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Ultrafast spin dynamics across compensation points in ferrimagnetic GdFeCo:
The role of angular momentum compensation
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Using an all-optical pump and probe technique, we have investigated the temperature dependence of the
ultrafast magnetic response in a ferrimagnetic amorphous GdFeCo thin film. When the temperature of the
sample approaches the angular momentum compensation point, both frequency and the Gilbert damping
parameter of the magnetization precession increase significantly. In addition, the high-frequency exchange
mode softens and becomes observable. The observed high-speed and strongly damped spin dynamics in the
vicinity of the compensation of the angular momentum is ideal for ultrafast ringing-free precessional switching

in magnetic and magneto-optical recording.
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The study of ultrafast magnetization dynamics has gained
considerable momentum in the last decade. This is stimu-
lated on the one hand by the ever growing demands to in-
crease the speed of writing and retrieving magnetically
stored information, and on the other, by the development of
femtosecond laser sources. The latter allow excitation of
magnetic systems at time scales much shorter than funda-
mental quantities such as spin precession or spin-lattice re-
laxation times. Recent experimental studies have revealed
many exciting and sometimes surprising results such as the
quenching of ferromagnetism at subpicosecond time
scales,!=3 generation of coherent spin waves,*> and reorien-
tation of antiferromagnetic spins.°

Rare earth-3d transition metal (RE-TM) ferrimagnetic
compounds are widely used materials for magneto-optical
recording. Depending on their composition, RE-TM ferri-
magnets can exhibit a magnetization compensation tempera-
ture T), where the magnetizations of the RE and TM sublat-
tices cancel each other and similarly, an angular momentum
compensation temperature 7, where the net angular momen-
tum of the sublattices vanishes. The theory of ferrimagnetic
resonance’® predicts a strong temperature dependence of the
dynamic behavior in such systems. In particular, the fre-
quency of the homogeneous spin precession as well as the
Gilbert damping parameter « are expected to diverge at the
temperature T,.° However, so far there are no experimental
results to substantiate these claims. Experimental confirma-
tion of these theoretical predictions is important for magnetic
recording and magnetic random access memory, since the
combination of a high frequency and large damping of the
spin precession would provide ultrafast and ringing-free
magnetization reversal via precessional motion.'” In addi-
tion, knowledge of the temperature behavior of the frequency
and damping of the spin precession is crucial for the calcu-
lation of the domain wall velocity!'' and thus of great impor-
tance for magneto-optical recording. Although of fundamen-
tal and technological interest, the temperature dependence of
the Gilbert damping and of the magnetization precession fre-
quency over the compensations points in multisublattice
magnetic systems such as ferrimagnetic RE-TM alloys were
not well known until now.

1098-0121/2006/73(22)/220402(4)

220402-1
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In this Rapid Communication we report the study of ul-
trafast laser-induced spin dynamics in the RE-TM ferrimag-
netic alloy GdFeCo across the magnetization and the angular
momentum compensation points, using an all-optical pump-
probe technique. It is demonstrated experimentally that both
Gilbert damping and spin precession frequency increase sig-
nificantly when the temperature of the sample approaches the
point of angular momentum compensation. These results in-
dicate thus the crucial role of the angular momentum com-
pensation for controlling the fast magnetization switching
process. Moreover, our approach also allowed us to observe
the exchange resonance mode: as it softens near 7, it is
found to dominate the ordinary ferromagnetic resonance.

The sample used in our experiments was a 20-nm-thick
GdFeCo layer, such as used in a magnetically amplified
magneto-optical system (MAMMOS)'? as a readout layer.
The total multilayer consisting of glass/AlITi(10 nm)/
SiN(5 nm)/GdFeCo(20 nm)/SiN(60 nm), was grown by
magnetron sputtering. The AlTi layer served as a heat sink.
The GdFeCo layer is a ferrimagnetic amorphous alloy with
strong perpendicular magnetic anisotropy. Strong coupling
between the RE and TM subsystems leads to a common Cu-
rie temperature (T-) which for the given alloy composition
(Gd,,Feq, (Cos4) is about 500 K.

The dynamics of the macroscopic magnetization M is
routinely described by the Landau-Lifshitz-Gilbert (LLG)
equation.'>!* In a ferrimagnetic system, the LLG equation
can be written for the ith sublattice (i=RE,TM) as

dM; - ( dM,»)
— == |y(M; X H) + — | M; X — |, 1
5 =~ (M HE) w \MX (1)
with the gyromagnetic ratio |y;| and the Gilbert damping pa-
rameter «; given by

KB A;

lvl=87> a= . (2)

h |lyiIM;
Here \ is the Landau-Lifshitz damping parameter.'> These
equations are coupled by the presence of the exchange field
HRg rv=—AexMry e and give rise to two modes. The ferro-
magnetic mode with wpyg = YerH can actually be described
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by a single LLG equation, but now employing an effective

gyromagnetic ratio y.g:""

Myp(T) - Myw(T) — M(T)

