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Spin splitting of the de Haas—van AlphédHvA) effect is studied in the quasi-two-dimensional organic
conductora-(BEDT-TTF),KHg(SCN), by means of the magnetic torque method. The magnetic field direction
dependence of the dHVA oscillation amplitude shows that the spin-splitting zero angles change at 23 T, where
the phase transition magnetic field between the low-temperature, low-magnetic-field @higfeeromagnetic
(AF) phasé and the high-magnetic-field phase {Mhasg is. This change implies the increase of the
g(m./mg) value in the AF phase, whergis theg value,m. andm, the cyclotron effective and free electron
masses, respectively. The enhancement of the electron-electron interaction may be the origin of the large
g(m¢/mp) value in the AF phase. This result supports a model which requires a modification of the Lifshitz-
Kosevich formulation in the AF phase in order to evaluate the effective mass and Dingle temperature correctly.
In addition, anomalous structures on the magnetic torque curves are observed in both the AF arid the M
phases. Each structure may correspond to the subsequent phase transitions by changing the magnetic field
direction.[S0163-18209)13921-3

. INTRODUCTION a-(BEDT-TTF),KHg(SCN),, a sharp kink structure of the
magnetoresistance appeé&tsThe kink structure has been

An isostructural family of the organic conductor considered as a phase transition between the AF and P
a-(BEDT-TTF),MHg(XCN),, where BEDT-TTF is bigeth-  phases, that is, the P phase is restored from the AF phase by
ylenedithigtetrathiafulvalene, has been the subject of inten-applying high magnetic field€. Recent experiments in
sive study owing to a variety of the ground statasetals a-(BEDT-TTF),KHg(SCN),, however, point out that the
[X=Se andM=K (Ref. 2 or Tl (Ref. 3], superconductdr  high-magnetic field phase above 23 T is an unknown mag-
(X=S andM=NH,) and antiferromagnetic metdl$X=S  netic metal phase (M phasg which is different than both
andM=K, Tl or Rb). Among them, much attention has beenthe AF and P phasé$!® In the M* phase, the magnetic
focused on the antiferromagnetic metals which have uniquesrque shows hysteresis with sweeping magnetic field and
antiferromagneti¢(AF) phasé state belowT,=8-10 K in  temperaturé®?° From the view point of the FS topology,
zero magnetic field and the magnetic-field-induced succesADMRO measurements show that FS in the' Mhase is
sive phase transitiorfsThe transition from the Pauli para- different than that in the AF phase, and similar to that in the
magnetic phaseP phasgto the AF phase df, is thoughtto P phasé? while SdH and dHVA oscillations have the same
be a spin-density-wavéSDW) transition!® The topology of  main frequency of 670 T in both the AF and*Mphased®7
Fermi surface (FS obtained by the band structure Byt it is noted that the magnitude of higher harmonics of the
calculations in the P phase, which consists of a pair of open-SdH and dHVA oscillations in the ¥ phase is rather re-
planer and closed-cylindricab(orbit) parts, is likely to pos- duced in comparison with that in the AF ph&ié? The
sess a nesting instability for a periodic modulation such as ghange of the effective mass. and/or theg value in the AF
SDW. The Brillouin zone is reconstructed by the new nest-and the M phases has been proposed to explain the change
ing periodicityl® and then the cylindricak orbits are also of the higher harmonics content. In addition, there is a con-
reconstructed to the multiconnected orbit in the extendedroversy aboutm, and Dingle temperatur&, obtained by
Brillouin zone. This reconstructed FS is explained well by SdH and dHvA experimentS. The effective mass in the AF
detailed studies of angle-dependent magnetoresistance osgikhase has been reported to be smaller than that in the M
lations(ADMRO).*~*3Many experiments on Shubnikov—de phase. Recently, it is pointed out that the effective mass in
Haas(SdH) and de Haas—van AlphefuHvA) effects also the AF phase might be underestimattoecause of omitting
support the reconstruction modét* The main oscillation the additional temperature dependent factor to the standard
frequency of 670 T in the AF phase, which is the sameLifshitz-Kosevich (LK) formulation®® The MB gap in the
frequency as thex orbit expected in the P phase, originatesAF phase, which should have a temperature dependence, is
in a magnetic breakdow(MB) orbit on the multiconnected suggested to be the possible origin. In the same way, the
« orbit by the nesting periodicit}? reconsideration of the Dingle temperature is requiretis is

