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Finite-temperature modeling of nanoscale spin-transfer oscillators
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Magnetization dynamics induced by spin-polarized currents in magnetic nanodevices have been numerically
simulated using a single-domain model proposed by Slonczewski extended to include temperature effects. For
currents with a spin polarization antiparallel to the device easy axis and for fields above the magnetostatic
anisotropy field, transfer of spin momentum from one layer to an adjacent layer can cause the layers to undergo
sustained oscillations. Here we numerically calculate the expected excitation spectra and linewidths of spin-
transfer oscillators and explain observed variations in excitation linewidths. The linewidth arises from thermal
excitations that give rise to disorder in the orbits and, in certain regimes, hopping between nearly degenerate
orbits. The excitation spectra for a 2.5 n®0 nmx 100 nm device show transitions from thermally activated
elliptical motion, at zero and low currents, to a bent elliptical motion at intermediate currents, and finally to
tilted out-of-plane orbits. At the transition between in-plane and out-of-plane orbits, there is a region of
low-frequency noise due to thermal hopping between degenerate orbits and a shift in the spectral behavior. The
linewidth arising from thermal interactions is a sensitive function of the device volume and varies from
1 to 2 GHz for 2.5 nMx 50 nmx 100 nm devices to 20 to 40 MHz for 10 nk200 nmx 400 nm devices.

The modeling explains the difference in linewidths observed for nanopillar and point-contact geometries as a
natural consequence of inherent thermal fluctuations and the difference in excitation volumes.
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[. INTRODUCTION reference layer into the free layer, thereby transporting angu-
Dynamical excitations of the magnetization in small mag_Iar momentun(flqw of .electrons from the free layer into the
netic devices driven by large spin-polarized currents werdeference layer is defined as a negative cujreftie equa-
predicted theoretically? and have recently been obsendéd. tion of motion for the free-layer element, being driven by a
Direct observation of microwave output from small nanopil- SPin-polarized current, is given by a modified LL equation
lar and point-contact devices now allows for quantitative
testing of proposed theoretical models. Extensive modeling dmy

of spin momentum transfegfSMT) effects have been made T X Hefr = poyery X (My X Heg)
using a model proposed by Slonczewski that incorporates

SMT effects into the Landau-LifshitzLL) equations of + elinft Y (I X 1)
motion>-°Here, we numerically study SMT effects using the eld,1,2 Mg 1 L% M),

single-domain Slonczewski model and extend previous stud-
ies by including effects of temperature and calculating obwhere m; and m, are the magnetizations of the free and

servable excitation spectra. Finite temperature effects are infeference elements normalized by the saturation magnetiza-
portant in determining the observed linewidth ~andq, v | . is the effective field,y is the gyromagnetic
understanding 'ghermally actn/_ated swnphmg between N€a&lratio, « is the Gilbert damping parametep,; is the applied
degenerate orbits. The modeling explains the large variatio rent . is an efficiency factor is the electron charge, and
in linewidth observed in Refs. 3 and 4 as a natural conser l,, 1, are the device dimensions. The effective field is the
quence of the difference in excitation volumes. While the . e o .
single domain simulations presented here cannot fully deSUM of the applied field,, the demagnetizing fieltHyy,
scribe the induced dynamics in point contact devices, micro-
magnetic modeling of point contact spin-transfer oscillators L
(STOs9 has shown that the area underneath the contacts be- J —
haves as a uniformly magnetized domain. The extent of the / m, ———1%_free I b
uniformly precessing region underneath the point contact is
not currently known and the study presented here of intrinsic I
thermal linewidth in single domain STOs suggests that the
effective excitation volume in the point contact STOs may be ——— reference
considerably larger than in the nanopillar STOs. m,

The device structure investigated was a current-
perpendicular-to-plan€CPPB spin valve whose geometry is H
shown in Fig. 1. The device consists of two magnetic layers, !
a thinner free layer and a thicker reference layer, separated FIG. 1. Device schematic showing the free and reference layers,
by a nonmagnetic spacer layer. A current is driven from thedevice dimensions, current direction, and applied field direction.
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FIG. 2. () Simulated low-field phase diagram for a 2.5 K0 nmx 100 nm device showing the steady-state valuesgf,, for a
range of fields applied along the positixedirection, and current with polarization along the negativdirection. (b) Simulated phase
diagram showing the steady valuesnof; s for the same range of fields and currerit3.and(d) are phase diagrams similar & and(b)
except at higher fields and currents.

