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Enhanced lntergrain Tunneling 
Magnetoresistance in Half-Metallic CrO, Films 

H. Y. Hwang and S.-W. Cheong 

Low-field tunneling magnetoresistance was observed in films of half-metallic CrO, that 
were grown by high-pressure thermal decomposition of CrO,. High-temperature an- 
nealing treatments modified the intergrain barriers of the as-grown films through surface 
decomposition of CrO, into insulating Cr,O,, which led to a threefold enhancement of 
the low-field magnetoresistance. This enhancement indicates the potential of this simple 
method to directly control the interface barrier characteristics that determine the mag- 
netotransport properties. 

Half-metallic ferromagnets exhibit con- 
ducting states at the Fer~ni level (EF) for 
majority-spin electrons, but a semiconduc- 
tor gap for minority-spin electrons ( 1  ). The 
resulting high degree of spin-polarization of 
Fermi-level electrons suoeests that this class 

L" 

of materials could exhibit enhanced spin- 
dependent magnetotransport. Transition 
metal oxides can exhibit half-metallic be- 
havior, in Dart because of their narrow con- 
duction hands derived from transition lnetal 
d levels and oxygen p levels. Recently, low- 
field spin-polarized tunneling magnetoresis- 
tance (MR) was observed in polycrystalline 
perovskite manganites, layered manganites, 
artificial thin-film trilaver structures of oer- 
ovsk~te manganltes, anh polycrystalllne'py- 
rochlore T12bln207, all of wh~ch are (or are 

suspected to be) half-metallic ferro~nagnets 
(2-6). In another example, perovskite man- 
ganite electrodes were used to inject spin- 
polarized carriers into a high-temperature 
superconductor, which suppressed the crit- 
ical current by pair breaking (7). 

All of the oxide systerns currently in- 
vestigated for t~~nnel ing  MR are Ivln- 
based, although this phenomenon should 
not be specific to the manganites. Half- 
metallic ferromagnetism has been suspect- 
ed in the technologically important Cr02 .  
Already a staple magnetic recording me- 
dium, band structure calculations of CrO, 
predict 100% spin polarization at EF (8). 
Spin-polarized photoernission and vacuuln 
tunneling experiments show nearly com- 
plete spin polarization 2 eV below EF, but 
a negligible density of states at E,, incon- - - 
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promising material in which to explore 
tunneling MR. 

Previous studies of single-crystal CrO, 
report little MR below T,, but in analogy 
to a recent comparison of single crystal 
and polycrystalli~~e perovskite manganites, 
polycrystalli~~e CrO, might exhibit low- 
field intererain tunnelino MR 13). \Ve " L , , 

studied polycrystalline C r 0 2  films grown 
by high-pressure thermal decolnposition of 
CrO, on SrTiO, substrates and observed 
significant low-field spin-polarized tun- 
neling blR at low temperatures in as- 
grown films. High-temperature annealing 
treatments significantly enhance low-field 
MR bv lnodification of the effective inter- 
grain iunneling barrier through surface de- 
co~n~osi t ion  of CrO, into insulating 
c r 2 0 , .  This method brovides a convey 
nient way to control the interface proper- 
ties for tunneling MR. 

We prepared polycrystalline films of 
C r 0 2  by dissolving CrO,, polvders in 
deionized water. The solut~on was uni- 
formly applied on single-crystal SrTiO, 
substrates. Curire the s~ecimen in a drv- " 

air atmosphere removed the water and 
left a thin layer (typically a few microrne- 
ters) of polycrystalline CrO,. Treatment 
in a few hundred bars of oxygen pressure 
with increasing temperature led to a series 
of decornposition reactions CrO, -> 

(Cr,O, + Cr20 j )  + CrO, -> Cr203,  
which are very sensitive to the applied 
temperature and pressure (1 1 ) .  Further- 
more, only under high oxygen pressure 
does a narrow but distinct temperature 
window exist for stable, single-phase 
CrO,. Because C r 0 2  is metallic whereas 
CrO, and Cr203  are insulating, monitor- 
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ing the resistivity during the decom- 
position process and subsequent annealing 
allolvs precise control of the sample growth. 
Gold electrode pads evaporated directly on 
the SrTiO, substrate and gold wire leads 
were used for standard four-probe resistivity 
measurements throughout the high-temper- 
ature, high-pressure treatment. 

The  morphology of the resulting films 
was studied by scanning electron micros- 
copy (SEM). The  grains were generally 
elongated shapes, -2 pm in the long di- 
mension. The  distribution of grain sizes 
was fairly broad, however. The  large-scale 
structure of the grains appears to be pre- 
determined by the preparation of the 
CrO, film, as the thermal decomposition 
reaction to CrOz occurs at  fairly low tem- 
oerature (-450°C). Thus. the detalled ~. 

;nethodology of C r b 3  decomposition can 
likely vary the C r 0 2  grain size and shape. 

