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Competition between Pauli and orbital effects in a charge-density-wave system
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We present angular-dependent magnetotransport and magnetization measurements ona-(ET)2MHg(SCN)4
compounds at high magnetic fields and low temperatures. We find that the low-temperature ground state
undergoes two subsequent field-induced density-wave-type phase transitions above a critical angle of the
magnetic field with respect to the crystallographic axes. This new phase diagram may be qualitatively de-
scribed assuming a charge-density-wave ground state which undergoes field-induced transitions due to the
interplay of Pauli and orbital effects.
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Low-dimensional electronic systems characterized b
quasi-one-dimensional~Q1D! Fermi surface tend to form ei
ther a charge-density-wave~CDW! or a spin-density-wave
~SDW! ground state at low temperatures as a consequenc
one-dimensional instabilities.1,2 High magnetic fields have
proven to be useful to investigate, and even manipul
these ground states, since the effects are quite differen
the CDW and the SDW cases. The Zeeman~Pauli! energy is
expected to suppress a CDW state because a CDW cou
only bands with the same spin. In a magnetic field it is n
possible to have the same nesting wave vectorQ for both
spin-up and spin-down bands~see Ref. 3!. In analogy with
the Pauli effect in superconductors,4 the Zeeman energy
mB

2r(EF)B
2 @where r(EF) is the density of states at th

Fermi level#, competes with the CDW condensation ener
2r(EF)D(0)2. The transition temperature is expected to d
crease with increasing field, and above a certain thresh
field @.D(0)/mB# a uniform CDW is no longer energet
cally favorable. Consequently, a CDW may be suppresse
high magnetic fields. In contrast, for a SDW system,
nesting property is not affected by the Zeeman term beca
a SDW couples spin-up with spin-down states. The nes
condition is actually improved by high magnetic fields due
the magnetic-field-induced one-dimensionalization of
Q1D electronic orbits. Thus for an imperfectly nested Fer
surface, the SDW transition temperature can actually
crease with increasing magnetic field.5,6 The role of orbital
effects on SDW systems has been well established in
Q1D organic Bechgaard salts.7

By using a simple BCS relation, we can obtain a rou
estimate for the critical field necessary to suppress a unif
CDW: Bc51.765kB /mBTc , wherekB is the Boltzmann con-
stant,mB is the Bohr magneton, andTc is the transition tem-
perature to the DW state. However, the relatively high tr
sition temperatures~>30 K! of most CDW systems, such a
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for example, the molybdenum bronzes,2 implies the need for
very high magnetic fields, of the order of 100 tesla or mo
in order to suppress the CDW ground state via the Zeem
energy. This limitation has prevented the observation of t
field-induced suppression. In this work, we argue that
a-(ET)2MHg(SCN)4 ~where M5K, Tl, and Rb! organic
conductors may be thefirst compounds whose ground state
driven towards new DW states under the influence ofboth
Pauli and orbital effects in available fields.