:MSI\:lrﬁl (whereN is the demagnetizing tensoand a ther-  qualitative behavior. The data shown in this paper are for a

. o ' . . device with a free layeMg =800 kA/m, «=0.01, andT
mal field Hy,. The demagnetizing field is determined from =300 K. The reference layer is rigidly fixed along the posi-
calculated demagnetizing factors for rectangulal .

I, . . . . .
. o ) - “tive x direction. For most devices in a large field, the refer-
parallelepipeds? and the thermal field is a random field with 5 o layer will be fixed along the field direction, and the

an rms value given byHin,ms= V2kTa/ld I;MsyAt, where  giant magnetoresistance output voltage will be proportional
T is the temperature andt is the period over which the to the component of the free layer magnetization along the
thermal field is applied* There are fluctuations in the ap- field direction. Hence, for the geometry considered here,
plied current due to Johnson noise, which we neglect hermlx(f) should be proportional to the measured voltage spec-
and in practice, there are additional interaction fields betrum. In the calculations, the equations of motion were inte-
tween the two layers, which we also neglect. The efficiencyyrated to 30 to 50 ns. The typical integration time step was
factor ¢ is taken to be 0.2 for all of the simulations in this <5 fs,

paper, a value consistent with previous experimental A phase diagram can be constructed by integrating the
measurements.We assume: is a constant, independent of equations of motions for a range of applied currents and
the angled between, andry,. In generalg is dependent on magnetic fields and calculating the values afiy 5,

¢ and the dependence is a complicated function of the spire(My(t)) andmy, ms={{{Mu(t) - (M) 1)}V2 after the system
dependent reflection and transmission factors for electrons ataches a steady state. Plotsnaf, 5, and my, ;s @s a func-
the magnetic-nonmagnetic interfacésThe detailed depen- tion of easy axis fieldH,, and injection current;y ,, are
dence of the efficiency on angle is expected to change thshown in Fig. 2 for a 2.5 ntd 50 nmx 100 nm device in the
details of the excitation dispersion relation but not thelow field (a), (b) and high field(c), (d) regions. These dia-
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grams are in general agreement with similar phase diagrangected full-width-at-half-maximum(FWHM) linewidth 1
discussed in Refs. 3 and 9. The device starts inntheg=1 ~ Af=1.55vuyy(H,+H,)=0.44 GHz, is close to the simulated
state. For applied fields below the magnetostatic anisotroplpw-current linewidth. Here, the factor of 1.55 occurs be-
field, uoH=Hamy—Hamx=33 mT, the magnetization will cause the expected linewidth is proportional to the square
switch to themy,=—1 state at a threshold currentsflL. mA.  root of the susceptibility, not the susceptibility. The magni-
There are no sustained oscillations in this region, giveriude of the excitations increase as the spin-polarized current
My, ms=0. For larger applied fields, the free-layer magneti-increases and the linewidth decreases, which indicates that
zation will be driven into an oscillating state above thethe SMT term in the LLG equation, for this limited range of
threshold current. The regions of oscillations decrease as tHBOtON, acts as if it decreases the damping constant.
applied field increases until it exists only in a very narrow __APove a threshold current, the device goes into sustained
region of applied currents. The oscillation amplitude can be>M1-driven oscillations. A trajectory for —1 mA injection

uite large,m =0.7, predicting that the voltage output current is shown in Fig. (B.D' The SMT term F’“Sh‘?s the
gignal sr?ouldlggsa subs?antial frgctionlafR, whergeAR isp trajectory toward the negativedirection. This extension of

the change in resistance between the parallel and antiparalltqe trajectory with increasing injection current causes the os-

states. The boundary between the oscillating and the stat&”atlon frequency to initially decrease, as seen in Figa) 3

) ; . hd 3b). Thermal fluctuations give rise to a distribution of
switched state is blurred by thermal effects. Near this boundgits with different frequencies that gives rise to the excita-

ary, the device spends part of the time in a static state anfion |inewidth. For the ~1 mA trajectory, the first harmonic
part of the time in a precessional state. _ linewidths for my, and my,, as seen in Fig. (8, are

