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Single-crystal bismuth thin films 1 t o  20 micrometers thick were fabricated by 
electrodeposition and suitable annealing. Magnetoresistance up t o  250 percent 
at 300 kelvin and 380,000 percent at 5 kelvin as well as clean Shubnikov-de 
Haas oscillations were observed, indicative of the high quality of these films. 
A hybrid structure was also made that showed a large magnetoresistive effect 
of 30 percent at 200 oersted and a field sensitivity of 0.2 percent magnetore- 
sistance per oersted at room temperature. 

Bismuth (Bi) is a semimetal with unusual 
electronic propeities that result from its high- 
ly anisotropic Fermi surface, low carrier con- 
centrations, and small effective carrier mass- 
es I I~* .  Because of its large Fenni wavelength 
and long carrier mean free path I ( I ) ,  Bi has 
been extensively investigated for quantum 
transport and finite-size effects (2, 3). The 
small values of I I ~ *  and the very large value 
of I also produce the very large magnetore- 
sistance (MR) effects observed in bulk single 
ciystals of Bi (4) and recently in Bi nano- 
wires (5,  6). The MR is r (H)  = [p (H)  - 
p(O)]/p(O) X loo%, where H is the mag- 
netic field and p is the resistivity. Despite 
this, fabrication of high-quality Bi thin films; 
a requirement for studying Bi's transport 
properties and for technological applications 
such as magnetic field sensing ( 7 ) ;  has been 
difficult. For example, Bi thin films made by 
evaporation and sputtering are often poly- 
crystalline with small grains ( 8 )  and show 
MR that is typically orders of magnitude 
smaller than those of single crystals. Only 
very recently have high-quality Bi thin films 
been produced by using molecular beam epi- 
taxy (MBE) onto BaF2 substrates (3, 9), a 
well-controlled but costly and slow fabrica- 
tion technique. 

We report on the electrodeposition of 
high-quality, single-c~ystal Bi thin films that 
exhibit veiy large MR effects. Electrodeposi- 
tion is intrinsically fast and compatible with 
pattei~~ing and large-scale production. We 
fabricated trigonal-axis-oriented, single-ciys- 
tal Bi thin films that exhibit MR of as much 
as 380,000% at temperature T = 5 K and 
250% at room temperature with a nonhyster- 
etic and quasi-linear field dependence. The 
high quality of the Bi films is further illus- 
trated by the observation of clean Shubnikov- 
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de Haas oscillations at low T. We also dem- 
onstrate a simple hybrid structure with a large 
MR effect of 30% at 200 Oe and a field 
sensitivity of 0.2% MR per oersted at room 
temperature. These electrodeposited Bi thin 
films are new media suitable for studying the 
unusual transport properties of Bi and for the 
development of field-sensing devices. 

The Bi thin films were electrodeposited 
from aqueous solutions of Bi(N03),.5H,0. 
The lateral dimensions of the films are de- 
fined by a thin Au underlayer (- 100 A thick) 
patteined onto a Si(100) wafer. The Au un- 
derlayer serves as the working electrode in a 
standard three-electrode electrodeposition 
cell, ~vhich also includes a Pt counterelec- 
trode and a Ag-/AgC1 reference electrode. 
Polyc~ystalline Bi films of thickness t = 1 to 
20 k m  deposited at a rate of -0.2 pm/min 
have large grains (0.1 to a few micrometers), 
but after suitable annealing (268°C for 6 
hours in Ar), they become single ciystals, 
with the trigonal axis orientated peipendicu- 
lar to the film plane. X-ray diffraction pat- 
terns of annealed films exhibit only the (003); 
(006); and (009) peaks (Fig. 1A). Pole-figure 
measurements of the (1  16) peaks show the 
expected sixfold syinmet~y (Fig. 1B). We 
also measured the pole-figures of the (202) 
and (012) peaks, both of which exhibit a 
threefold symmetry. 

We measured the transport propeities of 
the Bi films with a conventional four-probe 
method on samples of lateral dimensions 6 
mm by 2 mm with the current in the long 
direction. We first examine the zero-field 
resistivity p(0) and its T dependence for poly- 
c~ystalline and single-c~ystal Bi films of var- 
ious thicknesses. At T = 5 K, p(0) for the 
polycrystalline films is dominated by grain- 
boundary scattering and hence is larger in the 
thinner films; which have smaller grains (Fig. 
2A). For the single-crystal films, p(0) is much 
lower (Fig. 2B) because grain-boundaiy scat- 
tering is eliminated. Because I >> t ;  n7e are 
in the realm of finite-size effects, where scat- 

tering of carriers froin the film surface sig- 
nificantly influences p. With carrier concen- 
trations of n = y = 3.7 X 10'' cmp3 ( n  is 
the electron concentration and p is the hole 
concentration) dete~mined from Hall effect 
nleasurements at 5 K; we determined from 
p(0) the effective mean free path l,,,. For the 
single-crystal filnls with t = 1. 2, 5, 10; and 
20 km; the values of I e ,  are respectively 2.9, 
3 .5 ,4 .7 ,6 .6;and 11 km. 

