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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 measureme(ETHMHg(SCN),
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.

Low-dimensional electronic systems characterized by dor example, the molybdenum bronZenplies the need for
quasi-one-dimension&1D) Fermi surface tend to form ei- very high magnetic fields, of the order of 100 tesla or more,
ther a charge-density-wav\€€DW) or a spin-density-wave in order to suppress the CDW ground state via the Zeeman
(SDW) ground state at low temperatures as a consequence efiergy. This limitation has prevented the observation of this
one-dimensional instabiliti€’s> High magnetic fields have field-induced suppression. In this work, we argue that the
proven to be useful to investigate, and even manipulateg-(ET),MHg(SCN), (where M=K, TI, and RbH organic
these ground states, since the effects are quite different faonductors may be tHest compounds whose ground state is
the CDW and the SDW cases. The ZeenfR@aul) energy is  driven towards new DW states under the influencebath
expected to suppress a CDW state because a CDW couplPawuli and orbital effects in available fields.
only bands with the same spin. In a magnetic field it is not The band-structure calculatichsf a-(ET),MHg(SCN),
possible to have the same nesting wave veQofor both  indicate the presence of both closed Q2D and open Q1D
spin-up and spin-down bandsee Ref. B In analogy with  orbits at the Fermi energi. It is generally accepted that
the Pauli effect in superconductdrgshe Zeeman energy, these systems undergo a phase transition from a metallic
,uép(EF)B2 [where p(Eg) is the density of states at the phase to a low-temperature DW staté at a transition tem-
Fermi level, competes with the CDW condensation energy,perature, Tpy, between 8 and 12 K. The onset of this
—p(Eg)A(0)2. The transition temperature is expected to de-second-order transition &y, (Ref. 12 is known to de-
crease with increasing field, and above a certain thresholdrease with increasing field, as would be expected for a
field [=A(0)/ug] a uniform CDW is no longer energeti- CDW transition'® Also, below Tpy and at intermediate
cally favorable. Consequently, a CDW may be suppressed byagnetic field§between 22 and 37 tegldahere are profound
high magnetic fields. In contrast, for a SDW system, thechanges in the magnetoresistance which are indicative of a
nesting property is not affected by the Zeeman term becaudest-order phase transition in the electronic structure at the
a SDW couples spin-up with spin-down states. The nestingo-called “kink transition field,” By . This critical field
condition is actually improved by high magnetic fields due toclearly indicates that a magnetic field has a profound effect
the magnetic-field-induced one-dimensionalization of theon the ground state of these compounds. AbBye Tpw
Q1D electronic orbits. Thus for an imperfectly nested Fermiremains finite(~2 K) (Refs. 13—15 up to fields as high as
surface, the SDW transition temperature can actually in45 tesla'® After nearly a decade, the identity of the low-
crease with increasing magnetic fi€ll The role of orbital —temperature ground state remains a contemporary issue, with
effects on SDW systems has been well established in theonflicting evidence supporting both CDW and SDW
Q1D organic Bechgaard salts. scenarios! There is published experimental data which, at

By using a simple BCS relation, we can obtain a roughfirst glance, seem to support a SDW-like ground state: The
estimate for the critical field necessary to suppress a uniforrmuon spin relaxation £SR) raté! changes belowTpy
CDW: B.=1.765kg/ ugT., Wherekg is the Boltzmann con-  while the magnetic susceptibility is found to be anisotropic
stant,ug is the Bohr magneton, an, is the transition tem-  below the same temperatuf&Nevertheless, no line broad-
perature to the DW state. However, the relatively high tran-ening or line splitting is observed either on the nuclear mag-
sition temperature6=30 K) of most CDW systems, such as, netic resonance or on the electron-spin-resonaftspec-
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FIG. 1. (a) MagnetoresistanceR(B), of an
a-(ET),TIHg(SCN), single crystal as a function
of magnetic fieldB, at T=40 mK, for increasing
field sweeps at several anglésbetweenB and
b* (@ is indicated in the figune (b) Same as in
(a) but for decreasing field sweeps. Dashed line
indicatesBy while the dotted line indicateB,.

