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Finite-size effects on transverse magnetoresistance of NiSe
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A charge-density-wave material NbSwith thickness less than im shows a distinct peak in the low
temperature transverse magnetoresistance when the magnetic field is applied alorgithédhe resistance
peak is less pronounced as the field is tilted away fronctaeis to thea” axis. The peak height also decreases
as the temperature increases, although the magnetic field at the peak shows no appreciable dependence on
temperature. The resistance peak is attributed to surface diffuse scattering of normal carriers which remain
even below the lower charge-density-wave transition temperature.
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Niobium triselenide(NbSe) is a quasi-one-dimensional We took a great care in selecting crystals with well defined
conductor having a ribbon shape which extends alongothe facets using an optical microscope. Typical crystal dimen-
axis and has the wider transverse dimension along thés. ~ sions are 0.2-0.6m along thea" axis, 1-3um along thec
It exhibits two charge-density-waveCDW) transitions at axis, and a few millimeters along the axis. The crystal
T1=144 K andT,=59 K, but remains metallic & <T,.! It dimensions are described in Table I. We measured the resis-
has a large electric conductivity along theaxis even under tance using a standard ac lock-in technique with a small ex-
the electric fielde lower than the threshol; for the CDW  citation current so thaE<E;. The samples were cooled
sliding. Below about 10 K, the magnetoresistance exhibitsdlown by a®He or a*He refrigerator equipped with a super-
the Shubnikov-de Haa$SdH) oscillation. Extensive studies conducting magnet.
on the SdH oscillation for different orientations of the mag- Figure 1 shows typical magnetoresistance curves for a
netic field have shown that there exist small pockets of théhin crystal(1) measured at several temperatures. We can see
Fermi surface in the shape of nearly an ellipsoid, indicatinghe SdH oscillation at magnetic fields larger than about 2 T.
that the nesting of the Fermi surface is imperfeét. The dominant frequency of the oscillation is 28 T for the

Recently, interesting features in NhSerystals with re- magnetic field parallel to the axis. The angular dependence
duced cross sections have been reported. The threshold eled-the oscillations was also measured, which showed that the
tric field E; increases with decreasing thickness and/or widtHrequency increases monotonically to 95 T as the orientation
of the NbSg crystals’® It is also found that the resistance of the magnetic field is rotated away from tbexis towards
ratio R(300 K)/R(4.2 K) decreases rapidly with decreasing a*. The values of the frequency indicate that the maximum
thickness below about fim, which is attributed to the sur- cross-sectional are&,, andS, of the Fermi surface in the
face scattering of normal carriers at the low temperature.a’b andbc planes are 2.% 10’ m™2 and 9.1x 10" m™2, re-
Measurementson NbSg crystals with cross-sectional areas spectively. The angular dependence of the frequency,
reduced to lum? by a plasma-etching process show that thenamely, that of the cross-sectional areas of the Fermi surface
phase slip voltad® significantly decreases when the spacingis approximately the same as that obtained by other
between current probes is smaller than a few. Further- groups?™ For B//c, the carrier effective mass1' is esti-
more, metal-oxide-semiconductor field-effect transistormated to be 0.2, (my is the free electron magsand the
(MOSFEDT) like devices are fabricated of very thin NhSe
crystals with a thickness of much less thaprih.!! Despite TABLE |. Parameters of seven Nb$erystals.d, andd, are
the growing interest in electrical transport properties onthe thickness along the" axis and the width along the axis,
NbSe crystals with such small cross sections, systemati¢espectively.
magnetoresistance measurements of them are still lacking.

In this study, we have measured the low-temperature Sample e (um) de(um) R(300 K)/R(4.2 K)
transverse magnetoresistance of Np&wgstals with a thick-

ness of less than Im and found that the magnetoresistance L 0.49 1.59 29
curves have a maximum at a low magnetic filBd<1 T) in 2 0.60 2.40 66
addition to the SdH oscillation &=2 T. We show that the 3 3.9 13.2 110
resistance maximum is attributed to the finite-size effect on 4 0.46 2.75 64
the ballistic transport of the normal carriers, namely, their 5 0.21 1.37 25
surface diffuse scattering. 6 0.46 0.78 64

NbSe crystals are placed on silicon substrates and more 7 19 14.2 54

than four gold wires are attached to a crystal by silver paste
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FIG. 1. The magnetoresistance of a NpSeystal with 0.49um
thickness(sample ] at several temperature§=16.00 K, 12.00 K,
10.00 K, 8.00 K, 6.00 K, 4.00 K, and 0.28 K from the top curve to
the bottom one. Inset: An enlargement of the low-magnetic-field
region.T=8.00 K, 6.00 K, 4.00 K, and 0.28 K from top to bottom.
The arrows indicate the magnetic fields 0.5 \S,.,/ 7w/ ed;» and
2.0hN S/ /€0,