The MR was measured for magnetic fields 
H up to 5 T applied perpendicular to the film 
plane, and in the film plane either parallel 
(longitudinal) or perpendicular (transverse) to 
the current. As shown in Fig. 2, p(5T) is 
many times larger than p(O), and thus huge 
MR effects are observed. Because p(0) is 
smaller and p(5T) is much larger for the 
single-ciystal films than for the polyciystal- 
line films. the MR r ( H )  of the single-crystal 
films is up to tn70 orders of magnitude greater 
than that of the polyc~ystalline films. For 
example. in the 10-km-thick polycrystalline 
film r(5T) = 2100% at 5 K, whereas in the 
10-pm-thick single-crystal film r(5T) = 

153,000%. 
The MR effect in Bi is the so-called ordi- 

nary MR, caused by the curving of the carrier 
trajectories in a magnetic field. The size of 
this effect is determined by o ,~ ;  where o, = 

eHinz*c is the cyclotron frequency and T the 
relaxation time, which is proportional to 1 (e  
is the electron charge, MI* is the effective 
carrier mass, and c is the speed of light). At a 
given value of H ,  the value of op is an 
intrinsic property of a given material. Be- 

Fig. 1. X-ray diffraction patterns of a 5-bm- 
thick single-crystal Bi film. (A) The 8-28 scan 
shows that the film is oriented along the trigo- 
nal axis. (B) Pole-figure scan of the (1 16) peaks 
exhibits the expected sixfold symmetry, where 
the radial direction is the ti lt angle $ between 
the normal direction of the film and the dif- 
fraction plane (0" to 90°), and the angular 
direction is the rotation angle (0" to 360'). 
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cause 112* is 111uch smaller in Bi than in 
common metals, w, is about two orders of 
magnitude larger. The key to realizing a large 
MR effect in Bi films is the long 1 (equiva- 
lently a large T), which is directly related to 
the sample quality. Most evaporated and 
sputtered Bi films have small grain sizes and 
show very small MR effects, orders of inag- 

dicular and transverse MR is quasi-linear and 
ilonhysteretic and does not saturate in the 
field range probed. However, for the single- 
c~ystal Bi films; there are Shubnikov-de Haas 
(S-dH) oscillations superimposed on the MR 
in all three geometries. For a 10-pm-thick 
filin measured up to H = 9 T; the MR 
changes little below 4 K, but the amplitude of 

nitude smaller than even those of the poly- the oscillations increases with decreasing 
crystalline Bi films reported here (8 ) .  we temperature (Fig. 4A). The S-dH oscillatioils 
note that the MR of our 2-km-thick single- can be shown more clearly by subtracting the 
ciystal electrodeposited Bi films is the same MR data at 4 K from that at 0.06 K. More 
as that of 2-km-thick MBE-grown films, than eight S-dH oscillations are observed, 
which are the thickest such films reported (9). which are periodic in 1/H (Fig. 4B). Oscilla- 

For single-crystal films; p(5T) increases tions of this type reflect periodic, field-de- 
rapidly as T decreases from 300 K because of pendent illodulations in the electronic density 
the rapid groxth of 1 (as well as w,~) (Fig. of states as successive, quantized cyclotron 
2B). The small maxima in the p(5T) cuives of orbits become coinmensurate n7ith extrenlal 
the single-crystal films at low T stem from orbits on the F e ~ m i  surface (10). The details 
the delicate balance between the T depen- of the S-dH oscillations in all geometries n~ill  
dence of 11 (and y )  and I in a thin film. be discussed elsewhere ( I I ) .  

The H dependence of p and of the MR for Of particular interest for technological 
polycrystalliile and single-c~ystal 20-km- appl~cations is the MR effect at roo111 tern- 
thick Bi filills at 5 K is shown in Fig. 3. The perature. This is much smaller than the MR 
perpendicular MR is always the largest and at low T because of the greatly reduced 
the longitudinal MR the smallest because of mean free path, but nonetheless a very large 
the orientation of the cyclotron orbits in the MR still remains. The MR at room temper- 
different nleasuring geonletries parallel and ature is betn~een 200 and 300% (sputtered 
perpendicular to the fihn plane; respectively. Bi fihns show 1% MR at rooin temperature) 
For both the polyc~ystalline and single-ciys- and is roughly the same for all of the 
tal Bi films, the H dependence of the perpen- electrodeposited filills studied in both the 

Fig. 2. Temperature dependence 
of p(0) and perpendicular M R  at 5 
T [p(5T)] of (A) representative 
polycrystalline I - bm-  and 10- 
p,m-thick Bi films and (0) single- 
crystal films 1 to  20 b m  thick. In 
(B), the curves at low T are in 
decreasing [p(O)] and increasing 
[p(5T)] order for thickness t = 1, 
2, 5, 10, and 20 bm. 

