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Spin-lattice relaxation in ferromagnets studied by time-resolved spin-polarized photoemission
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The spin-lattice relaxation time ~,1 is the characteristic time needed for the energy transfer between
the lattice and the spin system. It is demonstrated that ~,1 can be determined with laser-induced spin-
polarized photoemission. Upper and lower limits are derived from a single-pulse experiment using
pulses of various time durations. It is found that v, I of iron is shorter than 20 ns but longer than 30 ps.
A direct measurement of ~,I is possible with a pump-probe experiment. One laser pulse heats the sample
and a second time-delayed pulse is used to probe the magnetic state. ~,1 is found to be 100+80 ps for fer-
romagnetic gadolinium.

I. INTRODUCTION

After a fast change of the lattice temperature, a mag-
net needs time to establish its new equilibrium magnetiza-
tion. It will be demonstrated that this characteristic
time, the spin-lattice relaxation time ~,I, can be deter-
mined with laser-induced spin-polarized photoemission.
Apart from its evident fundamental interest the
knowledge of r, &

is also of technological importance: it
determines, for instance, the maximum speed attainable
in Curie-point writing, the most widely used technique in
magneto-optical recording.

Only few experiments are able to probe the time scale
of the energy transfer from the lattice to the spin system
mediated by the spin-orbit coupling. Kerr-effect rnea-
surements with short laser pulses gave an upper limit of
40 ns and a lower limit of 20 ps for ~,I of nickel. ' In fer-
romagnetic resonance (FMR) the longitudinal relaxation
time T, contributes among other parameters to the
linewidth of the FMR signal. T, is determined by the
time the system needs to restore the direction of the mag-
netization after a small rnisorientation. The spin-lattice
relaxation time v;&, in contrast, is the time the magnetiza-
tion needs to assume a new equilibrium magnitude after
an abrupt change of the lattice temperature. A fast
change of the lattice temperature can be induced with
short and intense laser pulses. When hitting a sample
surface the pulses first induce a hot electron gas which
then thermalizes with the lattice within a few pi-
coseconds.

Photoemission with spin analysis is described in Ref. 5.
The spin polarization P of the photoelectrons is defined
as P =(N Nt)l(Nt+N~), —where Nt (Nt) is the num-
ber of electrons with spin magnetic moment parallel (an-
tiparallel) to the surface normal of the sample. In the
present experiment the polarization of the total photo-
yield is measured without energy analysis of the elec-
trons. P is proportional to the magnetization along the
surface normal of the sample. Along this direction an
external field up to 3 T can be applied. The temperature
of the sample is variable from 30 K up to several hundred
K. The experiment is made time resolved by using short

laser pulses for photoemission. ' Then the magnetiza-
tion is probed in a time interval determined by the dura-
tion of the laser pulse. It has been shown in Ref. 6 that
space charge does not affect the polarization of the total
photoyield because of conservation of the total angular
momentum. This is a basic requirement for the perfor-
mance of the experiments described below.

Upper and lower limits of ~,&
are derived from the set

of measurements described in Sec. II. In these experi-
rnents one and the same laser pulse is used to heat the
sample and to emit photoelectrons. The polarization of
the photoelectrons measured as a function of the laser
pulse intensity decreases if the Curie temperature is
reached in the laser focus and if the spin-lattice relaxa-
tion time is short compared to the laser pulse duration.
During a laser pulse with a duration much shorter than
~,&

the magnetization has no time to change its magni-
tude even if the pulse intensity is sufficient to melt the
sample. It is found that ~,1 of iron lies between 30 ps and
20 ns.

In Sec. III a pump-probe experiment is described
which gives a numerical value for v;&. A laser pulse with
a photon energy below the photothreshold (hv&P) is
used to heat the sample and a second pulse with h» P
probes the magnetic state after a variable time delay with
respect to the first pulse. For ferromagnetic gadolinium
~,I is found to be 100+80 ps.

II. DETERMINATION OF UPPER AND LOWER LIMITS
FOR THE SPIN-LATTICE RELAXATION TIME

OF IRON

After insertion into the UHV chamber a polycrystal-
line iron sample of cylindrical shape (diameter 5 mm,
thickness 5 mm) was cleaned by cycles of Ar-ion sputter-
ing and heating. The only remaining contamination
found with Auger spectroscopy consisted of a few percent
carbon.

