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Field-induced metal-insulator transition in partially deuterated x-(BEDT-TTF ),Cu[N(CN),]|Br
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A C-NMR study on nondeuterated and partially deuteratd@EDT-TTF),CUN(CN),]Br is reported,
where BEDT-TTF is bigethylenedithigtetra-thiafulvalene. By using a BEDT-TTF molecule wiiC as one of
its central carbons, we could estimate the density of states from the Knight shift and the spin-lattice relaxation
rate. Although the reduced mass effect predicted from the specific-heat measurement was not observed in the
13C-NMR spectrum, a metal-to-antiferromagnetic phase transition was observed with a phase separation at
around 18 K on the half-deuterated(BEDT-TTF),CUN(CN),|Br under a high magnetic field. No such
transition occurred in the half-deuterated salt under a zero or low field. These results point to a first-order
field-induced metal-insulator transition. These findings can explain the complex phenomena observed near the
phase boundary under a high magnetic field.

DOI: 10.1103/PhysRevB.70.212506 PACS nung®er74.70.Kn, 71.30+h, 76.60—k

A family of organic conductorsi-(BEDT-TTF),X salts, 13C-NMR is one of the most powerful tools to investi-
have a crystal structure consisting of layers of conductingyate electronic properties microscopically. To study the prop-
BEDT-TTF and insulating anion. Owing to this structure, erties near the phase boundary, we preparédenriched,
these salts have a quasi-two-dimensional electron systerpartially deuterateck-(BEDT-TTF),CUN(CN),|Br salt and
k-(BEDT-TTF),CUN(CN).]Br shows ambient-pressure su- performed 3C-NMR. Typically, *C-NMR studies on
perconductivity(SC) with the highesfT, among all organic .- (BEDT-TTF),X salts have been conducted using BEDT-
conductors. ~ Although  x-(BEDT-TTF),CUN(CN)2JCl  TTF molecules with doubléC-enriched centrab’c=3C
shows an antiferromagnetié\F) ordered state at ambient -grhont5-18 Due to the strong dipole coupling between the
pressuré, it shows SC under low pressuteThese results  13c=13c nyclei, the spectrum of the two centiaC sites are
suggest that SC in the phase is closely related to the AF gpjit into four linest®1%and the spin-lattice relaxation rates
ordered state and that these salts belong to the class q}ll on each'>C site are mixed. This splitting prevents quan-
strongly correlated electron systems, along with higheu-  itative analysis of eackC site of the BEDT-TTF molecule.
prates. Many theoretical models have been developed fofy gyercome these difficulties, we used BEDT-TTF mol-
strongly correlated electron systefn. ecules with*3C as one of the central carbons, as shown in

As mentioned above, the superconducting phase occurs iBg. 1(a). This enabled us to quantitatively compare our
the vicinity of the AF insulating phase. To investigate elec-N\R results with results from other experiments, e.g., the
tronic states near the SC-AF boundary, it is importantgsin susceptibility,y, obtained from specific-heat experi-
to examine the phase across this boundary. One approap,Ebnts;z
is to apply pressure; alternative approaches are to control There are four magnetically inequivalent molecular orien-
the process of selective deuteration of ethylene groups ightions in the unit cell, and each BEDT-TTF molecule has
the BEDT-TTF or to control the instantaneous cooling yo central carbons as shown in Fighl Thus, eight lines
rate at 80 K° The phase diagram of-phase salts was inves- are observed for an arbitrary field orientation, while only two

tigated under hydrostatic helium gas pressure foljines are observed when a magnetic field is oriented perpen-
k-(BEDT-TTF),CUN(CN),]CL%10 The first-order phase

boundary between the SC and AF phases was described
via 'H-NMR and ac susceptibility. A phase separation in

the SC-AF phase was observed near the phase bound- 58 St , . . :
R o= H,.D, ine A LineB ]
I |

ary21! Nakazawaet all? predicted a reduced mass effect E
near the phase boundary in partially deuterated (a
k-(BEDT-TTFH,CUN(CN),]Br salts based on specific-heat
measurements under a high magnetic field. Electric conduc- P ]
tivity measurements or-(BEDT-TTF),CUN(CN),]CI un- Luu HH ]
der pressuré® and more recently on half-deuterated MM
k-(BEDT-TTF),CUN(CN),|Br salts within the metallic

phase near the phase bounddrypoint to a field-induced ]
metal-resistive state transition. The mechanism of this field- b - R
induced transition and the nature of the resistive state are still

unknown. Thus, a detailed microscopic investigation of what FIG. 1. (Color Onling (a) Molecular structure of single-side
occurs at the phase boundary under high magnetic field i¥C-enriched BEDT-TTF(b) Dimer structure of BEDT-TTF mol-
essential. ecule.(c) NMR spectrum under some field directiofis 300 K.
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dicular to the conducting layer because the four moleculal(2,2) salt, which should be a quarter of that of tt®, 0)
orientations in the unit cell are equivalent. Indeed, as showsalt, had almost the same value. In contrast to the specific-
in Fig. 1(c), we observed eight lines under an arbitrary mag-heat measurement results, no reduced Knight shift and
netic direction, and only two linedabeledA andB) corre-  (T,T)"* measurement results show that the density of states
sponded to the outer and inner sites, respectively, under ia a d[2, 2] salt is not reduced, but rather virtually identical
magnetic field applied perpendicular to the conducting layeto that in ad[0, 0] salt.