Fig. 3. The MR of a 20- 
bm-thick electrodepos- 
ited Bi film: (A) as-depos- 
ited polycrystalline film at 
5 K in the perpendicular 
(P), transverse (T), and 
longitudinal ( L )  geome- 
tries; (B) as-deposited film 
at 300 K in the P geome- 
try; (C) single-crystal film 
at 5 K in the P ,  T, and L 
geometries; and (D)  sin- 
gle-crystal film at 300 K in 
the P geometry. 

Polycrystalline 0 5 j /  

perpeildicular and transverse orientations. 
The MR of v(5T) = 250% for the 20-km- 
thick Bi films at 300 K is greater than the 
largest giant magnetoresistance (GMR) ob- 
served at ally temperature (12). The non- 
hysteretic MR of the Bi films. \vhich in- 
creases quasi-linearly with field in a man- 
ner ailalogous to the Hall effect, can poten- 
tially be used for wide-range field and 
current sensors. Although it reillains to be 
seen how Bi-based MR devices illigllt ulti- 
mately compare to other wide-range devic- 
es, one advantage they should have over 
Hall effect sensors is the ability to measure 
fields in different orientatioils relative to 
the device without loss of sensiti~ity.  

The original GMR effect in mag~letic 
ilanostiuctures arises from spin-dependent 
scattering and occurs only at large ~llagiletic 
fields. but spin valves and other structtlres 
allow it to be useful for detecting sillaller 
fields (13). iVith suitable hybrid stnlctures; 
the large illtrillsic MR effect in electrodepos- 
ited Bi can also be used to detect small 
magnetic fields. By using the strong response 
at sinall H of a soft magnetic material such as 
Fe, a large MR effect can be observed in a Bi 
seilsiilg element placed near the edge of the 
soft magnetic material, n~here a large local 
~nagiletic field exists. A sinlple hybrid sensor 
iilvolving an electrodeposited Bi fill11 and 
snlall Fe slabs registers a MR effect of 
6000% at 5 K and 30% at room temperature 
at H = 200 Oe. The field sensitivity is 
-0.2% MRlOe fiom 50 to 200 Oe at room 
temperature 

Fig. 4. (A) Field dependence of resistance (R) in 
the perpendicular geometry of a 10-pm-thick 
Bi film at 10 K, 4 K, and 0.06 K and the S-dH 
oscillations shown by R(0.06 K )  - R(4 K ) .  (0 )  
The S-dH oscillations are shown to  be periodic 
in 1 /H .  
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Cracks Faster than the Shear 
Wave Speed 

A. J. Rosakis," 0. Samudrala, D. Coker 

Classical dynamic fracture theories predict the surface wave speed to be the 
limiting speed for propagation of in-plane cracks in homogeneous, linear elastic 
materials subjected to remote loading. This report presents experimental ev- 
idence to the contrary. lntersonic shear-dominated crack growth featuring 
shear shock waves was observed along weak planes in a brittle polyester resin 
under far-field asymmetric loading. When steady-state conditions were at- 
tained, the shear cracks propagated at speeds close to  Z/Z times the material 
shear wave speed. These observations have similarities to shallow earthquake 
events where intersonic shear rupture speeds have been surmised. 

Over the past 50 years; fracture mechanics 
theories have had enormous success in pre- 
dicting the failure of brittle materials; a class 
of inaterials that exhibit a linear elastic con- 
s t i h ~ t i ~ e  response up to failure. Cracks or 
fi'ach~res are displaceinent disconti~luities in 
an otherwise intact material. On the basis of 
the nature of the displaceme~lt discontinuity 
near the crack tip, three distinct fracture 
inodes can be defined: mode I; the in-plane 
opening mode resulting fiom ilollllal separa- 
tion of the crack faces (opening displacement 
discontinuity); mode 11, the in-plane shearing 
nlode resulting fiom relative sliding of crack 
faces perpe~ldicular to the crack edge (sliding 
displacement discontinuity); and inode 111, 
the anti-plane shearing mode resulting froin 
relative out-of-plane sliding of the crack fac- 
es (tearing displacement discontinuity). 