R (Q)

Dingle temperaturd@p is 1.5 K. These values are comparable
tom’ of 0.30m, (Ref. 2 and 0.24n, (Ref. 3 and toTp of 1.7

K (Ref. 2 and 2.3 K(Ref. 3 in the literature. Besides the
SdH oscillation at higher fields, there is a resistance maxi-
mum at a low field as shown in the inset of Fig. 1. The
magnetic fieldB,,.,, where the resistance is at its maximum,

shows no appreciable dependence on temperature, although 4 t

the zero-field resistance increases with increasing tempera- 0 L L L L L

ture. 00 05 10 15 20 25 30
Figure 2 shows magnetoresistance curves for two crystals (b) B(T)

with different cross-sectional areas, which are measured at
the same time in the same cryostat. Two series of curves in FIG. 2. The magnetoresistance @j thick (3) and (b) thin (4)
each figure correspond to two different sets of voltagecrystals, measured at 0.28 K for t_he field orientatié=)°, 30°,
probes. The measureR(B) curves, in particular of the thick 60°, 90°, 120°, and 150°. The axis corresponds t@=98° for
sample(3), are not quite symmetric, most probably due to;ample 3anwi36 for sample 4. Thg arrows indicate the magnetic
the inclusion of Hall resistance. To remove the component of€'dS B=0-551\Sup/ m/€dh: and 2.6\ Syep/ 7/ €.
the Hall resistance, we averaged the results for the two opealculation shows that the(B) curve has a maximum. At
posite polarities of the magnetic field. TIRB) curves for  erg field, the resistivity is larger than the bulk resistivity
sample 3 have no peak structure and are similar for differentecause of the surface diffuse scattering. The resistivity in-
orientations of the magnetic field. On the other hand, thereases with increasing field as the carrier orbit is bent by the
R(B) curves of the thin crystdl) have a clear maximum for Lorentz force and, consequently, the carriers are scattered
magnetic-field directions close to tleeaxis. The peak struc- more frequently at the edges. At larger fields where the di-
ture becomes less evident as the field direction deviates frommeter of the cyclotron orbit is smaller thenthe resistivity
the c axis. is close to the bulk value because the carriers do not reach
The resistance maximum can be explained by semiclassthe edges unless they suffer internal collisions. As expected
cal theory treating surface diffuse scattering of carriersintuitively, the maximum value ofp/py, is larger for
Within the Boltzmann equation approach, MacDonald andsmaller d/I. An improved calculatiol® shows thatp(B)
Sarginsof? calculated the transverse magnetoresistip{) reaches the maximum wherd/r;=0.55, namely, B
of a metal film withd/I =<1 (d is film thickness, andl is the =~ =0.5%ikr/ed, irrespective of the ratia/l. Here,r¢ is the
bulk mean free pathunder the condition that both the cur- cyclotron radius and is the Fermi wave number. It also
rent and the magnetic field are in the plane of the film. Theishows that thep(B) curve has a sharp bend &
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FIG. 3. The magnetic fieldByax and By, where the magne- FIG. 4. The magnetoresistance of sample 6afl.72 K. This

toresistance curves show a maximum and a minimum, plotted as &mple has the narrowest width along thexis. The upward ar-
function of i\'S,.,/ 7/ edy. The closed and open circles sh@y.y rows indicate the magnetic fieIdB:O.S%\e’Wﬁedﬁ* and
and B, respectively. The solid lines have slopes of 0.55 and 2.0.2.%\35—5“)/77/%&* while the downward arrows indicate

=2.0ik:/ed, above which the resistivity approaches the bulkB=0-5%\Suc/ 7/ed; and 2.G:\S,o/ m/ed.
value. Experimentally, such magnetoresistance peaks due to

diffuse surface scattering of carriers have been observed #th i shorte7r than the thicknes. of the samples.
pure metal film& and in narrow conducting channels of McCartenet al.” have estimated the bulk mean free path