In both figures curves are vertically displaced for
clarity.
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trum belowTpy, . The existence of 2D closed orbits, clearly ~ Single crystals ofw-(ET),MHg(SCN), (M is K, TI, or
seen in de Haas—van Alphen measurem&htsin generate Rb) were grown using conventional electrocrystallization
Landau diamagnetism, which could be responsible for théechniques. Transport measurements were made using four-
anisotropy in the magnetic susceptibility. Thus the anisotterminal methods with currents ranging fromu® up to 10
ropy alone cannot be taken as definitive proof for a SDWuA applied perpendicular to the conducting lay&@ng the
ground state. On the other hand, no x-ray or neutronb* axis. Meanwhile, the magnetization measurements were
diffraction data that could support the existence of either gerformed using a phosphor-bronze cantilever magnetome-
CDW or SDW superstructure have thus far been publisheder. Various configurations of cryostats, magnets, and rotat-
Clearly, there is a lack of compelling experimental evidenceng inserts available at the National High Magnetic Field
providing unambiguous support for either of the two DW Laboratory in both Tallahassee and Los Alamos were used in
ground-state scenarios. this investigation.

In this paper we study the angular dependence of the The magnetoresistanc®(B), for a-(ET),TIHg(SCN),
magnetoresistance and magnetization of theas a function of tilted magnetic field, at T=40 mK is
a-(ET),MHg(SCN), system. Our study reveals features, inplotted in Fig. 1. Figures (& and 1b) show the up- and
particular a magnetic-field-induced electronic phase transidown-field sweeps, respectively. At small angles, the famil-
tion, which appear only when the angte defined as the iar behavior of the magnetoresistance as a function of field
angle between the magnetic field and thfe axis, satisfies strength is observed. This includes a rapid rise in resistance
the conditiond= 0.=45°. Furthermore, the kink field which reaches a maximum around 15 tesla, followed by a
displays a nontrivial angular dependence #®=6.. We  drop in resistance which terminates Bg, near 27 tesla
therefore propose 8-60 phase diagram and argue that it (up-sweep or 24 tesla(down-sweep By (indicated in the
appears to be well explained by present theoretical modeligure by a dashed lindgs hysteretic, and is characteristic of
describing the behavior of a CDW under high magnetica magnetic-field-induced first-order change in electronic

fields with competing Pauli and orbital effe¢fs? structure. It is easily identifiable because the amplitude and
(@) 0'860%..._'\' (b) 0""
4\ =90 :

.\

o=88" - / FIG. 2. (a) R(B) for an a-(ET),KHg(SCN),

/o\.‘ /ﬂ single crystal as a function & at T=50 mK for
/_/\\V increasing field sweeps and several values of

(indicated in the figure By is indicated by a

%"’/\"\ dashed line while dotted arrows indica®g. (b)
W R(B) as a function of8, on an amplified scale,
0 \, for a seconde-(ET),KHg(SCN), single crystal
6=68 .
O AN ‘-.\ at T=35 mK and for different values of as
e S m indicated. The line indicateB. . In both figures,
— B A curves are vertically displaced for clarity while in

0.
63 \,
o~(ET),KHg(SCN), 0~(ET),KHg(SCN), \ (a) all curves fore=52° are multiplied by a fac-
T=50 mK T =35mK tor of 5.
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FIG. 3. MagnetizationM, of an «-(ET),KHg(SCN), single
crystal as a function oB at T=500 mK and for four values of.
All curves are displaced vertically while the curveséat 60° and 0.2
67° are multiplied by a factor of By is indicated by a dashed line
while B, is indicated by both dotted line and dotted vertical arrows.
Solid arrows indicate the place Bi; for §=60°. All solid lines are 0.0
for increasing field sweeps. The dotted linedat 67° indicates a
decreasing field sweefB;, also indicated by a dashed line, sug-
gests an additional phase transition.

