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Magnetoresistance of quasi-two-dimensional purple bronzesAMo6O17 „AÄNa, K, and Tl…
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Magnetoresistances~MR’s! of quasi-two-dimensional purple bronzesAMo6O17 (A5K, Tl, Na! are com-
paratively studied at 2 K for magnetic fields ofHic andH'c, respectively, wherec is the direction normal to
the two-dimensional plane of the sample. Unusually huge positive MR’s forHic are analyzed quantitatively by
a two-band carriers galvanomagnetic effect on the ungapped residual Fermi surfaces, in which the concentra-
tion of the carriers is modified by an applied magnetic field. The modified two-band model can explain the
MR’s well, and the resulting parameters suggest that the purple bronzes belong to an uncompensated metal.
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Unusual huge positive magnetoresistance~MR! properties
in charge-density-wave~CDW! states of quasi-one- or two
dimensional~Q1D or Q2D! conductors, such as NbSe3,1–3

KMo6O17,4 and (PO2)4(WO3)2m ,5,6 have received consid
erable attention. Balseiro and Falicov7 proposed a theory in
which the magnetic field can remarkably improve the nest
of the FS, and results in an enhancement of the CDW g
Thus the huge positive MR was attributed to an enhan
gap or a decrease of the normal carriers induced prog
sively by applied magnetic fields parallel to the FS. A simi
model was regarded as a standard model for a forma
mechanism of the field-induced spin-density wave obser
in Q1D organic conductors.8

Using NbSe3, Parillaet al.9 and Hundleyet al.10 gave evi-
dence of magnetic-field-induced enhanced gaps by trans
measurements. They observed a 30% increase of the C
carriers at 30 K under a field of 7.5 T. However, Trittet al.11

presented negative results; they found that even atH
510 T the effect of the magnetic field on the MR was le
than 5%. In addition, recent studies of the pressure effec
large MR,12 and for x-ray scattering13 in magnetic fields up
to 10 T in NbSe3, further suggested that the large MR mig
not result from the change in the CDW order parameter w
magnetic field but rather from light carriers in small u
gapped pockets of the Fermi surface~FS! generated by an
imperfect nesting of the FS. Until now, the nature of the hu
positive MR effect in the CDW state is still ambiguous.

Compared with NbSe3, molybdenum purple bronze
AMo6O17 (A5Na, K, and Tl! are Q2D CDW materials, bu
they exhibit very similar transport and a huge positive M
effect below the Peierls transition temperatureTP .4 Gener-
ally, FS’s in these compounds reveal very similar featu
directly related to the so-called ‘‘hidden’’ nesting, for whic
the FS’s can be viewed as a combination of Q1D structu
with distinct 1D nesting vectors parallel to the 2D plane14

For AMo6O17 (A5Na, K, and Tl!, although they are consid
ered to be pseudoisostructures,15–17the physical properties in
sodium purple bronze, to some extent, show subtle dif
ences from those in both K/Tl purple bronzes. For exam
the Peierls transition temperatureTP in sodium purple
0163-1829/2002/65~10!/104421~4!/$20.00 65 1044
g
p.
d
s-

r
n
d

ort
W

s
n

h

e

s

s

r-
,

bronze is about 80 K,18–20 and about 110 K in both K/Tl
purple bronzes.18,21 The comparative study among thre
purple bronzes may be a good candidate to test the pre
theories or to clarify the related controversies.

In our previous work,22 we reported the in-plane resistiv
ity as a function of temperature for three purple bronz
KMo6O17, TlMo6O17, and NaMo6O17, respectively, at vari-
ous magnetic fieldsH parallel to or normal to thec axis.
Comparative studies suggested that the huge positive
effect in purple bronzes is closely related to the large mo
fication of the third FS along the@100# direction induced by
the magnetic field, and to the normal galvanomagnetic ef
on the ungapped residual FS. The different MR behavi
between Na and K/Tl purple bronzes originate from th
different FS structures. Moreover, a simple one-band se
classical galvanomagnetic model,Dr(H)/r0;H2, cannot
describe the positive MR effect in purple bronze. In a lo
magnetic-field range, we found that the MR follows an e
pirical power-law relation,Dr(H)/r0;Hz, with z;1.26, far
less than 223. Up to date, the quantitative discussion for t
unusual MR effect is still absent. In this paper, we try
analyze the unusual huge MR data forHic in terms of a
two-band-carrier galvanomagnetic effect on the small
gapped electron and hole pockets; the carrier concentrat
are considered to be modified by an applied magnetic fie

