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The index of the calculated viscous and 
resistive power laws is close to the 1/5 found 
by Poedts and Kerner (13) for resistive dissi­
pation in a cylindrical loop. We found that the 
power law index increases when R or S > 106 

(Fig. 4), in agreement with (20), which means 
that with the classical values of S and R the 
estimated dissipation time would be at least 
three orders of magnitude longer than the 
observed dissipation time. 

The decay of the loop oscillation ampli­
tude indicates the presence of strong dissipa­
tion of the wave energy. Dissipation leads to 
the heating of coronal loops. We found that as 
the oscillations are dissipated, the loop dims 
in the cooler 171 A line (1.3 X 106 K ion­
ization temperature), and appears to brighten 
in the hotter 195 A line (1.6 X 106 K ioniza­
tion temperature). This process is consistent 
with our understanding of the dissipation pro­
cess and needs further detailed study. 

If mainly the viscosity is enhanced com­
pared with the classical value, then our results 
favor coronal heating by viscous dissipation 
of waves. Numerical simulations indicate that 
the classical viscosity may be enhanced by 
small-scale turbulence driven by fluid insta­
bilities of the coronal plasma (23-25), in 
agreement with theoretical predictions (9, 
11). Similarly, the enhancement of resistive 
dissipation requires the formation of turbu­
lent current eddies at small spatial scales (9) 
(which in our view is less favorable for coro­
nal loop conditions, because of the small 
growth rate of current instabilities compared 
with fluid instabilities). If the resistivity is 
enhanced (or the resistivity and the viscosity 
are enhanced), then our results support the 
dissipation of waves and the magnetic recon-
nection mechanisms for coronal heating. The 
difficulties that arise in these models, when 
the classical value of the dissipation coeffi­
cient is used, are eliminated. The fundamen­
tal plasma parameters in the solar corona are 
relevant to the understanding of the solar 
flares, to the acceleration of the solar wind 
and coronal mass ejection, and, ultimately, to 
the sun-Earth connection. 
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depending on the details of the shape and 
magnetic properties of the particle. A concep­
tually simpler reversal mode is reversal by 
precession of the magnetization: No curling 
and buckling modes occur (4, 5). Precession-
al and conventional reversal differ in the 
angle between M and //ex and in the duration 
of the applied field pulse. In conventional 
magnetic recording, for example, the revers­
ing field is applied antiparallel to the direc­
tion of M, limiting the reversal speed to the 
nanosecond level (6, 7). Much shorter rever­
sal times can be achieved if the external mag­
netic field inducing the reversal is applied per­
pendicular to M (4). In this case, the magnetic 
field pulse induces a precessional motion of the 
magnetization vector that leads to magnetiza­
tion reversal. Precessional reversal in the pico­
second regime was demonstrated for thin films 
magnetized perpendicular to the film plane. 
However, the magnetic field had to exceed 
^2000 kA/m at a pulse length of a few pico-
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seconds. Here we demonstrate that consider- 
ably s~a l l e r  field pulses are sufficient to re- 
verse M in thin, uniaxial, in-plane magnetized 
films. In these thin_ magnetic sheets, the de- 
magnetizing field H, h_elps the externally ap- 
plied magnetic field xx to induce magneti- 
zation reversal. When a short magnetic field 
pulse provokes the precession of M out of 
the plane of the film, a demagnetizing field 
H, is induced that points normal to the sur- 
face of the film. When tkexternal magnetic 
field pulse is terminated, & persists and the 
precession of M around & completes the mag- 
netization reversal process. In this geometry, 
magnetization reversal is induced with magnet- 
ic field pulses of a few picoseconds duration, 
but with small field amplitudes of <200 W m .  
These amplitudes are well withii reach of con- 
ventional thin-film recording heads, which are 
capable of producing fields on the order of 400 
W m .  

Experiments with ultrashort magnetic 
field pulses require thin ferromagnetic films, 
because the_classical skin depth for the pen- 
etration of xx into a metal is -300 nm for a 
rise time of 1 ps. The magnetic films used in 

this study were made of Co with a thickness 
of 20 nm. Two types of Co films were used, 
both of which exhibited a uniaxial anisotropy 
in the plane of the film. One Co film (Co I) 
was deposited by dc magnetron sputtering on 
a MgO(l10) substrate. Seed layers of 0.5 nm 
Fe/5 nm Pt were first deposited at 500°C, and 
subsequently the structure 10 nm W20 nm 
Co/2 nm Pt was grown at 40°C. The other Co 
film (Co 11) was electron beam deposited 
onto MgO(110) at 300°C as a 30 nm Crl20 
nm Co/2 nm Pt structure. The saturation mag- 
netization for Co at room temperature is 
M, = 1360 Wm, The values of the uniaxial 
anisotropy field HA in the plane of the films, 
determined using the magneto-optic Kerr ef- 
fect, were 168 and 160 W m  for Co I and Co 
11, respectively. 

