IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Large magnetic-field-induced Fermi surface changes in alpha -ET2KHg(NCS)4

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1994 J. Phys.: Condens. Matter 6 L155
(http://iopscience.iop.org/0953-8984/6/13/001)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.147
The article was downloaded on 12/05/2010 at 18:00

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/6/13
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.: Condens. Matter 6 (1994) L155-L.162. Printed in the UK

LETTER TO THE EDITOR

Large magnefic-field-induced Fermi surface changes in
a-ET,KHg(NCS),4

J Caulfieldf, J Singletont, P T J Hendrikst}, J A A J Perenboomy,

F L Pratt{, M Doporto}, W Hayest, M Kurmoot{§ and P Day§

1 Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK

1 High Field Magnet Laboratory and Research Institute for Materials, University of Nijmegen,
NL-6525 ED Nijmegen, The Netherlands

§ Royal Institution, 21 Albermarle Street, London W1X 4BS, UK

Received 25 January 1994

Abstract. We report angle-dependent magnetoresistance experiments on the charge-transfer
salt ¢-ET;KHg(NCS)4 using fields of up to 30 T. The data indicate that the widely reported
high-field ‘kink’ observed in the magnetoresistance of the o-ET;MHg(NCS)4 (M = K, T1, Rb)
family of charge-transfer salts represents a transition from an imperfectly nested spin-density
wave ground state, characterized by a quasi-cne-dimensional Fermi surface sheet tilted with
respect to the b*c plane, to a state with a cylindrical two-dimensional Fermi surface.

Charge-transfer salts of the molecule ET (bis(ethylenedithio)tetrathiafulvalene or BEDT-
TTF) have been the subject of intense experimental study since high-quality crystals became
available [1,2]. The simplicity of the band-structures of the ET salts, and the relative
ease with which they may be calculated and measured makes the compounds attractive
systems for studying many fundamental problems [3]. Within this family of materials,
the ¢-ET,MHg(NCS); (M = NH,, K, Tl, Rb) compounds have excited much interest,
as they appear to represent a test of the prerequisites for superconductivity [2]. The
salts are isostructural with a predicted Fermi surface (Fs) consisting of a two-dimensional
(2D} closed hole pocket and a one-dimensional (iD) open electron band [4]. However,
whereas the M = NH; salt is a superconductor with T, ~ 1 K, the salts with M = K,
Tl or Rb are metallic down to < 200 mK [5]. Furthermore, o-ET:NH;Hg(NCS); shows
simple positive magnetoresistance (MR) and Shubnikov—de Haas oscillations {SdHo) with a
periodicity close to that expected from the predicted 2b F$ hole pocket [6], whereas the low-
temperature MR of the M = K, Tl, Rb salts exhibits novel effects such as hysteresis [7-9]
and apparent large spin-splitting [8-11]. However, perhaps the most celebrated features of
the a-EToMHg(NCS), (M = K, Tl, Rb) salts are the onset of antiferromagnetic order at
temperatures Ty ~ 8 — 10 K and the presence below this temperature of a region of sharp
negative MR at fields =~ 22 — 30 T, known as the ‘kink’ [7-12], These phenomena have
been linked to the possible presence of a spin-density wave (SDW} ground state [7-12], with
the kink signalling the destruction of the SDW by the external field [8]. In spite of these
ideas, the low-temperature band-structure and the field-induced changes giving rise to the
kink have remained the subjects of speculation.

In this letter, angle-dependent MR oscillations {AMRO} [13,14] in w-ET,KHg(NCS)4 have
been used to investigate this problem. The AMRO indicate that the low-temperature, low-
magnetic-field band-structure is dominated by a 1D open section of FS inclined at ~ 21°
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to the crystallographic b*c plane; qualitatively similar behaviour has also been recently
observed in o-ET,TIHg(NCS), [10,14]. On raising the magnetic field throngh the kink,
however, the AMRO change in character, indicating that the FS now possesses a 2D closed
section in the form of a distorted warped cylinder. The data therefore give definitive proof
that the kink is the signature of a magnetic-field-induced change in the Fermi surface.

