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Resistance Oscillations and Electron Localization in Cylindrical Mg Films
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Longitudinal magnetoresistance measurements of hollow Mg cylinders between 1.5 and 10
K are reported and analyzed within the framework of weak electron-localization theories.
The observed resistance oscillations decrease with increasing cylinder diameter and tempera-
ture, in excellent agreement with the theory of Altshuler ef al. The phase-breaking and
spin-orbit-interaction times are comparable to the values obtained in plane Mg films.

PACS numbers: 71.55.Jv, 72.15.Lh, 73.60.Dt

The transport properties of two-dimensional elec-
tronic systems in the presence of disorder have
been extensively investigated in recent years.!"* It
has been shown that the induced anomalous resis-
tance behavior of weakly localized metallic films is
very sensitive to electronic scattering processes.
Hence accurate values can be determined for the
phase-breaking time 74( T) due to inelastic or mag-
netic impurity scattering and for the spin-orbit
scattering time 7y,. Also scattering by supercon-
ducting fluctuations has been studied.’

As shown by Bergmann,® weak localization can
be represented as an interference experiment with
conduction electrons split into pairs of waves in-
terfering in the back-scattering direction. In a plane
metal film the phase coherence of the two partial
waves is destroyed by a magnetic field. When the
two partial waves surround a constant area the rela-
tive change of the two phases’ is an oscillating func-
tion of the magnetic flux with period //2e, the su-
perconducting flux quantum. This produces an os-
cillatory behavior of the film resistance at low tem-
peratures.

In 1981 Altshuler, Aronov, and Spivak® predicted
that these oscillations can be detected in a cylindri-
cal metal film subjected to a magnetic field parallel
to the cylinder axis. The condition for observing
the effect is a diffusion length Ly,=(D74)"? com-
“parable to the cylinder circumference 27 r (D is the
electron diffusion coefficient). The oscillations
were subsequently observed in cylindrical Mg’ and
Li! films, indicating the importance of the spin-
orbit interaction. These experiments have to our
knowledge not been confirmed by other groups or
by studies on very small normal metal rings.!!

In this Letter we report for the first time on a sys-
tematic and quantitative analysis of the quantum-
interference effect in hollow Mg cylinders. The
main results of our study can be summarized as fol-
lows: (i) The period and the temperature depen-
dence of the resistance oscillations are in agreement
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with the theory of Altshuler, Aronov, and Spirak?;
(ii) the oscillation amplitude decreases exponential-
ly when L, < 27r and depends on the Mg film
sheet resistance as predicted; (iii) the phase-
breaking time 74(7) and the spin-orbit time g,
derived from the resistance oscillation data at
B <1072 T are consistent with the longitudinal
magnetoresistance (MR) measurements at higher
fields; (iv) the 74 and 7y, values are comparable to
the values obtained from perpendicular MR mea-
surements in plane Mg films, in both cases the tem-
perature dependence of (T¢)_1 being approximate-
ly linear below 4.2 K.

Samples were prepared by evaporating 99.99%
pure Mg in a partial pressure of 10~2 Torr pure He
onto a rotating quartz fiber held at room tempera-
ture. The quartz fiber was stretched over a hole cut
in a glass substrate and attached with glue onto two
Cu strips. Reliable and low-resistance current and
voltage contacts were made on the Cu strips using
silver paint. The average film thickness was mea-
sured with a quartz-crystal thickness monitor
mounted near the fiber holder. The deposition rate
was of the order of 0.2 nm s~!. After the conden-
sation and in order to minimize contamination all
the fiber samples were constantly kept in an at-
mosphere of technical-grade helium. The continui-
ty of the Mg layer and the diameter of the quartz
fiber were controlled by scanning electron micros-
copy (SEM). The conventional dc four-terminal
resistance measurements enabled us to detect re-
sistance changes AR/R=<10"° at low currents
(<10 uwA).

Table I contains the essential parameters of three
cylindrical and two plane Mg films. Aris the varia-
tion of the fiber radius over the length /, d is the
average Mg film thickness, R*? and RA? are
respectively the film resistance and sheet resistance
at 4.2 K, the resistance ratio is R/ R4, and
D = vgl, where the effective mean free path /, at
4.2 K is obtained from the resistance ratio and
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TABLE I. Relevant parameters for the studied cylindrical and plane Mg films.
r Ar l d R%? R&?  Resistance D Teo g’ 0

Sample  (um) @)  (mm) mm) (Q) (Q/0) ratio (em?/s) (10~"'s) (1071 s) (deg)
Fiber 1 0.60 16 5.3 14.5 5056 3.60 1.35 24.8 12 16 1.3
Fiber 2 0.72 20 S 14 8465 7.66 1.38 26.9 7.0 8.0 2.5
Fiber 3 1.03 27 35 14 4269 7.89 1.41 28.4 8.0 8.8 1.3
Film 1@ - - . ce 4 13.5 170 10.1 1.36 25.5 1.1 3.1

Film 2° <o 401 22.3 3.86 1.27 7.1

aRef. 15. bSample S of Ref. 16.

pl=6.52x10"12 Q cm?