At large applied fields and curreriin the region labeled o g5 GHz and 2.1 GHz, respectively, which is considerably
“static/bistable” in Fig. 2d)], the magnetization evolves into proader than the FMR linewidth. As the injection current is
a static state in which the magnetization is canted in thyrther increased and the excursions in the magnetization ap-
negativex direction. The system is bistable and can end up iproach the x direction, the orbit will intersect itself and will
a state with negativen, andm, or positivem, andm,. For  pjfyrcate into two out-of-plane orbits as seen in Fi¢g)3At
instance, with uoHa,=0.8T and Iy ,=-15 mA the stable thjs point the oscillation frequency goes through a minimum,
states arem,=-0.93,m,=-0.044,m,=-0.38 orm=-0.93,  and the linewidth gets broad since thermal activation now

m,=0.044,m,=0.38. causes the system to switch between three nearly degenerate
orbits. As the injection current is increased further, the sys-
Il. EXCITATION SPECTRA tem settles into one of the out-of-plane orbits. As the injec-

tion current increases these orbits move out of plane, de-
The calculated excitation spectfthe average magnitude crease in amplitude, and increase in frequency.

of the Fourier transform of the magnetizatidar a device at None of the SMT-induced orbits are perfectly harmonic,
T=300 K and 1oH,=50 mT are shown in Figs.(8 and  and higher-order peaks are visible. For thg=—1 mA orbit,
3(b). The data are obtained by averaging the magnitude ohe first and third harmonics are visible in thg, spectra
the Fourier transforms of the steady-state magnetization trayng the second and fourth harmonics are visible innthe
jeCtorieS of 10 numerical simulations that differ Only in the Spectra shown in F|g(5) The ratios of the harmonic am-
stochastic variation from the thermal field term. The Spectrab"tudes provide a good test when Comparing to experimenta|
maps are plotted on a logarithmic scale to make small-scalgata to determine whether the observed spectra correspond to
excitations, such as thermal excitations and higher harmonigge excitation predicted by these models. While the spin-
of SMT oscillations, visible. The excitation trajectories are cyrrent-induced orbits are relatively insensitive to small de-
shown in Figs. 8&)-3(e). At low bias currents, the magneti- yiations of the spin momentum direction from the free layer
zation is driven by the thermal fieIdS, and the excitation SpeCeaSy axis, the observed SignaL which is proportiona| to the
tra are just _the thermal_m_agnetic nois_e. These_exc_itation§omp0nem of the magnetization along the spin momentum
appear as disordered elliptical precession, seen in k3. 3 irection, is very sensitive. When there is a misalignment the
at the ferromagnetic resonafMR) frequency and are simi- - observed spectra will contain componentsaf, spectra, in
lar to those observed in current-in-plaf@P) spin valves:®  aqdition to themy, spectra, and will lead to a mixing of even
The simulated resonant frequency, 7.76 GHz, is close to thgnd odd harmonic components, as seen in Fig) for the
resonance frequency predicted by the Kittel reldfiofy  case of a 20° misalignment. This mixing leads to an angle
=poyVHyH,=7.77 GHz, whereH,=H,+H, and H,=(N,;  dependent variation of the harmonic amplitudes. There is
-NwMst+H, are, respectively, the stiffness fields in the also a small increase in the precessional frequency due to a
and z directions. In this region, where the excitations arechange in the orbit as the injected spin axis deviates from the
small, the motion oimy, is frequency doubled and is much device easy axis and the applied field direction.
smaller in amplitude than the fluctuation i, sincem, The linewidths of the SMT-induced excitations are a func-
occos&zl—%&z. As the current increases, the SMT term tion of the dispersion relatiodf,/dH, and the thermal field.
drives larger excitations at the FMR frequency, as seen iWe expect a broader linewidth whelf,/dH, or Hy, is large.
Fig. 4. The excitation linewidth is shown in the inset of Fig. Conversely, when the device temperature is small or the de-
4 for low current values. The zero-current linewidth is ex-vice volume is largeH;, and hence the linewidth will be
pected to be proportional to the square root of the imaginargmall. The linewidths for a series of scaled devices are
part of the magnetic transverse susceptibility, which forshown in Fig. 6. Here, all of the device dimensions are
small excitations can be expressed in closed form. The exscaled by a factom (the volume increases ag) and the
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FIG. 3. Excitation spectra at 300 K for a 2.5 %0 nmx 100 nm device as a function of spin polarized injection current for an applied
x-axis field of 50 mT:(a) my,(f) excitation spectralb) my(f) excitation spectra. The excitation spectra are plotted on a logarithmic scale
with white indicatingm(f) <0.001 and black indicatingn(f)=0.5. (c), (d), (e), and (f) show the calculated trajectories foy; ,=-0.6,
-1.0,-1.5 mA, and -4.0 mA, respectively), in addition to the final stable orbit, shows the time evolution from the initial state.

