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Ultrafast switching of a nanomagnet by a combined out-of-plane
and in-plane polarized spin current pulse
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We report on spin valve devices that incorporate both an out-of-plane polarizer (OPP) to quickly
excite spin torque (ST) switching and an in-plane polarizer/analyzer (IPP). For pulses <200 ps, we
observe reliable precessional switching due largely to ST from the OPP. Compared to a conventional
spin valve, for a given current amplitude from ~2 to 3 times the zero-thermal-fluctuation critical
current (I,q), the addition of the OPP can decrease the pulse width necessary for switching by a
factor of 10 or more. The effect of the IPP also has beneficial ST consequences for the short pulse
switching behavior. © 2009 American Institute of Physics. [DOIL: 10.1063/1.3176938]

The spin torque (ST) induced in a ferromagnetic element
by a spin polarized current may enable the development of
ST magnetic random access memory (ST-MRAM)."? For
many applications, ST memory elements should be capable
of fast switching, at or below the ns time scale, as well as
having low switching currents and ultimately be imple-
mented with tunnel junctions. Fast pulsed-current reversal
experiments have previously been performed%8 on current-
perpendicular-to-the-plane  (CPP) spin valve devices in
which both the polarizing fixed magnetic layer and the swit-
chable free magnetic layer have moments that lie in the
sample plane in equilibrium [see Fig. 1(b) inset]. In this con-
ventional geometry, generally there is an incubation time
prior to reversal during which stochastically initiated free
layer (FL) oscillations grow gradually under ST, and the sub-
nanosecond switching process is usually unreliable, with
switching probabilities P¢<<1 at the currents of interest for
applications, due to thermal fluctuations in the initial mag-
netic orientation. Reliable switching with subnanosecond
pulses has been achieved in the conventional structure by
adding a hard axis field”'° to establish an equilibrium offset
angle between the reference and FLs that is #0 or , al-
though this approach adds circuit complexity.

A device modification for achieving fast ST-driven re-
versal has been suggested by Kent et al."' The proposed
device has an in-plane polarized FL and two fixed magnetic
layers: one out-of-plane polarizer (OPP) in addition to one
conventional in-plane polarizer/analyzer (IPP) [see Fig. 1(d)
inset]. The spin current generated by the OPP exerts a torque
on the FL magnetization tilting it out-of-plane, inducing an
out-of-plane demagnetization field that when sufficiently
large can quickly rotate the FL. moment to the reversed ori-
entation by a process similar to precessional reversal driven
by hard axis magnetic field pulses.12

Here we report the fast ST pulse (100 ps—10 ns) switch-
ing performance of devices that incorporate such an OPP
layer. These spin valve devices are similar to those lprevi—
ously used to examine thermally activated switching 3 and
microwave emission,mﬁ16 but differ in the choice of materi-
als and in that our IPP layer was not designed to minimize its
ST. We find that the OPP enables ST switching of a nano-
magnet with simple spin current pulses with pulse width (z,)

YElectronic mail: 0129@cornell.edu.

0003-6951/2009/95(1)/012506/3/$25.00

95, 012506-1

as short as 100 ps. We demonstrate reliable switching at
room temperature provided that #, is shorter than a critical
threshold and the pulse amplitude (/,) is within a relatively
broad window (~4 mA). For subnanosecond switching, the
I, required for devices with the OPP is much less than for
devices with just an IPP fixed layer. We also find that the ST
from the IPP, if not designed11 to be small, can have a sig-
nificant and positive effect on the short pulse reversal.