The band-structure calculations8 of a-(ET)2MHg(SCN)4
indicate the presence of both closed Q2D and open Q
orbits at the Fermi energyEF . It is generally accepted tha
these systems undergo a phase transition from a met
phase to a low-temperature DW state9–11 at a transition tem-
perature,TDW , between 8 and 12 K. The onset of th
second-order transition atTDW ~Ref. 12! is known to de-
crease with increasing field, as would be expected fo
CDW transition.13 Also, below TDW and at intermediate
magnetic fields~between 22 and 37 tesla!, there are profound
changes in the magnetoresistance which are indicative
first-order phase transition in the electronic structure at
so-called ‘‘kink transition field,’’ BK . This critical field
clearly indicates that a magnetic field has a profound eff
on the ground state of these compounds. AboveBK , TDW
remains finite~;2 K! ~Refs. 13–15! up to fields as high as
45 tesla.16 After nearly a decade, the identity of the low
temperature ground state remains a contemporary issue,
conflicting evidence supporting both CDW and SD
scenarios.17 There is published experimental data which,
first glance, seem to support a SDW-like ground state: T
muon spin relaxation (mSR) rate11 changes belowTDW
while the magnetic susceptibility is found to be anisotrop
below the same temperature.10 Nevertheless, no line broad
ening or line splitting is observed either on the nuclear m
netic resonance15 or on the electron-spin-resonance18 spec-
10 008 ©2000 The American Physical Society
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FIG. 1. ~a! Magnetoresistance,R(B), of an
a-(ET)2TlHg(SCN)4 single crystal as a function
of magnetic fieldB, at T540 mK, for increasing
field sweeps at several anglesu betweenB and
b* (u is indicated in the figure!. ~b! Same as in
~a! but for decreasing field sweeps. Dashed li
indicatesBK while the dotted line indicatesBc .
In both figures curves are vertically displaced f
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trum belowTDW . The existence of 2D closed orbits, clear
seen in de Haas–van Alphen measurements,19 can generate
Landau diamagnetism, which could be responsible for
anisotropy in the magnetic susceptibility. Thus the anis
ropy alone cannot be taken as definitive proof for a SD
ground state. On the other hand, no x-ray or neutr
diffraction data that could support the existence of eithe
CDW or SDW superstructure have thus far been publish
Clearly, there is a lack of compelling experimental eviden
providing unambiguous support for either of the two D
ground-state scenarios.

In this paper we study the angular dependence of
magnetoresistance and magnetization of
a-(ET)2MHg(SCN)4 system. Our study reveals features,
particular a magnetic-field-induced electronic phase tra
tion, which appear only when the angleu, defined as the
angle between the magnetic field and theb* axis, satisfies
the conditionu5uc>45°. Furthermore, the kink field,BK ,
displays a nontrivial angular dependence foru>uc . We
therefore propose aB-u phase diagram and argue that
appears to be well explained by present theoretical mo
describing the behavior of a CDW under high magne
fields with competing Pauli and orbital effects.20,21
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Single crystals ofa-(ET)2MHg(SCN)4 (M is K, Tl, or
Rb! were grown using conventional electrocrystallizati
techniques.7 Transport measurements were made using fo
terminal methods with currents ranging from 1mA up to 10
mA applied perpendicular to the conducting layers~along the
b* axis!. Meanwhile, the magnetization measurements w
performed using a phosphor-bronze cantilever magneto
ter. Various configurations of cryostats, magnets, and ro
ing inserts available at the National High Magnetic Fie
Laboratory in both Tallahassee and Los Alamos were use
this investigation.

The magnetoresistance,R(B), for a-(ET)2TlHg(SCN)4
as a function of tilted magnetic field,B, at T.40 mK is
plotted in Fig. 1. Figures 1~a! and 1~b! show the up- and
down-field sweeps, respectively. At small angles, the fam
iar behavior of the magnetoresistance as a function of fi
strength is observed. This includes a rapid rise in resista
which reaches a maximum around 15 tesla, followed b
drop in resistance which terminates atBK , near 27 tesla
~up-sweep! or 24 tesla~down-sweep!. BK ~indicated in the
figure by a dashed line! is hysteretic, and is characteristic o
a magnetic-field-induced first-order change in electro
structure. It is easily identifiable because the amplitude
f

,

n

FIG. 2. ~a! R(B) for ana-(ET)2KHg(SCN)4
single crystal as a function ofB at T550 mK for
increasing field sweeps and several values ou
~indicated in the figure!. BK is indicated by a
dashed line while dotted arrows indicateBc . ~b!
R(B) as a function ofB, on an amplified scale
for a seconda-(ET)2KHg(SCN)4 single crystal
at T535 mK and for different values ofu as
indicated. The line indicatesBc . In both figures,
curves are vertically displaced for clarity while i
~a! all curves foru>52° are multiplied by a fac-
tor of 5.
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wave form of the Shubnikov–de Haas~SdH! oscillations
change abruptly at this point. For large angles,BK shifts to
higher fields and an additional hysteretic structure~hereafter
termedBc and indicated in the figure by a dotted line! begins
to appear. Notably,Bc shifts to lower fields with increasing
angle. We argue below that bothBK and Bc are connected
with first-order transitions between sub-phases of the den
wave ground state. In retrospect, evidence ofBc has been
observed before, but was mislabeled asBK .22