at room temperature. What are the differences betweeti2,2] and d[0,0]

To observe the metallic state at low temperatures, we apsalts? As shown in Fig.(d), in thed[2, 2] salt, we found the
plied an external field of 94 kOe perpendicular to the conmew broad NMR linesC and D below 16 K, with a large
ducting layer, in similar fashion to specific-heat experi-ghift of 0.3 and 0.9 MHz, respectively. We plotted the tem-
ments!? The sample was then slowly cooled at a rate ofperature dependence of the intensit¥ of the sum of lines
0.3 K/min, during which time it showed an almost full su- oA and B and the sum of line€ and D in Fig. Ab). The
perconducting volume under a zero or low magnetic feld. intensity of linesA andB began to decrease at around 18 K,

Figure Za) shows the temperature dependence of thejecreasing to about 50% by 5 K. Concurrently, the intensity
shifts of the spectrum on each sit@ll shifts are given in  of ¢ andD increased, compensating for the decrease in the
ppm) relative to tetramethylsilan€TMS). In this paper, we intensity of A andB. These results pointed to the appearance
use the notatiod[n,n] to represent the number of deuterium o 3 new phase and the phase-separation behavior of the
atoms on either side of the ethylene group. The shifts on bothetallic (A and B) and new(C and D) phase. The volume
sides show the same temperature dependence as the spin sy5the new phase increased with decreasing temperature.
ceptibilities of this salt. From th&-y plot [inset of Fig.  To elucidate the large shift in the new phase, we also mea-
2(a)], we estimated the chemical shifts and hyperfine cousyred the NMR spectrum at 58 kOe. If the large shift
pling constants for linesA and B to be 67.9 ppm and stemmed from strong paramagnetism, the shift frequency
2.44 kOefug, and 97.4 ppm and —0.801 kQOed, respec-  would be expected to be proportional to the external field.
tively. However, as shown in Fig.(8), the shift frequency of nei-

The temperature dependence(®{T)™* is shown in Fig.  ther line is proportional to the external field; they show
2(b). (T, T)~* on both sites show the same temperature profilghe same value under 94 kOe. That shift frequency was in-
as the shift. The nuclear relaxation profiles of each site foldependent of external field suggested the emergence of an
low a single exponential function. These results confirm thainternal field originating from a magnetic ordering phase.
we have succeeded in observing the relaxation on each sitehus, these lines suggest the commensurate AF structure,
independently. TheT,T)™ of the d[0,0] salt has a peak as in x-(BEDT-TTF),CUN(CN),]CI Refs. 2 and 20 and
around 45 K and decreases with the depression of the mag~(BEDT-TTF-d[4,4]),CUN(CN),]Br.2l Under the high
netic fluctuation below 4%. In the low-temperature region magnetic field, the ordered moments flopped perpendicular
(T,T)™* shows almost temperature-independent behavior, into external field, and made the internal field parallel to exter-
dicating that, at low temperatures, the function reflects thenal field through the anisotropic hyperfine coupling tensor.
density of state of the metallic state. These results are comxssuming the AF structure predicted by Miyagaefaal.?°
sistent with previoug*C-NMR studiest>19 the lineC is assigned to the outer site, the lideis assigned

Specific-heat measurements revealed thealue of a  to the inner site in the AF phase, and the amplitude of the
d[2,2] salt to be less than half of that ofdf0, 0] salt. Be-  moment is estimated to be 0 per BEDT-TTF dimer.
cause the density of states is proportional to the effective This phase-separation behavior can explain the contradic-
mass, the Knight shiftK) and (T,T) 2 of deuterated salts tion between the results of NMR and specific-heat measure-
were also expected to be reduced compared to those of noments. In the latter, the volume of metallic phase was re-
deuterated salt. However, the shift did not show such a largduced through phase separation under a high magnetic field.
decrease. Moreover, at low temperatures, (fhd)™* of the ~ Macroscopic measurements underestimated the density of
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states. NMR, on the other hand, can detect the AF and me- To confirm the field-induced metal-insulator transition by
tallic phase separately, and the Knight shift and (fign~*  **C-NMR, we also measured the field dependence of the
reflect the density of states in the metallic phase. spectral weight in the metallic phaé& andB). As shown in

In the case ofx-(BEDT-TTF),CUN(CN),]CI salts and Fig. 5, above 50 kOe, the spectral weight in the metallic
rapidly cooledd[4,4]-salts,(T,T)~* shows a divergent peak Phase decreased to low temperatures as it did at 94 kOe.

at Ty and the staggered moments in the ordered state gradfiioWever, the decrease of spectral weight is less than 20%
ally increase fromTy, with decreasing temperatu#él s and we cannot observe the lines from the AF phase at

These results predict a second-order transition. However, &0 kOe.