We generated the magnetic field pulses 
using relativistic electron bunches of the Fi- 
nal Focus Test Beam facility at the Stanford 
Linear Accelerator Center as described pre- 
viously (4, 5). The finely focused electron pulse 
is capable of producing magnetic fields of sev- 
eral thousand kiloamperes per meter in strength 
and on a micrometer scale. The premagnetized 

samples were exposed to several pulses at dif- 
ferent locations, allowing us to investigate the 
influence of the pulse length on identical sam- 
ples. Before each run, the length of the electron 
pulse was selected and its spatial extent was 
determined at the location of the sample. The 
number N of electrons per pulse was recorded 
on a shot-by-shot basis using two toroids in the 
beam line. The temporal pulse lengths ut were 
2, 3, and 4.4 ps. 

The electromagnetic fields in the wake of 
the electron pulse generate considerable de- 
struction in the thin film samples, but it is 
limited to distances R 5 13 pm from the 
center. As shown in previous experiments (4, 
5), the material remains close to ambient 
temperature at distances R 2 13 pm. Every 
point in the xy plane perpendicular to the 
electron beam receives a magnetic field pulse 
of the same duration determined l ~ y  so,. For 
R 2 13 pm, the magnetic field xX is to a 
good approxipation perpendicular to the ra- 
dius vector R and its strength decreases as 
I/R. Before exposure, the magnetization M of 
the films is set along - x  which is the easy 
magnetization direction: Hence the direction 
of the magnetic field ex@, y) _encompasses 
all angles -IT 5 8 5 IT with M. 

Magnetic information is then obtained in a 
spin-resolved scanning electron microscope 
(spin-SEM) (8). The magnetic pattern gener- 
ated in Co I by a single field pulse of ut = 4.4 
ps duration (Fig. 1A) shows the initial mag- 
netization direction pointing along -x 
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Fig. 1. (A and B) Magnetization pattern written into uniaxial cobalt films with a single electron 
pulse of ut = 4.4 ps duration. The images were measured with spin-SEM. The samples were 
premagnetized along the -x  direction. In the white areas, the magnetization points along the -x  
direction; in the black areas it has been reversed to  the +x dbection. (A) lmage of Co I. The inset 
shows zig-zag domain walls separating areas of opposite M. The contour Lines of the pattern 
approximately represent Lines of constant angular momentum transferred by the field pulse. (B) 
lmage of Co II. The inset shows a gradual transition between areas of opposite M. (C and D) 
Magnetization patterns calculated for the two different films using the LL equation with M, = 1360 
kA/m. (C) The parameters for Co I are HA = 168 kA/m and a = 0.037, (D) whereas for Co II we use 
HA = 160 kA/m and a = 0.22. The difference from (A) is caused by the increase of a. 

Alpha 

Fig. 2. (A) Calculated distance of the first re- 
versal along y = 0 for ut = 4.4 ps and M, = 
1360 kA/m versus the difference-D, - DII of 
the demagnetization factors for M perpend~cu- 
lar and parallel t o  the plane of the film for a 
fixed a of 0.037. (B) Calculated distance versus 
the damping constant a for D, - Dll = 1. 
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(white) and the areas that have switched the the rnagnetic field strength must assume a plays a cnlcial role in the reversal process. 
magnetization direction from -iG to +iG 
(black). The location of impact is at the center 
of the image, which we also define as the 
center of the coordinate system. The induced 
magnetization pattell1 is symmetric on chang- 
ing the sign of .x but asynl~netric on changing 
the sign of y. 