o-ETKHg(NCS), crystals of typical dimensions 1 x 1 x 0.1 mm® were prepared
electrochemically [2,15], and gold wires were attached to both ac platelet faces using
platinura paint. MR measurements were performed with the current in the b* direction
(b* is perpendicular to the conducting ac planes) in He and *He cryostats which allowed
the sample to be rotated about two perpendicular axes in site. The samples were initially
oriented to £1° by x-ray techniques and by measuring the polanzed infrared reflectivity at
room temperature [16]. Standard AC current techniques were used; to avoid sample heating,
the current was kept between 0.1 and 100 pA and care was taken to ensure that the MR
values were neither corrent- nor frequency-dependent. Steady fields were provided by the
hybrid magnets at Nijmegen.
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Figure 1. Mr of an ¢-ET:KHg(NCS)4 crystal at 500 mK; data for both up- and down-sweeps
of the field are shown (some of these data have been previously plotted in [8]). The field is
applied in the b*c plane; labels denote the angle between the field and the 5* axis. Data are
offset for ciarity; the resistance at the origin of each trace is marked on the left axes,

Figure 1 shows the MR of an a-ET,KHg(NCS)4 sample between 16 and 30 T; the field
has been applied at several angles in the b*c plane. The data illustrate many of the MR
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features of the ¢-ET;MHg(NCS}; M = K, Tl, Rb) salts, which may be listed as follows.

(i) There is a region of strong negative MR {the ‘kink’) around 22 T when the field is
parallel to b* [7-11].

(ii} At fields around and below the kink, there is hysteresis in the MR [7-10].

(iii) Above the kink there is one series of SdHo of frequency Bp = 656 % 10 T; below
it, the SdHo are of a similar frequency (Br = 670 £ 5 T) but more complex, exhibiting a
strong second harmonic component at certain angles [7-11]. The frequency of the SdHo is
within a few percent of that expected from the 2D hole pocket predicted by band-structure
calculations. In addition, depending on the sample quality and/or cooling method, an
apparent second series of SdHo has been observed below the kink in o-ETKHg(NCS)4
and «-ET, TIHg(NCS), {8,10].

(iv} The background MR oscillates in size as the sample is tilied in the field [8].

The angular dependence of the MR of o-ET;KHg(NCS),4 at 12 T and 24 T is shown in
detail in figure 2; MR data were recorded whilst the crystal was rotated in the field. The
horizontal axis represents the angle between the field and the b* axis (#), whilst each trace
is labelled with an azimuthal angle ¢ describing the plane of rotation; ¢ = (° represents
rotation about the g axis and increasing values of ¢ represent angular displacement of the
rotation axis in the gc¢ plane towards the ¢ axis; rotation about the ¢ axis corresponds to
¢ ~ 90°. The experiment was performed by first setting ¢; the sample was then rotated at
12 T and 24 T (figures 2(a) and (&)).

In the 12 T data in figure 2(g), a series of AMRO are observed as @ is varied; the minima
in the MR are very sharp and are periodic in tan(9) at each azimuthal angle. However, this
pertodicity varies as a function of ¢, as does the amplitude of the AMRO, which almost
vanish at ¢ = 70°, If the periodicity of the minima, deduced from a plot of minimum index
versus tan{@) (figure 3(a), inset) is plotted as a function of the azimuthal angle ¢, it is seen
to vary as (1.2530.05) /cos(¢ — ¢p), where ¢hg = —21+3° (figure 3(z)); i.e. the maximium
amplitude and minimum periodicity in tan(8) (=1.254-0.05) of the AMRO occurs when the
field rotation plane forms an angle 21 =+ 3° with the 5*c plane.

