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A microwave test structure has been designed to measure the high-speed response of giant
magnetoresistivéGMR) devices. The test structure uses microwave transmission lines for both
writing and sensing the devices. Pseudo-spin-valve devices, with line widths between 0.4 and 0.8
um, were successfully switched with pulses whose full width at half-maximum was 0.5 ns. For
small pulse widthsr,, the switching fields are observed to increase linearly with,L/ The
increase in switching fields at short pulse widths is characterized by a slope which, for the current
devices, varies between 4 and 44 s/m (50—200 Oe ns The magnetoresistive response during
rotation and switching was observed. For small rotatiend5° between layer magnetizatiorihe

GMR response pulses had widths of 0.46 ns, which is at the bandwidth limit of our electronics. For
larger rotationg~90°) the response pulses broadened considerably as the magnetic layers were
rotated near the unstable equilibrium point perpendicular to the device axis. Full 180° switches of
both soft and hard layers were observed with switching times of approximately 0.5 n$99®
American Institute of Physic§S0021-897@9)70308-7

I. HIGH-SPEED GMR TEST STRUCTURE and is terminated in 5@ off of the chip. The microstrip

In this paper we describe a microwave test structurdines are long and fairly lossy. This keeps reflections from
which was developed to accurately measure the high-speqsbtential impedance mismatches away from the active device
dynamics of GMR devices. Using this structure, we mea-area; lossy lines insure that reflections are strongly damped.
sured the high-speed switching behavior of pseudospin-valvElowever, the lossy lines contribute to broadening of the ob-
devices with sub-micrometer line widths. We successfullyserved pulses.
switched the magnetic layerd80° reversal with 0.5 ns All of the measurements were carried out on a micro-
write pulses and measured rotation and switching times. Theave probe station using coplanar probes with 18 GHz band-
rotation times can vary from 0.46 ns to several nanoseconddidth. The write lines show approximately 7 dB attenuation
depending on the degree of rotation. The observed switchingt 10 GHz. The write and sense pulses were recorded on a
times are approximately 0.5 ns. We observed an increase ih5 GHz bandwidth digitizing oscilloscope at x&0°
switching field, at short times, as the pulse width is de-Samples/s. The sense pulses were sent through a bias tee,
creased. The switching fields increase linearly with,}/ ~ Which allows a dc to be injected into the device, and through
where 7, is the full width of the pulse at half-maximum. @ 25 dB, 1.3 GHz bandwidth amplifier before going to the

The high-speed test structures, shown in Fig. 1, Wer,gllg|t|zmg oscilloscope. _Typlcall mc@em and trans.mltted
fabricated on both AD; ceramic substrates and high resis- WIite pulses are shown in the inset in Figajl There is a
tivity Si substrates>20000 cm). The structure uses three 3% reflection when the write signal goes on chip; the trans-
metalization layers, two dielectric layers, and one GMletted write pulse §hows a voltage gttenuatlon of 0.54. '
layer. The sense lines are coplanar wavegui@), fab- The GMR devices used for this work were magnetic

ricated in the base metal layer, which are exponentially ta_brillayers consistilng of a (tjhirﬁsoft) magntlatic Ia}ll_?]r, ]f?‘l thick
pered from a center-line width of 100 togan.! At the 2 um (hard magnetic layer, and a Cu spacer layer. The films were

end, the CPW line is jumpered to a microstrip sense Iinesputter-deposited using two different types of magnetic layer

fabricated in the second metal layer. All of the transmissior>t HCtUres: (Ta5.0 nm—yiFe, 9.0 nm—Co 1.0

lines are designed to have $Dimpedances. The base metal nnmd—Cu(3N..O nm—Co1.0 S?WTNE:F%-ZA“O nlng_n;a 5&? r;r):)
layer serves as the ground plane for the microstrip lines. Tha b.65~€.15C Q.25 —Coofe@sl. —-ue

microstrip sense line connects to the GMR device and is theR — CQ058.51.0 "M —Nb,6576,16C 0 22.0nm —Ta 10.0

shorted to the ground plarf€ig. 1(b)]. The sense line mi- nm). The devices were patterned in nom|'nally.rectangular
: ‘ . shapes, although the lithography and etching gives rounded
crostrip has a width of km and the active area of the GMR ; . . .
N : . . . ends. The magnetoresistance ratio for these devices varied
device is varied to obtain device resistances close t6)50

o . rom 6% to 8%. Low-fr ncy magnetoresistance ver
The write line is formed from a CPW patterned in base metar om 6% to 8%. Low-frequency magnetoresistance versus

. i : o write current and write field, for a 0.am NiFe—Co device,
layer and transitions to a2m wide microstrip line patterned

int tal | Th ite linesia 2 mmi th hol is shown in Fig. 2. The write fields were taken as the mag-
In top metalfayer. The write inesia 2 mmong through-iineé i fieg directly below the write linéH=1/2w, wherew is

the line width. The write line does not extend all across the
¥Electronic mail: russek@boulder.nist.gov GMR device, so parts of the device experience a field value
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FIG. 2. Major loop magnetoresistance of a ¥46 um? NiFe—Co device

as a function of write current and write field. Five traces are shown to
illustrate degree of switching reproducibility. The inset shows the minor
loops of the same device. The arrows in both figures indicate the hard and
switching fields(H,, and H,) for these devices determined by a uniform
rotation simulation.
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tion can be estimated by ca@g]=1—2VeadVigo, Where
Vpeakis the observed peak voltage awgh, is the measured
change in voltage for a 180° switch. The rotation angle in
Fig. 3@ is approximately 45°. As the write pulse amplitude