To further establish the universal character of these s
phases, we provide similar results for th
a-(ET)2KHg(SCN)4 compound. Figure 2~a! plotsR(B) as a
function of B ~for increasing field sweeps! at T.50 mK for
several values ofu (u is indicated in the figure! for a single
crystal ofa-(ET)2KHg(SCN)4. The values ofBc andBK are
indicated by dotted arrows and a dashed line, respectiv
Both fields display a strong angle dependence, which
qualitatively similar to that discussed in Fig. 1. Notice that
u586°, BK is outside the accessible field range. The beh
ior of Bc and BK is reproducible and observed in multip
samples. In Fig. 2~b!, the behavior ofBc is shown on an
amplified scale for yet another crystal, atT535 mK and for
values of u between 63° and 90°. For th
a-(ET)2KHg(SCN)4 compound and foru close to 60°, the
field position ofBK is ambiguous. This will be the subject o
future efforts.

The thermodynamic nature ofBK and Bc , as transitions
between subphases, was verified by magnetization mea
ments made on a third sample ofa-(ET)2KHg(SCN)4. Fig-
ure 3 shows the magnetization,M, as a function ofB at T
50.5 K for several values ofu. As previously seen in Figs. 1
and 2~a!, BK ~indicated by a dashed line! moves towards

FIG. 3. Magnetization,M, of an a-(ET)2KHg(SCN)4 single
crystal as a function ofB at T.500 mK and for four values ofu.
All curves are displaced vertically while the curves atu560° and
67° are multiplied by a factor of 5.BK is indicated by a dashed lin
while Bc is indicated by both dotted line and dotted vertical arrow
Solid arrows indicate the place ofBK for u560°. All solid lines are
for increasing field sweeps. The dotted line atu567° indicates a
decreasing field sweep.Bc8 , also indicated by a dashed line, su
gests an additional phase transition.
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higher fields asu increases above;40°. For fields between
12 and 20 tesla, we observe further structure that is indica
by vertical dotted arrows and agrees with values ofBc ob-
served in Fig. 2. Foru567°, both field-up~solid line! and
field-down ~dotted line! sweeps are included to show th
hysteretic behavior of bothBK and Bc . Although no pro-
nounced discontinuities are observed inM (B), the hysteretic
behavior points towards afirst-order phase transition at bot
critical fields. Furthermore, the magnetization reveals ad
tional fine structure atBc8 and may indicate the existence o
another subphase. As in Fig. 2~a!, BK cannot be easily deter
mined foru near 60°.

In Fig. 4, the angular dependence of bothBc(u) and
BK(u) is plotted fora-(ET)2TlHg(SCN)4 ~triangles! and for
a-(ET)2KHg(SCN)4 ~circles!. The figure also includes
BK(u) obtained for ana-(ET)2RbHg(SCN)4 single crystal
~squares! at T53.0 K for fields up to 50 tesla.23 To enable a
comparison between all three salts, we have normali

.

FIG. 4. ~a! Bc(u) as well asBK(u), both normalized with re-
spect toBK(u50), for each sample shown in Figs. 1 and 2. So
and opened triangles areBc(u) and BK(u), respectively, obtained
from Fig. 1. Similarly, solid and opened circles were obtained fro
Fig. 2 and othera-(ET)2KHg(SCN)4 samples, while squares cor
respond toBK measured in ana-(ET)2RbHg(SCN)4 sample atT
53.0 K. The resultingB-u phase diagram is composed of thre
regions. Solid lines are guides to the eyes and suggest first-o
phase transitions. The dashed line~also indicating first order! is a fit
to the expression forBcy , see the text. Inset:TDW from Ref. 9
normalized with respect toTDW at zero field, as a function ofB/BK

for M5K ~circles!. We added new points forB/BK>1.1 as well as
the position ofBK in this phase diagram~solid triangles!.
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Bc(u) as well asBK(u) with respect to the compound
dependentBK(u50). The result is aB-u phase diagram
containing three distinct regions. The hysteretic phase t
sition at BK(u), indicated by a solid line, is identified as
first-order phase transition from the zero-field ground st
~region I! to a distinct high-field phase~region II!. For angles
larger than;45°, a new phase~region III! emerges between
regions I and II. The hysteresis in Figs. 1 and 3 associa
with Bc indicates that the transition between regions II a
III is also first order. The field dependence ofBK is very
different from that ofBc . BK is cusplike nearu590°.