The polarization of the photoelectrons emitted from Fe
during 20 ns and 30 ps laser pulses is plotted in Fig. 1 as a
function of the laser pulse energy. In both cases the pho-
ton energy is 2.15 eV. For photoemission the work func-
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FIG. 1. Polarization of the photoelectrons emitted from
polycrystalline iron during 20 ns (open circles) and 30 ps (full

circles) laser pulses. A field of 0.38 T is applied perpendicular
to the plane of the surface. The polarization is normalized by
the spin polarization (Po) measured with a weak laser pulse en-

ergy causing negligible heating. The energy is normalized by
the threshold energy for positive ion emission (E;,„).E;,

„

is 90
mJ/cm for the 30 ps pulses and 3.1 J/cm for the 20 ns pulses.

tion of the iron sample has been lowered to 1.7 eV by de-
positing a submonolayer of Cs onto the surface. Cs is
known to have no significant effect on the surface mag-
netic properties of iron. The polarization is normalized
to Po( = 18%), the polarization measured at a laser inten-
sity weak enough to cause negligible heating.

The energy scale is calibrated in units of E;,„.This is
the threshold energy, depending on the pulse duration,
where the sample starts melting in the laser focus. Melt-
ing is accompanied by strong emission of positive ions
which are experimentally easily detected. An external
field of 0.38 T is applied along the surface normal of the
sample.

The sample is held at an initial temperature of 230 K.
A temperature rise of 813 K (1579 K) is necessary to heat
it up to the Curie temperature (melting temperature).
Due to the Gaussian intensity distribution in the laser
focus a significant loss of spin polarization is expected for
laser energies exceeding 0.5E;,„.For the 20 ns laser
pulses this is observed in Fig. 1 (open circles). The behav-
ior is in agreement with the findings reported in Ref. 6,
where a noncesiated Fe sample was held in an external
field of 1.7 T and irradiated with 20 ns laser pulses (pho-
ton energy 5 eV). The decrease of the polarization found
in Fig. 1 (open circles) and in Ref. 6 is consistent with a
spin-lattice relaxation time shorter than the duration of
the 20 ns laser pulse. For a spin-lattice relaxation time
much longer than the laser pu1se duration the magnetiza-
tion is expected to stay constant even if the intensity is
sufficient to heat the lattice above T, and even induce
melting. Exactly this is observed if the experiment is per-
formed with a 30 ps laser. The rneasurernent is displayed
by the filled circles in Fig. 1. It is found that a molten
iron surface still emits polarized electrons if it is heated
with 30 ps pulses. Consequently the spin-lattice relaxa-
tion time of iron must be longer than 30 ps.

For the interpretation of the measurements displayed
in Fig. 1 the energy calibration in terms of E;o„is crucial
since it establishes the only relation between pulse energy
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FIG. 2. Positive charge emitted from polycrystalline iron as
a function of the laser pulse (duration: 30 ps, photon energy:
2.15 eV) energy. Extrapolating the curve towards zero gives the
threshold energy for positive ion emission (E;,„).E;,

„

is found
to be 38+11 pJ. The diameter of the focus is 190pm (FWHM).

and temperature. For E~E;,
„

the amount of positive
charge emitted per laser pulse (positive ion yield) is mea-
sured by applying a negative voltage to the first electro-
static lens in front of the sample. Plotting the positive
ion yield as a function of the laser pulse energy and extra-
polating this curve towards zero gives E;,„.A yield mea-
surement for iron is shown in Fig. 2. Using 30 ps laser
pulses with a photon energy of 2.15 eV E;,

„

is found to be
38+11 pJ. The diameter of the focus is 190 pm
(FWHM).

A direct proof for the melting of the surface at pulse
energies E E;,

„

is given by inspection of the irradiated
area with a scanning electron microscope. In Fig. 3 a Fe
surface is shown which has been hit by 400 laser pulses of
94+10 pJ energy. The area with a laser-induced surface
structure (LISS) has a radius of 69+5 p,m. LISS are
known to occur if a temperature close to the melting tem-
perature is reached in the laser focus. ' Thus the ener-

gy density necessary to induce a surface structure and
consequently to melt iron (E,&, ) can be determined from
Fig. 3 is the spatial flux (energy per cm ) distribution is
known in the laser focus.