is increased, the sense pulse amplitude increases as the rota-
tion angle increases. The pulse width also increases as the
layers are rotated closer to the unstable equilibrium point
FIG. 1. (a) Micrograph of dynamical test structure showing sense and writewith the magnetizations perpendicular to the device stripe.
waveguides. Inset shows an incident and transmitted write plseligher  \When the pulse height is increased further, irreversible
magnification of device area. switches occur as seen in FigcB The event shown is not a

full reversal of the soft layer since the voltage change is less

minor loops (all from the same devidewhich show the than half that of a full switch. As the pulse height is |n
switching of the soft layer and Fig(t® displays five major creased furt_her,_both hard_and _soft layers c_ompletely switch
loops showing switching of both the soft and hard layers (N0t shown in Fig. ® At this point, further field pulses do
The curvature in the data is due to heating from the writg1Ot affect the magnetic state and no sense pulse is observed,
line. The switching fields are considerably less than thos@S Shown in Fig. @&). No sense signal is observed even for

predicted by coherent rotation modéthown by arrows in vv_rite pulses up to 15 V, indicating that 'ghese st(uctures are
Fig. 2) and there is variation or jitter in the switching fields. Nighly decoupled except by the magnetic coupling through

This indicates that switching in these devices is more comthe devices. o
Figure 4 shows complete soft and hard layer switching.

plicated than simple uniform rotation and that microdomains

at the device ends and edges may be playing an importaﬂ-ﬂqe write pulses were systematically increased in 150 mV
role in the reversal proceds* steps until switching occurred. Figurdajl shows the soft

layer switching from a parallel to an antiparallel state. The

Il. HIGH-SPEED SWITCHING switching event has a fast component from 0 to 1.5 mV, and

A series of write and sense pulses for a @b wide  a slower relaxation component from 1.5 to 2.2 mV. The du-
NiFe—Co device are shown in Fig. 3. In the initial device ration of the fast part of the switching process can be quan-
state the soft and hard layers are oriented in the same diretified by the width of the derivative curvérig. 4) which
tion, parallel to the long axis of the device. The sense curyields a switching time of 0.49 ns. The slow component has
rent, which for these data was 1.0 mA, will cause the maga duration of~2 ns. The hard layer switching is shown in
netizations of the soft and hard layers to rotate in oppositéig. 4b). In this case the resistance decreases, giving a nega-
directions. The write pulse applies a field 180° with respective pulse. This switching event also has a fast and a slow
to the initial magnetizations. The measured transmitted writ€omponent with times similar to the soft layer switch.
pulse width, as determined by a Gaussian fit, is 0.54 ns. The The dependence of the switching fields on pulse width
actual pulse width, taking into account the limited bandwidthwas measured for several devices and the data are shown for
of the digitizing scope, is 0.45 ns. FiguréBshows a partial NiFe—Co device in Fig. 5. The pulse widths, were varied
rotation, predominantly of the soft layer. The angle of rota-from 0.5 to 10 ns. The pulse shape for sub-nanosecond a 0.8

D1SiO . e e
M1 Au ground plane

Si or A1203

different from the nominal value. Figurg@ displays five
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FIG. 3. Series of write and sense pulses for 016 um? NiFe—Co device

with 1 mA bias current(a) partial rotation,(b) rotation near 90°(c) partial
irreversible switch of soft layer, and) after full switch of both layers. The
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FIG. 5. Switching fields as a function of pulse width for a B4 um?
NiFeCo—CoFe device and a X&.6 um? NiFe—Co device. The solid lines

are fits to the data. Several measurements of the switching fields for the 0.6
um device are displayed to illustrate the variation in switching field from
run to run.

governed by the damping constant. The simulations indicate
the switching time is fast, on the order of a few tenths of a
nanosecond. This time is close to the present bandwidth of
our electronics; our observed switching time is probably
longer than the actual device switching time. The simulations

thin and thick arrows schematically show the states of the soft and hardnaow a complicated reversal and relaxation process since

layers at particular times.

both layer magnetizations undergo large motions and are

um wide NiFeCo—FeCo device and Qu8n wide pulses are stongly coupled. We do not see any free induction decay
well fitted with Gaussian profiles, whereas the longer pulse§motion with characteristic frequencies of the resonant
were square pulses with a 0.5 ns rise time. As seen in Fig. gnodes of the systehas has been seen in large, single-layer
both the soft and hard switching fields increase approxifermalloy structure$! Many of the modes will be above our

mately linearly with 1f,,. The increase in switching fields

present bandwidth and we would have to average many

can be characterized by the slope of the linear fits to the datgWitching processes to extract the signal. Switching in these
For the devices measured, the slope varied from 5.5 tgevices will, in general, deviate considerably from uniform

16 uA s/m (50—200 Oe ns
Il. DISCUSSION

The data presented here are qualitatively similar to what

rotation®* however, many of the qualitative features such as
a fast switching, slower relaxation, and free induction decay
may be retained.

The linear dependence of switching field on inverse

is observed in uniform rotation models. These simulationgulse width is consistent with many earlier switching studies
show a field-dependent latency period as the magnetizationsf single-layer films which attributed the linear dependence
move out of the low-torque regime, a fast switching as theyto rotational dynamic&® Thermal activation processes,
are driven over an energy barrier, and a slower settling timavhich have been observed inf Hoise studies? may also
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FIG. 4. (a) Switch of soft layer from parallel to antiparallel state in a 0.6
X4.6 um NiFe—Co device(b) Subsequent switch of hard layer.

give rise to time dependent switching fields. Further work
will be needed to determine the specific mechanism giving
rise to the time dependent of the switching field in these
devices.

! The design of the microwave transmission lines was done using standard
methods such as those described in K. C. Guptarostriplines and
Slotlines(Artech House, Boston, 1996
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