At a high magnetic field of about 23 T in the case of described above, three different phases, the AF, &hd P
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phases, are recognized as the antiferromag(®btV) metal by using a Cernox thermometétake Shore Cryotronics,

in low-temperature, low-magnetic field T, ,H< 23 1), Inc.) which was calibrated by a capacitance thermometer.
unknown magnetic metall(<T,,H> 23 T), and paramag-

netc metal {T>T,) phases, respectively, in i de HAAS —van ALPHEN OSCILLATIONS ON THE
a-(BEDT-TTF),KHg(SCN),. The microscopic electronic MAGNETIC TORQUE

state and parameters such as the effective masg vhtue ] ] o
and so on, in each phase are not yet well known because of Th€ magnetic torque per unit volume is given by the ex-
the complex phase transitions. pressionr=MXH, vahere the magnetization is related to the
In this paper, we present the magnetic field direction desusceptibility tensory as M= yH. The torque in thea-b
pendence of the dHVA oscillation amplitude in both the AFplane is described as
and M* phases ok-(BEDT-TTF,KHg(SCN),, the P phase
of a-(BEDT-TTF),KHg(SeCN,, and also the P phase of
a-(BEDT-TTF),NH,Hg(SCN),, which is measured by the
magnetic torque method. On the basis of the spin-splitting- R
zero (SS2 analysis, the effective mass, and theg value ~ Where x,, and x,, are diagonal elements of. Here, the
are evaluated in each phase. The main finding of this paper @ff-diagonal elements are neglected and the rectangular co-
that thegm, value in the AF phase is larger than that in the Ordinate axes are applied for simplicity. The magnetic oscil-
M* phase ofa-(BEDT-TTF),KHg(SCN),, which is an op- lations of the torque appear through the oscillatiornygf in
posite result Compared with the former expectation_ Th|§he present case. The first harmonic of the oscillation part of
finding suggests that the electron-electron interaction may b#€ torque on the basis of the semiclassical Lifshitz-Kosevich
enhanced in the AF phase because of smaller carrier density:K) theory’*is given by
owing to an opening of the SDW gap. Finally, we will men-
tion about anomalous magnetic torque structures observed in
addition to the dHvVA oscillation. These structures may be
related to the subsequent transitions of the magnetic phases
or the change of spin structure depending on the magnetic-
field orientation.

1 .
T= EHZ(Xaa_ Xbb)Sin 26, @

1dF
Tosc— — m MosH, ()

exg —A(m./mg)Tp/H]
sinfA(m./mg) T/H]

X co§ wg(m¢/mg)/2]sin 27 (F/H—1/2) + /4],
()

M X TEH 12

Il. EXPERIMENT

Single crystals ofa-(BEDT-TTF),MHg(XCN), (M=K

_ 2 _ . .
or NH,, andX=S or Sé were grown by the electrochemical Wherex=2m"mockg/ef = 14.69 T/K,c is the light veloc-
oxidation method:*” The crystals, with a typical size of a IY: Ke the Bolizmann's constant, the Planck’s constang

few mm?x ~0.3 mm, were grown on a platinum anode with is the electrorg value, andT, is the Dingle temperature. The

a constant current of 0,6A. The well developed facet is the €Xtremal cross-sectional aréaf the FS in the plane normal
crystallographica-c plane. to the applied magnetic fielt is obtained in the relation

