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Suppression of a charge-density-wave ground state in high magnetic fields: Spin and orbital
mechanisms
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The charge density wav€€DW) transition temperature in the quasi-one-dimensid@dlD) organic mate-
rial (PeryAu(mnt), is relatively low (Tcpw~ 12 K). Hence in a mean field BCS model, the CDW state should
be completely suppressed in magnetic fields of order 30—40 T. To explore this possibility, the magnetoresis-
tance of (PenAu(mnt), was investigated in magnetic fields to 45 T for 0.5K<12 K. For fields directed
along the Q1D molecular stacking directiofigpy decreases with field, terminating at abouB87 T for
temperatures approaching zero. Results for this field orientation are in general agreement with theoretical
predictions, including the field dependence of the magnetoresistance and the enedyygapHowever, for
fields tilted away from the stacking direction, orbital effects arise above 15 T that may be related to the return
of un-nested Fermi surface sections that develop as the CDW state is suppressed. These findings are consistent
with expectations that Q1D metallic behavior will return outside the CDW phase boundary.
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INTRODUCTION magnetic field dependence of the CDW gapspw, should

follow a BCS-like behavior. These predictions were tested to

The effects of magnetic fields on the charge density wavg T on the CDW system TTF-TCNQ, but since the CDW
ground state have been a long-standing area of interest. Wansition temperature was relatively high52  K),

general, for increa_sing fiel_ds, the Zeeman_ _split_ting Of.theMBB/kTCDW was only about 0.1, and the changes in the MR
bands at the Fermi level will reduce the pairing interaction,,are limited to a few percent.

This eventually leads to a non-condensate, metallic state
where the energy gap is driven to zero. The similarity be
tween the BCS and charge density wai@DW) ground
states was considered by Dieterich and Fdldo predicted

a field dependence of the CDW transition

More recently, a class of organic metals, (B&tmnt),
‘(perylene-metal-maleonitriledithiolate = Au, Pt, Pd, Ni,
Cu, Co, Fé (Ref. 3 have been shown to be CDW systems,
based on diffuse x-ray studfesnd non-linear transport
measurements® These highly anisotropic materials consist
ATcow y( pgB |2 of nearly isolgted chains of perylene molecules along the
T—(O): Z(kT—(O)) , 1 most conductlng)_ axis. Hence the Fermi surfac_e shoulql be,
cow cow to a good approximation, two parallel sheets with Fermi mo-

where the relevant variable is tfB#Tcpy ratio. The prefac- mentum in theb-axis direction. ForM=Au, there is no

tor y generally is of order 1, and will depend on spin-orbit magnetic moment in thil (mnt), anion structure. Therefore,
interactions in tilted magnetic fields away from the chainthis system is close to an ideal Peierls system. The crystal
direction. This theory was extended to predict the nature oftructure of (PepM(mnt), is presented in Fig. 1. The con-
the magnetoresistand@IR) in the CDW state by Tiedje ducting chains of perylene alternate in the-plane with

et al,> who showed that, foT <Tcpyw, chains of anions in such a way that each stack of anions is
surrounded by six stacks of perylene and each perylene stack
Ap 1(pugB)\? wgB\? has three stacks of perylene and three stacks of anions as

7: T2l kT KT @ nearest neighborsThe alternating packing pattern of donor

and acceptor chains is such that there does not appear to be
The main effect of the field is to increase the number ofany well defined quasi-two dimension@2D) “conducting
carriers as the spin-up band moves down and the gap delanes” as there is, for instance, in the Q1D Bechgaard salts
creases. FoM>Tqpy, outside the range of fluctuations, or in «a-(BEDT-TTF),KHg(SCN), which exhibits both
there should be no MR for a one-dimensional system in thelosed orbit oscillations and density wave transitidRdhe
normal metallic state. It was also shown in Ref. 2 that thepresence of hydrogen atoms in the periphery of the perylene
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FIG. 1. (Color online Crystallographic projection of
(PerpyM(mnt), along the peryleneb-axis stacking direction
(Ref. 9. 10