Previous reports of the temperature- 
dependent resistivity [p(T)]  of CrOL vary 
widely, from semiconducting to metallic, 
and range over five orders of magnitude 
at  low temperatures (Fig. 1) (12-14). 
Whereas bulk and film single crrrstals all " 

exhibit good metallid behavior, particular- 
ly the polycrystalline samples seem quite 
variable. In two of our polycrystalline 
films upon heating (during growth) and 
cooling to low temperature, the formation 

- 6  
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Fig. 1. The wlde varlatlon In the temperature- 
dependent resstlvlty p(T) for samples of CrO, 
Open c rces  show a bulk poycrystalne sample 
(12), closed clrcles show another bulk poycrys- 
tallne sample (13), and crosses show a snge-  
crystal fllm grown on TO, (14) Two of our poy- 
crystallne flms grown on SrTlO, are also shown 
Fllm I (dashed n e )  was cooled just after the 
formation of CrO, at 722 K In 200-bar 0, FIm I 
( s o d  llne) was further heated to 734 K before 
coollng allowlng the partlal decompos~tlon of 
CrO, Into Cr,O,, whlch results In slgnlflcantly 
hlgher p 

of CrOL corresponds to the sharp decrease 
in p at 722 K at 200-bar oxygen pressure 
(Fig. 1). A t  this point the sample can be 
cooled, and stable, single-phase C r 0 2  film 
remains (film 11). However, further heat- 
ing leads to the partial reduction of CrOz 
to C r 2 0 3 ,  an insulator. Approaching this 
second phase boundary, p began to in- 
crease rapidly. In film I ,  p was allowed to 
increase before quenching to room tem- 
perature. Although at  low temperatures p 
is more than three orders of magnitude 
greater, the magnetization (iM) still re- 
flects ferromagnetic C r 0 2  (Fig. 2). In both 
cases, we observe magnetic properties con- 
sistent with high-quality bulk C r 0 2 .  Heat- 
ing the films in various atmospheres (or 
vacuum) did not  affect the films below 
150°C. 

Insight into the process raising p in 
film I can be obtained by comparing the 
x-ray diffraction pattern of the two films 
(Fig. 3 ) .  The  films were measured br7 , - ,  

means of a powder x-ray diffractometer 
with C o  K_ radiation. T h e  first observa- - 
tion was to confirm the randomly oriented 
~olr7crvstalline nature of the films. In both * , ,  

films, peaks corresponding to the polycrys- 
talline pattern of C r 0 2  tetragonal rutile 
structure are observed. T h e  higher resis- 
tive film (film I )  disolavs weak but distinct 
rholnbohedral Crz0; pkaks that are absent 
in the other film, even though the highest 
annealing temperature nras kept below the 
bulk thermodynamic phase boundary. The  
magnetic properties were completely un- 
changed in the second film, aside from 
possible corrections due to the presence of 
antiferromagnetic C r L 0 3 .  This result indi- 
cates that  with high-temperature anneal- 
ing, the CrOL grains are not uniformly 
degrading (usually the magnetic properties 

such as the coercive field are highly sen- 
sitive to crvstallinitv). 

\Ve havk s tudiei  a number of samples 
with intermediate p values between the 
two films discussed here. Films that exhib- 
it increases in p in  this range do not show 
clear C r 2 0 3  peaks, but are likely system- 
atically varying in the expected manner. 
These results indicate that with the initial 
increase in  p, the surface of the C r 0 2  
grains reduces into Cr103, whereas the 
interior of the grains remains unaffected. 
Wi th  increasing p, the films begin to have 
a greenish hue, the color of C r L 0 3 .  This 
tendency toward surface degradation has 
been observed in photoemTssion studies 
where the spectrum displayed high sensi- 
tivity to the degree of sputter cleanlng by 
a Ne-ion beam (9).  Indeed, the photo- 
emission spectra were close to those of 
C r 2 0 3 ,  and only with repeated sputter 
cleaning was intensity near EF obtained. 
T h e  above properties suggest that this is 
a n  ideal half-metallic system in which the 
intergrain barrier may be systernatically 
tuned. 

Examination of the magnetotransoort - 
properties of our flllns reveals the slgna- 
ture of intergrain tunneling IvIR bv a large 
drop in p a; low magnetic f i e lds ' (~ ig .  7, 
inset). In a simplified picture of this pro- 
cess, neighboring grains tend to be mag- 
netically antialigned by dipole coupling in 
zero applied field, and majority-spin carri- 
ers in one grain correspond to minority- 
spin carriers in the next (which have a gap 
at  EF) and thus cannot propagate. A small 
applied field magnetically aligns the 
grains, which effectively turns on  a density 
of extended states. In the film with lower p, 
the blR (Ap/p,) is - 10% at 5 K and 2 T, 
whereas the annealed film is -24% at 5 K 
and 2 T. The approximate magnitude of the 

I 3 (T) I 
001 I 1 I I I I 
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Fig. 2. The magnetlc propertes of the two poy- 
crystalline fllms (fllm I ,  solid n e s  fllm I l ,  dashed 
Ihnes) The temperature-dependent magnetzatlon 
was taken whlle warmlng the fllm In 1 T (Inset) 
Magnetlzatlon curves taken at 5 K 

1 Film I1 1 

Fig. 3. A comparison of the x-ray dffractlon pat- 
tern taken from the two polycrystall~ne fllms F m  
I ,  the lower p f m ,  shows only CrO, peaks, where- 
as fllm , the hlgher p f m ,  shows both CrO, and 
Cr,O, peaks 
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lev-field MR extrauolated to H = L1. MR* 
shows roughly a factor of 3 enhancement 
observed for all telnperatures (Fig. 4). This 
enhancement appears to correlate with the 
larger effective intergrain barrier formed by 
the annealing process discussed earlier. This 
suggests that the description of transport at 
the grain boundaries evolves from a field- 
dependent scattering process to tunneling 
with increasing p and MR. 

