.724 mg for b0-(BEDT-TTF)2ICl2 salt which are

adhered on the stage using proper amount of Apiezon N

grease. The background heat capacities including the

Apiezon N grease were determined by different measure-

ment performed before mounting the sample. The absolute

values of the heat capacity are obtained by subtracting the

background values from the total heat capacity. To charac-

terize the samples, we studied temperature dependences of

magnetic susceptibility of two salts for sample character-

ization using a SQUID magnetometer. The magnetic

anomaly owing to the three-dimensional ordering were

observed at the reported temperatures in both of samples

[3, 4].

Results and discussion

In Fig. 1, we show temperature dependence of the heat

capacity of j-(BEDT-TTF)2Cu[N(CN)2]Cl under different

magnetic fields, where the heat capacity data between 0.7

and 40 K are plotted in a Cp/T versus T plot. The data

between 24 and 34 K are expanded in the inset of Fig. 1.

There is no distinct thermal anomaly in the whole tem-

perature range including around 27 K where the clear

antiferromagnetic transition accompanied with the forma-

tion of internal magnetic fields was observed by 1H-NMR

experiments performed by other group [3]. The absence of

thermal anomaly is consistent with the previous work [13].

The resolution of the heat capacity data is greatly improved

in the present experiments from the data in Ref. [13] and

therefore the absence of thermal anomaly is confirmed to

be intrinsic for this material. Furthermore, we could not

detect any systematic differences between Cp under 8 and

0 T. In order to further investigate the existence of thermal

anomalies, we measure the heat capacity around 27 K in

more details. In general, thermal relaxation method can not
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Fig. 1 CpT-1versus T plot for j-(BEDT-TTF)2Cu[N(CN)2]Cl at

fields of 0 and 8 T. The inset shows CpT-1 versus T plot around

antiferromagnetic transition temperature (27 K)
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detect the first order transition accompanied with the

release of latent heats. If a thermodynamic transition

occurs accompanied by a release of latent heats with nar-

row temperature region, our measurement might fail to

detect the anomaly. To exclude this possibility, the relax-

ation method with small DT values corresponding to 0.5%

of the sample temperature has been performed. However,

we could not see any anomaly in this condition.

We also show the low-temperature data obtained for the

identical crystal in Cp/T versus T2 plot in Fig. 2 under

different magnetic fields. From the data shown in the inset

of Fig. 2, we can confirm a clear T3 contribution in heat

capacity below 2 K. Although a spin-wave contribution

due to the three-dimensional ordering may be included in

the T3 contribution, the linear extrapolation using the for-

mula of Cp = bT3 ? c down to 0 K gives a vanishing

electronic heat capacity coefficient. This behavior is con-

sistent with the typical insulator with antiferromagnetic

ordering and previous report. In the case of the typical low-

dimensional magnets, several experimental results [16] and

theoretical calculations [17] suggest the small anomaly

around the three-dimensional ordering temperatures,

although much of the magnetic entropy is consumed by the

low-dimensional short-range ordering.

In order to confirm this behavior in a similar Mott insu-

lating system with quasi-two-dimensional structure, we

have examined the similar dimer-Mott insulating system of

b0-(BEDT-TTF)2ICl2. This salt has open Fermi surfaces in

band calculations [18], however, the semiconductive

behavior below the room temperature and antiferromagnetic

transition at 22 K were observed in this salt [4]. In this salt, a

linear relation of CpT -1 against T2 and a vanishing elec-

tronic heat capacity coefficient was observed in the low

temperature heat capacities [19]. These results are similar to

those observed in j-(BEDT-TTF)2Cu[N(CN)2]Cl. In Fig. 3,

we show Cp/T versus T plot between 5 and 40 K for b0-(BEDT-TTF)2ICl2 salt. Here again, we cannot observe

distinct anomaly related to the magnetic ordering as well as

the magnetic field dependence between 5 and 40 K. The

small hump may be seen in Fig. 3, but it is difficult to con-

clude within the present resolution. To exclude the possi-

bility of existence of the anomaly with transition, again we

measure heat capacity of b0-(BEDT-TTF)2ICl2 using dif-

ferent detection system independently. From the result of

this measurement shown in Fig. 4, we can conclude that the

thermal anomaly is considered to be very small.