20 30 40 20
Magnetic Field (T)
molecules, which have no contribution to the highest occu- o _ _
pied molecular orbitalHOMO), render the electronic inter- ~_ FIG. 2. Magnetic field orientation dependence of the MR of
actions mediated by the interchain contacts ineffective andPerzAu(mni), at 0.45 K for different samples and sample con-
the system is expected to behave as a one—dimensional syglrations. The MR data are normalized to #e-11.5T ando
tem. =0° orientation values(a), (b), and(c): polar (6) rotation of field

R band lculati h he el . B with respect to thé axis in different undetermined azimuth@)
ecent band structure caiculations show the electronic aTh-a(c) planes(d) Azimuthal () rotation in thea(c) plane for field

isotropy of (PernjAu(mnt), to be approximately 750:10:1 g perpendicular to thé axis. Note that the MR is largest for the
for t, :t, :t, respectively® For the perylene chains, the intra- B¢ orientation(see the test The upper critical field for the CDW-
chain bandwidttty, is of order 149 meV, the interchain band- metal transitionBcpy is defined by the intersection of the CDW
width in the a-axis directiont, is of order 2 meV, and the and metallic MR slopes as shown {g). Angles not specifically
interchain bandwidth in the-axis directiont, is of order 0.2  noted are as follows(@) and(b) 6=0°, 13°, 27°, 41°, 55°, 69°,
meV or less. The largest interchain bandwidéhakis) is an ~ 83°, and 90°(d) ¢=0°, 17.5°, 35°, 52.5°, 70°, and 87.5°, where
order of magnitude less than it is in typical Q1D metals sucih€ Blla orientation is¢=0.

as the Bechgaard sdlté~22 meV). Although the full con-

ductivity anisotropy is difficult to obtain due to the small size EXPERIMENT

of the M=Au samples(particularly o), isostructural crys- The (Per)M(mnt), materials used in this investigation
tals of the (PenM (mnt), series were large enough to apply were grown using electrocrystallization techniques described
the Montgomery method to determine the b-a conductivitypreviously** For each sample, the ac magnetoresistance
anisotropy,op,/ oy~ 10°.1 (MR) was measured along theaxis using a standard four-
Of major relevance to the work presented here is thaterminal configuration of 1@m Au wires attached with car-
Tcepw in these materials approaches the lowest value yet obbon paste. Two samples were measured in dc magnetic fields
served for a CDW transitioffor M=Au, Tepw~12 K, M to 33 T (hereafterS; andS,), and four other samples were
=Pt, andTcpw~8 K), and with contemporary high mag- measured in higher fields to 42 T5{-Ss). Samples 1-5
netic field facilities, the rangggB/kTepw™1 is accessible. Were placed on a rotator probe in®#e cryostat system,
Our work follows previous wor*3to 18 T, whereT¢p,y  Where theb axis of the samples, and also the field direction,
was suppressed by 15%BI(b andB.L b) for (Per),Au(mnt), ~ Were normal to the rotation axis. In the present notation, for
and by approximately 35%B(Ib) and 50% BLb) in the 0=0°, the field was along thé-axis (chain direction
anisotropic results for (Pesfpt(mnt),. The purpose of the (BlIb), and for¢=90° the field was perpendicular to the
present work, therefore, has been to test our present undéiXis (BLb). SampleSg was placed with thé-axis parallel
standing of the effects of high magnetic fields on a cpwto the axis of rotat|on_, so that the f|eld Was-tllted in the
system for the full range of magnetic fields and temperatur@C-Plane and perpendicular to theaxis. The sizes of the
within which the CDW state is bound. We find that for a Needle crystals were of ordepd.05<0.02 mni where the
magnetic field parallel to the one-dimensional stacking direclong axis is the crystallographie axis.
tion, the results closely follow the theoretical predictions,
with an upper critical field above 30 T for temperatures ap- RESULTS
proaching zero. However, for field components perpendicu-
lar to the stacking direction, we find that the suppression of The magnetic field dependence of the magnetoresistance
the CDW is anisotropic, and at high fields evidence for anof four samples of (PegAu(mnt), are shown in Fig. 2 as a
un-gapped Q1D Fermi surface appear. function of field direction at 0.45 K.(The data were
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taken in the National High Magnetic Field Laboratory hybrid 10°F )8,
magnet where the superconducting outsert is maintained at B//b (6 = 0°)
11.5 T. Hence, lower fields were not accessible during these 10tk 42T
experiments.For measurements with the applied field paral- T
lel to the chain axis §=0°) the resistance is observed to 10°F T
decrease monotonically by several orders of magnitude, and 3

