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Ultrafast Conductivity Dynamics in Colossal Magnetoresistance Manganites
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Ultrafast picosecond measurements of optically induced changes in the absolute conductivity
(0.4–1.0 THz) of La0.7M0.3MnO3 thin films (M � Ca, Sr) from 10 K to �0.9Tc reveal a two-component
relaxation. A fast, �2 ps, conductivity decrease arises from an optically induced modification of the
effective phonon temperature. The slower component, related to spin-lattice relaxation, has a lifetime
that increases upon approaching Tc from below in accordance with an increasing spin specific heat. We
show that, for T ø Tc, ≠s�≠T is primarily determined by thermally disordered phonons while spin
fluctuations dominate near Tc .
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The observation of “colossal” negative magnetoresis-
tance (CMR) in the hole-doped manganite perovskites
(R12xDxMnO3, where, e.g., R � La, Nd and D � Ca,
Sr) demonstrates the sensitivity of electronic conduction to
the underlying magnetic structure in these materials [1,2].
Experimental and theoretical work has also revealed the
importance of the lattice and orbital degrees of freedom
in determining the electronic properties of CMR materials
above and below Tc [3,4]. Nonetheless, it is still not clear,
especially for T ø Tc, what the relative importance
of phonons is in comparison to double exchange in
determining s.

Ultrafast optical spectroscopy has provided significant
insight into electron dynamics in metals [5–7], and more
recently, transition metal oxides [8–10]. Using similar ul-
trafast techniques, we address the relative contributions of
spin fluctuations and phonons in determining the conduc-
tivity in the manganites from �10 K to 0.9Tc.

Terahertz time-domain spectroscopy is an ultrafast op-
tical technique in which electric field transients are used
to measure the complex conductivity of a material. Since
this is a coherent technique, a sample can be optically
excited and then probed with a terahertz (THz) pulse to
measure induced conductivity changes with picosecond
(ps) resolution. We use this method, known as time-
resolved terahertz spectroscopy (TRTS), to measure ps
conductivity transients in La0.7Ca0.3MnO3 (LCMO) and
La0.7Sr0.3MnO3 (LSMO) thin films. The dynamics oc-
cur on two time scales. A fast, �2 ps, conductivity de-
crease arises from optically induced modification of the
effective phonon temperature. The slower component, re-
lated to spin-lattice relaxation, has a lifetime that increases
upon approaching Tc from below in accordance with an in-
creasing spin specific heat. Our results demonstrate that, at
low temperatures, ≠s�≠T is primarily determined by ther-
mally disordered phonons while spin fluctuations dominate
close to Tc.

The TRTS experiments were performed on LCMO and
LSMO epitaxial thin films grown on LaAlO3 substrates
0031-9007�01�87(1)�017401(4)$15.00
using pulsed laser deposition [11]. For very thin films
(�150 Å), island growth can alter the film properties, but
the thicker films used in these experiments (�1000 Å)
display bulk behavior [12]. Magnetization measurements
yield Tc � 250, 360 K for the LCMO and LSMO films,
respectively. The experiments utilized a regeneratively
amplified Ti:Al2O3 system operating at 1 KHz and pro-
ducing nominally 1.0-mJ, 150-fs pulses at 1.5 eV. The
absorbed fluence for LCMO (LSMO) was 170
�110� mJ�cm2 corresponding to an initially excited
carrier density of �8 3 1019 �4 3 1019� cm23. The THz
pulses were generated and detected using electro-optic
techniques. A He cryostat permitted temperature de-
pendent measurements from 4–400 K. Further details
of the film growth and TRTS experiments are described
elsewhere [11,13].

Figure 1(a) shows the THz electric field transmitted
through a LCMO film at various temperatures without op-
tical excitation. The magnitude decreases with decreasing
temperature while the phase is relatively constant. This in-
dicates an increase in the real conductivity as the tempera-
ture is lowered. Figure 1(b) displays the real conductivity
versus frequency for the LCMO film at various tempera-
tures as determined from the data in Fig. 1(a). These con-
ductivity measurements are in the regime vt ø 1 (v is
the angular frequency and t is the carrier collision time) as
indicated by the flat frequency response. Figures 1(c) and
1(d) show the temperature dependence of sr at 0.7 THz
for the LCMO and LSMO films, respectively. The lines
are fits to the conductivity using the following equation:

s�T� � soeM�T��Mo , (1)