Qualitatively similar behaviour has been observed in ¢-ET,TIHg(NCS)4, which has been
studied in steady fields of up to 14 T [10,14]; however, in that instance the characteristic
plane of maximum AMRO amplitude was at an angle of 24 + 1° with the b*c plane. The
authors of [10] and [14] argued that the inverse cosine dependence of the AMRO period was
evidence for the existence of a characteristic plane in the electron system, due to a 1D FS
sheet. AMRO in substances containing a 1D FS sheet have been modelled by a number of
authors [10,17], who calculate the velocities of quasi-1D electrons subjected to a magnetic
field, If the field is applied in a general direction, the velocity components perpendicular
to the 1D direction sweep out all possible values and average to zero. However, if the field
is oriented so that the electron’s k vector is along a reciprocal lattice vector, the transverse
velocity takes only a limited set of values [10,17]. Thus, its time-averaged velocity is
non-zero, leading to dips in the MR periodic in tan(6). The periodicity is proportional to
1/cos(¢p — ¢p), dp being the azimuthal angle at which the plane of rotation of the field
is perpendicular to the 1D axis. The F§ of «-ET;KHg(NCS), calculated using the room
temperature crystal parameters does contain a 1D sheet in the »*c plane; however the 1D FS
section indicated by the AMRO is tilted by 21 £ 3° with respect to this.

The authors of [10] and [14] proposed a SDW ground state for -ET, TIHg({NCS)4 with

a wavevector
A C 1
=£—+—+(3——)B )
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Figure 2. AMRO of an a-ET2KHg(NCS)s crystal at 1.5 K for several values of the angle ¢
(see text). Data for 12 T and 24 T are shown in figures 2(a) and (&) respectively. The traces
are offset for clarity. The arrows in figure 2(5) indicate the 20 MR peaks associated with the
high-field phase.

where A, B and C are the reciprocal lattice vectors of the room temperature crystal structure
and n and ¢ are -£1 {10,14], in order to fit their 14 T AMRO data. The action of the proposed
SDW state on the calculated band-structure results in a warped quasi-1D Fs tilted by 26° with
respect to the b*c plane, plus small 2D pockets [14]. It was also suggested that breakdown
orbits between these pockets and the 1D sheets could explain the various SdHo frequencies
observed below the kink [10,14]. In view of the very similar low-field AMRO of the K
and Tl «-phase salts, it is likely that such a SDW state may also be used to explain the
low-temperature, low-field behaviour of a-ET:KHg(NCS)4.

Turning to the AMRO in o-ET;KHg(NCS),4 at 24 T (figure 2(b)), at first sight the data
appear rather similar to those observed at 12 T; indeed, the oscillations for 60° < 8 < 120°
may be fitted by a minimum period in tan(@) of 1.25+0.05 (as at 12 T) and an offset angle
of ¢y = —14 X 4° (figure 3(»)). However, outside this range of 6 the behaviour at 24 T is
decidedly different from that at 12 T. Figure 4 shows the evolution of the AMRO at constant
¢ for varicus fixed fields from 17 T to 25 T. As the field is raised, the sharp MR minima
observed in the angular ranges Q0 < 8 < 60° and 120° < 6 < 180° at low fields vanish and
new extra peaks in the MR appear,

The reason for this apparently complex behaviour may be seen in figure 1; it is due to
the angle dependence of the kink transition. It has been argued that the kink represents a
phase boundary between two different states of the o-ETMHg(NCS),4 salts, and that the
true position of the boundary is marked by the field at which the hysteresis disappears,
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Figure 3. ¢ dependence of the periodicity of the AMRO in figure 2. The inset in figure 3{a) is
a plot of MR minimum index versus tan{9) for three values of ¢. The main figures show fits of
1.25/cos(¢r — ¢fp) to the gradients obtained for 12 T data (part {(a)) and 24 T data (part (&));
gradients are points. The bold curve in the inset in part (b) is the 20 Fs shape deduced for the
high-field phase (see text: horizontal axis paralle] to @ and 3.6 % 10° m~! long); the fine kines
indicate the tangents derived from the 20 AMRO.

denoting the destruction of domain structure due to internal fields [7,9]. Applying this
criterion to the data of figure 1, it will be seen that the end of the hysteretic behaviour
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Figure 4. The evolution of the peaks in the angle-dependent MR of a-ET,KHg(NCS); with
increasing magnetic field. The azimuthal angle is —20°. Note that the sharp MR minima
between 60° < & < 120° persist to 25 T, but that they gradually disappear with increasing field
to be replaced by peaks outside this angular range. The temperature i5 1.5 K,

occurs just below 24 T for angles up to & =~ 57° and then moves to higher fields, It may
therefore be said that the peaks in the MR at 24 T observed in the range 0 < 8 < 60° and
120° < @ < 180° (figure 2(b)) represent phenomena characteristic of the high-field phase
of a-ET,KHg(NCS)s whilst the sharp dips in the MR remaining outside this angular range
(i.e. 60° < & < 120°) are characteristic of the low-field ‘below the kink' phase. As the
field increases further, the peaks associated with the high-field phase persist to higher 8.
This is seen in the data in figure 1, where the MR at 30 T peaks at § =33+ 1°, 59+ 1°
and 704 1° {8].