The distribution of the energy flux in the laser focus is
determined by measuring the size of the laser damaged
area on a Polaroid film as a function of pulse energy. The
resulting flux profile is shown in Fig. 4 for the 30 ps laser
pulses which have been used to induce the surface dam-
age shown in Fig. 3. The calibration of the y axis of Fig.
4 is given by

f F(r)2mr dr =94 pJ,
0

where F (r) corresponds to the solid line in Fig. 4. It is a
fit through the measured points using a superposition of
two Gaussian curves. In the center of the 94 pJ pulse the
flux turns out to be 232 mJ/cm . In Fig. 3 the surface
has been disordered up to a distance of 69+5 pm from
the center of the laser spot. At this distance the laser
has, according to Fig. 4, an energy density of 127+17
mJ/cm . From Fig. 2 the threshold energy for positive
ion emission (E;,„)was found to be 38+11 pJ under the
same focusing conditions. This corresponds to an energy
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FIG. 3. Scanning electron microscope picture of the poly-
crystalline iron surface which has been irradiated with 400 30 ps
laser pulses having an energy of 94+10 pJ. The laser-damaged
area has an averaged radius of 69+5 pm.

density of [(38 pJ)/(94 pJ)j (232 m J/cm2) =94+35
mJ/ctn in the center of the focus. Therefore, within the
experimental uncertainty the energy density necessary to
emit positively charged ions and to induce laser damage
are found to be equal.

A further confirmation that the surface starts melting
at E;,

„

is obtained from an experiment involving optical
spin orientation. Depending on the electronic structure
polarized electrons can be emitted from a nonmagnetic
material using circular polarized light. " The polariza-
tion P of the photoelectrons is fully determined by the
crystal symmetry of the sample. Upon melting there is
an abrupt decay of P from a constant value to zero. "
Thus the melting of a surface during a short, circularly
polarized laser pulse can be detected by measuring the
decay of the polarization P of the optically oriented pho-
toelectrons as a function of the pulse energy. P starts de-
creasing if the melting temperature is reached in the
center of the laser focus.

The optical spin orientation experiment is performed

with a P-Sn(001) (white tin) single crystal. The sample
(cylinder: diameter 5 mm, thickness 5 mm) was cleaned
by Ar-ion sputtering and was tempered at 460 K
(T „,=505 K) for several hours. This treatment was fol-
lowed by cycles of sputtering and Aash annealing cycles.
Thereafter no traces of impurities were found in the
Auger spectra and a reasonably sharp low-energy elec-
tron diffraction pattern was observed.

With a photon energy of 2.7 eV a transition from a
non-spin-polarized initial state to a polarized final state
can be induced in tin. The photothreshold of the sample
was lowered below the final-state energy by deposition of
Cs onto the surface.

The polarization of the optically oriented photoelec-
trons emitted from tin during 70 ps (full circles) and 12 ns
(open circles) laser pulses is plotted in Fig. 5 as a function
of the pulse energy normalized to E;,„~ For both pulse
durations P starts decreasing at an energy close to E;,„.
The decrease of the polarization is reversible. This is
checked by a control measurement at low pulse energy
causing negligible heating. It is performed after each
measurement with E & E;,„.If cesium had been desorbed
or if the surface had become polycrystalline or amor-
phous because of the impact of the high-energy pulses the
control measurement would have given a lower photo-
current and/or polarization. It was found that the polar-
ization and the counting rate of the control measurement
remained stable for energies up to 2E;,„.The melting of
the surface, which is recognized by the decrease of the
polarization, starts at or close to E;,„.No difference is
found between the heating with ns or with ps pulses.
This is a reasonable result, since it is known that the en-

ergy transfer from the primary excitations caused by the
laser pulse to the lattice, and correspondingly melting,
occurs on a time scale of about 1 ps.

Consequently the different dependence of the polariza-
tion as a function of pulse energy observed for iron irradi-
ated with 30 ps and 20 ns laser pulses is due to a spin-
lattice relaxation time which lies between the duration of
these two pulses.
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FIG. 4. Distribution of the energy flux in the laser focus of
the 30 ps laser pulse. The flux profile is determined by measur-
ing the laser-damaged area on a Polaroid film as a function of
the laser pulse energy. The flux scale applies to the laser pulse
which has been used to induce the surface damage shown in Fig.
3. In a distance of 69 pm from the center of the laser spot the
flux is 127+17 mJ/cm . The solid line is a fit through the mea-
sured points by using a superposition of two Gauss curves.
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FIG. 5. Polarization of the optically oriented photoelectrons
emitted from P-Sn(001) during 12 ns (open circles) and 70 ps
laser pulses as a function of the pulse energy. The polarization
is normalized by the spin polarization (Po) measured with a
weak laser pulse energy causing negligible heating. The laser
energy is normalized by the threshold energy for positive ion
emission (E;,„).E;

„

is 100 mJ/cm for the 70 ps pulses and 420
mJ/cm for the 12 ns pulses.