13,
shown in Fig. &), the moment amplitudes are independent Bfaslgd odn the;resultls OH "Imd C-NMR, thebthresholcécc))f g
of temperature. Moreove(T,T)~" did not show a divergent the field-induced metal-insulator transition is between 30 an

40 kOe. Indeed, the resistivity jump behavior was observed
peak around 18 K. These results suggest that the metal-to
antiferromagnetic transition is first order. Indeed, both of the? around 40 kOe with hysteresis in the field dependence of the

14
temperature and field dependences of the electric conductlves'suvIty measurement performed by Taniguehal:
ity s%owed the hysteresg behavidr, Recently, the phase diagram ®f(BEDT-TTF),X was in-

Our NMR sample was shown to have a superconductin estigated by'H-NMR and resistivity measureménf as

volume fraction of 100% using the SQUID magnetometer asNoWn in Fig. ). Near the boundary, the phase separation
in a previous stud§'? To determine the magnetic fraction

under a low magnetic field, we also measured the temper: . 'H-NMR  H-NMR
ture dependence of tHé1-NMR under a low magnetic field . H=10kOe /'\ H=40kOe
(10 kOe applied normal to the conducting plane. If the ,{ A
commensurate AF transition occurs, we should be able t W-EE"S K o W «WMMWW | T=5 K l\-»\ww
observe 86-100 kHz spectrum splitting as ik-(BEDT a f\

-TTF),CUN(CN),CI] (Refs. 2 and 9with line broadening. ‘ ;

However, as shown in Fig.(d), the 'H-NMR spectrum 1%&#“ ,\»}MMW‘, T=tok XN
showed no splitting and broadening of the spectrum, and th.

value of the intensity< T did not change from 5 to 50 K. Up 15K l\# |

to 30 kOe, we could not observed any splitting or broadenines | ' 7 T=15 K N
of the spectrum. We thus confirmed that the AF transition MMWWWWN 4} ) /
does not occur under a low magnetic field of less thar \
30 kOe. Figure &) shows the temperature dependence of |T=20K T=20 K
the NMR spectrum under 40 kOe. In contrast to the result: ZMJM%MM WMWWUO P - 16 e
under 10 kOe, we observed line splitting at 60 kHz undel Frequency (kHz) 0) Frequency (kHz)

15K as in x-(BEDT-TTF),CUN(CN),]CI. These results

predicted the field-induced metal-insulator transition in a FIG. 4. The temperature dependence of #HHeNMR spectra of
slowly cooledd[2, 2] salt. d[2,2] salt at(a) 10 and(b) 40 kOe.
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FIG. 5. (Color Onling The field dependence of the spectrum attributable to the first-order normal-to-antiferromagnetic
weight in the metallic phaséA andB). transition.

One possible basis for the theoretical prediction of the
of the SC and AF phases was confirmed. The results alsgeld-induced first-order AF insulator phase is the(SGsce-
indicated a phase separation of the Paramagnetic insulat@ario for the unification of magnetism and super-
(Pl) and Paramagnetic meté?M) phases. In out’C-NMR  conductivity®?? The field-induced first-order normal-to-
studies, however, no phase separation of Pl and PM wagntiferromagnetic transition is predicted by the Monte Carlo
observed. The application of a magnetic field generates gimulation by Huet al23 Presently, there are no theoretical
high resistive state with large hysteresis. Thus, the resultfodels which explain the overall features of the
were attributed to the field-induced transition from PM to the«-(BEDT-TTF),X system. However, our findings near the
resistive state shown in Fig(i). Our results also reveal that, phase boundary should contribute to the theoretical develop-
microscopically, this resistive state corresponds to the Afment of this system.
magnetic ordering state, which is the same as in the insulat- |y conclusion, we have performédC-NMR on partially
ing state in the phase diagram. One possible explanation (éfeuterizedK-(BEDT-TTF)ZCL[N(CN)Z]Br, and found evi-
this field-induced metal-insulator transition is that because Ofjence of a field-induced metal-insulator transition for the
the weak ferromagnetism associated with spin cartiti®  g[2 2] salt at the microscopic scale. Our results suggest that
AF state is more stable than the normal metallic state undefys transition is a first-order metal-to-AF insulator transition.
a high magnetic field.

Moreover, it should be noted that the field-induced metal- The authors express their thanks to J. Sasaki and S. Okistu
insulator transition temperature is above the temperature dbr their experimental support. This work was supported in
the SC-AF boundary. As shown in Fig(l®, these results part by a Grant-in-Aid for Scientific Researc¢®rant No.
suggest that there is not only a second-order insulatort4540316 from the Ministry of Education, Culture, Sports,
antiferromagnetic boundary, but also a first-order metal-Science, and Technology of Japan.
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