Our study of polycrystalline filins pro- 
vides a new candidate for high-MR media. 
In recent vears, there has been much in- 
terest in magnetoresistive oxides and arti- 
ficial structures derived from them. Al- 
though very important for achieving and 
understanding new physical properties, ex- 
amples requiring epitaxial multilayer 
growth are unlikelv to be directlv trans- 
ferred to applications because of the high 
cost of preparation. By comparison, poly- 
crystalline films of CrO, readily grow on a 
wide range of substrates, and annealing 
steps can greatly improve the intergrain 
properties by using surface-decomposed 
Cr,03 as a tunnel barrier. Thus, the ma- 
terials asuects of ~olvcrvstalline films of 
CrO, appear to be quite attractive for possi- 
ble au~lications. The uredolninant issue to 

A 

be resolved is the origin of the rapid decrease 
in MR" with increasing temDerature, which - 
is quite similar to that observed in polycrys- 
talline perovskite inanganites and thin-film 
trilayer tunnel junctions of perovskite man- 
ganites (3, 5). Is this temperature depen- 
dence intrinsic, or can it be raised to higher 
temperatures by improving the materials in- 
terface properties (controlling impurity 
states, for example), in analogy to the suc- 
cessful development of magnetic metallic 
rnult~layers as useful room-temperature de- 

0.05 H (T) 
\ 
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Fig. 4. The magnetoresistance (MR) of the two 
polycrystalline fllms (fllm I ,  solid lines; film 1 1 ,  
dashed lines). (Inset) Thefeld-dependent p at 5 K 
normallzed to the maximum value. The main panel 
displays the temperature dependence of the mag- 
ntude of the low-fed M R  extrapolated to H = 0, 
MR".  
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Imaging of lntermittency in 
Ripple-Wave Turbulence 

William 6. Wright, R. Budakian, D. J. Pine," S. J. Puttermant 

The dynamics of a fluid surface filled with high-amplitude ripples were studied with a 
technique (diffusing light photography) that resolves the height at all locations instan- 
taneously. Even when nonlinearities are strong enough to generate a (Kolmogorov) 
cascade from long wavelength (where energy is input) to shorter wavelength, the re- 
sulting turbulent state contains large coherent spatial structures. The appearance of 
these structures in a thermal equilibrium state (with the same average energy) would be 
highly improbable. 

An attempt to distill into one question 
the issue that has intrigued scientists 
about the turbulent motion of fluids is, 
How does fully developed turbulence dif- 
fer from thermal noise with the same en- 
erg!;? ( 1 ) .  To address this issue, we used 
diffusing light images of a strongly rippled 
surface to quantify the competition be- 
tween structure formation and randomiza- 
tion of energy in far-off equilibrium fluid 
motion that must be contained in a uni- 
fied theory of turbulence. 

Thermal equilibrium differs from turbu- 
lence in that thermal equilibrium is global 
whereas the spectrum of turbulence has 
end points. Turbulence is driven by an 
external source of energy that enters at 
long wavelengths and then, through non- 
linear interactions, cascades through an 
inertial region of shorter wavelengths un- 
til the energy reaches a wavelength that is 
so sinall that viscosity dominates the mo- 
tion (2-4). 

In the steady state, the spectrum of en- 
ergy in thermal equilibrium and in the in- 
ertial range of turbulence are both power 
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laws in the wavenumber k. For example, the 
equilibrium distribution of thermal energy 
for capillary waves per unit area of surface 
per range of wavenumber is 

~ ( k )  - (kBT)k (1)  

which expresses the equipartition of ener- 
gy (k, is Boltzmann's constant and T is 
temperature). In comparison the steady- 
state wave turbulent distribution of ripple 
energy driven by a source of power per 
unit area q is 

where p is the fluid density and a is the 
surface tension (5-7). [For vortex turbu- 
lence as analyzed by Kolmogorov, u(k) - 
pl/3q2/3k-j/3 where q is now the power 

input per unit of volume by the tides into 
the stirring of the seas (3.  4 ,  8, 9).] 

The challenges posed by turbulence are 
much deeper than the need to explain the 
different values for the exponent of k in 
the equilibrium (Eq. 1) and far-from-equi- 
librium (Eq. 2)  steady states. The distinct 
physical aspects of turbulence are to be 
found in the fluctuations around the 
steady state. Because motion is character- 
ized by phase as well as amplitude, the 
spectra (Eqs. 1 and 2 )  do not uniquely 
determine the state of fluid motion to 
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