where M�T � ~ �1 2 T�Tc�b �b � 0.33� is the magneti-
zation and Tc is the transition temperature. This suggests,
in agreement with dc resistivity measurements, that the
conductivity is primarily determined by the magnetization
below Tc [14]. However, this dependence on the magneti-
zation cannot fully describe the nature of the conductivity
© 2001 The American Physical Society 017401-1
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FIG. 1. Temperature dependence of the THz transmission and
real conductivity. (a) Transmitted electric field at various tem-
peratures for a 90-nm thick LCMO film. (b) Real conductivity
versus frequency for LCMO at various temperatures. (c),(d) The
value of the real conductivity at 0.7 THz as a function of tem-
perature for LCMO and LSMO thin films. The lines are fits
using Eq. (1).

in the manganites as indicated in more recent experiments
[15,16]. As shown below, our dynamic measurements also
deviate from Eq. (1).

Figure 2(a) shows the temporal evolution in the normal-
ized peak THz electric field (plotted as 1 2 DE, where
DE is the induced change in the transmitted electric field)
transmitted through a LCMO film following optical excita-
tion at 15, 70, 180, and 230 K. Two components charac-
terize the increase in field transmission. The fast �2 ps
component is resolution limited. However, the data in
Fig. 2(a) show this component decreases in magnitude as
the temperature is increased. The data in Fig. 2(a) also re-
veal a slow component that increases in relative magnitude
as the temperature is increased. As the temperature is in-
creased the lifetime of the slow component increases.

In Figs. 2(b) and 2(c) the temporal evolution of the op-
tically induced change in absolute conductivity at various
temperatures is plotted for the LCMO and LSMO films.
In each sample the fast component decreases in absolute
magnitude and in relative magnitude to the slow compo-
nent as the temperature is increased. The lifetime of the
slow component increases with temperature for both films.
The plateau in the conductivity at longer times corresponds
to equilibrium between the electrons, spins, and phonons,
albeit at a higher temperature than before the arrival of the
017401-2
pump. On a ns time scale the film recovers to the ini-
tial temperature as the phonons leave the film via thermal
transport to the substrate.

To understand the measured dynamics, we consider a
model where the spins and lattice are coupled subsystems
having well defined temperatures Ts and Tp , respectively:

Cp
≠Tp

≠t
� 2Gsl�Tp 2 Ts� , (2)

Cs
≠Ts

≠t
� 1Gsl�Tp 2 Ts� . (3)

These differential equations describe the energy transfer
between the phonons and spins. Cp �Cs� is the lattice
(spin) specific heat and Gsl is the spin-lattice coupling con-
stant. The initial optical excitation creates a distribution
of excited electrons with the same spin orientation as in
the ground state, since the initial and final states are cou-
pled via dipole-allowed matrix elements which forbid spin
flip transitions. Furthermore, most mechanisms which flip
spins conserve total spin. Thus, the initial 2-ps decrease in
the conductivity is not related to an ultrafast demagnetiza-
tion, but rather to a change in the phonon temperature as
the excited electrons relax through electron-phonon cou-
pling. Equations (2) and (3) describe the dynamics subse-
quent to this electron-phonon equilibration. On a longer
time scale, spin reorientation occurs due to the combined
effects of spin-orbit coupling and momentum scattering
(i.e., a scattering process which breaks translational invari-
ance is required in addition to spin-orbit coupling [17]).
We attribute the longer time-scale conductivity dynamics
to such a process and use Eqs. (2) and (3) to describe this
spin-lattice relaxation.

Figures 3(a) and 3(b) show the measured lifetimes of
the the slow component as a function of temperature for
LCMO and LSMO. The solid lines are calculations from
numerically solving Eqs. (2) and (3) using fits to the spe-
cific heat data of [18] (LCMO) and [19] (LSMO). The
spin-lattice lifetime can be approximated as tsl � Cs�Gsl,
where Gsl is the spin-lattice coupling constant. For these
calculations, Gsl was assumed independent of tempera-
ture. The agreement between experiment and theory in
Fig. 3 justifies this assumption yielding Gsl � 2.5 3 1015

�5 3 1015� W��m3 K� for LCMO (LSMO).
The results of this two-temperature model can be ex-

tended to understand the induced change in conductivity
�Ds� as follows:

Ds�t, Tp, Ts� �
≠s

≠Tp
DTp�t� 1

≠s

≠Ts
DTs�t� . (4)