Griffith's energy balance criterion states 
that if the body can supply sufficient energy 
per unit crack advance to the crack tip to 
create new surfaces, the11 crack initiation will 
take place. Howeyer; if a crack stai-ts to prop- 
agate rapidly; inertial effects come into play 
and the kinetic energy of the material palti- 
cles must be taken into account. Griffith's 
energy criterion is then appropriately modi- 
fied to include the net flux of kinetic energy 
and elastic strain energy into a ~anishingly 

small con to~~r  around the crack tip. As the 
crack tip speed is increased to the fiee surface 
or Rayleigh wave speed of the material, c,; 
the net flux of energy into the propagating 
crack tip vanishes. thus making c, the theo- 
retical limiting crack tip speed (1). This speed 
is an upper bound for in-plane cracks in 
idealized co~ltinuum models without local 
length scales and structure. In real materials, 
experimentally observed crack tip speeds sel- 
dom exceed 40 to 50% of the Rayleigh waye 
speed even in the nlost brittle materials (2, 3). 
A variety of explanations, ranging froin high 
strains (4) and micro damage zones around 
the crack tip (3) to wavy crack paths (j), have 
been offered to reconcile the discrepancy be- 
tween the observed terminal speed and the 
theoretically determined limit. 

Washabaugh and Knaiauss (6) proposed 
that the observed maximal speed of crack 
propagation is inherently related to the 
strength of the material. On the basis of ear- 
lier work by Ravichandar and l l a u s s  ( 3 ) ,  
they argued that in a~no~phous  brittle solids a 
zone of microcracks is generated around a 
propagating crack tip, which is responsible 
for substantially reducing the crack speed and 
eventually inducing crack tip branching. In 
their experiments. they suppressed the forma- 
tion of microcracks and the tendency for 
branching by fabricating weak planes along 

G r a d u a t e  A e r o n a u t i c a l  Labora tor ies ,  C a l i f o r n i a  Ins t i -  wllich cracks were forced to propagate under 
t u t e  o f  T e c h n o l o g y ,  Pasadena, C A  91125, USA.  remote, symmetric opening loading condi- 
" T o  w h o m  cor respondence s h o u l d  b e  addressed. E -  tions. Alollg these weak plalles they repolled 
mail :  rosakis@aero.caltech.edu subsonic (speeds less than the shear w a ~ e  

speed, c,) opening mode cracks with speeds 
asymptotically approaching c, - 0 . 9 2 ~ ~  in 
the limit of vanishing bond strengtl~. In a 
laboratory setting, the only experimental ob- 
servations of intersonic crack tip speeds 
(speeds between c, and the dilatational wave 
speed; c,) and supersonic crack tip speeds 
(speeds greater than c,) have been limited to 
cases where the loading is applied directly at 
the crack tip. Winkler et nl. reported super- 
sonic crack growth along weak crystallo- 
graphic planes in anisotropic single crystals 
of potassium chloride, where the crack tip 
was loaded by laser-induced expanding plas- 
ma (7). At an entirely different length scale, 
indirect observations of intersonic shear IXD- 

h ~ r e  haye been repoi-ted for shallow ciustal 
earthquakes (8. 9). Here the fault motion is 
primarily shear dominated; and the material 
is not strictly n~onolithic because preferred 
weak rupture propagation paths exist in the 
form of fault lines. 

Motivated by the observations of highly 
dynamic shear rupture dur~ng earthquakes, a 
substantial analytical effort has been made to 
model the mechanics of both subsonic and 
nltersonic dynainic shear crack propagation. 
Andrews (10) showed that a shear crack can 
have a terminal speed e~ther less than c, or 
slightly greater than v?c,; depending on the 
cohesi~e strength of the fault plane ahead. 
Burridge et 01. (11) concluded that the speed 
regime c, < v < v'?c, (where 1: is the crack 
tip speed) 1s inherently unstable for dynainic 
shear crack growth. Broberg (12) showed that 
the speed regime c, < 1; < c, is forbidden for 
both opening and shear mode cracks, whereas 
the speed regime c, < v < c, is forbidden for 
opemng inode cracks only. Freund (13). on 
the basis of his asynlptotic solution for a 
steady-state shear  mode intersonic crack, 
concluded that v 2 c S  is the only speed per- 
nlissible for a stable intersonic shear crack. 
Broberg (14, 15) also solved the problem of 
an intersonic shear crack syininetrically ex- 
panding at constant speed from zero initial 
length. He allowed for the existence of a 
finite process region ahead of the tip and 
concluded that a shear crack can propagate at 
all intersonic speeds, except those close to c, 
and c,. He also discussed the importance of 
the speed \/he, within the assumptions of his 
model. All of these analytical studies con- 
strained the shear crack to nlove along a 
prescribed straight-line path in its own plane. 
To our knowledge, direct experimental con- 
firmation of intersonic shear crack growth 
has not yet been reported. 

We sought to determine whether in-plane 
shear intersonic crack growth could be ob- 
tained in laboratoiy speciinens under remote 
shear loading conditions. In monolithic, pre- 
notched laboratoiy specimens subjected to 
shear loading, after initiation from the notch 
tip the crack does not follow a straight path in 
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