0 (degrees)

wave form of the Shubnikov—de HadSdH) oscillations FIG. 4. (8) B(6) as well asBy(6), both normalized with re-
change abruptly at this point. For large anglBg, shifts to  spect toBk(6#=0), for each sample shown in Figs. 1 and 2. Solid
higher fields and an additional hysteretic struct{itereafter and opened triangles aiy.(6) andBy(#6), respectively, obtained
termedB,. and indicated in the figure by a dotted l)i®egins  from Fig. 1. Similarly, solid and opened circles were obtained from
to appear. NotablyB, shifts to lower fields with increasing Fig. 2 and othew-(ET),KHg(SCN), samples, while squares cor-
angle. We argue below that boBy and B, are connected respond toBx measured in am-(ET),RbHg(SCN), sample afl

with first-order transitions between sub-phases of the density 3-0 K. The resultingB- 6 phase diagram is composed of three
wave ground state. In retrospect, evidenceBpfhas been regions. Solid lines are guides to the eyes and suggest first-order
observed before, but was mislabeledBa@.zz phase transitions. The dashed lia¢so indicating first ordeiis a fit

To further establish the universal character of these sud® (€ expression foBg,, see the text. Inseflpy from Ref. 9
phases, we _ provde | simiar _resus for _ the TS L e oy e 2 o B
a-(ET)KHg(SCN), compound. Figure(@) plotsR(B) as a the o_sition ofB, in this phase diaprarfsolid trig; Ié$
function of B (for increasing field sweepst T=50 mK for P K P g g
several values ob (4 is indicated in the figurefor a single
crystal ofa-(ET),KHg(SCN),. The values oB. andBy are  higher fields ag) increases above 40°. For fields between
indicated by dotted arrows and a dashed line, respectivelyl.2 and 20 tesla, we observe further structure that is indicated
Both fields display a strong angle dependence, which iy vertical dotted arrows and agrees with valueBgfob-
qualitatively similar to that discussed in Fig. 1. Notice that atserved in Fig. 2. Fo®=67°, both field-up(solid line) and
0#=86°, By is outside the accessible field range. The behavfield-down (dotted ling sweeps are included to show the
ior of B, and B is reproducible and observed in multiple hysteretic behavior of botBy and B.. Although no pro-
samples. In Fig. @), the behavior ofB; is shown on an nounced discontinuities are observedi{B), the hysteretic
amplified scale for yet another crystal, 35 mK and for  behavior points towards f@st-order phase transition at both
values of # between 63° and 90°. For the critical fields. Furthermore, the magnetization reveals addi-
a-(ET),KHg(SCN), compound and fop close to 60°, the tional fine structure aB;, and may indicate the existence of
field position ofBy is ambiguous. This will be the subject of another subphase. As in Figa2, Bk cannot be easily deter-
future efforts. mined for # near 60°.

The thermodynamic nature &y andB., as transitions In Fig. 4, the angular dependence of bdh(6) and
between subphases, was verified by magnetization measurg(6) is plotted fora-(ET),TIHg(SCN), (triangles and for
ments made on a third sample @f(ET),KHg(SCN),. Fig-  «-(ET),KHg(SCN), (circles. The figure also includes
ure 3 shows the magnetizatioll, as a function oB at T Bk () obtained for ana-(ET),RbHg(SCN), single crystal
=0.5 K for several values df. As previously seen in Figs. 1 (squaresat T=23.0 K for fields up to 50 tesl& To enable a
and Za), Bk (indicated by a dashed linenoves towards comparison between all three salts, we have normalized
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B.(#) as well asBg(#) with respect to the compound- plot, additional data points are included from the onset of an
dependentBy(6=0). The result is aB-6 phase diagram abrupt change in slope dR(B) as a function ofT for
containing three distinct regions. The hysteretic phase trarB/B,=1.11° Solid triangles indicate the position & in
sition atBy(6), indicated by a solid line, is identified as a this diagram. As has been previously pointed 3% the
first-order phase transition from the zero-field ground stat@heoreticalT-B phase diagram is remarkably similar to the
(region ) to a distinct high-field phaseegion Il). For angles  diagram shown in the inset of Fig. 4. To further strengthen
larger than~45°, a new phasgegion Ill) emerges between the correlation between theory and experiment, we note that
regions | and Il. The hysteresis in Figs. 1 and 3 associateghe apove expression f@,, may be fitted to the data fd,