The magnetic torque was measured with a capacitive carﬁ:(Cﬁ/ZWe)A' In the same way as the magnetic oscilla-

tilever beam torque meter. The capacitor consists of a circiONs With the period of H, it is noted that the oscillation

lar plate (3 mmé) as the moving electrode, which is sus- yvith a period of 1./co§in constant magnetic fie_ld are super-

pended by a narrow bea®.2 mmx4 mm) made of thin imposed on the_sm&Zbackgrou_nd torque curve in the case of

beryllium copper(50 xm), and the sapphire plate with gold the two-dimensional2D) FS with F(6) =F(0°)/cosé. This

film sputtered as the ground plate. The moving electrode anfind of oscillation has the amplitude nodes at the magnetic

the ground plate are surrounded by a small metallic case as {§!d directions where the spin-splitting-zero conditions

used for the capacitive guard. This unit can be rotated(Mc/Mo)=2n+1(n=0,1,2;--) are satisfied. In the case of

smoothly in the magnetic field and at low temperature dowr?D FS, the SSZ’s appear with a period of 1/édsecause the

to about 0.5 K. The typical rotation speed in the presenfndle dependence of the effective mass is expected as

experiment was about 180° per hour. A single crystal wadne(6)=mc(0°)/cosé.

fixed on the moving plate with a small amount of grease. The

capacitance was measured by using a decade capacitance IV. EXPERIMENTAL RESULTS

bridge (General Radio 1615Aand a lock-in-amplifie(PAR

124A). The magnetic torque data presented in this paper

were corrected by subtracting the torque curve in zero mag- Figure 1 shows the magnetic torque curves in a small

netic field and at the same temperature. The curve in zersingle crystal(0.52 mg of «-(BEDT-TTF),KHg(SeCN, at

magnetic field shows a c@sdependence owing to moving of T=0.52 K. Background torque curves show the sitb2hav-

the electrode by the weight of both the sample and the eleder, which is indicated by broken curves. The inset figure

trode, whered is the angle between the magnetic field direc-demonstrates thel? dependence of the torque amplitude of

tion and normal to the capacitive plater thea-c plane of  the sin 2 curves, which are described in Hg). Clear dHVA

the single crystal oscillations are superimposed on the background torque
Magnetic torque measurements were carried out using 36urves, and are periodic in (cés 1. The periodicity in

T hybrid magnet at the High Field Laboratory, IMR, Tohoku (cosé)* results from the cylindrical FS with the cross sec-

University. The temperature in magnetic field was measuretional area corresponding #(0°)=670 T. This observation

A. a-(BEDT-TTF),KHg (SeCN,: Normal metal
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FIG. 1. Magnetic torque curves of FIG. 3. Magnetic torque curves of a-(BEDT-

a-(BEDT-TTF),KHg(SeCN,. The broken curves show the sii2 TTF),KHg(SCN),. The curve at 24 T is measured in thé Mhase
dependence resulting from the anisotropy of the static susceptibilitand other curves are measured in the AF phase.
as described in Ef). The inset demonstrates th& dependence

of the torque amplitude. a-(BEDT-TTF),NH,Hg(SCN), from the slope of the
straight lines. These values are in good agreement with the

is consistent with band structure calculatidasid in good  previous report$>2°

agreement with previous SdtRef. 2 and dHvVA (Ref. 25

measurements. Nodes of the oscillation amplitude are seen at B. a-(BEDT-TTF),KHg (SCN),: AF metal

60=43°,58°,...,122°,137°. Atthese angles, the SSZ condi- . _ .

tions mentioned above are satisfied. The SSZ angles do not Figure 3 shows the magnetic torque curves in a single

change with magnetic field. This is quite reasonable becausgystal of a-(BEDT-TTF),KHg(SCN),. The torque curve at

the gm, value does not depend on the magnitude of the?4 T and in the angle range between (120°) and about
magnetic field in general. 60° (180°) is considered to be measured in thé phase

Figure 2 shows the periodicity of the SSZ angles meafom previous studies on the angle dependence of the mag-
sured ina-(BEDT-TTF),KHg(SeCN, and also in the super- netic phase diagraf{=3° Based on the same consideration,
conductor a-(BEDT-TTF),NH,Hg(SCN),. The linear de- other curves bel_ow 20 T are measu_red in the AF phase. _The
pendence of (co8) ! for 2n+1, wheren is an integer, CUrve at 22 T is expected to be in the boqndary region
represents the two-dimensional angle dependence of tHetween the AF and the Mphases. Characteristic features
effective mass wittm,(#) =m(0°)/cosd. Here we assume which are not observed in the P phase of the normal metal

that the g value does not change much with the angle.@(BEDT-TTF),KHg(SeCN, are seen on the torque
The values of g(m./m,) are obtained as 3.63 CUrves in both the AF and the Mphases. First, slow