Whereas the MR minima observed at 12 T for all angles and at 24 T for 60° < & < 120°
exhibit a periodicity in tan(@) with a very marked ¢ dependence (1/cos(¢ — ¢p}), the
positions of the extra peaks in the MR at 24 T have a much weaker dependence on ¢, and
are observable at all azimuthal angles (the peaks are marked by arrows in figure 2(b)). This
suggests that the mechanism responsible for the peaks is quasi-20 and therefore that the
conductivity of the high-field phase of ¢-ET;KHg(WNCS); is dominated by a section of the
FS which is 2D in nature. Peaks in the AMRO of quasi-2D materials have been treated in
several theoretical works (see [13] and {18] and references therein) and are connected with
the vanishing of the ¢lectronic group velocity perpendicular to the 2D layers. The angles 6
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at which the maxima cccur are given by b'kjtan(8;) = w (i F 1/4) + A(g), where the signs
— and + correspond to positive and negative 8; respectively, &’ is the effective interplane
spacing, &y is the maximum Fermi wavevector projection on the plane of rotation of the field
andi = +1,%2...[13]. Here positive { correspond to &; > 0 and negative i to &; < O [13].
The gradient of a plot of tan(f;) against i may thus be used to find one of the dimensions of
the FS, and, if the process is repeated for several pianes of rotation, the complete FS shape
may be mapped out. A{¢) is a function of the plane of rotation of the field, determined by
the inclination of the plane of warping; hence this may also be found [13].

These procedures have been applied to the data shown in figure 2(F), and used to
deduce the FS shape shown in the inset in figure 3(5). The errors in the various radii of
the FS are liable to be guite large (= 15 %), as only two or four MR peaks are observable
at each ¢, corresponding to ;| = &1, £2; at such small values of i the above formula is
least accurate [13]. However, the inset in figure 3(b) does show that the Fs derived from
the raw data is of roughly the correct area to account for the frequency of the SdHo above
the kink (figure 1). As mentioned above, a 2D hole pocket of appreximately this size is
also predicted by the band-structure calculations [4]; however, the calculated hole pocket is
almost circular in cross-section, whereas the F$ derived from the data in this work appears
to be elongated in the ¢ direction, and tilted away from the ¢ axis.

In summary, the AMRO data presented in this paper indicate unambiguously that a
profound change in band-structure occurs at the MR kink in the o-EToMHg(NCS)y M =
K, Tl, Rb) family of charge-transfer salts. The low-ficld phase of o-ET;KHg(NCS), appears
to have a F5 which is quasi-1D in character and tilted at an angle =~ 21° to the b*¢ plane;
this is almost certainly due to the existence of a SDW ground state. The high-field phase is
characterized by AMRO which are quasi-2D in nature, and which indicate a closed cylindrical
FS.
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should like to thank Dennis Rawlings, Hung van Luong, Lijnis Nelissen and Jos Rook
for their expert technical assistance, Mark Karisovnik and Alexey Kovalev for access
to unpublished data and their many stimulating comments, and Klaas van Hulst for his
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Note added in proof. A very recent paper supporting the conclusions in this letier has just come to our notice [19].
The authors observe aMRO at fields =~ 14 T as a sample of ¢-EToKHg{INCS); is raised in temperature through the
magnetic ordering transition at 8 K. As the sample passes from the low-tfernperature to the high-temperature phase,
the AMRO change in character, indicating that the Fermi surface has changed from predominantly one dimensional
to predominantly two dimensional in form. This supports our suggestion that the low-temperature Fermi surface
of @-EToKHg(NCS), at fields above the ‘kink’ is similar to that at temperatures above the magnetic ordering
transition.
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