approaches an asymptotic value above 32 T. We have defined 0°F %

Bcpw as the intersection of the two slopes in the MR data 4 ﬂfﬂg\;‘ -
(decreasing and asymptatias shown in the figure. Above 10 | comeerions™ O ILST.
Bcpw., the MR forBllb appears to vanish in a manner con- 10°F DEN

sistent with a purely one-dimensional conductor. As the field
is tilted towards theB1 b direction[Figs. 2a)—2(c)], Bepw
increases, and the asymptotic resistance also increases. In all
cases, in tilted fields additional structure appears in the MR
(~20-30T) and at the highest fields the resistance shows
an upturn above 35 T. The overall behavior of the field de-
pendence of the first three samples in Fig. 2 is similar, in-

Conductance (1/Q)
=)

» 37T

cluding the high field angular dependence of the asymptotic 10™ Fring™” S N o
resistancdi.e., a MR upturn above 35)TIn the case where jcorrections | * g 0ST
the field was rotated in thec plane[Fig. 2(d) for BLb], the A ass
MR continues to be highly anisotropic. With the field applied 10°F w
parallel to thea axis Ap/p follows similar behavior to the i i
Blib-axis orientation. When the field is rotated n&ilc-axis 10%F 2T,30°
orbital effects raise the high field MR by approximately 50%. : 42T, 62°

The activated behavior of the conductaritaken as the AL
inverse of theb-axis resistandevs inverse temperature for 10°
different field values and field orientations is shown in Figs. i a0
3(a) and 3b) for sampleS,, and in Fig. 3c) for sampleSs. Q. SR N I S . E——
We note that in the Fl)owéltemperaturg limit, the sa?np?g con- 000204 06 08 10 12

ductance deviates from the expecieglexp(— A/2kT) acti- Inverse Temperature (1/K)
vated behavior. Several competing factors may be involved FIG. 3. Arheni ot ¢ duct ! of
nlucing Joie heating, a depiming of the COW, and 1o, [1%, 5 Ahers P o1 conee B of
sidual conductivity due to unnested Fermi surface sectioné. erpAu 2 . emperatu . gnet :

. . Values and sample orientations. Dashed lines are for the high resis-
For the highest resistance datB<(25T) for sampleS,

h 10 LA d h lied imole li tance (low conductance—less than 1?)1/0) data corrected for
where " was used, we have applied a simpie finear heating effect¢a) SampleS,:Bllb (field parallel to the stack-
Joule heating modgllV =k4(Ts—Tg)] to account for the

. - . ing axig. (b) SampleS,:BL b (field perpendicular to the stacking
difference in the sample temperatufg) with respect to the  5yiq () SampleSs: Data at 42T vs angle where 0° indicate&ib
helium bath temperaturd (). The effective thermal conduc- zngq 90=B b.