The intra-layer magnetic interactions of b0-(BEDT-TTF)2

ICl2 salt J/kB is estimated as—59 K from the analysis of

two-dimensional Heisenberg analysis of the magnetic sus-

ceptibility [4]. Therefore, the transition temperature is rel-

atively close to the J/kB value and magnetic entropy may

remain around 22 K, if a simple low-dimensional magnet

picture is assumed. We consider that the absence of ther-

mal anomaly in these Mott insulating system should be

0

200

400

600

800

1000

1200

0 20 40 60 80 100

0 T

4 T

8 T

0

25

50

75

100

0 2 4 6 8

C
pT

–1
/J

K
–2

 m
ol

–1

T2/K2

Fig. 2 CpT-1 versus T2 plot for j-(BEDT-TTF)2Cu[N(CN)2]Cl

below 10 K at fields of 0, 4, and 8 T
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romagnetic transition temperature (22 K)
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considered from the standpoints of electron correlations.

The magnetic behavior of the Mott insulator is produced by

the strong coulomb interactions which is expressed by the

Hubbard Hamiltonian where both charge and spin degrees of

freedom coexists. Although the magnetic ordering evi-

denced by the static internal magnetic fields appears below

the transition temperature, the antiferromagnetic states still

have strong quantum fluctuations produced by the residual

charge-degrees of freedom at low temperatures. The long-

range character should be suppressed by these fluctuations

and consequently no thermodynamic peak appears in the

heat capacity. In this sense, the similar situations may occur

in duetrated j-(BEDT-TTF)2Cu[N(CN)2]Br, b0-(BEDT-

TTF)(TCNQ), etc., and other quasi-two-dimensional com-

pounds. Although this is a speculative discussion, the

absence of the thermal anomaly around the long-range

ordering temperature has been reported in La2CuO4 in the

initial stage investigation of high-Tc cuprates by Sun et al.

[20]. The reduced magnetic entropy problem around the

long-range ordering temperatures are also discussed in the

charge-ordered system which is also the long-range ordering

occurs in the strongly correlated low-dimensional systems.

The three-dimensional ordering of (DI-DCNQI)2Ag shows a

small peak corresponding to about 1.5% of Rln2 and similar

behaviors are observed in several intermetallic compounds

such as Y-doped La0.7Ca0.3MnO3 [21, 22]. The long-range

nature and the quantum fluctuations in the magnetic state in

these systems seem to be an interesting subject to be dis-

cussed thermodynamically. The NMR measurements and

lSR measurements which can detect information in the

shorter time domain can detect the existence of the internal

magnetic fields, but the present thermodynamic data dem-

onstrates that it’s not still in a static limit and short-range

fluctuations are important in characterize the electronic state

of the Mott insulating salts.

Conclusions

In conclusion, we have measured the heat capacities of

charge-transfer salts j-(BEDT-TTF)2Cu[N(CN)2]Cl and

b0-(BEDT-TTF)2ICl2 by thermal relaxation method under

magnetic fields. We have detected an absence of thermal

anomaly with antiferromagnetic transition and no magnetic

field dependences in both salts. The typical behavior of

insulating state was observed in the low temperature heat

capacity of j-(BEDT-TTF)2Cu[N(CN)2]Cl. These results

are consistent with previous study [13] and suggest that the

entropy associated with these transitions is quite small. We

consider this character is not only about these salts but also

about many of Mott insulators, because the difference of the

value of U/W between two salts is quite large. Furthermore,

these results suggest the possibility of common feature of

strongly correlated electron systems.

References

1. Urayama H, Yamochi H, Saito G, Nozawa K, Sugano T,

Kinoshita M, Sato S, Oshima K, Kawamoto A, Tanaka J. A new

ambient pressure organic superconductor based on BEDT-TTF

with Tc higher than 10 K (Tc = 10.4 K) Chem Lett. 1988;55–8.

2. Kini AM, Geiser U, Wang HH, Carison KD, Williams JM, Kwok

WK, et al. A new ambient-pressure organic superconductor

j-(ET)2Cu[N(CN)2]Br, with the highest transition temperature yet

observed (inductive onset Tc = 11.6 K, resistive onset = 12.5 K).

Inorg Chem. 1990;29:2555–7.

3. Miyagawa K, Kawamoto A, Nakazawa Y, Kanoda K. Antifer-

romagnetic Ordering and Spin Structure in the Organic Con-

ductor, j (BEDT-TTF)2Cu[N(CN)2]Cl. Phys Rev Lett. 1995;75:

1174.

4. Yoneyama N, Miyazaki A, Enoki T, Saito G. Magnetic properties

of TTF-type charge transfer salts in the Mott insulator regime.

Bull Chem Soc Jpn. 1999;72:639–51.

5. Miyagawa K, Kawamoto A, Kanoda K. Charge ordering in a

quasi-two dimensional organic conductor. Phys Rev B. 2000;62:

7679.

6. Shimizu Y, Miyagawa K, Kanoda K, Maesato M, Saito G. Spin

liquid state in an organic Mott insulator with a triangular lattice.

Phys Rev Lett. 2003;91:107001.