injection current is scaled by a factgf. The injection cur- for an 1,=100 nm device to 20 to 40 MHz for an,
rent isl, w=1 mA for the 100 nm device and 64 mA for the =400 nm device. The decrease in linewidth is approximately
400 nm device. The magnetostatic fields and the SMT trajecexponential with a decay length of 82 nm. This decrease in
tories, in the absence of thermal fluctuations, are identical folinewidth for the large angle SMT excitations is in contrast to
all of the simulations. The excitation linewidth decreasestheHy-independent linewidth observed for small angle FMR
rapidly with device volume and decreases from 1 to 2 GHzexcitations.
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FIG. 4. Excitation spectran,(f) for low values of injection
current(in the thermal FMR regimeat an appliedk-axis field of g
50 mT and temperature of 300 K showing an increase in amplitude §
and a decrease in linewidth as the current increases. The inset 3 0.05+
shows the resonant linewidth as a function of injection current. 2
£
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Ill. DISCUSSION
The modeling indicates that the SMT-induced excitations 0.00 : k
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grow naturally out of the thermally driven small angle FMR
excitations. As the SMT term drives in-plane precession,
there .wiII pe an initiql decrease in resonant frequency, Ora i 5. (3 Excitation spectrummy(f) and My () for linjx
redSh'ﬁ’ with increasing Cur_rent. When the bent In-plane O-_1 mA showing spectra for an SMT driven precessional orbit for
bit becomes degenerate with the out-of-plane orbit there ig jppjiedx-axis field of 50 mT and a temperature of 300 K. The
considerable low frequency noise due to the jumping of thgyngamental and third harmonic peaks are seemgj(f), and the
trajectory from in-plane to out-of-plane orbits. At high cur- second and fourth harmonics are seennip(f). (b) Calculated
rents, when the orbits are out of plane, the resonant freexcitation spectra for the case when the reference layer magnetiza-
quency increases with applied currgbtueshify. The width  tion is fixed 20° off the easy-axis direction amg,=-0.94 mA,

of the resonance is quite broad due to thermal agitation ang, ,=-0.34 mA. The excitation spectra is the Fourier transform of
the small size of the device. This type of thermal broadeninghe component of the free-layer magnetization along the reference
must be present in any magnetic device that is in contadayer.

with a thermal heat bath. However, there may be other ef-

fectS, such as inhomogeneous magnetostaﬁc fields and dEEId data* Other observed features cannot be described by
fects, that may lead to additional temperature-independerifis simple single-domain model. These features include sud-
broadening. The thermal effects discussed here determined®n jumps in the excitation spectra with applied field or cur-
lower limit on the excitation linewidth. The predicted line- rent and the presence of regions of broad-band instability.
width depends exponentially on the thermal field and in-Many important effects have been ignored in the present cal-
creases with increasing temperature or decreasing device
volume. Thus, the coherent oscillation volume must be rela-
tively large if one desires a narrow linewidth.

In comparison with experimental data from Refs. 3 and 4,
the model qualitatively predicts certain features that are ob-
served in SMT-induced excitations. The point-contact data in
Ref. 4 show a redshift for in-plane orbits and a transition to
a blueshift when the excitation is driven out of plane. The
blueshift, however, is most often observed when the field has
an out-of-plane component and the structure shown in Fig. 3
for in-plane fields is not always observed. The observed line-
widths for the nanopillar devices in Ref. 3 are typically on
the order of 1 GHz at room temperature, consistent with the
predictions of the calculated spectra. The linewidths of point
contact devices are on the order of 20 MHz, which is con- FIG. 6. Linewidth of my, and my, excitations for a applied
sistent with an increased excitation volume due to the genx-axis field of 50 mT and a temperature of 300 K as a function of
eration of an extended spin wave. The calculated excitatiodevice lengthl,. All dimensions are scaled simultaneously so that
volume of 400 nm is comparable to the wavelength of thethe aspect ratio remains constant. The lines are exponential fits,
excited spin waves as determined by fitting the frequency vshich yield a decay length of 82 nm.
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culations such as micromagnetic structure, current-generatdiiewidths(Q>10 000 we will require large excitation vol-
magnetic fields, motion of the fixed layer, and angle depenumes (diameters>400 nm) and a flat dispersion region
dent efficiencies and damping. The details of the current{small df,/dH,).

induced precessional orbits are expected to differ in real de-

vices compared to the single-domain simulations. However,

the dependence of the linewidth on temperature and excita- ACKNOWLEDGMENTS
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