Mre first+concen$ate on the line jJ = 0. On 
this line, Hex 1 ~ t f  and initially the torque 
He, X 1M is maximum. The first reversal is 
x = 110.1 pin from the center, coi~esponding 
to a magnetic field of Ho = 184 kN111. To- 
ward x = 0. which means toward larger field 
values, rnultiple reversals occur at s = 94.2 
y m  (Ho = 224 lc4Im), s = 79.2 pin (Ho = 

264 kM111), and s = 59.4 pm (H, = 352 
Mh). 011 the line with zero average torq~le 
x = 0.110 reversal is obseilred outside the area 
of bean1 damage. This shows the fundamental 
difference between _conventional magn_etiza- 
tion reversal with Hex antiparallel to M and 
precessional rev_ersal. F_or precessional rever- 
sal. the torq~le He, X 1!4 is not equal to zero 
and is transferred directly from the magnetic 
sample to the source of the nlagnetic field, 
such as the inagnetic recording head. No 
fundamental limit seems to exist for the time 
inten-a1 over which the magnetic field pulse 
must be applied to induce rnagnetization re- 
versal, given that it has the right amplitude. 
On the other hand, in conventional magneti- 
zation reversal. the average torque is equal to 
zero. In this case, the angular nlorne~lh~rn 
induced by the reversal process nlust be ab- 
sorbed by the phonon lattice, a process that is 
governed by the rate of energy exchange 
between the lattice and the nlagnetic system. 
Thus. the spin lattice relaxation time is the 
relevant time scale for reversal (9). The mul- 
tiple reversals along jJ = 0 at larger field 
values hint at a second requirement for pre- 
cessional reversal. At a given pulse length. 

- Calculation 1 1 

Pulse width o, (ps) 

Fig. 3. Measured and calculated values of the 
position o f  the first reversal a longy  = 0 versus 
the length o f  the magnetic field pulse a,. The 
upper curve represents Co I; the lower, Co II. For 
the calculations, w e  assume M, = 1360 kA/m 
and D - Dl = 1. For Co I ,  we use HA = 168 
kA/m and a = 0.037; for Co II, HA = 160 kA/m, 
and a = 0.22. The number of electrons per 
pulse was held constant in these experiments 
a t  (9.1 + 0.2) X lo9. 

value in a rather narrow inteival, and the 
product a, X & beconles important. At this 
point, we also stress the size of the magneti- 
zation pattern. Its diameter amounts to 220.1 
pm, about a factor of 5 larger tllall that 
observed for the pe~pendicularly mag~letized 
sarnples in (4). This indicates that the field 
strength required for precessional reversal is 
cons~derably smaller for ~n-plane magnetized 
films. namely only 184 lc4'111. 

The magnetic pattein generated in Co I1 
by an identical field pulse (Fig. 1B) shows a 
similar outer shape to that of Fig. 1A. How- 
ever. despite having alrnost equal magnetic 
anisotropies, the pattern of Co I1 measures 
only 136.4 pm in diameter. This means that a 
larger field pulse amplitude is necessary to 
induce the first reversal. H, = 312 lc4In1. 

A si~nple model can explain why the ex- 
teinal field needed for reversal is small. Con- 
sider a snlall single particle that is synnnetric 
in the_,~j> plane nit11 a uniaxial anisotropy 
field HA along the s direction. This particle 
may have any shape between a sphere and a 
thin di$. The co~l-esponding demagnetizing 
field HD results from the difference in the 
demagnetization fact+or D for 11.1 in the xy 
plane and D ,  for 11.1 along the z direction, 
H, = ( D  - D )~!f~ly,. Let us assume co- 
herent rotation of M ill an external field pulse 
of Gaussiail shape applied along the J~ direc- 
tion with an amplitude & and duration a,. If 
the particle is a sphere, D ,  - D l  = 0 and 
hence HD = 0. This 1neans:hat for & >> H,, 
precessioil of 11.1 around & takes place. For 
successfi~l ieve~sal, the plecession angle @ 
must exceed 7i 2. \vith @ gwen by the Larmoi 
frequency. This limits the radius for success- 
ful reversal to R, = 32 pm. If we now fill the 
plane with decoupled spheres, we obtain a 
figure eight-shaped rnagnetization pattern ac- 
cording to R k ,  jj = R,  sin(6), n~here 6 is the 
angle between M and H,. 

We can now increase D - D l  from 0 to 
1, the value for a film. The calculation for the 
rnagnetization reversal is perfoi~ned using the 
Landau-Lifshitz (LL) eq~~at ion for each indi- 
vidual particle. 

