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Spin-Transfer-Driven Ferromagnetic Resonance of Individual Nanomagnets
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We demonstrate a technique that enables ferromagnetic resonance measurements of the normal modes
for magnetic excitations in individual nanoscale ferromagnets, smaller in volume by more than a factor of
50 compared to individual ferromagnetic samples measured by other resonance techniques. Studies of the
resonance frequencies, amplitudes, linewidths, and line shapes as a function of microwave power, dc
current, and magnetic field provide detailed new information about the exchange, damping, and spin-
transfer torques that govern the dynamics in magnetic nanostructures.
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Ferromagnetic resonance (FMR) is the primary tech-
nique for learning about the forces that determine the
dynamical properties of magnetic materials. However,
conventional FMR detection methods lack the sensitivity
to measure individual sub-100-nm-scale devices that are of
interest for fundamental physics studies and for a broad
range of memory and signal-processing applications. For
this reason, many new techniques are being investigated
for probing magnetic dynamics on small scales, including
Brillouin scattering [1] and FMR detected by Kerr micros-
copy [2], scanning probes [3,4], x rays [5], and electrical
techniques [6]. Here we demonstrate a simple new form of
FMR that uses innovative methods to both drive and detect
magnetic precession, thereby enabling FMR studies for the
first time on individual sub-100-nm devices and providing
a detailed new understanding of their magnetic modes. We
excite precession not by applying an ac magnetic field as is
done in other forms of FMR, but by using the spin-transfer
torque from a spin-polarized ac current [7,8]. We detect the
resulting magnetic motions electrically. We demonstrate
detailed studies of FMR in single nanomagnets as small as
30 X 90 X 5.5 nm?, and the method should be scalable to
investigate much smaller samples as well. Our technique is
similar to methods developed independently by Tulapurkar
et al. [9] for radio-frequency detection, but we will dem-
onstrate that the peak shapes measured there were likely
not simple FMR.

We have achieved the following new results: (i) We
measure magnetic normal modes of a single nanomagnet,
including both the lowest-frequency fundamental mode
and higher-order spatially nonuniform modes. (ii) By com-
paring the FMR spectrum to signals excited by a dc spin-
polarized current, we demonstrate that different dc biases
can drive different normal modes. (iii) From the resonance
line shapes, we distinguish simple FMR from a regime of
phase locking. (iv) From the resonance linewidths, we
achieve efficient measurements of magnetic damping in a
single nanomagnet.

Our samples have a nanopillar structure [Fig. 1(a), in-
set], consisting of two magnetic layers—?20 nm of permal-
loy (Py = Nig;Fe9) and 5.5 nm of a Pyg;Cuss alloy—
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PACS numbers: 76.50.+g, 72.25.Ba, 75.30.Ds, 75.75.4+a

separated by a 12 nm copper spacer (see details in [10]).
We pattern the layers to have approximately elliptical cross
sections using ion milling. We focus here on one 30 X
90 nm? device, but we also obtained similar results in 40 X
120 nm? and 100 X 200 nm? samples. We use different
materials for the two magnetic layers so that by applying a
perpendicular magnetic field H we can induce an offset
angle between their equilibrium moment directions (both
the spin-transfer torque and the small-angle resistance
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FIG. 1 (color online). (a) Room-temperature magnetoresis-
tance as a function of field perpendicular to the sample plane.
Inset: Cross-sectional sample schematic, with arrows denoting a
typical equilibrium moment configuration in a perpendicular
field. (b) Schematic of circuit used for FMR measurements.
(c) FMR spectra measured at several values of magnetic field,
at I, values (i) 0, (ii) 150 pA, and (iii) 300 pA, offset verti-
cally. Symbols identify the magnetic modes plotted in (d). Here
I =300 A at 5 GHz and decreases by ~50% as f increases
to 15 GHz [10]. (d) Field dependence of the modes in the FMR
spectra. The solid line is a linear fit, and the dotted line would be
the frequency of completely uniform precession.
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response are zero otherwise). The room-temperature mag-
netoresistance [Fig. 1(a)] shows that the PyCu moment
saturates out of plane at uoH =~ 0.3 T, while the larger
moment of Py does not saturate until approximately
MmoH > 1T [11]. All of our FMR measurements are per-
formed at low temperature (=10 K), and the direction of H
is approximately perpendicular to the layers (Z direction),
tilted ~5° along the long axis of the ellipse (X direction) to
control in-plane moment components. Positive currents
correspond to electron flow from the PyCu to the Py layer.
Using a bias tee, we apply current at both microwave
frequencies (I;cos2wft) and dc (/4.) while measuring
the dc voltage across the sample V,. [Fig. 1(b)]. If the
frequency f is set near a resonance of either magnetic
layer, the layer will precess, producing a time-dependent
resistance:

R(1) = Ry + AR(H) = Ry + Re(Z AR femzwf,) W
n=0

where AR, ; can be complex. The voltage V(1) = I(1)R(z)
will contain a term involving mixing between [; and
AR(?), so that the measured dc voltage will be

1
Vie = lac(Ro + ARp) + ElrfIARfl cos(8p),  (2)

where &, is the phase of AR;. The final term enables
measurement of spin-transfer-driven FMR. To reduce
background signals and noise, we chop the microwave
current bias at 1.5 kHz and measure the dc mixing signal
Vmix = Vae — LacRy using a lock-in amplifier.

In Fig. 1(c) we plot the FMR response Vi /1% measured
for 14, near 0. We observe several resonances, appearing as
either peaks or dips in V ;.. An applied /4. can decrease the
width of some resonances and make them easier to discern,
as discussed below. By studying the field dependence of
the largest resonances [Fig. 1(d)], we identify two groups
that we will call normal modes Ay, A, A, (solid symbols)
and By, B; (open symbols). Above ugH = 0.3 T, the field
required to saturate the PyCu moment along Z, the frequen-
cies of Ay, A, and A, shift linearly in parallel with slope
df/dH = gugmo/h, where g = 2.2 = 0.1. As expected
for the modes of a thin-film nanomagnet [13], the mea-
sured frequencies are shifted above that of uniform pre-
cession of a bulk film, fem = (gup/MmoH — moMest],
with uoM g = 0.3 T. This H dependence provides initial
evidence that Ay, A, and A, are magnetic modes of the
PyCu layer (additional evidence is presented later). The
other two large resonances, B, and Bj, also shift together,
with a weaker dependence on H. This is the behavior
expected for modes of the Py layer, because the values of
H shown in Fig. 1(d) are not large enough to saturate the Py
layer out of plane. To avoid coupling between modes in
different layers, we perform our detailed measurements at
fields where the mode frequencies are well separated. In
addition to these modes, we observe small signals [not

shown in Fig. 1(d)] at twice the frequencies of the main
modes and near frequency sums (modes C).

Based on comparisons to simulations [13,14] and that
the lowest-frequency resonances produce the largest resist-
ance signals, we propose that Ay and B, correspond to the
lowest-frequency normal mode of the PyCu and Py layer,
respectively. This mode should have the most spatially
uniform precession amplitude (albeit not exactly uniform)
[13,14]. The higher-frequency resonances A;, A,, and B,
must correspond to higher-order nonuniform modes. The
observed frequencies and frequency intervals are in the
range predicted for normal modes of similarly shaped
nanoscale samples [13,14].

Next we compare the FMR measurements to spontane-
ous precessional signals that can be excited by /4. alone
(I = 0) [15,16]. The power spectral density of resistance
oscillations for dc-driven excitations at 420 mT is shown in
Fig. 2(a). We examine [ > 0, which gives the sign of
torque to drive excitations in the PyCu layer only [12]. A
single peak appears in the dc-driven spectral density above
a critical current /, = 0.3 mA, and moves to higher fre-
quency with increasing /4. The increase in frequency can
be identified with an increasing precession angle, which
decreases the average demagnetizing field along Z [12]. At
larger 1., we observe additional peaks at higher f and
switching of the precession frequency between different
values, similar to the results of previous measurements
[12,15,16] that have not been well explained before.