46 SPIN-LAL I'ICE RELAXATION IN FERROMAGNETS STUDIED BY. . . 5283

III. DETERMINATION OF THE SPIN-LATTICE
RELAXATION TIME FOR GADOLINIUM
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FIG. 6. Spin polarization P of the photoelectrons emitted
from a Gd film as a function of the external field H applied per-
pendicular to the sample surface. The full spectrum of a Hg-Xe
lamp (h v ~ 5.5 eV) is used as the light source. Complete align-
ment 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.

A pump-probe experiment is performed in order to
determine the spin-lattice relaxation time of Gd. The
sample is heated with a ns laser pulse having a short rise
time and a photon energy below the work function of the
sample. The magnetization is probed by a time-delayed
ps laser pulse with a photon energy above photothresh-
old. A relaxation time of 100+80 ps is found for Gd. No
basic experimental restrictions exist to apply the tech-
nique to other ferro- or ferromagnetic materials.

Gd has been evaporated onto a polycrystalline iron
substrate (conically shaped, 6 mm long, exposed surface:
4 mm diameter) from a resistively heated W spiral. Be-
fore evaporation the iron was cleaned by sputtering and
heating cycles. Film and substrate quality were tested
with Auger spectroscopy. Extensive outgassing was
necessary in order to produce clean Gd films. After the
evaporation of Gd the Auger signal of Fe was completely
suppressed. This gives a lower limit of 50 A for the Gd
film thickness. Figure 6 shows the spin polarization of
the photoelectrons as a function of the magnetic field ap-
plied perpendicular to the sample surface. For a field of
0.38 T the Gd film is magnetically saturated. This small
saturation field is due to the iron substrate which
enhances the external field.

Due to the surface sensitivity of the photoemission ex-
periment' the measured polarization reQects the magnet-
ic state of the Gd film only. The temperature dependence
of the polarization is shown in Fig. 7. A linear extrapola-
tion of the curve points to a Curie temperature of 290 K.
This value is in agreement with previous photoemission
experiments' and with the bulk Curie temperature of
Gd. ' For the experiments displayed in Figs. 6 and 7 the
full spectrum of the Hg-Xe lamp (h v~ 5.5 eV) has been
used. The photothreshold of the Gd film was 3 eV.

In order to perform time-resolved measurements the
beam of an excimer laser is split into two pulses. One of
them is directed over a variable beam delay line and
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FIG. 7. 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 (h v ~ 5.5 eV) is used as the light source. The Curie
temperature is 290 K.

thereafter pumps a 10 ns dye laser with a photon energy
of 2.15 eV. No measurable electron emission is induced
by this pulse; it just heats the sample. The absence of
multiphoton excitations is due to the moderate laser
pulse intensities used to heat Gd. For samples with a
higher Curie temperature it might become necessary to
reduce the photon energy of the heating pulse. The
second part of the excimer beam pumps a 60 ps dye laser
having a photon energy of 3.2 eV. The spin polarization
of the electrons emitted by this second pulse is measured.
By varying the delay distance the probing pulse can be
moved with picosecond accuracy from 2.5 ns before to 7
ns after the onset of the heating pulse. Note that the
probing pulse cannot inhuence the time-resolved mea-
surement. It has been shown in Sec. II that the magneti-
zation has no time to change during a 30 ps laser pulse.
Therefore and because of its low laser pulse energy (0.5
pJ) the probing pulse has no effect on the magnetic state
of the sample.

For the time-resolved measurements described in the
following an external field of 0.38 T has been applied per-
pendicular to the sample surface. The external field
aligns the magnetization along the surface normal and in
addition limits the diameter of the spot from which the
electrons are collected by the electron optics. The diame-
ter of the emitting surface area is measured by recording
the photoyield during the scanning of a well-focused (151
p,m FWHM) excimer laser beam over the sample surface.
In Fig. 8 the counting rate is plotted as a function of the
measuring position. Fitting the curve with a Gaussian
function gives a diameter d, of 400 pm (FWHM) for the
area contributing to the photocurrent. The diameter d2
of the 60 ps probing laser pulse is 360 )Ltm (FWHM).
Both the probing laser and the external field limit the
area which contributes to the polarization measurement
to d =270 pm (d =d

& d2 ), i.e., a region being much
smaller than the heating spot diameter, which is 390 pm.
Accordingly an almost homogeneously heated surface
area contributes to the photoemission signal.