tivity (keg~3 uW/K) is between the sample and tHele

exchange gas. The conductance plotted against the computednductivity, and its temperature and field dependence, arises
sample temperaturds is shown for the low field B from the restoration of the Fermi surface at higher fields as
<25T) data(dashed curvgsand the Arrhenius behavior is the CDW is destroyed and possibly from transitions to a
restored. In our constant current bias measurement, the volEDW-type state discussed below. In light of the above dis-
age(and electric fielgdwill rise as the sample resistance rises cussion, the work of Pokhodnyet al. on the insulating be-

for decreasing temperature beldWwpy,. Only for the high-  havior in the a-(BEDT-TTF),l; system is also relevant,
est resistancélowest conductangedata of the 11.5-T tem- since the activation energy in the insulating state was shown
perature curve does the electric field across the sample below be dependent on a variation in the tri-iodide
3 K exceed the threshold field for a depinning of the CDW,stoichiometry*®> Even though the (PeyM(mnt), com-

as previously reported by Lopes al>® for the same mate- pounds are chemically stable, in the limit where the band
rial. There appears to be some evidence of this in the lowestonductivity vanishes, impurities must inevitably contribute
temperature part of the conductance data. In Hig). r S, to a residual conductance.

the lower excitation currenfl uA) did not produce Joule We have determined the thermal activation energy for
heating. For the data at higher field8% 25 T) in Figs. 38)  each field[Fig. 4@)] in the temperature range beloligpy

and 3b), we were not able to account for the excess conducby an Arrheniug o= o exp(— A/2kT)] analysis. The curves
tance by the Joule heating model. Likewise, the electriavere fit belowT-py (Neavy dotted lines when the gap was
fields in this field range were well belo(factors of 102 or  well developed but before the sample resistance begins to
les9 the threshold electric fields for thB=0 case. Above differ from the expected exponential behavior. Following
Bcow, the conductivity still appears slightly activated, espe-Bonfait et al,'® we have used the logarithmic derivative
cially for the BL b sample orientation. We believe the excessmethod, as shown in Fig.(d), to determine the values of

125113-3



GRAF, BROOKS, CHOI, UJI, DIAS, ALMEIDA, AND MATOS PHYSICAL REVIEW B69, 125113 (2004

Bo0T E-wk| T T ] g0f BCS-like dependence, as expected from the mean field
g ok @ theory? One further test of the mean field theory is the field
i B g and temperature dependence of the MR, which should follow
p-nrE-13k| 7 ¢ Eg. (2) at low magnetic fields. As evident in Figs. 2 and 3,
we find that the MR data foBl|/b follows an approximate-
778788} (B/T)? dependence in that there is monotonic, negative cur-
Py A vature vsB at low fields, and that the MR increases with
ar
14 -

=)

—
w
(=3

dLn(R)/d(1/T)

; scribe the temperature dependent MR in terms of a universal-

, _—B-uT| ‘ Ldnit ) (B/T)? description, even at low fields. This is in part due to
P m the difficulty in making reliable MR measurements where
010020 3 %I;’EI) e the resistance is divergent at low figlds, and qu_laIIy, at high
Taverse Temperature (1/K) Tnverse'Temperafure{i/KG fields nearBcpy Where the mean field description clearly
breaks down.

FIG. 4. (a) Arrhenius plot of the temperature dependence of the
resistance vs field for sampl8,. The range of the fits used to

decreasing temperature. However, we were unable to de-
v
2_.

obtain the field dependent activation energies are shown by the DISCUSSION

dotted lines.(b) Logarithmic derivatives of the data if@) used to The most basic description of our results follows from the
obtain the field dependent valuesTdpy (arrows. Data have been  picture that the magnetic field destroys the CDW state as the
offset for clarity. Pauli spin energy exceeds the CDW condensation energy.

For a truly one-dimensional system, in the absence of orbital

Teow(B). The peaks are apparent to fields of 33 T but couldcoupling, Tcpw(B) will be isotropic with the field direction.
not be resolved for higher fields. During this process, unnested parts of the Fermi surface will
A summary of the field dependence oFcpw(B) eventually reappear at high fields. When the field is directed
and Acpw(B) for (PerypAu(mnt), is given in Fig. 5. For along theb axis, parallel to the perylene chain stacking axis,
Blb the behavior of Tepy closely follows the it cannot couple orbitally to any Q1D Fermi surface sections
(y/8) [ 1gB/kTepw(0)]?  dependence discussed above,that emerge, and the MR will drop to the metallic value at
where y~1 is expected for a conventional Peierls Bcow @s indicated clearly in the three samples shown in
transition** At lower fields <25 T) the results seem to be Figs. 2a), 2(b), and Zc) for Bllb (§=0°). Thefield depen-
angle independent and withyavalue in agreement with that dence ofTcpy, even in the case wheig#0°, still follows
found previously by in Refs. 12, 13, 16, and 17. At high the mean field BCS-like description of the CDW stéae-
fields and at low temperature, as shown also in Figal-2 thoughBcpy increases and orbital effects start to appear
2(d) for T=0.45K, rather strong anisotropic effects occur. When the field is perpendicular to the conducting chaifis (
The energy gapXcpw) calculated in the range 3—10 K for =90°), mechanisms involving orbital effects have a maxi-