Yert(T) = = (3)
o Mge(T)  Myw(T)  A(T)
| vrel | yrml
and an effective Gilbert damping parameter'®
ARe | Mm
| yrel” |’)’TM|2 A
aepi(T) = = 4)
Mge(T)  Myw(T)  A(T)
| Vel |7rml

where M(T) and A(T) are the net magnetic moment and net
angular momentum, respectively; A, is a constant under the
assumption of the Landau-Lifshitz damping parameter being
independent of temperature.’ The validity of this assumption
was confirmed over a wide temperature interval by ferromag-
netic resonance (FMR) measurements in 3d TMs.!” Because
GdFeCo contains S-state RE ions and orbital-momentum-
quenched 3d ions, it is expected to possess equivalent gyro-
magnetic ratios for the two sublattices (yrp=yrm). However,
previous experiments on similar RE-TM (i.e., Gd-Fe) thin
films'® and the present experiments reveal a clear tempera-
ture dependence of ., thus indicating that the assumption
Yre=yrMm in GdFeCo does not hold.

In addition to the ferromagnetic mode wgyg, Spins in a
ferrimagnetic system may oscillate with the exchange (Ka-
plan and Kittel) resonance frequency'”

Oex = Nex(| YrmIMre = | YRe|M1m) = Mex| Yrell yrmlA(T).
(5)

Equations (3) and (4) indicate a divergence of both the pre-
cession frequency and Gilbert damping parameter of the
FMR mode at the temperature 7,. Moreover, from Eq. (3),
one can notice that at the temperature 7),, the FMR fre-
quency becomes zero. In contrast, Eq. (5) indicates that the
exchange resonance branch softens at the angular momentum
compensation temperature T, where the FMR mode di-
verges.

The laser-induced spin dynamics was investigated by an
all-optical pump and probe technique using an amplified Ti-
:sapphire laser system with 100 fs laser pulses of 1.54 eV
photon energy (805 nm laser wavelength) at a repetition rate
of 1 kHz. The measurements were done in a cold finger cry-
ostat where the temperature could be stabilized in the range
of 10-400 K with a precision better than 0.5 K. The magne-
tization response of the almost instantaneous heating by the
pump beam was probed by a less intense probe beam
(Ipump/ Tprope > 100), which monitored in time the changes in
the Faraday rotation with the help of a balanced diode tech-
nique.

In our experiments, an external field H.,,, applied to the
sample at an angle 6,,,=60° from the easy axis of anisotropy,
tilts the magnetization M along the direction of an effective
field H*'=H,,,+H,+H,, where H, and H, are the magneto-
crystalline and shape anisotropy fields, respectively. Upon
sudden heating by the pump pulse, H; and H, are changed.
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FIG. 1. (Color online) Magnetization precession in GdFeCo as a
function of the applied external field at 7=333 K. Solid lines in the
main figure represent fit of the data to the LLG equation with
a;;=0.11. Inset shows the field dependence of the precession fre-
quency. The solid line is a fit to Eq. (6). Note that the sample
temperature presented here includes the temperature increase in-
duced by the pump heating (Ref. 22).

Due to the change of H®, M starts to precess around the
new equilibrium orientation. After several hundred picosec-
onds, electron-phonon dissipation processes remove the ex-
cess heat from the system, restoring the initial equilibrium
and magnitude of M. In the present configuration, the experi-
ment probes changes in the out-of-plane component of the
magnetization M,. Note that at a photon energy of 1.54 eV
the main contribution to the observed component of the mag-
netization M, is given by the magnetization of the TM sub-
system (Mryy).?!

Figure 1 shows the observed precession excited at a pump
fluence of about 2 mJ/cm?. This pump fluence induces a
significant increase in the local temperature of the sample.?
The temperature 7=333 K indicated in the figure takes into
account this heating. Besides the oscillatory character of the
M, component of the magnetization associated with magne-
tization precession, Fig. 1 shows also an instantaneous step-
like change of M, following laser excitation. The observed
steplike process is a result of both the ultrafast demagnetiza-
tion (~200 fs) and the laser-induced change in the magneto-
crystalline anisotropy which occurs while the electron-lattice
equilibration take place (~3 ps).>?? Fitting the experimental
data yields precession frequencies of several gigahertz and a
common Gilbert damping a.;=0.11, in good agreement with
FMR results.>* The precession frequencies are well fitted by
the Kittel equation which, for the geometry of interest here,
is

_ Yerr

- 1+ asz) V(Hey( €OS Oey + |Ha + Hs|)2 = (Hey sin eexl)z'
€!

(6)

Thus the measurements representing 7=333 K are well de-
scribed by an internal field |H,+H,|=0.328 T and an effec-
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FIG. 2. (Color online) Temperature dependence of coherent pre-
cession of the magnetization in GdFeCo, measured at an external
field H,,=0.29 T. Around 160 K magnetic compensation 7, of the
ferrimagnetic system occurs. The inset shows the alignment of the
RE-TM system under an external applied field, below and above
Ty-

tive g factor g.;=1.845, which is in very good agreement
with previous measurement? on GdFeCo (g.¢=1.85). This
observation indicates on the one hand that the effective gy-
romagnetic ratio 7.y is dominated by the spin part of the
angular momentum in the GdFeCo case and on the other, that
at 333 K only the FMR branch is observed.