The effect of the heating pulse becomes visible in Fig.
9(a}; the polarization decreases for t &0 to 0.4PO. For
t & 0 the probing pulse arrives before heating has started,
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therefore Po(=38%) measured at a negative time corre-
sponds to the equilibrium magnetization at the initial
temperature TO=45 K. Due to the modest heating pulse
intensity, the sample temperature remains below the Cu-
rie temperature. With the help of the P(T) curve shown
in Fig. 7 it becomes now possible to derive the rise of the
spin temperature (b T»,„)corresponding to each polariza-
tion measurement of Fig. 9(a). The result is plotted in

Fig. 9(b). Note the unique feature of the spin-polarized
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FIG. 8. Number of electrons measured in the Mott detector
as a function of the measuring position. The curve is obtained
by scanning a well-focused (151 pm, FWHM) excimer laser
beam over the sample surface and by simultaneously monitoring
the number of electrons detected in the Mott detector. An
external field of 0.38 T is applied along the surface normal of
the sample.

pump-probe experiment, namely, that the magnetization
acts as a thermometer indicating at each instant of time
the spin temperature. Unfortunately, for the lattice and
electron gas similarly simple thermometers do not exist.
The form of AT, ,„(t)as evident from Fig. 9 is caused by
the particular intensity profile of the heating pulse shown
in Fig. 10 by the full circles. ' The intensity scale on the
1eft of the figure applies to the pulse energy used for mea-
surement [9(a)]. The temperature rise b T„«,„canbe de-
rived from the temporal intensity profile of the laser pulse
using the classical thermal diffusion equation. ' The
reason is that in our experiment the duration of the heat-
ing pulse is much longer than the characteristic time
needed to transfer the pulse energy to the 1attice, a time
which is of the order of 1 ps.

The result of solving the thermal diffusion equation is
shown in Fig. 10 by the open circles. For AT~,«,„)20 K
there is a practically linear increase of the leading edges
of the optical and thermal pulse profile. Extrapolation to
I =0 and AT„«,„=0,respectively, gives a displacement
of 430 ps between the two pulses. Qualitatively, the dis-
placement is due to the fact that the energy deposited by
the laser pulse depends on t quadratically when the inten-
sity increases linearly in time. Then, as long as thermal
diffusion can be neglected, the temperature in the laser
focus also increases quadratically in time. For
4T&,«,„)20 K diffusion of the lattice heat causes the ini-

tially parabolic relation AT„«,„-tto become linear.
Replacing the front edge of both pulse profiles by straight
lines, which is valid to a very good approximation, results
in a shift of 430 ps between the onset of the optical pulse
and the heating pulse.

b, Tt,«,„shows a similar behavior as 6T, ;„[Fig.9(b)]:
both quantities level off to a constant value after a delay
of 2 ns. Therefore T„«,„andT, ;„must always be very
close and the spin-lattice relaxation time must be short
compared to the rise time of the heating pulse which is of
the order of 2 ns. For the plateau region the rise of the
spin temperature was found to be 170 K. Accordingly
the lattice temperature rise in Fig. 10 can be calibrated in
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FIG. 9. (a) Pump-probe experiment using a 60 ps (3.2 eV)
laser pulse as a probing pulse and a 10 ns (2.15 eV) laser pulse as
a heating pulse. The sample is held at an initial temperature of
45 K. The reduced spin polarization of the photoelectrons em-
itted by the probing pulse is plotted as a function of the time de-

lay between probing and heating pulse. Zero time delay corre-
sponds to the onset of the lattice heating. (b) Rise of the spin
temperature determined from measurement (a) by using the
P ( T) curve shown in Fig. 7.

0
-2 0 2 4 6 8 10

t (ns)

FIG. 10. Full circles: intensity of the heating laser pulse of
measurement [9(a}](left-hand scale) as a function of time. Using
the solid line as a fit through the filled circles the temperature
rise of the lattice ET»«I« induced by the heating laser is calcu-
lated. ET»«,