in a-(BEDT-TTF),KHg(SeCN, and 4.48 in osc.illatory structures are observed_ in the-~30°
region centered at #=90°, which were not
observed in  a-(BEDT-TTF,KHg(SeCN, and
a-(BEDT-TTF),NH,Hg(SCN),. The angles at which the
structures appear shift with magnetic field and do not follow
possible trial trigonometrical functions such as (€ps,
| tand, and so on. Both features imply that neither ADMRO
4 nor small 2D FS are the possible origin for the structure. We
X=NH,Hg(SCN); 1 shall return to this point later. Secondly, the SSZ angles are
g(my/mg)=4.48 - different in the AF and the M phases, which is the main
experimental finding of this study.

Figure 4 shows the magnetic field dependence of the SSZ
angles plotted in (co8) L. In the AF phase, the SSZ angle
corresponding to the SSZ condition oh2 1=7, a number
| which will be given later in Fig. 5, does not move with
N T magnetic field within our experimental resolution. On the

o+l 10 15 other hand, it is clearly seen that the SSZ angles change at
the phase boundary between the AF and the phases. In

FIG. 2. Integer plots for the spin-spliting-zero anglesdn  addition, the SSZ period in (ca# ! also changes at the
(BEDT-TTF),KHg(SeCN, and @-(BEDT-TTF),NH,HQ(SCN),. phase boundary. Figure 5 shows the integer plot of the SSz

3 ————
a-(BEDT-TTF),X

X=KHg(SeCN),
2 g(m/mg)=3.63

1/cosO
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RRERERNEDEREEE the value in the P phase af-(BEDT-TTF),KHg(SeCNy,.
3 i 0‘_(BEDT_TTF)ZKHg(SCN);_ZM1=11 ] The first point to notice is that the sargém,/m,) value of
| 3.63 is obtained in the K phase of
| 20419 a-(BEDT-TTF),KHg(SCN, and the P phase of
| P a-(BEDT-TTF),KHg(SeCN,. Almost the same value of the
2 | e | effective mass of about 1§, in both phases has been ob-
§2 i on+1=7 | tained on the basis of the LK analysis in the temperature
2n+1=9 __D,,“_"_ ] dependence of the SdH and dHvA oscillation
L o7 ] amplitude®>!"?>The g values in both phases are estimated to
B 2OH1S5 | be about 1.9 from thg(m,/m,) value in the present results
L 1 and the reportedn, values. It is worth noting that thgm,
1 1'0 : -1|5- P R .2.5. S values obtained with independent methods; the SSZ method

and the fitting to the LK formulation, are consistent with
each other. This suggests that no additional temperature-
FIG. 4. Magnetic field dependence of the spin-splitting-zerodependent factor on the dHvA oscillation amplitude is taken
angles of @-(BEDT-TTF),KHg(SCN,. The number (8+1) at into account in these phases, while such an additional factor
each SSZ position is referred to the integer plots of Fig. 5. may become important in the MB orbits in the AF phase of

angles in several magnetic fields. The different slopes of twéye_gﬁls%Z-e-l;;rgél;ggégg\g“mﬁlézhmaennt?;ﬁ é?jnle;ttlgrn has re-

straight lines fitted to the data at 24 T and lower magnetic ; :
fields demonstrate the change of the SSZ periodicity at thgln (Ij\l ?ﬁ( et’ I\\z’rvepgf:ﬁ:i?&?;ﬁﬁg;f%(ggKf mTtr?eeir?]F
- - 4. -

hase boundary between the AF and th& bhases. The S .
g(m /mo)uvalueys obtained from the slopes g?e 363 in theportant point is that the SSZ method and the LK analysis
c .