We used sputter deposition and e-beam lithography to
fabricate CPP spin valve devices with an elliptical cross
section of ~70X 180 nm? using two different layer struc-
tures. The first type had a conventional spin valve (CSV)
configuration consisting of bottom-lead-1/Py(5)/Cu(12)/
Py(20)/top-lead (thicknesses in nm), where Py is NigoFey,
the bottom-lead-1 is Py(5)/Cu(120) and top-lead is Cu(2)/
Pt(30). The second type (OPSV) had the additional OPP
layer. The layer configuration was bottom-lead-2/OPP/
Cu(6)/Py(5)/Cu(12)/Py(20)/top-lead, where bottom-lead-2
is  [Ta(5)/Cu(N)(20)],/Ta(25) and the OPP was
Pt(10) / [Co(0.44)/Pt(0.68)]4/Co(0.66)/Cu(0.3)/Co(0.66)
[see Fig. 1(d) inset]."*'” In both device types the 5 nm Py
layer served as the magnetic FL and the 20 nm Py layer was
the IPP. The out-of-plane anisotropy field required to saturate
the moment of an unpatterned OPP layer in plane was
~7 kOe. All of the ST measurements we report were per-
formed at ~300 K under an applied field canceling the av-
erage in-plane component of the dipole field from the IPP.
Four CSV devices and five OPSV devices were studied in
detail and similar results were obtained for all devices of
each type.

The average resistance difference AR between the paral-
lel (P) and antiparallel (AP) configurations of the CSV de-
vices was 110+ 15 m{), while for the OPSV devices AR
=85%5 m{). This difference may be due to spin scattering
in the OPP and/or to the effect of the dipole field from the
OPP, which acts to cant the FL moment slightly out of plane.

We measured the average currents for thermally acti-
vated switching of the FL, both from AP to P (AP-P, relative
to the IPP) and from P to AP (P-AP) as the function of the
current ramp rate to determine'®"” the energy barrier (E,) for
magnetic reversal and ... For a representative pair of de-
vices we obtained I°FP~-2.65 mA, ICP(')AP~2.58 mA,
ENP~1.74 eV, and EL**~1.79 eV for the CSV device,
and I P~-2.42 mA, I'**~2.50 mA, EXPP~1.40 eV,
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FIG. 1. (Color online) Switching probability P, as the function of pulse
amplitude 7, for 100 ps, 600 ps, and 6 ns pulse widths (z,). [(a) and (b)]
Results for the CSV for (a) AP-P and (b) P-AP reversal. Inset: Schematic of
the CSV device. [(c) and (d)] Results for the OPSV for the signs of current
which give switching in conventional ST devices: (c) AP-P and (d) P-AP.
Inset: Schematic of the OPSV device. [(e) and (f)] Results for the OPSV
with the signs of current opposite to those needed for switching in conven-
tional ST devices: (e) P-AP and (f) AP-P. Inset: Micromagnetic simulation
of the configurations for the initial AP state. Color scale: Out-of-plane com-
ponent of the normalized magnetization (M.).

and EF*P~1.42 eV for the OPSV device. We attribute the
somewhat lower values of E, in the latter case to the effect of
the dipole field from the OPP in decreasing the effective
in-plane anisotropy field (HS").

Results of pulsed-current ST reversals are shown in
[Figs. 1(a)-1(d)], which plots the switching probability (P,)
for quasirectangular (~65 ps rise and 105 ps fall time)
pulses as a function of /, and ¢,. The CSV devices show
reliable switching by the 6 ns (full width at half maximum)
pulses, but 100% switching probability is impossible with
100 ps pulses up to |I,|~16 mA [Figs. 1(a) and 1(b)]. The
OPSV devices exhibit three regimes of behavior in [Figs.
1(c) and 1(d)]: (i) a long pulse regime (e.g., ,=6 ns), where
the switching distributions of the OPSV are very similar to
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FIG. 2. (Color online) Comparison of the reversal speed between the OPSV
and CSV devices. The inverse of pulse widths (1/1,) is plotted as the func-
tion of the pulse amplitude /, that yields a 95% switching probability P, for:
(a) P to AP and (b) AP to P reversals. For the OPSV device, pulse widths
between 0.3 and 2 ns do not achieve 95% AP-P switching for any negative
value of I,. Insets: The difference (Al,) between the pulse current ampli-
tudes that yield P;=80% and P;=20% as a function of , for (a) P-AP and
(b) AP-P. Large values of Al, indicate a significant effect of thermal fluc-
tuations on the reversal process.

