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Spin-Lattice Relaxation Time of Ferromagnetic Gadolinium Determined with
Time-Resolved Spin-Polarized Photoemission
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The characteristic time for establishing thermal equilibrium between the lattice and the spin system is
100+ 80 ps in ferromagnetic gadolinium.

PACS numbers: 78.47.+p, 75.50.Cc, 79.20.Ds, 79.60.Cn

Upon a sudden change of the lattice temperature, a
magnet needs time to establish its new equilibrium mag-
netization. The characteristic time —known as spin-lat-
tice relaxation time ~sL—measures the strength of the
coupling between the spin system and the lattice. Apart
from its evident physical interest, this quantity is techno-
logically important because it determines, for instance,
the maximum speed attainable in Curie-point writing, the
most widely applied technique of magneto-optical record-
ing.

Because of the lack of appropriate experimental tools,
the spin-lattice relaxation time in ferromagnets has not
been determined so far. Only upper and lower limits
have been given for Ni [1] and for Fe [2]. In the present
paper, it is demonstrated that ~gL can be measured using
the technique of time-resolved spin-polarized photoemis-
sion.

The lattice is heated with a laser pulse of 10 ns dura-
tion. The photon energy is less than the photothreshold
of the sample. Accordingly, this pulse does not emit pho-
toelectrons [3]. The temporal evolution of the magnetiza-
tion during the ns-heating pulse is probed by measuring
the spin polarization of the electrons emitted by a second,
synchronized laser pulse of 60 ps duration and a photon
energy above photothreshold. Since the time interval be-
tween the onset of the heating and the probing pulse is
adjustable with ps accuracy, the variation of the magneti-
zation can be measured as a function of time. Thus, the
photoemission experiment becomes time resolved, i.e.,
capable of monitoring the dynamics of fast, transient phe-
nomena. The relaxation time for Gd is found to be
100+ 80 ps. There are no basic experimental restrictions
for applying the technique to other ferromagnetic or fer-
rimagnetic materials.

For continuous light sources, the spin-polarized photo-
emission experiment is described in Ref. [4]; for pulsed
lasers, in Ref. [5]. It is proved that, and understood why,
laser-induced spin-polarized photoemission is insensitive
to space charge, a basic requirement for performing the
experiment successfully. All the emitted electrons are
collected and directed into a 100-kV Mott detector in
order to measure the spin polarization P=(Nt N/)/—
(Nt+N J ) where lVt (Nf) is the number of electrons
with spin magnetic moment parallel (antiparallel) to the
surface normal of the sample. Along this direction an

external magnetic field ~ 3 T can be applied. The tem-
perature of the sample is variable between 30 K and
several hundred K.

Gd was deposited onto a polycrystalline iron substrate
(conically shaped, 6 mm long, exposed surface; 4 mm di-
ameter) by evaporation from a resistively heated W
spiral. Extensive outgassing was necessary in order to
produce clean Gd films. Before deposition, the iron sub-
strate was cleaned by sputtering and heating cycles. Film
and substrate quality were tested with Auger spectrosco-
py. After deposition of Gd, the Fe Auger signal was
completely suppressed, giving a lower limit of 50 A for
the Gd film thickness. Figure 1 shows the spin polariza-
tion of the photoelectrons as a function of the perpendicu-
larly applied magnetic field at T =45 K. Saturation
occurs for fields exceeding 0.38 T. This small saturation
field is due to the enhancement of the external field by
the iron substrate.

Because of the surface sensitivity of the photoemission
experiment [6], the measured polarization reAects the
magnetic state of the Gd film only. The temperature
dependence of the polarization is shown in Fig. 2. A
linear extrapolation of the curve gives a Curie tempera-
ture of 290 K. This value is in agreement with previous
photoemission experiments [7] and with the bulk Curie
temperature of Gd [g]. For the experiments displayed in
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FIG. 1. Spin polarization P of the photoelectrons emitted
from a Gd film as a function of the external field H applied per-
pendicularly to the sample surface. The full spectrum of a Hg-
Xe lamp (hv~ 5.S eV) is used as a light source. Complete
alignment of the magnetization along the surface normal is
achieved for external fields exceeding 0.38 T. The temperature
is 45 K. The sample has a photothreshold of 3 eV.
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FIG. 2. Saturation polarization P of the photoelectrons mea-
sured as a function of the temperature. Saturation is achieved
by applying an external field of 0.38 T. The full spectrum of a
Hg-Xe lamp (hv~ 5.5 eV) is used as a light source. The Curie
temperature is 290 K.
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Figs. 1 and 2, the full spectrum of a Hg-Xe lamp (hv
~ 5.5 eV) has been used. The photothreshold of the Gd
film was 3 eV.