Recently, the magnetic-field dependence of a Q1D sys
with a CDW ground state was studied theoretically20,21using
a mean-field approach. In this theory, both CDW and SD
correlations were included in an anisotropic 2D Hamilton
and studied in the random-phase approximation. An imp
tant parameter of the theory ish[q0 /qp5ebvF cosu/mB ,
defined as the ratio between the orbital and Pauli contr
tions to the nesting vectorQ. The predictions of this mode
strongly resemble the experimentally determined phase
gram ofa-(ET)2MHg(SCN)4 , whereM5K, Tl, or Rb. In
particular, the theory predicts~using the author’s notation!
that ~i! below a second-order transition temperature,Tc0, the
ground state is a uniform charge density wave CDW0; ~ii !
above a critical field, there is a first-order transition20,21 at
Bcx to a high-field state CDWx , which isa hybrid of charge-
and spin-density-wavestates; ~iii ! between CDW0 and
CDWx , a new phase CDWy is stabilized that is dependent o
u throughBcy'Bc

0A110.088h2; and~iv! all subphase tran
sitions are first order (CDWy is expectednot to have SDW
character!. We find a close match of the above theory to t
experimental phase diagram ofa-(ET)2MHg(SCN)4, if we
assignTDW to Tc0 and BK to Bcx, implying that region I
corresponds to the CDW0 state and region II to the high-fiel
CDWx phase. In effect, according to Ref. 20, the Pauli eff
should suppress the critical temperature,TDW , from the me-
tallic phase towards region I (CDW0 state! in proportion to
the square of the magnetic field.3,13,20,21This is evident in the
T-B phase diagram of thea-(ET)2KHg(SCN)4 compound
as shown in the inset of Fig. 4. Here,TDW ~normalized with
respect to its zero-field value! is plotted as a function o
B/BK for M5K at u50° taken from Ref. 9. In the sam
re

-

-

n-

e

d
d

m

r-

-

a-

t

plot, additional data points are included from the onset of
abrupt change in slope ofR(B) as a function ofT for
B/BK>1.1.16 Solid triangles indicate the position ofBK in
this diagram. As has been previously pointed out,3,20,21 the
theoreticalT-B phase diagram is remarkably similar to th
diagram shown in the inset of Fig. 4. To further strength
the correlation between theory and experiment, we note
the above expression forBcy may be fitted to the data forBc

from M5K ~see the dashed line in Fig. 4! with the param-
etersBc

0.10.4 tesla and a Fermi velocityvF51.83105 m/s.
This is close to the value from band-structure calculatio8

and implies well~but not perfectly! nested Q1D Fermi sheet
for thea-(ET)2MHg(SCN)4 salts~whereM5K, Tl, or Rb!.

In summary, we have closely examined the angul
dependent magnetoresistance and magnetization in the
temperature DW ground state ofa-(ET)2MHg(SCN)4
~whereM5K, Tl, or Rb!. We find that the material exhibits
at least three low-temperature electronic subphases, w
are separated by first-order phase boundaries. We argue
for low fields and tilted angles, the ground state is well re
resented by a CDW description~albeit that no direct evi-
dence for a CDW as opposed to a SDW presently exists!. For
u>uc.45°, we identify a new structure,Bc , seen in the
angular dependence of both magnetoresistance and mag
zation, as a field-induced phase transition governed by
competition between orbital and Pauli effects. The appe
ance of this new phase atuc displacesBK ~given by the Pauli
limit ! towards higher values. TheB-T and B-u phase dia-
grams are well described by the available models for cha
density waves in high magnetic fields. This study both s
ports theoretical predictions of the complex behavior
CDW in a magnetic field and clarifies the nature of t
ground state in thea-(ET)2MHg(SCN)4 compounds.
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