The temperature dependence of the magnetization dynam-
ics at an external field H.,=0.29 T is shown in Fig. 2. Apart
from a clear temperature dependence of the frequency and
damping, Fig. 2 shows that the phase of the oscillations
changes around 160 K. This happens because of the presence
of the compensation point Ty,. For T<T,, (~160 K) the TM
magnetic moment is smaller than that of Gd. Thus the Mg is
aligned along the applied field direction. At T>T,,, My
becomes larger than Myg and the ferrimagnetic system flips,
allowing the TM component to be aligned along the direction
of the applied field H,,,. It is clear that this will lead to a sign
change of the observed component of the magnetization,
My

Figure 3 shows the temperature dependence of the mag-
netization precession frequency (a) and the Gilbert damping
parameter (b). At the temperature 7=220 K a significant in-
crease is observed in both the precession frequency and the
damping parameter. As expected from Egs. (3) and (4), the
fact that both a.; and wgygr peak at the same temperature,
clearly indicates the existence of angular momentum com-
pensation near this temperature of 220 K. The strong tem-
perature dependence of vy, demonstrates the nonequivalent
character of the gyromagnetic ratios of the two magnetic
sublattices in GdFeCo. In addition to the peak near T,, we
have also observed an enhancement of a. as the tempera-
ture is increased toward the Curie temperature. Again Eq. (4)
predicts this enhancement under the assumption of
temperature-independent Landau-Lifshitz damping param-
eters A\gg and Apy. This enhancement is consistent with ear-
lier data.?®?” Our measurements thus demonstrate the consis-
tency of the theoretical prediction of Eq. (4) with the
temperature dependence of a; in RE-TM alloys like
GdFeCo.

In the temperature region just above 7,4, Fourier analysis
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FIG. 3. (Color online) (a) Temperature dependence of the mag-
netization precession frequencies wpyr and wq,. As temperature
decreases from 310 K toward 7, the exchange resonance mode w,
(open circles) softens and mix with the ordinary FMR resonance
wpmr (closed circles). Since around 230 K both FMR and exchange
modes have essentially the same frequency, the frequency indicated
at 230 K may represent both the FMR and the exchange resonance
modes. The insets show schematically the two modes. The solid
lines are a qualitative representation of the expected trend of the
two resonance branches as indicated by Egs. (3) and (5). (b) Tem-
perature dependence of the Gilbert damping parameter agg. Lines
are guides to the eye.

of the measured time dependencies reveals two frequencies,
one decreasing and the other increasing with temperature.
While the former can be attributed to the FMR mode (see
Fig. 1), such temperature behavior allows one to clearly
identify the latter as the exchange mode [see Eq. (5)], the
frequency of which can be low around 7, but is usually very
high everywhere else.

Although around T, the temperature dependence of the
precession frequency appears to be in very good agreement
with theory, this is not the case for the region near 7),. From
Eq. (3) one would expect a strong decrease of the precession
frequency at T),. Instead, at this temperature Fig. 3(a) indi-
cates still values of tens of gigahertz for the precession fre-
quency. The reason for this apparent disagreement can be
twofold. First of all, in the laser excitation spot, an inhomo-
geneity of the instantaneous temperature distribution is un-
avoidable. Therefore, when excited with a laser pulse in such
a strong temperature dependence region as near 7, a whole
spectrum of frequencies can be excited with the signals from
various modes adding up. It is easy to show, however, that
such averaging favors observation of the highest frequency
only, i.e.,

f cos wt dw = B sin wyt. (7)
0

Second, in this region close to the angular momentum com-
pensation point, the exchange mode softens. Mixing of the
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latter with the regular FMR mode can also result in the in-
crease of the observable frequency.

In conclusion, using magneto-optical techniques we have
investigated spin dynamics in ferrimagnetic GdFeCo films
with subpicosecond temporal resolution and in a broad tem-
perature range. Our data unambiguously reveal the angular
momentum compensation around 7=220 K and magnetiza-
tion compensation around 7=160 K. The observed differ-
ence between the points of magnetization and angular mo-
mentum compensation indicates the fact that the two
magnetic sublattices in the studied GdFeCo alloy have dif-
ferent g factors. We have experimentally observed both fer-
romagnetic and exchange modes of spin precession in the
ferrimagnetic material. While the precession frequency and
the Gilbert damping strongly increase when the temperature
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approaches T,, the high-frequency exchange mode softens
near the angular momentum compensation point 7, so that
ferromagnetic and exchange modes have similar frequencies.
This similarity may result in an additional mechanism for
increase of the Gilbert damping. The observed high-speed
and strongly damped spin dynamics in the vicinity of the
compensation of the angular momentum is ideal for ultrafast
ringing-free precessional switching in magnetic and
magneto-optical recording.
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