„

is displayed by the open circles (right-hand
scale).
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degrees Kelvin. Solving the thermal diffusion equation
with the material parameters of the iron substrate' yields
a maximum temperature rise (b,T,„)of 85 K. With the
material parameters' of Gd ET,„becomes 405 K. Ex-
perimentally 170 K is observed. This is reasonable since
the thickness of the Gd film is smaller than the penetra-
tion depth of the light. Using the parameters of Gd or Fe
only changes ET,„butnot the temporal behavior of the

temperature rise shown in Fig. 10.
Time-resolved measurements performed at two

different heating pulse intensities are plotted in Fig. 11 on
an extended t scale. For Fig. 11(b) the heating pulse ener-

gy is twice as large as for 11(a). Using these two measure-
ments we next derive a numerical value for the spin-
lattice relaxation time. The rate equation for the temper-
ature transfer between the spin system and the lattice is'

d Tspin
spin d

( Tlattice Tspin ) '
dt

C, ;„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

Tspin (K

150-

100-

50-

0.5 1.0
t (ns)

T~,«,„=TO+qt, where To is the initial temperature at
t &0 and q is the rate of the temperature increase. Then,
the solution of Eq. (2) is

FIG. 12. ET,~;„(t)derived from Fig. 7 for the data of Fig.
11(a) (solid circles) and Fig. 11(b) (open circles). The straight
lines correspond to the fit 6T,~;„(t) =q ( t —~,~ ). The open circle
data point at 0.60 ns deviates from the straight line as does the
corresponding measured polarization value in Fig. 11(b) from
the P(t) curve.

+sl =
Cspin /G (3) T»;„(t)=To+ q [r —r& ( I —e "

) ] . (4)

Csp,„(notG) depends on temperature. However, in the
following ~,I is understood to be a T-independent, aver-
aged (for 45 & T & 225 K) quantity which makes it possi-
ble to solve Eq. (2) analytically. Guided by Fig. 10, the
lattice temperature is taken to increase linearly in time,
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FIG. 11. Pump-probe experiment using a 60 ps (3.2 eV) laser
pulse as a probing pulse and a 10 ns (2.15 eV) laser pulse as a
heating pulse. For measurement (b) the heating pulse energy is
twice as large as for measurement (a). The reduced spin polar-
ization of the photoelectrons emitted by the probing pulse is
plotted as a function of the time delay between the probing and
the heating pulse. Zero time delay corresponds to the onset of
the lattice heating. Solid lines: calculated P (t) curves involving
no adjustable parameters, see text.

Again, as for Fig. 9(b) b, T»;„(t)=T»;„(t)To is d—e-
rived exclusively from experimental data: Fig. 11 gives
the polarization at a time t after the lattice heating has
started. The corresponding increase b, T s(r) of the spin
temperature is obtained from Fig. 7 and is plotted in Fig.
12 for both measurements. Equation (4) shows that
b, T p, s(tn)=q(t —r,i) for t )r,&. Indeed, this linear rela-
tionship is found in Fig. 12. Extrapolation of the straight
lines to hT, ;„=0gives, independent of q, an intersection
with the time axis at t =~,l. In this way ~,1 is found and
it amounts to 100+80 ps for both measurements shown in
Fig. 11.' Note that the assumption t & ~,&

is satisfied in
the extrapolation shown in Fig. 10. Since ET~,«,„and
hT, ;„reach their constant values at comparable delay
times (-1.5 ns) [see Fig. 9(b) and Fig. 10] one knows that
&„«1.5 ns.

The zero of the time scale is obtained from a P (t) mea-
surement at high heating pulse energy. It must lie be-
tween the last point where P/Pp=1 and the first point
where P/Pp & 1. The error in r, i 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. 12; it is q =115 K/ns
and q = 158 K/ns for the measurements of Figs. 11(a) and
11(b), respectively.

Using these experimentally determined values of ~,I
and q together with the P(T) relation from Fig. 7, the
P(t) curves are obtained immediately using Eq. (4). The
result is shown as the solid lines in Fig. 11. Evidently the
fit, without any adjustable parameter, is perfect.

IV. CONCLUSION

%'e have described an experiment capable of probing
the time evolution of nonequilibrium magnetic states.
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The technique is called laser-induced time-resolved pho-
toemission. In a single pulse experiment the time resolu-
tion is mainly given by the duration of the laser pulse
used for the photoemission. This type of experiment is
demonstrated to be suitable for the determination of
upper and lower limits for the spin-lattice relaxation
time. For iron v;I is found to be between 30 ps and 20 ns.
In a more sophisticated experimental arrangement
different laser pulses are used for the heating and for the
photoemission. Then the time resolution is no longer
given by the laser pulse duration but by the accuracy
with which the beam delay distance can be varied. It is

found that ~,I for ferromagnetic gadolinium is 100+80
ps.
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