sampleS,, decreases with increasing field in accord with amum effect. In Fig. 2d), we find that for fields perpendicular
to theab plane(i.e., Bllc), the MR is largest. This is consis-

tent with a small, but significant interchain bandwidth in the

o B ? ----- § ' ' ' ' L0 a-axis direction. Although the assignment of the structure
% . seen in the MR data in Fig. 2 f@+# 0° is not possible at this
0.8 $ 408 stage, it is clear that orbital effects are present. The structure
A in the MR in all cases just beloBcpy Mmoves to higher
s F fields with increasing angle, and the upturn in the MR above
506_ 192 35T also seems to be a general featuredi@0°. For the
% QD case where the field was rotated in the plane[Fig. 2(d)],
504 ) A 404 % as discussed above, we obtain the largest angular dependence
|2 O Tepw (B L b-axis) = o o
O Ty (B /f beaxis) = of the MR between 0° and 90°. _
0a A Energy Gap 1 o2 This suggests that not only are there orbital effects, but
----- ¥4 = 0.148 A that they are anisotropic in thec-plane, and that for one
orientation Blic) there may be a larger interchain coupling
0.00 L L L L ! ! ! 0 0.0 which leads to a larger MR than f@&ila. This is consistent
o5 1o 15 20 25 30 35 40 with the anisotropy betweer, and t, from the band
Magnetic Field (T) calculations® Given the differences in MR structures in the

FIG. 5. Summary off cow(B)/Teow(0) for perpendicular $,) different samples, anc_i their relatively low frequen@sti-
and parallel §,) sample orientations anlcpw(B)/Acpw(0) for mated for a single period to be between 20 and 2p6om-
the Bllb orientation ,). Error bars forTcp(B) were determined  Pared with standard quantum oscillations in Q2D organic
by fitting Gaussian curves to the peaks of Figh)4 Tepw(0) — Metals(typically above 200 T, the interchain coupling may

~11.3K for all samples and cpy(0)=88 K (Bllb, sampleS,). involve very small changes in the crystallographic structure
The dotted line shows the theoretical fit for Efy) with a prefactor ~ at low temperatures which drive the corresponding electronic
of y/4=0.148(in agreement with the results of Ref.)12 structure away from purely one dimensional.
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An interesting possibility is that the magnetic field may perfect nesting transition temperaturel 2,(t,=0)
actually induce orbitaispin density wave or SDWhesting  (~1 meV in the present caseHencet//t.* =0.03, and this
in the Q1D Fermi surface as the CDW ground state is repts the PeiAu(mnt), system in the limit of nearly perfect
moved. Figure 3 gives some suggestive evidence that fieldesting with respect to the theory. The structurd gau(B)
induced nesting may occur, since we find that even wellyegicted by the theory for less perfect nesting in the GDW
aboveBcpy, the conductivity is still activated fLD, i.e.,  state should be suppressed in the present case. However,
6=90°. In Fig. 3c) for the 42-T data ¢=90°) the activa-  some kind of structure appears in Fig. 2, within the CPW
tion energy isA/2=8 K. Hence, although the nearly isotro- giate Furthermore, finite values f were suggested to ex-
pic CDW gap is closed3 there' is evidence that an orbltallyp|am the discrepancy between the values of prefagtdm
induced gap opens at higher fields. L Eq. (1) and experimental results of Bonfat al. (and also