7. Yamashita S, Nakazawa Y, Oguni M, Oshima Y, Nojiri H, Shi-

mizu Y, et al. Thermodynamic properties of a spin-1/2 spin-liquid

state in a j-type organic salt. Nat Phys. 2008;4:459.

8. Kanoda K. Recent progress in NMR studies on organic conduc-

tors. Hyperfine Interact. 1997;104:235–49.

9. Nishi T, Kimura S, Takahashi T, Ito T, Im HJ, Kwon YS, et al.

The origin of the phase separation in partially deuterated

j-(ET)2Cu[N(CN)2]Br Studied by infrared magneto-optical

imaging spectroscopy. Solid State Commun. 2005;134:189–93.

10. Kagawa F, Itou T, Miyagawa K, Kanoda K. Magnetic-field-

induced Mott transition in a quasi-two-dimensional organic

conductor. Phys Rev Lett. 2004;93:127001.

11. Ito H, Ishiguro T, Kubota M, Saito G. Metal-nonmetal transition

and superconductivity localization in the two-dimensional con-

ductor j-(BEDT-TTF)2Cu[N(CN)2]Cl. J Phys Soc Jpn. 1996;65:

2987–93.

12. Williams JM, Kini AM, Wang HH, Carlson KD, Geiser U, Mont-

gomery LK, et al. From semiconductor-semiconductor transition

(42 K) to the highest-Tc organic superconductor, j-(ET)2

Cu[N(CN)2]Cl (Tc = 12.5 K). Inorg Chem. 1990;29:3272–4.

13. Nakazawa Y, Kanoda K. Electronic structure of insulating salts of

the j-(BEDT-TTF)2X family studied by low-temperature spe-

cific-heat measurements. Phys Rev B. 1996;53:8875.

14. Müller J, Lang M, Steglich F, Schlueter JA, Kini AM, Sasaki T.

Evidence for structural and electronic instabilities at intermedi-

ate temperatures in j-(BEDT-TTF)2X for X = Cu[N(CN)2]Cl,

Cu[N(CN)2]Br and Cu(NCS)2: implications for the phase dia-

gram of these quasi-two-dimensional organic superconducors.

Phys Rev B. 2002;65:144521.

15. Taniguchi H, Miyashita M, Uchiyama K, Satoh K, Mori N,

Okamoto H, et al. Superconductibity at 14.2 K in layered

organics under extreme pressure. J Phys Soc Jpn. 2003;72:

468–71.

16. Matsumoto T, Miyazaki Y, Albrecht AS, Landee CP, Turnbull

MM, Sorai M. Heat capacities of the S = 1/2 two-dimensional

156 S. Yamashita, Y. Nakazawa

123



Heisenberg antiferromagnet Bis(2-amino-5-chloropyridinium)

tetrabromocuprate(II) [(5CAP)2CuBr4] and its diamagnetic ana-

logue [(5CAP)2ZnBr4]. J Phys Chem B. 2000;104:9993–10000.

17. Sengupta P, Sandvik AW, Singh RRP. Specific heat of quasi-two-

dimensional antiferromagnetic Heisenberg models with varying

interplanar coupling. Phys Rev B. 2003;68:094423.

18. Kobayashi H, Kato R, Kobayashi A, Saito G, Tokumoto M, Anzai

H, Ishiguro T. The crystal structure of b0-(BEDT-TTF)2ICl2. A

modification of the organic superconductor, b-(BEDT-TTF)2I3.

Chem Lett. 1986;89–92.

19. Nakazawa Y, Taniguchi H, Kawamoto A, Miyagawa K, Hiraki K,

Kanoda K. Thermodynamic studies of electron correlation effects

on organic salts based on BEDT-TTF and DCNQI molecules.

J Phys Chem Solids. 2001;62:385–8.

20. Sun K, Cho JH, Chou FC, Lee WC, Miller LL. Johnston DC.

Johnston DC. Heat capacity of single-crystal La2CuO4 and

polycrystalline La2-xSrxCuO4 (0 B x B 0.20) from 110 to 600 K.

Phys Rev B. 1991;43:239.

21. Okuma K, Yamashita S, Nakazawa Y, Oguni M, Miyagawa K,

Kanoda K. Spin ordering and enhancement of electronic heat

capacity in an organic system of (DI-DCNQI)2(Ag1-xCux).

J Phys Condens Matter. 2009;21:015602.

22. Souza JA, Neumeier JJ, Jardim RF. Effect of disorder on the

thermodynamic phase transition in La0.70Ca0.30MnO3. Phys Rev

B. 2007;75:012412.

Heat capacities of antiferromagnetic dimer-Mott insulators 157

123


	Heat capacities of antiferromagnetic dimer-Mott insulators�in organic charge-transfer complexes
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