The FMR signals are displayed in Fig. 2(b) at the same
values of I, shown in Fig. 2(a). We find that the FMR
fundamental mode A, that we identified above with the
PyCu layer is the mode that is excited at the threshold for
dc-driven excitations. When I is large enough that the dc-
driven mode begins to increase in frequency (585 @A), the
shape of this FMR changes from a simple Lorentzian to a
more complicated structure with a dip at low frequency and
a peak at high frequency. The FMR peaks A; and A, also
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FIG. 2 (color online). Comparison of FMR spectra to dc-
driven precessional modes. (a) Spectral density of dc-driven
resistance oscillations for different values of /. (labeled), with
MmoH = 370 mT and I; = 0. (b) FMR spectra at the same values
of I, measured with I; =270 pwA at 10 GHz. The high-f
portions of the 305 nA, 445 nA, and 505 @A traces are am-
plified to better show small resonances. The I3, = 0 curve is the
same as in Fig. 1(c).
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vary strongly in peak shape and frequency as a function of
positive /4., in a manner similar to Ay, confirming that A,
and A, (like Aj) are associated with the PyCu layer. The
FMR modes B, and B, that we identified with the Py layer
do not shift significantly in f as a function of positive /.
This is expected, because positive /4, is the wrong sign to
excite spin-transfer dynamics in the Py layer [7].

There has been significant debate about whether the
magnetic modes which contribute to the dc-spin-transfer-
driven precessional signals correspond to approximately
uniform macrospin precession or to nonuniform spin-wave
instabilities [17-20]. Our FMR measurements show di-
rectly that, at /., the dc-driven peak frequency is equal to
that of the lowest-frequency rf-driven mode, the one ex-
pected to be most spatially uniform [13]. Higher values of
I, can also excite the spatially nonuniform mode A; and
even produce mode hopping so that mode A; can be
excited when mode A, is not.

In order to analyze the FMR peak shapes, we make the
simplifying assumption that the lowest-frequency modes
Ay and B, can be approximated by a macrospin model,
with the Slonczewski form of the spin-transfer torque [7].
The small-amplitude resonance is predicted [10] to have a
simple Lorentzian line shape,

I3/
1+ [(f = fo)/ Ao

Here f, is the unforced precession frequency. The width
A, predicted for the PyCu layer in our experimental ge-
ometry is, to within 1% error for woH > 0.5 T [10],

AO = leo, (4)

where « is the Gilbert damping parameter. As predicted by
Eq. (3), we find that the measured FMR peak for mode A
at 1. = 0, for sufficiently small values of I, is fit accu-
rately by a Lorentzian, the amplitude scales V,;, « Irzf, and
the width is independent of I, [Figs. 3(a) and 4(a)]. Our
minimum measurable precession angle is =0.2°. For [, >
0.35 mA, the peak eventually shifts to higher frequency
and the shape becomes asymmetric, familiar properties for
nonlinear oscillators [21]. From the magnitude of the
frequency shift in similar signals [Fig. 3(b), inset], we
estimate that the largest precession angle we have achieved
is approximately 40°.

The peak shape for mode By is also to good accuracy
Lorentzian for small /., but with negative sign. This sign is
expected because when the Py moment precesses in reso-
nance, the positive current pushes the Py moment angle
closer to the PyCu moment, giving a negative resistance
response. The FMR peak shapes for the higher-order
modes A, A,, and B, are not as well fit by Lorentzians.
We plot the spectrum of dc-driven excitations for /3, =
0.52 mA, I,; = 0 in Fig. 3(b). The width is much narrower
than the FMR spectrum for the same mode (inset), con-
firming arguments that the linewidths in these two types of
measurements are determined by different physics [22].
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FIG. 3 (color online). (a) FMR peak shape for mode A, at
1. = 0 and different values of /;;: from bottom to top, traces 1-5
span I; = 80-340 nA in equal increments, and traces 5-10
span 340-990 w A in equal increments. (b) Bottom curve: spec-
tral density of dc-driven resistance oscillations for mode A,
showing a peak with a half width at half maximum = 13 MHz.
Top curve: FMR signal at the same bias conditions, showing the
phase-locking peak shape. Inset: Evolution of the FMR peak for
mode A, at 370 mT, I3, = 0, for I; from 30 uA to 1160 uA.
(c) Evolution of the FMR signal for mode A, in the phase-
locking regime at Iy, = 0.5 mA, uoH = 370 mT, for (bottom to
top) I; from 12 to 370 wA, equally spaced on a logarithmic
scale. (d) Results of macrospin simulations for the dc-driven
dynamics and the FMR signal [10].