with B, indicates that the transition between regions Il andg.gm M=k (see the dashyed line in Fig) with the param-

[l is also first order. The field dependence Bf is very
different from that ofB.. Bk is cusplike nea®=90°.

Recently, the magnetic-field dependence of a Q1D system

with a CDW ground state was studied theoreticRIR} using
a mean-field approach. In this theory, both CDW and SD

correlations were included in an anisotropic 2D Hamiltonian
and studied in the random-phase approximation. An impor

tant parameter of the theory ig=q,/q,=ebvg cost/ug,

defined as the ratio between the orbital and Pauli contribu

tions to the nesting vectdp. The predictions of this model

strongly resemble the experimentally determined phase di

gram of «-(ET),MHg(SCN), , whereM =K, TI, or Rb. In
particular, the theory predictaising the author’s notation
that(i) below a second-order transition temperatdig, the
ground state is a uniform charge density wave CPWii)
above a critical field, there is a first-order transitibft at
B. to a high-field state CD\, which isa hybrid of charge-
and spin-density-wavestates; (i) between CDW and
CDW,, a new phase CDWs stabilized that is dependent on
¢ throughB.,~ B2\/1+0.088;?; and (iv) all subphase tran-

sitions are first order (CDVis expectechot to have SDW

character. We find a close match of the above theory to the

experimental phase diagram af(ET),MHg(SCN),, if we
assignTpy to To and By to By, implying that region |
corresponds to the CDW\state and region Il to the high-field

CDW, phase. In effect, according to Ref. 20, the Pauli effect

should suppress the critical temperaturgy,, from the me-
tallic phase towards region | (CDy\state in proportion to
the square of the magnetic field>?°?'This is evident in the
T-B phase diagram of the-(ET),KHg(SCN), compound
as shown in the inset of Fig. 4. HerEp,, (normalized with
respect to its zero-field valyds plotted as a function of
B/Bk for M=K at #=0° taken from Ref. 9. In the same

etersBY=10.4 tesla and a Fermi velocity:= 1.8x 10° m/s.
This is close to the value from band-structure calculafions
and implies well(but not perfectly nested Q1D Fermi sheets

V\;or the a-(ET),MHg(SCN), salts(whereM =K, TI, or Rb).

In summary, we have closely examined the angular-
dependent magnetoresistance and magnetization in the low-
temperature DW ground state aok-(ET),MHg(SCN),
(whereM =K, Tl, or Rb). We find that the material exhibits
at least three low-temperature electronic subphases, which
re separated by first-order phase boundaries. We argue that
or low fields and tilted angles, the ground state is well rep-
resented by a CDW descriptiofalbeit that no direct evi-
dence for a CDW as opposed to a SDW presently exiBty
0= 0.~=45°, we identify a new structurdB., seen in the
angular dependence of both magnetoresistance and magneti-
zation, as a field-induced phase transition governed by the
competition between orbital and Pauli effects. The appear-
ance of this new phase é¢ displaceBx (given by the Pauli
limit) towards higher values. The-T and B-6 phase dia-
grams are well described by the available models for charge-
density waves in high magnetic fields. This study both sup-
ports theoretical predictions of the complex behavior of
CDW in a magnetic field and clarifies the nature of the
ground state in ther-(ET),MHg(SCN), compounds.
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