the CSV, up to a certain
regime (e.g., £,=600 ps), where there is no reliable switch-
ing of the OPSV; and (iii) a short pulse regime, #,=<0.2 ns,
where the OPSV reversal is very reliable (more than 998
reversals in 1000 attempts over a significant range of I,) and
efficient, with a much lower I, required for switching com-
pared to the CSV. For 1,=100 ps, at very high currents, ap-
proximately twice the onset current for first achieving P
=100%, P, begins to decrease, which we attribute to over-
rotation in the precessional reversal. For 0.2 ns<z,<1 ns
this over-rotation due to the OPP ST makes it impossible to
obtain reliable OPSV reversal, while for long pulses, >1 ns,
the additional OPP ST results in only a limited range of pulse
amplitude where 100% reversal can be obtained.

In Fig. 2 we plot the values of /, that yielded P;=95%
for the OPSV and CSV as the function of 1/1, to compare
the ST-induced switching speeds. In the macrospin approxi-
mation for />1,, the switching tlme T for a CSV varies
linearly with ST current amphtude as 7 '={(I-1,). Fitting
to the CSV data of Fig. 2, assuming that 7~1,, we obtain
APP=0.158 nsT'mA™!,  P=-255 mA and AP
=0.131 ns™' mA7!, If(')AP=2.44 mA. These I, values are in
close accord with the values obtained from the ramp-rate
measurements for the CSV. The same linear relationship also
provides a good fit for the OPSV switching data in the short
pulse regime (1/¢,>5 ns~!) despite the fact that the as-
sumptions of Ref. 3 do not apply. Fits to the OPSV data in
Fig. 2 yield gAP-P=6.117 ns~! mA~!, P P=-5.13 mA, and
PAP=11.54 ns™' mA™!, I7*P=3.54 mA These 1., values
are significantly larger than those obtained from the ramp-
rate data, suggesting that the OPSV reversal mechanism for
short #, is distinctly different than for long ¢,. Moreover, the
short pulse ST switching speed efficiency () is approxi-
mately 40 times that of the CSV device for the AP-P case,
and nearly 90 times that for the P-AP case. We ascribe this to
the lack of an incubation delay in the OPSYV, reflecting that
precessional reversal in the OPSV need not be preceded by a
slow spiraling of the FL. moment away from the equilibrium
configuration.

The difference in the mechanisms for fast pulse switch-
ing in the OPSVs and CSVs is also illustrated by A7, the
difference between the pulse amplitudes required for 20%
and 80% switching probabilities (see Fig. 2 insets). For the
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CSYV, AIp grows to be as large as 5 mA, while for the OPSVs
in the short pulse regime A/, is always less than 0.7 mA.
(A1, for OPSVs can be larger for longer pulses; see Fig. 2.
insets) The broad distributions for the CSVs can be ex-
plained by thermal fluctuations in the initial offset angle of
the FL about the P and AP configurations. Because the initial
orientation of the FL in the OPSV is always close to perpen-
dicular to the OPP, the effects of thermal fluctuations are
minimized.

The original proposal of Kent et al. for OPP precessional
reversal anticipated that a current pulse of either bias would
equally well drive magnetic reversal for either P-AP or AP-P
switching.11 This current symmetry would limit the write op-
eration to toggle mode (or reversible) switching where the
final state is always flipped from the initial state. However
we observe that the minimum values of |1,| required for short
pulse reversal are different for AP-P and P-AP switching
[Figs. 1(c) and 1(d)], and are also different when the current
flows are reversed [Figs. 1(e) and 1(f)]. For the OPSVs,
P-AP switching requires lower onset currents than AP-P, and
switching is also easier for the sign of [, that gives ST
switching in the CSVs [Figs. 1(c) and 1(d)] than for reversed
currents [Figs. 1(e) and 1(f)].