. . show a different tendency of the enhancement ofgthg or
.M . phase and 4.7 in the A'.: phase. The numben+2) . value below and above the phase transition. In the present
indicated at each SSZ angle in Fig. 4 corresponds to the SS SZ method, they(m,/m,) value (~4.7) obtained in the
condition number of this plot. In the AF phase, SSZ corre- ' c 0 :

. AF phase is larger than that-(3.63) in the M phase. In
sponding to 2+ 1=5 could be expected to appear around . 2 : ;
(Cos6) 11, that is,8~0° or 180°. But the present torque contrast, a smaller effective massi{~1.6my) obtained in

d S .1~ the AF phase than that{1.9m) in the M* phase has been
experiments do not distinguish the node of the OSCIIIatlor}eported on the basis of the LK analysis of the temperature
amplitude around the expected angle because only a few 0a'ependence of the oscillation amplitud&® This discrep-

cillations are observed along these directions. The splitting- : . : -
wave form, however, has been observed in SdH and degnCy may be explained by a model which requires an addi

oscillationg? in the magnetic field perpendicular to the plane (r)]r;zletelrrr trﬁ]irap\tgrehfséo;hznoglseerl‘é;?g? rl;l:gﬁg flrrc])r:]hteh:F
(6~0°). This observation also confirms the reliability of b ‘ P '

SS7 which occurs afi—0° because the enhancement of theMB effect on the multiconnected FS which is reconstructed
higher harmonics in the oscillations takes pl t the SS2) the SDW formation. The MB gap may have a temperature
gner. place at the ependence because this gap is opened by the periodic SDW
angle in general. potential which is temperature dependent. In addition, the
magnitude of the SDW gap, which is expected to-b&0 K,
is comparable to the temperature at which the experiments
We shall discuss thgm. value in the AF and the P are done. The gap would become small effectively due to the
phases ofa-(BEDT-TTF),KHg(SCN), in comparison with thermal excitation near Fermi level. Here, the MB field is
approximated by a polynomial function of; Hyg(T)
=H%s(1—aT+bT?=...). The reduction factdéf Ryg
=exp(~IHyg/H) should be added to the standard LK for-
mulation of Eq.(3), wherel is an integern2, 3, 4,5, 6, . .)
1 corresponding to the numbgt (in Ref. 10, 6, 8, 10, 12(in
24T | ] Ref. 14, ...] of MB points on the MB orbit, respectively.
22T | 4 This simple consideration implies that the effective mass
%% ] m2" and Dingle temperatur@2’ obtained so far by using
| the standard LK analysis in the AF phase are underestimated
and overestimated with respect to the correct values with the
relation of mP=m.(1—laH®zmy/Amy) and TY=T,
+IH‘,\),,Bm0/>\mc, respectively. Here, higher orders of the ex-
o pansion inH,,5(T) are neglected for simplicity. In short, the
0 5 10 15 reasonable effective mass in the AF phase is obtained by the
2n+1 SSZ method, on the other hand, the underestimated value has
FIG. 5. Integer plots for spin-splitting-zero angles in been calculated by inappropriate use of the LK analysis in
a-(BEDT-TTF),KHg(SCN),. The slope of the straight lines, cor- the AF phase.
responding to thg(m,/my) value, are different in the AFL7, 20, Let us then consider the enhancement ofghg value in
22 T) and M* phaseg24 T). the AF phase on the basis of the results obtained by the SSZ