Recent theoretical Worll<90n the magnetic field dependencg:esuItS of this work!® The t’ value needed to explain the

, H 1 a

of a CDW ground ;tatéif beyond the simple mean field discrepancy was estimated to be about 7.4 K, which corre-
treatment in Eq(1), is potentle}lly relevant to the behavior of sponds 750:50 for the, ‘t, ratio, compared with the ratio
(Perj,Au(mnt),. The theory involves a Q1D CDW ground 750:10 from the band structure. It is possible that, although

state, where both spin and orbital terms are included in a urprising, the low temperature interchain bandwidth may be

anisotropic, two-dimensional Hubbard model. The model. .. _
oredicts a transition from the low field ground state CpWY significantly larger than that expected from the band calcu

a high field ground state CDWand/or CDW depending on lations.

the ratio of the spin and orbital coupling and on the direction CONCLUSIONS

of the applied magnetic field. The CDVdrder is exclusively ' |
from the Pauli effect while the CDWorder is from both the The main results of the present work are as follows:

Pauli and orbital effect. Recent work on the For the nonmagnetic anion membeM EAu) of the
a-(ET),KHg(SCN), systems has indicated a remarkablePesM(mnt), class of highly one-dimensional materials, a
correspondence between the high field ground states and theagnetic field suppresses the CDW ground state above
theoretical prediction$?°-22in spite of the Q2D nature of ~37 T, when the field is parallel§(/b) to the conducting
the electronic structure. chains. (ii) For finite fields in theac-plane, orbital effects
For finite fields, especially perpendicular to thb plane  arise that give a more complicated dependence of the mag-
where, as mentioned above, orbital effects might be exhetoresistance both below and above the field at which the
pected, the data of Fig. 2 suggests some correspondence wigPW-to-metal phase boundary is expected at low tempera-
theory. Here, below 35 T, the state is CDW, there is a lowtures. This last result implies that even in this highly one-
resistance minimum, and at higher fields the resistance risé§mensional system, interchain, orbital effects exist, and that
again. The CDW(for instance, CDW) resistance appears to the interchain bandwidth is larger than expected from band
be activated. The high field behavior above 35 T is weaklycalculations(iii ) At low fields, mean field theory is in good
activated, but even fields higher than 45 T may be necessaggreement with the suppression of a conventional CDW
to determine if a second, gapped staffer instance, State, but at high fields, a theoretical treatment that includes
CDW,y)) is stabilized. Nonetheless, some experimental obboth spin and orbital coupling to the magnetic field appears
servations may be relevant to the theoretical prediction ofo be relevant. There is strong evidence for orbital mecha-
transitions to new CDW orders. The Arrhenius plots shownnisms in high fields that interact with an anisotropic, Q1D
in Fig. 3 show change of slopes, even well below the threshFermi surface, which may induce a nesting and/or quantum
old electric field, which could not be explained by the Jouleoscillatory behavior. Hydrostatic and uniaxial pressure stud-
heating model. This may be due to the second order transies, as well as experiments to even higher magnetic fields
tion from the CDW, to CDW, (or to CDW,). The increase would be useful to fully explore these possibilities.
of Bepw by tilting the magnetic field away form theaxis is
also predicted by the theory, in whidyp,, corresponds to
hcy in Ref. 19. This work was supported by NSF-DMR 02-03532, and
It should be noted that the above theory was based on th_ﬂe NHMFL is Supported by a contractual agreement be-
perfect nesting case and the CRAfder does not depend on tween the NSF and the State of Florida. D.G. was supported
t, while CDW, requires a finitet,. In the case of through a NSF GK-12 Grant. Work in Portugal was sup-
PepAu(mnt),, for the interchain energty, the relevant pa-  ported by FCT under Contract No. POCT/FAT/39115/2001.
rameter in the theory is;/t;* wheret, is the imperfect Helpful discussions with R. T. Henriques and G. Bonfait are
nesting paramet@i(of orderti/tb), andt.* is related to the also acknowledged.
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