For generating the time-delayed laser pulses, the out-
put of a pulsed KrF-excimer laser (hv=5 eV) is fed into
a beam splitter. One of the emerging beams is guided
over a variable optical delay before it pumps a 10-ns dye
laser of 2. 15-eV photon energy. This heating pulse is fo-
cused onto the sample surface where it raises the lattice
temperature —depending on the pulse energy —up to
several hundred degrees. The other excimer beam pumps
a 60-ps dye laser having a photon energy of 3.2 eV. This
pulse hits the sample surface in the center of the heating
pulse where it probes the magnetization via emission of
polarized photoelectrons. By varying the optical delay,
i.e., the path length of the pump beam for the ns laser,
the onset of the probing pulse can be moved from 2.5 ns

before to 7 ns after the onset of the heating pulse.
Time-resolved measurements at two different intensi-

ties of the heating pulse are shown in Figs. 3(a) and 3(b).
The normalized polarization P/Pp (Pp=38%) measured
at t ~ 0 corresponds to the equilibrium magnetization at
the initial temperature TO=45 K. The previously found
saturation field of 0.38 T is applied perpendicular to the
sample surface. The external field and the probing spot
(diameter 360 pm FWHM) both limit the area from
which the photoelectrons are collected to 270 pm
(FWHM). Since the focus of the heating pulse has a di-
ameter of 390 pm, the area which contributes to the pho-
toelectric current is nearly homogeneously heated. Note
that no measurable change of the spin polarization —or,
equivalently, of the magnetization —occurs due to heating
by the probing pulse itself. Using 30-ps pulses, it has
been shown in Ref. [2] that electrons emitted by a single
pulse (no heating by a previous, first pulse) retain the po-
larization of the prepulse, undisturbed state even if the
pulse energy is sufficient to melt the surface, a result
which is corroborated by the time-resolved measurements
reported in this paper. Neither the heating nor the prob-
ing pulse caused damage to the surface, as recognized by
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FIG. 3. Pump-probe experiment using a 60-ps (3.2 eV) laser
pulse as the probing pulse and a 10-ns (2. 15 eV) laser pulse as
the heating pulse. The reduced spin polarization of the photo-
electrons emitted by the probing pulse is plotted as a function of
the time delay between probing and heating pulses. Zero time
delay corresponds to the onset of the lattice heating. Solid
lines: calculated P(t) curves involving no adjustable parame-
ters (see text).

the complete reversibility of the P(t) measurements.
Particularly for Gd this is understandable because the
pulse energy required to reach the Curie temperature is a
factor of 5 lower than that necessary for melting.

Qualitatively, the effect of laser heating is apparent in

both P(t) curves shown in Fig. 3: For t & 0 the polariza-
tion drops. The measurements differ in the energy of the
heating pulse. In Fig. 3(a), the energy of the heating
pulse is modest: It is just suflicient to reduce the initial-
state polarization by a factor of 0.4. In Fig. 3(b), the
heating pulse energy is higher, raising the spin tempera-
ture close to the Curie temperature. Measurements taken
at other heating pulse energies and initial temperatures of
the sample will be reported in a forthcoming paper [9].

In Fig. 3(a), the polarization drops from P/Po=1. 0 to
a constant value of 0.4. This corresponds —according to
Fig. 2—to a temperature rise of 175~10 K. The fact
that —on the time scale of Fig. 3—P/Po reaches a con-
stant value is a consequence of the particular temporal in-

tensity profile of the heating pulse shown in Fig. 4 by the
solid circles [10). The intensity scale on the left of the
figure applies to the pulse energy of Fig. 3(a).

The temperature rise h, T[ tt' can be derived from the
temporal intensity profile of the laser pulse using the clas-
sical thermal-diffusion equation [11]. The reason is that
in our experiment the duration of the heating pulse is

much longer than the characteristic time needed to
transfer the pulse energy to the lattice, a time which is of
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FIG. 4. Solid circles: Intensity of the heating laser pulse [of
the measurement in Fig. 3(a)] as a function of time (left-hand
scale). Using the solid line as a fit through the solid circles, the
temperature rise h, T].„«„, induced by the heating laser is calcu-
lated. ATi„«,„ is displayed by the open circles (right-hand
scale).