20
H (D)

V. DISCUSSION AND CONCLUSION

| a—(BEDT-TTF),KHg(SCN),

g(my/m()=3.63
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method. Here we present two possible mechanisms. One BF phase within the experimental resolution. Further experi-
the enhancement of the many-body interactions on Igoth ments are necessary to judge the validity of this model.
andm,,?* and another is the exchange interaction between Let us return to the problem on the anomalous torque
the conduction spins through SDW momefftsThe renor-  structures appeared around the magnetic field parallel to the
malization by the electron-electrofEE) and electron- 2D plane. As already mentioned, the structure does not relate
phonon (EP) interactions for the effective mass and the to a FS effect such as ADMRO and dHVA oscillations. It is
value is simplym,=my(1+AER)(1+AEF andg=gs/[(1  worth noting that structures are formed by a reduction from
+BE55) (1+BE5™) 1, whereA,, A, andB, are the coefficients the expected torque value extrapolated from the giouzve.
of the Legendre expansion of the spin-symmetric and spinT his implies that the structures appear owing to the reduction
asymmetric parts, respectively, of the Landau scatterin@f the susceptibility xaa— xpb| in Eq. (1). From this result,
function within the framework of the Landau theory of Fermi We propose a possible model in which the spin structures in
liquids. Herem, is the band mass calculated from a bandthe AF and the M phases change successively at character-
structure andy; is the g value measured by spin resonanceistic angles, because the reduction |gf,,— xpp| in tilted
experiments including spin-orbit coupling but not a many-magnetic fields reminds us of the spin-canting, spin-flipping,
body effect. The combination value g{m./m,), which is ~ and so on. The angles would relate to the magnetic anisot-
obtained experimentally, depends only on the EE interactiofiopy and magnitude of the magnetic field. In fact, Christ
and not on the EP interaction becauseA§f=BEP in gen- et al. reported®*°that a series of torque anomalies and hys-
eral. Thus g(mc/mo):gsmb(1+AEE)/(1+BEE), where teresisin sweeping magnetic fields were observeq at angles
AEE> 0 andBEE<0. This means that the enhancement of thecorresponding to the present torque structures. It is expected
EE interaction would give the larggm, value, although it thaF th_e magnetic phase diagram proposed so far in t_he mag-
is difficult to distinguish the respective magnitude of thenezIC f'e!d perpendicular to the ple_me seems to be valid up to
renormalization on the effective mass and thevalue. It 50°-60° from the perpendllcular direction to the 2D plane. At
seems reasonable to suppose that the EE interaction is eI rger angles,_the phqse diagram may change not only below
hanced in the AF phase. The observed Sdhtl also dHVA 3 T but _also |n'the higher magnetic f|elds..We need furthgr
systematic studies on the torque anomaly in order to obtain

oscillation frequencies in the AF and the*Mphases are the . X . )
same'>1” This means that the carrier number correspondinqgformat'on about the phase diagram and the spin structure in

to the observed orbit is the same in two cases of the close t?:?ngllagnvtgcs{;ﬂ?ﬁarize the present studv as follows. The
orbit in the M* phase and the MB one in the AF phase. On Y, P y .

the other hand, the total number of the carrier is expected t8bservat|on of S5Z in dHvA oscillations not only in the'M

: : hase but also in the AF phase of
be small in the AF phase where the SDW gap is opened oR .
the planer part of FS. The small carrier number in the AF“'(BEDT'TTF)ZKHQ(SC'\D4 enables us to directly compare

phase is also supported by Hall effect experimahhus of thegm, values in two phases. This method has an advan-

the effective EE interaction on the carrier orbiting in the AF tage because it IS not affected by uncertainty in thg evalua-
process ofm, in the AF phase in comparison with the

phase is supposed to be enhanced because of less Screerﬂﬁaanalysis Thegm, value in the AF phase is larger than

effect on the carrier. hat in the M oh The | lue d h
Another possible scenario is the magnetic exchange intefat In the M’ phase. The larggm, value demonstrates the
enhancement of the electron-electron interaction in the AF

action for theg value. This effect has been applied to explain ) i .
a magnetic field dependence of the splitting wave form of th%)hase. A more complex magnetic phas‘? diagram is gxp_ected
SdH and dHvVA oscillation& The result shows that Zeeman TOM gnomalous torque structures in tiited magnetic field.
splitting of Landau levels is modulated by a magnetic ex-The d'ffe“?r.‘ce of the phases may arise from the spin struc-
change interaction. The effectigevalue becomes large and tures modified by tilted magnetic field.

changes with magnetic field ap=g+H/H,, whereHq,
=AE/ug, AE is the positive exchange interaction energy
and ug the Bohr magneton. The origin of the exchange en- This work was carried out at the High Field Laboratory
ergy is expected to be the positive exchange interaction bder Superconducting Materials, IMR, Tohoku University and
tween the SDW moments and Zeeman splitting spins of th@artially supported by a Grant-in-Aid for Scientific Research
conduction carriers. The present SSZ results, however, dbom the Ministry of Education, Science, and Culture of Ja-
not show the visible effect of the exchange interaction bepan. The authors would like to thank Dr. W. Biberacher, Dr.
cause the expected change of thealue with magnetic M. Kartsovnik, and Professor N. Toyota for stimulating dis-
fields is not observed as the change of the SSZ angles in theissions and Professor N. Kobayashi for his encouragement.
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