two-dimensional electron gas. along thea" axis, |+ to be 0.7um at 4.2 K from the deper_l-
To compare the experimental results with the theory, it isdence of theR(300 K)/R(4.2 K) on the crystal thickness in
necessary to know the thicknessksf the NbSg crystals.  the range 0.1-1Qum, assuming diffuse scattering at the
We took pictures of the crystals by a scanning electron miedges. This value df. explains the fact that the(B) curves
croscopg SEM), typically about 16 pictures for each sample, of the samples withl,»=1.9 um and 3.9um do not show a
at different angles. The pictures were taken after the meamaximum if the quality of our samples is similar to theirs.
surements to avoid possible damage caused by the electrofbte that theR(B) curve of the crystal 2d,.=0.60um)
beam. The nominal error in length scale of the SEM pictureshows only a minimum, but no maximum, which implies that
is 10%. We plotted the widths of major facets seen in thapig crystal has a slightly shortég..
pictures as a function of the angle, and fitted the data to another fact consistent withy. of 0.7 um is that the re-
cosine curves to determine the actual widths and directiongjsiance peak for the sample havidg of 0.49 um is ob-
of the facets. The cross-sectional profiles estimated in thi§cured above about 12 (Fig. 1). The bulk mean free path at

way are depicted in the insets of Figs. 1 and 2 and 4. SomJe_Z K is estimated to be about half of thatdaK because the
of the crystals do not have cross sections of simple parallelo- sistance of the thickest sample at 12 K is twice that at 4 K,

. .. . e
ggrr;gtl;élzor simplicity, we take the average thickness for Sucénd the carrier concentration hardly varies in this tempera-

The arrows in Figs. 1 and 2 indicate the magnetic fielgdure range according to th? Iiterat&ré*hus, the reduction of
B:O.SG’L\s’%/ed&* and Z.QV%/eda*, whered, is thel resistance peak with increasing temperature can be ex-
the thickness in tha" direction. The calculation in Ref. 13 Plained by decreasing. less thard,.. _
assumes a spherical Fermi surface, but the Fermi surface of 1he above discussion assumes that the surface scattering
NbSe is close to an ellipsoid in shape, as described above$S completely diffuse. However, there may be a certain prob-
Since it is a formidable task to perform a calculation similarability p of specular scattering, which would not contribute
to that in Ref. 13 by taking account of the shape of the Ferm{o the magnetoresistance peak. Actually, the data of
surface, we approximatk: as \S,.,/ 7 for B//c. One can McCartenet al. are also reasonably explained wighvalues
see that the positions of the arrows are closéjg, and up to 0.87 The estimation ofl,» depends on the value;

Bmin» Where the resistance is at its maximum and minimum), =10 um (at 4.2 K) for p=0.8. If the specular scattering is
We plot B,.x and By, for seven crystals as a function of taken into consideration, the magnetoresistance peak should
fiNSup/ mledy in Fig. 3. The points forB,. and B, lie  disappear wheh, <d,«/(1-p). From this point of view, our
approximately on the straight lines with slopes of 0.55 anddata can be also roughly explained witlof 0.8 and .« of 10

2.0, respectively. Note that the points showilg,=0 pm at 4.2 K. A more reliable estimation of thpevalue needs
(Bmin=0) mean that the maximuniminimum) is not ob-  an accurate determination kf from measurements on bulk
served in theR(B) curves of the crystals. crystals.

The absence of the resistance maximum and minimum for The resistance peak has not been observed in the field
the thick samples, 3 and 7, suggests that the bulk mean freirection B//a" as shown in Fig. 2. We cannot definitively
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account for this, but we presume that the bulk mean free pathumber of carriers have similar cyclotron radii, and hence
along thec axis, |, is smaller thard,/(1-p), whered, is the  suffer the surface scattering most strongly at similar mag-
width along thec axis. Figure 4 shows the magnetoresistancenetic fields. In fact, the amplitude of the SdH oscillation for
of the sample 6, which has the narrowest wid¢of 0.78um  B//c is much larger than that faB//a’, which can be un-
a!ong_thec axi§. TheR(B) curve of t.hi.s samp_le for the field yerstood in a similar way.

direction B//a exceptionally exhibits a kink around In summary, the transverse magnetoresistance curves of

~0.3 T. This feature implies that there is a small surfaceq,gq crystals with a submicron thickness show a maximum
scattering effect, and therefolgis comparable tal; in this atB<1 T. in addition to the SdH oscillation &=2 T. The

sample, i. e.=1 um, if p=0. From the data of the Hall and . ' . . -
SdH measurements of the bulk NaSaystals, Onf has resistance maximum can be explained by semiclassical theo-

obtained the carrier mobilitys. of 1.8 n?/Vs at T=4.2 K ries in terms of surface diffuse scattering of the normal car-
and ak. of 1.6x10° m™. These values correspond to an riers. Further studies are in progress to investigate the finite-
| (=hiksuc/€) of 1.9 um, which is consistent with the above size effect on magnetoresistance in the nonohmic regime
rough estimation. We should also note, however, that ther&> Ex.

appears to be another kink arouBe=1 T. Its origin is not ) i )
clear at present. The authors wish to thank Y. Ootuka for kindly allowing
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