The LL equation assumes precession of IG 
around the direction of the s u p  of inte~llal 
a_nd exte~llal nlagnetic fields Yo, = He, + 
HD + q,, with y being the gyrornagnetic 
ratio_?; = 0.2212 X 106 mIAs, and relaxation 
of M into the field direction described by the 
danlping constant a. We use a as the only 
parameter to fit the size of the patteln of Fig. 
1A. The results for the two different films 
along = 0 (Fig. 2A) show that with increas- 
ing demagnetization factor and hence in- 
creasing HD = I!~~IL,, the size of the pattern 
grows rapidly. Thus, the denlagnetizing field 

This leads to the following three-step model 
for ultrafast reversal. (i) Du~ing the field 
pulse. 11.1 precesses ;round He, out of the 
plane of the film. As Mleaves the plane of the 
film, the effective demagnetizing _field in- 
creases with the angle @ between M and t_he 
film plane: HD = (i~~slyo)sinO. (ii) When He, 
ceases to ex$ IG cpntinues to precess but 
now around HD _+ HA. The maximum angle 
@ assunled by 11.1 decides whether the mag- 
netization reverses and whether evenpultiple 
reversals call occur. (iii) Eventually ~Wrelaxes 
into one of the two easy magnetization direc- 
tions. This final step can talte up to 500 ps. 

The size of the pattern for Co I1 is not 
reproduced in Fig. 2A. As both Co films have 
the same ~nagnetization and demagnetization 
factors and similar uniaxial anisotropy. the 
decrease in size rnust be attributed to an 
increase in the intrinsic damping constant a 
(10). Plotting the calculated radius as a func- 
tion of a for Co I1 with HA = 160 1AIm (Fig. 
2B), agreement with the experiment is 
reached for a = 0.22. In the calculated mag- 
netization patterns for Co I and Co I1 (Fig. 1, 
C and D), the difference between these two 
patterns is due to the different darnping con- 
stants ( a  = 0.037 for Co I and a = 0.22 for Co 
11). We see that the size and the overall outer 
shape of the patterns are well reproduced by the 
calculation. The asymmetry of the pattern when 

is inverted is caused by the direction of the 
preinag~etization. A filrther test for the correct 
choice of a is the comparison of the experimen- 
tal location of the first reversal with the calcu- 
lated ones when the duration of the field pulse 
is varied (Fig. 3). Good agreement is found for 
the chose~l parameters. 

Whereas the size and overall shape of the 
pattein are well explained by the calculation. 
the inner stmch~re is not. The calculated pat- 
ten1 (Fig. 1A) shon,s a nlultitude of rings near 
the center, whereas experi~nentally the inner- 
most part is ho~nogeneously nlagnetized 
along the original direction. Mre attribute this 
discrepancy to the rnagnetostatic energy at 
charged donlain walls: "Zig-zag" boundaries 
separate regions with opposite M (see inset in 
Fig. 1). The anlplitude of the zig-zag is larg- 
est when the boundai-y is perpendicular to the 
.x axis. Thisjs known as the head-on config- 
uration of 11.1 and has been extensively stud- 
ied. It occurs in single-cl-ystalline samples 
and is caused by the large nlaglletostatic en- 
ergy of the head-on configuration. In con- 
trast, a regular 180" wall is formed at the 
boundary i~i lning parallel to the s axis. The 
zig-zag boundaly is not reproduced by the 
calculation. because the long-range dipolar 
interaction between different cells is neglect- 
ed. The calculated patten1 in Fig. 1C shows 
that the reversed (black) part becomes in- 
creasingly thinner as the center is ap- 
proached. At some point, the white areas will 
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overlap because of the rig-rag boundaries. 
The o~:erlapping leads to aimihilation of the 
thinner black re\:ersed areas. Such annihila- 
tion might then explain why only two blaclc 
reversed areas are obsen~ed. The inset in Fig. 
1B shows a gradual transition. indicating a 
structure doininated by grains. O\ving to the 
reduced crystallillity of Co 11. rig-zag nalls  
are not formed. Coi-respondingly, a stable 
re\:ersed area is seen much closer to the cen- 
ter of the stmcture. 

\Ve note that the radii of the experimen- 
tally obser\:ed inner rings are not exactly 
reproduced by the calculations. For example, 
in Co I the second reversal baclc to the orig- 
inal direction occurs at sinaller field values 
than expected and the subsequent third and 
foui-th re\.ersals even Inore so. The same h e -  
llomellon is observed in Co 11. The details of 
the inner stmchire of the patterns cannot be 
calculated with the simple LL approach un- 
less one assulnes that some of the inaterial 
properties vary n it11 time. Supposing that 
intrinsic properties such as .Vfs and H, are 
constant, one is forced to assume that a is 
time dependent. Two different mechanisms 
might lead to a time-dependent effective 
darnping constant a,,. The first one is the 
excitation of magnons. The field pulses are 
built n ith frequencies close to the frequency 
band of magnons. hence magnon excitation 
might be enhanced. This can lead to an in- 
crease in energy dissipation and thus to an 
increase in a,,. The other mechanjsm is elec- 
tron-electron scattering ( I  1 ) .  If M precesses 
at a different rate in each location. this scat- 
tering will be very strong. again leading to a 
larger effective dainping constant. 