Based on micromagnetic simulations, we argue that the
differences in onset current between P-AP and AP-P rever-
sals are due to the combined effect of the dipolar fields from
the edges of the IPP and from the OPP, which add on one
side of the FL [see the inset Fig. 1(f)] but almost cancel on
the other. This nonuniform field causes the effective in-plane
anisotropy field 5" on the additive side (right) to increase in
the AP case and decrease in the P case, giving effectively
different onset currents®” for reversal as a function of posi-
tion. The result in simulations is that reversal first occurs at
one end of the FL (on the right for P-AP, and the left for
AP-P, independent of the sign of 7,) and then is completed
via the exchange interaction, and that the value of |Ip| needed
for reversal is lower in the P-AP case than for AP-P.

The effect of ST from the IPP can explain the difference
in short pulse reversal behavior with current direction for a
given type of switching (P-AP or AP-P), in that just as in
CSV devices the ST from the IPP promotes P-AP switching
for +1, and AP-P switching for —/,. Due to the greater non-
uniformity in the starting magnetization in the AP configura-
tion, the effect of the IPP ST is enhanced, giving a larger
difference between the two signs of current for AP-P reversal
[compare Figs. 1(f) and 1(c)]. These differences provide a
current window [A(+/,) =6 mA] in which a +/, can reliably
drive P-AP switching without AP-P. This can alleviate the
need to employ a read-before-write approach in short pulse
OPP ST-MRAM devices that would be required if the thresh-
old values of I, were equal.

In summary, we show that reliable precessional switch-
ing with short (#,<0.2 ns) rectangular pulses can be
achieved in ST devices incorporating both OPP and IPP fixed
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layers. Due to the effects of the IPP ST and nonuniform local
dipole fields, we find different threshold currents for the four
cases +I§'AP, —IE"AP, +I;;\P'P, and —I?P'P. The results indicate
that it is possible to optimize pulse amplitudes and widths
within significant parameter windows so that a pulse with a
given sign of current produces only the desired state (P or
AP). Such devices could lead to a very high-speed nonvola-
tile magnetic memory cell with sub-100-ps write pulses.

This work was supported by the National Science Foun-
dation (NSF)/Nanoscale Science and Engineering Center
program through the Cornell Center for Nanoscale Systems,
by the Office of Naval Research, and by the Semiconductor
Research Corporation, and was performed in part at the Cor-
nell NanoScale Facility, a node of the National Nanotechnol-
ogy Infrastructure Network (NSF Grant No. ECS 03-35765)
and in the facilities of the Cornell Center for Materials Re-
search, which is supported by the NSF/Materials Research
Science and Engineering Center program.

1. A Katine, F. J. Albert, R. A. Buhrman, E. B. Myers, and D. C. Ralph,
Phys. Rev. Lett. 84, 3149 (2000).

2J. A. Katine and E. E. Fullerton, J. Magn. Magn. Mater. 320, 1217 (2008).
R, H. Koch, J. A. Katine, and J. Z. Sun, Phys. Rev. Lett. 92, 088302
(2004).

‘AL A Tulapurkar, T. Devolder, K. Yagami, P. Crozat, C. Chappert, A.
Fukushima, and Y. Suzuki, Appl. Phys. Lett. 85, 5358 (2004).

3s. Kaka, M. R. Pufall, W. H. Rippard, T. J. Silva, S. E. Russek, J. A.
Katine, and M. Carey, J. Magn. Magn. Mater. 286, 375 (2005).
°L N. Krivorotov, N. C. Emley, J. C. Sankey, S. I. Kiselev, D. C. Ralph,
and R. A. Buhrman, Science 307, 228 (2005).

P M. Braganca, I. N. Krivorotov, O. Ozatay, A. G. F. Garcia, N. C. Emley,
J. C. Sankey, D. C. Ralph, and R. A. Buhrman, Appl. Phys. Lett. 87,
112507 (2005).