Figures 1, 2, and 3, respectively, show the relative va
tion of the MR, defined as Dr(H)/r(0)5@r(H)
2r(0)#/r(0), for three purple bronzes at 2 K as a functio
of magnetic fieldHic ~left-hand axis! andH'c ~right-hand
axis!. The magnitude of the MR increases greatly with i
creasing applied magnetic field. The curves show a conc
shape forHic, a slight convex shape forH'c in the low-
field range, and then an almost linear dependence in
high-field range. All the curves do not show saturation b
havior in the measured magnetic field range. AtH514 T,
Dr(14T)/r(0) reaches about an order of;750% in both
K/Tl purple bronzes and 40% in Na purple bronze forHic,
and 50–90 % in K/Tl bronzes and 10% in the sodium bron
for H'c.
©2002 The American Physical Society21-1
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According to the qualitative model developed by Balse
and Falicov,7 the huge positive magnetoresistance is ass
ated with the improvement of the imperfect nesting of the
induced by the magnetic field. The small pieces of the e
tron and hole pockets left by the opening of the Peierls
can be destroyed progressively by the applied magnetic fi
This results in an enhanced gap. From this model, it is
pected that the relative change of the normal carriers indu
by the magnetic field, Dn/n05@n(H)2n(0)#/n(0)
51/@Dr(H)/r011#21 @n(0) and n(H) denote the total
normal carriers concentration atH50 and HÞ0, respec-
tively#, will exceed280% for both K/Tl purple bronzes at
field of H>4.5 T. However, Parillaet al.9 and Hundley
et al.10 only observed a230% increase of the CDW carrie
concentration in NbSe3 at 37 K under a field ofH57.5 T.
Furthermore, Trittet al.11 observed a slighter change of th
CDW concentration less than 5%. These data are far
than those estimated from the BF scenario. In this way,
huge MR effect cannot be completely attributed to the sin

FIG. 1. MagnetoresistanceDr/r0 vs H at 2 K for Hic ~left axis!
andH'c ~right axis!.

FIG. 2. MagnetoresistanceDr/r0 vs H at 2 K for Hic ~left axis!
andH'c ~right axis!.
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mechanism concerning the field-induced enhanced gap.
small electron and hole pockets on the ungapped FS
play an important role, and should be also considered. Th
fore, a mechanism concerning the two-band galvanom
netic effect due to the ungapped small electron and h
pockets and the magnetic-field-induced decrease of the
mal carriers due to the enhanced gap must be consid
simultaneously for an explanation ofDr(H)/r0.

According to the two-band galvanomagnetic effect mo
of Noto and Tsuzuku,24 the MR can be described by a fo
mula of

Dr

r0
5

s1s2~m11m2!2H2 cos2u

~s11s2!21~s1m22s2m1!2H2 cos2u
, ~1!

wheres is the conductivity,m is the mobility, and the sub-
scripts 1 and 2 refer to the two types of carriers~electronlike
and holelike in the bands!, respectively;u is the angle be-
tween the magnetic field, and thec axis normal to theab
plane. In our case forHic, cos2u51 with u50. Assuming
that both the carriers have the same relaxation time
mass, we obtainm̄5m1'm2, and a5s2 /s1.n2 /n1, and
then Eq.~1! can be simplified to

Dr

r0
5

4am̄2H2

~11a!21~12a!2m̄2H2
. ~2!

If the effect of a field-induced decrease of the normal carri
is considered, the ratio of both the carrier concentrationa
must be a function of the applied magnetic fieldH but not a
constant. Parillaet al.9 found that the concentration of th
carriers condensed into the CDW is linearly dependent onH,
nc(H)}H; then the concentration of the normal carriers
H, n(H)5n11n2, can be expressed as:n(H)5n02nc(H),
wheren0 is the total carrier concentration atH50. Since the
above equation is symmetrical fora→1/a, we assume tha
the magnetic field reacts much differently on both types
the carriers, i.e.,H just modifiesn2 but notn1, or vice versa;
we obtainn2 /n15b2gH, whereb is the ratio of both types

FIG. 3. MagnetoresistanceDr/r0 vs H at 2 K for Hic ~left axis!
andH'c ~right axis!.
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TABLE I. Fitting parameters estimated from the model for three purple bronzes.n1(0), n2(0), andn0,
respectively, represent the concentrations of the minority carriers, the majority carriers and the total
carriers atH50 T.