A typical set of resistance oscillations in a longi-
tudinal field (parallel to the fiber axis) at 7=1.45
K is shown in Fig. 1. The oscillation period and
amplitude decrease with increasing cylinder diame-
ter and are practically not detectable for Fiber 3.
The observed positive MR at low fields consists of
three main contributions: (i) resistance oscillations
]

caused by quantum interference in the small
cylindrical geometry; (ii) a low-field longitudinal
MR '2; (iii) a fraction of the low-field perpendicular
MR caused by a misalignment between the fiber
axis and the field.

According to Altshuler, Aronov, and Spivak® the
first two contributions are taken into account by the
expression!?

R(B)—R(0)  e* 2mr s . 1
oy~ g FZe(Lg (BN =1 Ze(Ly(B))]) 1)
where
L, Le(B) 2 2mr 2e 2mr
ZQ(L¢(B))—2II'1 L¢(O) +4n§] KO[”L¢(B) COS ”fl' b ”KO HL¢(0)

and 1/L3 (B)=1/Dr4+ +(deB/ii)?, 1/L3* (B)=1/L3 (B)+2/D7y,. Here ®=mr?B is the magnetic flux

and K(x) is the McDonald function.
The orthogonal MR is given by?

R(B)—R(0)  e? 2mr|l

R2(0)  2x% [ |2

4De Te .
z B sind

where f(x)=Inx+y (3 +1/x), ¢ () is the digam-
ma function, 73'=771427,1 and 737 !'=7"!
+ 27,714+ 375! with 7,(7) the inelastic scattering
time and 7, the magnetic scattering time. 6 is the
angle between the fiber axis and the field. An ex-
cellent agreement with the experimental results
could be obtained by a summation of Egs. (1) and
(2) using 74(7), 74, and 0 as fitting parameters
(see Fig. 1). The damping of the oscillations with
increasing field is due to the averaging of Eq. (1)
over a distribution of fiber radii as measured by
SEM (see Arin Table I). :

The behavior of the magnetoresistance at dif-
ferent temperatures (Fig. 2) is characteristic of a
weakly localized electron system with spin-orbit in-
teractions. With the same 74(7), 74, and 6 fitting
parameters as in Fig. 1 a good agreement with

2070

-3

3

; (2)

2

theory [Egs. (1) and (2)] is obtained up to B = 0.4
T, the normal positive MR being important at
higher field. It should be remarked that above
B=2x10"2T the theoretical curves in Fig. 2 are
the mean value of a rapidly oscillating behavior on a
logarithmic scale (period < 2x1073 T). Analysis
of the MR data at each temperature produces a
phase-breaking time 74(7)« 7! (see inset in Fig.
2) as predicted by Abrahams efal!* for Ts
>>7,(T). The diffusion length Lg=(D74)V?
(calculated with D =26 cm?/s) is comparable to the
fiber diameter.

The observed differences between the values of
74(T) and 74, for, respectively, the Mg cylinders
and plane films (see also Table I) is probably due to
(i) a different film structure, since the Mg plane
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FIG. 1. Resistance oscillations in three cylindrical
(¥=2r) Mg films at T=1.45 K. The full curves are cal-
culated with Egs. (1) and (2).

film 1 is exposed to air during photolithographic
processing!® and film 2 is evaporated and measured
in situ on a liquid He-cooled substrate!®; (ii) the dif-
ferent sheet resistance which influences the phase-
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FIG. 2. Longitudinal MR curves of a cylindrical Mg

film at different temperatures. The full curves are calcu-

lated using Egs. (1) and (2). The inset shows 74 and Ly

vs T for Fiber 1 (circles), Fiber 2 (triangles), Fiber 3
(squares), and plane Mg film 1 (solid line).

breaking time 74 '« R4? (Ref. 14).

The temperature dependence of the oscillating
MR at very low fields (B < 102 T) is also in ex-
cellent agreement with theory (Fig. 3) and is con-
sistent with the decrease of L,(7) as a function of
increasing temperature.

Finally, measuring the fiber resistance versus
temperature indicated that (i) at B=0Tand T<5
K the resistance is nearly constant, probably be-
cause of the interplay* between electron-electron
interactions and weak antilocalization (7, << 7,);
(i) at B>1 T and T<S5 K weak localization is
destroyed and the resistance increases logarithmi-
cally with decreasing temperature

{lRo(1 K)—Rg(10 K)I/R2
=25%x107° (Q/0)"}

as a result of electron-electron interactions. A dis-
cussion of these phenomena will be given else-
where.

In conclusion, a detailed analysis of the resistance
oscillations in cylindrical metal films has shown that
the theory of Altshuler et al. is relevant to the inter-
pretation of the observed quantum interference of
the conduction electrons. These experiments clear-
ly indicate that the main concepts of the weak local-
ization theory in quasi two-dimensional electron
systems are correct.
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FIG. 3. Comparison between the experimental (dots)
and theoretical (full curve) temperature dependence of
the resistance oscillations in a cylindrical Mg film.
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