8p. M. Braganca, O. Ozatay, A. G. F. Garcia, O. J. Lee, D. C. Ralph, and R.
A. Buhrman, Phys. Rev. B 77, 144423 (2008).

T, Devolder, P. Crozat, J.-V. Kim, C. Chappert, K. Ito, J. A. Katine, and M.
J. Carey, Appl. Phys. Lett. 88, 152502 (2006).

10g, Garzon, L. Ye, R. A. Webb, T. M. Crawford, M. Covington, and S.
Kaka, Phys. Rev. B 78, 180401(R) (2008).

YA, D. Kent, B. Ozyilmaz, and E. del Barco, Appl. Phys. Lett. 84, 3897
(2004).

’q. w. Schumacher, C. Chappert, P. Crozat, R. C. Sousa, P. P. Freitas, J.
Miltat, J. Fassbender, and B. Hillebrands, Phys. Rev. Lett. 90, 017201
(2003).

3T, Seki, S. Mitani, K. Yakushiji, and K. Takanashi, Appl. Phys. Lett. 89,
172504 (2006).

lp, Houssameddine, U. Ebels, B. Delaet, B. Rodmacq, I. Firastrau, F.
Ponthenier, M. Brunet, C. Thirion, J.-P. Michel, L. Prejbeanu-buda, M.-C.
Cyrille, O. Redon, and B. Dieny, Nature Mater. 6, 447 (2007).

Sy, Ebels, D. Houssameddine, I. Firastrau, D. Gusakova, C. Thirion, B.
Dieny, and L. D. Buda-Prejbeanu, Phys. Rev. B 78, 024436 (2008).

tor, Firastrau, D. Gusakova, D. Houssameddine, U. Ebels, M.-C. Cyrille, B.
Delaet, B. Dieny, O. Redon, J.-Ch. Toussaint, and L. D. Buda-Prejbeanu,
Phys. Rev. B 78, 024437 (2008).

. Delille, A. Manchon, N. Strelkov, B. Dieny, M. Li, Y. Liu, P. Wang, and
E. Favre-Nicolin, J. Appl. Phys. 100, 013912 (2006).

18], Kurkijarvi, Phys. Rev. B 6, 832 (1972).

0. Ozatay, P. G. Gowtham, K. W. Tan, J. C. Read, K. A. Mkhoyan, M. G.
Thomas, G. D. Fuchs, P. M. Braganca, E. M. Ryan, K. V. Thadani, J.
Silcox, D. C. Ralph, and R. A. Buhrman, Nature Mater. 7, 567 (2008).

K. J. Lee, O. Redon, and B. Dieny, Appl. Phys. Lett. 86, 022505 (2005).

Downloaded 11 Aug 2009 to 128.84.158.108. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1103/PhysRevLett.84.3149
http://dx.doi.org/10.1016/j.jmmm.2007.12.013
http://dx.doi.org/10.1103/PhysRevLett.92.088302
http://dx.doi.org/10.1063/1.1828222
http://dx.doi.org/10.1016/j.jmmm.2004.09.095
http://dx.doi.org/10.1126/science.1105722
http://dx.doi.org/10.1063/1.2045552
http://dx.doi.org/10.1103/PhysRevB.77.144423
http://dx.doi.org/10.1063/1.2193434
http://dx.doi.org/10.1103/PhysRevB.78.180401
http://dx.doi.org/10.1063/1.1739271
http://dx.doi.org/10.1103/PhysRevLett.90.017201
http://dx.doi.org/10.1063/1.2369648
http://dx.doi.org/10.1038/nmat1905
http://dx.doi.org/10.1103/PhysRevB.78.024436
http://dx.doi.org/10.1103/PhysRevB.78.024437
http://dx.doi.org/10.1063/1.2210587
http://dx.doi.org/10.1103/PhysRevB.6.832
http://dx.doi.org/10.1038/nmat2204
http://dx.doi.org/10.1063/1.1852081