FIG. 5. AT, p;„(t) d, erived from Fig. 2 for the data of Fig.
3(a) (solid circles) and Fig. 3(b) (open circles). The straight
lines correspond to the fit AT, p;„(t) =q(t —rst). The open-
circle data point at 0.60 ns deviates from the straight line as
does the corresponding measured polarization value in Fig. 3(b)
from the P(t) curve.

the order of I ps [12-14].
The result of solving the thermal-diA'usion equation is

shown in Fig. 4 by the open circles. The linear increase
of the intensity at the front end of the laser pulse trans-
forms into a linear rise of T~„.«,.„over this time interval.
Accidentally, the pulse profile causes T~,. «„, to level off'

after the linear rise and this is, of course, the reason that
P/Po also reaches the constant value of 0.4 in Fig. 3(a).
A glance at P(t) in Fig. 3(a) and ATt.,«,„(t) in Fig. 4
shows that the times where the two quantities reach con-
stant values are very similar, slightly less than 2 ns. This
implies that the spin and lattice temperatures are very
close to each other on this time scale or, equivalently, it
shows that the spin-lattice relaxation time ~sL must be
far less than 2 ns.

Now, the temperature rise ATt.,tt,„(r) in Fig. 4 can be
calibrated in degrees K, since one knows from the P(r)
measurement of Fig. 3(a) that the total drop of the polar-
ization (P/Pp=1. 0 0.4) corresponds (according to
Fig. 2) to a temperature rise of 175 K. In the plateau re-

gion, this temperature rise is identical for the spin and
lattice temperatures. In passing, we note that solving the
thermal-diftusion equation with the material parameters
of the substrate, i.e., of Fe—taken at 140 K and assumed
to be T independent [15]—yields a ATt, «„,(t) very close
to the one determined experimentally from Fig. 3(a) [9].

Next, we derive a numerical value for rsL. The rate
equation for the temperature transfer between the spin
system and the lattice is [16]

dTspin
Cspin =G(Tlnttice Tspin) .

dt

C,p;„ is the specific heat of the spin system and 6 is the
phonon-magnon coupling constant. The characteristic
time for the equilibration of the temperature is then given
by

rsL =Cspin/G ~

C,p;„(not G) depends on temperature. However, in the
following, aqua is understood to be a T-independent, aver-
aged (for 45 & T & 225 K) quantity which makes it pos-
sible to solve Eq. (1) analytically. Guided by Fig. 4, the
lattice temperature is taken to increase linearly in time,
T)„.[t = Tp+ qt, where Tp is the initial temperature at
t ~ 0 and q is the rate of the temperature increase. Then,
the solution of Eq. (1) is

T„;„(I)=Tp+q[r —rsL(1 —e
' '")].

The quantity AT, p, „(r)=T, (pt)
—To is derived ex-

clusively from experimental data: Figure 3 gives the po-
larization at a time t after the lattice heating has started.
The corresponding increase AT, p;„(t) of the spin tempera-
ture is obtained from Fig. 2. Notice the unique feature of
the spin-polarized pump-probe experiment, namely, that
the magnetization acts as a thermometer, indicating at
each instant of time the spin temperature. Unfortunate-
ly, for the lattice and electron gas similarly simple ther-
mometers do not exist.

AT,p;„(t) is plotted in Fig. 5 for both measurements of
Fig. 3. Equation (3) shows that AT, p, „(r)=q(t —rst )
for t & r~t. Indeed, this linear relationship is found in

Fig. 5. Extrapolation of the straight lines to h, T,p;„=0
gives —independent of q—an intersection with the time
axis at t =~sL. In this way ist is found and it amounts
to 100~80 ps for both measurements shown in Fig. 3
[17].

The zero of the time scale in Fig. 5 is obtained from a
P(t) measurement at high heating pulse energy [9]. It
must lie between the last point where P/Pp= 1 and the
first point where P/Po & 1. The error in rsL of + 80 ps
is mainly due to the uncertainty of the zero point of the
time scale.

The rate of the temperature increase is given by the
slope of the straight lines in Fig. 5; it is q =115 K/ns and

q =158 K/ns for the measurements of Figs. 3(a) and
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3 (b), respectively.
Using these experimentally determined values of rsL

and q together with the P(T) relation from Fig. 2, the
curves P(t) are obtained immediately using Eq. (3). The
result is shown as the solid lines in Fig. 3. Evidently, the
fit—without any adjustable parameter —is perfect.

This paper reports on the first experiments where the
time evolution of the magnetic nonequilibrium state has
been followed on a picosecond time scale. The novel
technique used is time-resolved spin-polarized photoemis-
sion, using pulsed lasers as light sources. The charac-
teristic time for the heat transfer from the lattice to the
spin system has been found to be 100~80 ps in fer-
romagnetic gadolinium.
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