We noted above that the FMR peak shape changes from
a Lorentzian to a more complex shape for sufficiently large
values of I. [See the detailed resonance shapes in
Figs. 3(b) and 3(c).] This shape change can be explained
as a consequence of phase locking between I; and the
large-amplitude precession excited by ;. [23—26]. When
the precession frequency increases with precession ampli-
tude, the rf current can force the amplitude on the low-f
side of the resonance to be smaller than the equilibrium dc-
driven trajectory. Under these conditions, the precession
phase locks approximately out of phase with the applied rf
current (6 =~ 180°), giving negative values of V.
Frequencies on the high-f side of the resonance produce
phase locking approximately in phase with the drive and a
positive V;.. We have confirmed this picture by numerical
integration of the macrospin model [Fig. 3(d)] [10].
Recently, Tulapurkar et al. [9] measured similar peak
shapes, and proposed that they were caused by simple
FMR with a torque mechanism different from the
Slonczewski theory. We suggest instead that the peak
shapes in [9] may be due either to phase locking with
thermally excited precession at room temperature (rather
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FIG. 4 (color online). (a) Detail of the peak shape for mode Ay,
at Iy =0, I; =180 uA, puoH = 535 mT, with a fit to a
Lorentzian line shape. (b) Dependence of linewidth on /;. for
modes A, and By, for woH = 535 mT. For the PyCu layer mode
Ay, Ay/fo is equal to the magnetic damping «. The critical
current is /, = 0.40 = 0.03 mA at uoH = 535 mT, as measured
independently by the onset of dc-driven resistance oscillations.

than simple FMR), or to the superposition of two FMR
signals from different layers (one positive signal like that
of A, and one negative like By).

A benefit of measuring the Lorentzian line shape of
simple FMR is that the linewidth allows a measurement
of the magnetic damping «, using Eq. (4). It is highly
desirable to minimize the damping in spin-transfer-driven
memory devices so as to decrease the current needed for
switching [7]. Previously, a in magnetic nanostructures
could only be estimated by indirect means [27,28]. As
shown in Fig. 4(b), for I3, = 0 we measure o = 0.040 =
0.001 for the PyCu layer. This is larger than the damping
for PygsCuss films in identically prepared large-area multi-
layers as measured by conventional FMR, a;,, = 0.021 =
0.003. The cause of the extra damping in our nanopillars is
not known, but it may be due to coupling with an anti-
ferromagnetic oxide along the sides of the device [29]. As a
function of increasing /., the theory of spin-transfer tor-
ques predicts that the effective damping should decrease
linearly, going to zero at the threshold for the excitation of
dc-driven precession [7]. This is precisely what we find for
mode A [Fig. 4(b)]. In contrast, the linewidth of mode B,
decreases with decreasing /4. This is as expected for a Py-
layer mode, because the sign of the spin-transfer torque
should promote dc-driven precession in the Py layer at
negative /.

We have demonstrated that spin-transfer-driven FMR
measurements provide detailed information about the dy-
namics of both the fundamental and higher-order magnetic
normal modes in single sub-100-nm-scale magnetic sam-
ples, in both linear and nonlinear regimes. We achieve di-
rect measurements of damping in single nanostructures,
show how the damping is tunable by /;., and determine
which modes are excited by large dc spin-transfer torques.
Spin-transfer-driven FMR will be of immediate utility in
understanding and optimizing magnetic dynamics in nano-

structures used for memory and microwave signal-
processing applications. Furthermore, both spin-transfer
torques and magnetoresistance measurements become in-
creasingly effective on smaller size scales. The same tech-
nique may therefore enable new fundamental studies of
even smaller magnetic samples, approaching the molecular
limit.
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