Formula
b5

n2(0)
n1(0)

g m̄5m̄25m̄1
n0 n2(0) n1(0)

(m2 V21 s21) (31017/cm3) (31017/cm3) (31017/cm3)

KMo6O17 2.47 0.032 1.13 5.0 3.55 1.45
TlMo6O17 2.52 0.029 1.6 2.7 1.94 0.76
NaMo6O17 17.2 0.54 0.22 8.3 7.9 0.42
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of the carriers atH50, n2(0)/n1(0), andg is a constant.
Therefore, the total MR forHic can be expressed as

Dr

r0
5

4~b2gH !m̄2H2

~11b2gH !21~12b1gH !2m̄2H2
. ~3!

According to Eq.~3!, the measured MR data forHic as
shown in Figs. 1, 2, and 3 can be fitted with a least-squa
optimization procedure. The theoretical curves are prese
as dashed lines. The resulting parametersm̄, b, andg, de-
termined from the best fit, are shown in Table I, respective
for three compounds. It can be found that the model fits
experimental data well.

The estimated parameterb5n2(0)/n1(0)>1 in three
purple bronzes means thatn2 is one of the majority carriers
and n1 one of the minority carriers. From our earlier the
mopower measurements,18 it was proven that holelike carri
ers are dominant in bothK/Tl purple bronzes belowTp , and
electronlike carriers are dominant in Na purple bronze. Th
at H50, the concentration of the holes in both K/Tl purp
bronzes would be about 2.5 times of that of the electro
while in the Na purple bronze the concentration of the el
trons would be nearly 17 times of that of the holes. The
fore, the concentrations of both types of the carriers in th
purple bronzes at 2 K and 0 T@n1(0)5n0 /(11b), n2(0)
5bn0 /(11b), with a total carriers concentration atH50,
n051/r0em̄] can be estimated to be aboutne51.45
31017/cm3 and np53.5531017/cm3 for KMo6O17; ne
50.7631017/cm3 and np51.9431017/cm3 for TlMo6O17;
and ne57.931017/cm3 and np50.4231017/cm3 for
NaMo6O17. These results indicate that the purple bronz
belong to uncompensated compounds belowTp . The higher
concentration of normal carriers in Na purple bronze is c
sistent with the expectation that the weak nesting of the F
sodium purple bronze leaves more ungapped FS’s due to
lack of the third underlying FS along thea* direction.

The estimated mobility of both types of carriers,m̄, are
about 1.13 m2 V21 s21 for potassium purple bronze; 1.5
m2 V21 s21 for thallium purple bronze, and 0.22 m2 V21 s21

for sodium purple bronze, respectively, as showm in Tabl
These values are comparable to that of 0.7 m2 V21 s21, es-
timated previously at 20 K for KMo6O17.4,25
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At HÞ0, since the magnetic field just modifies the m
jority carriers n2 but not minority carriersn1, the relative
change of the normal carriers induced by the magnetic fi
H, Dn/n052gH/11b, reaches about29.2% and28.3%
for potassium and thallium purple bronzes at 10 T, resp
tively, less than those estimated just from the scenario
field-induced decrease of the normal carriers due to the
hanced gap. However, it is surprising that for sodium pur
bronze at 10 T,Dn/n0 reaches about229.6%, much larger
than those for K and Tl purple bronzes. This unexpec
result may be strongly associated with the greatly differ
CDW states in Na purple bronze. For example, the inve
gated MR effect in K/Tl bronzes occurs for the second CD
state belowTm516 K, while in Na purple bronze it occur
for the upper CDW state where the gap opening belowTp
~80 K! is progressive, and does not stop till 2 K.22 Although
we cannot exclude another possibility that the model m
tioned above is not suitable for the Na purple bronze due
its bad nesting FS, the combined model, at least, is m
suitable for explaining the MR data in both K/Tl purp
bronzes. This model is also expected to be suitable for Nb3
and monophosphate tungsten bronzes because of their
similar Q1D FS’s.

In the case ofH'c andHi I , the field dependence of th
magnetoresistance should be zero as predicted; the obse
weak magnetoresistance indicates that the flow of the cur
is not exactly in theab plane. The interlayer transport of th
carriers would be responsible for the almost linear field
pendence of the MR behavior, but a quantitative explana
is difficult at present.

In conclusion, the mechanism for the MR effect conce
ing the field-induced enhanced gap survives, but the effec
the normal carriers below 10 T is significantly smaller th
that expected by the BF theory.7 The two-band-carrier galva
nomagnetic effect on the surviving FS, in which the conce
tration of the majority carriers was modified by the appli
magnetic field due to the field-induced enhanced gap, se
to be more suitable for explaining the huge MR effect
purple bronzes.

The authors thank Dr. Shiyan Li and Qiang Cao for t
experimental help. This work was supported by the Natu
Science Foundation of China.
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