Ultirnately, direct obserl-ation of ;l?ddurillg 
the precessional rnotioil is desired. Freeman 
and co-worlters (12) 11a~:e s h o ~ ~ ~ n  that this is 
indeed possible with the magneto-optic K e n  
effect using picosecond laser pulses. Other 
groups use inductive probing (13) or spin- 
polarized hinneling (14). Another exciting 
prospect coines fro111 the de\~elopmeilt of the 
Next Linear Collider (15, 16) .  In this project, 
inicrostructured electron pulses r i l l  be de- 
veloped that deliver a train of very strong 
inagiletic field pulses of picosecond length, 
ideal for observing the dynamics of the 
reversal. 

These results have iinplicatio~ls for longi- 
h~dinal magnetic recording and deinollstrate 
the possibility of recording at extremely high 
data rates if proble~ns arising from transitions 
between regions of oppositely inagnetized 
inaterial can be o\.ercome. This requires a 
nlagnetic inediuin consisting of either identi- 
cal grains or single-domain particles (1 7). 
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Current-Induced Switching of 
Domains in Magnetic Multilayer 

Devices 
E. B. Myers,' D. C. Ralph,'* J. A. ~at ine, '  R. N. ~ouie,' 

R. A. BuhrmanZ 

Current-induced switching in the orientation of magnetic moments i s  observed 
in cobalt/copper/cobalt sandwich structures, for currents flowing perpendic- 
ularly through the layers. Magnetic domains in adjacent cobalt layers can be 
manipulated controllably between stable parallel and antiparallel configura- 
tions by applying current pulses of the appropriate sign. The observations are 
in accord with predictions that a spin-polarized current exerts a torque at the 
interface between a magnetic and nonmagnetic metal, due to  local exchange 
interactions between conduction electrons and the magnetic moments. 

Devices containing alternating nanorneter- 
scale-thick layers of ferromagnetic and non- 
magnetic metals exhibit giant magnetoresis- 
tance (GMR), because current flou. is strong- 
ly affected by the re1ati~:e orientation of the 
lnagnetic inoineilts in tlle layers ( I  j. Specifi- 
cally. ailtiparallel alignnleilt of the ~noments 
gi\:es a higher electrical resistance than par- 
allel alignment. According to S e n  ton's Third 
Law. one might also expect an inverse effect: 
that is. electrons scattering nithill the device 
inay affect tlle nloinents in the magnets. Re- 
cent calculations indicate that spin-polarized 
currents flou.ing perpendicularly through inag- 
netic multilayers may transfer angular ino- 
inentu~n between layers. thereby irnpaiting a 
torque on the magnetic moments (2-5). Ex- 
periments have found evidence of cul~ent-  
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induced chaages in the resistauce of Cu:Co 
inultilayers (6, 7 )  and granular alloys (6).  
nickel nanon-ires (8). and inailgailite junc- 
tions (9). but the nahire of the excitations has 
not been clear. \Ve report experiineiltal shid- 
ies using a Co.Cu.Co sandwich stmcture and 
verify the prediction of (2). that an applied 
cuiTellt can be used to coiltrollably switch 
magnetic domains bet\veen different orienta- 
tions. As predicted by the spin-transfer theory 
(2), there is an asymmet~y as a function of the 
direction of curreilt bias, so that domains in 
the two nlagnetic layers can be aligned anti- 
parallel by cui~ellts flowing in one direction. 
and then reoriented parallel by reversing the 
current f low This effect pro\-ides a inecha- 
nisi11 for a cui~ent-coiltrolled ~nagnetic mein- 
ory element. 

\Ve enlploy a sainple geometry suggested 
by Slonczen~ski (Fig. 1A) (j). a inetal point 
contact adjacent to two Co layers separated 
by a Cu spacer. One Co layer (layer 1) is thin 
(5  10 nmj and the other (layer 2) nluc11 thick- 
er (100 nm). with the aim that intralayer 
exchange forces will make the magnetic mo- 
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