This equation shows that the temporal evolution of Ds

depends on changes in the phonon DTp�t� and spin DTs�t�
temperatures. It is important to have a measure of the
017401-2



VOLUME 87, NUMBER 1 P H Y S I C A L R E V I E W L E T T E R S 2 JULY 2001
0 20 40 60 80

3000
4000
5000
6000

0 20 40 60 80
3200

3600

4000

0 50 100
800

900

1000

0 50 100 150130
150
170
190
210

Time (ps)

15K

70K

180K

230K

(b)

La0.7Ca0.3MnO3

0 20 40 60 80
5000
7000

9000

11000

0 20 40 60 80
1350

1450

0 20 40 60 80
250

270

290

0 20 40 60 80
150

160

170

1400

(c)

La0.7Sr0.3MnO3
10K

220K

300K

340K

Time (ps)
R

ea
l C

on
du

ct
iv

ity
  σ

r 
(Ω

 c
m

)-
1 

0 20 40 60
10

-2

10
-1

1

0 20 40 60 80
10

-1

1

0 50 100 150
10

-1

1

0 20 40 60 80
10

-2

10
-1

1

(a) 15K

180K

230K

70K

12

33

1 
- 

∆E
(t

) 
(a

.u
.)

Time (ps)

FIG. 2. (a) One minus the normalized induced change in electric field DE versus time for LCMO film at various temperatures
(dots). Two slopes are distinguishable—a shorter ,2 ps lifetime (dashed line) and a longer lifetime (solid line). (b),(c) Real
conductivity versus time at various temperatures. The circled numbers in (b) and (c) correspond to the description in the text using
Fig. 4(b). The uncertainty in the data is approximately given by the line thickness. There is also an absolute uncertainty of 65%
due to the uncertainty in the film thickness.
relative importance of phonons and spins in determining
s. Such a measure is given by the quantity

a �
≠s

≠Ts

¡
≠s

≠Tp
. (5)

It can be shown that a is given by the ratio of the mea-
sured slow component amplitude divided by the fast com-
ponent amplitude in the limit Cs ø Cp. A plot of a is
shown in Fig. 4(a) for LCMO and LSMO as determined
from the experimental data in Figs. 2(b) and 2(c). For tem-
peratures less than �0.5Tc �0.7Tc� for LCMO (LSMO), a
is smaller than 1 indicating that phonons are the primary
factor limiting hole transport in the eg derived conduction
band. In contrast, above these temperatures a is larger
than 1 and continues to increase with temperature indicat-
ing that spin fluctuations predominantly determine s. For
LSMO, a , 1 occurs at �0.7, whereas for LCMO this oc-
curs at �0.5. This is consistent with other measurements
which indicate that polaronic behavior persists to lower
temperatures in LCMO than in LSMO.

The measured a places constraints on the dominant scat-
tering mechanism. If holes are scattered primarily by ther-
mally disordered ions, a would be small, as is observed
at low temperatures. If they are scattered primarily by the
simple double-exchange mechanism, a would be large, as
is observed nearer to Tc. A more subtle case is a po-
laron/double-exchange scenario in which small polarons
form only after the average hopping �t� is reduced due to
local spin misalignment. Although phonons are involved
in this scenario, they are phonons that coherently form a
polaron (not thermally disordered phonons), and ≠s�≠Ts

dominates ≠s�≠Tp, resulting in a large a.
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It is possible to use the experimental data to extrapo-
late the conductivity in the Ts-Tp plane by expanding
ln	s�Ts, Tp�
 in a power series and performing a least-
squares fit using the data in Figs. 4(a) and 1(c). This has
been accomplished for LCMO by expanding ln�s� to third
order in Ts and Tp. The results are shown in Fig. 4(b) as
contours of constant ln�s� in the Ts-Tp plane. Conven-
tional measurement techniques (e.g., s vs T or H) do not
deviate from equilibrium as indicated by the white diago-
nal line in Fig. 4(a). However, TRTS experiments, while
starting from a point on the equilibrium line, allow for ac-
cess to the portion of the Tp-Ts plane below the diagonal
equilibrium line since the excited electrons couple prefer-
entially to the phonons during the initial 2 ps. This opti-
cally induced change in the phonon temperature is shown
by the solid black arrow in Fig. 4(b). The magnitude of
this change is given by j�Cp , where j is the deposited
laser energy density. The system then returns to the equi-
librium line as shown by the dashed arrows with the slope
given by Cp�Cs. Depending on the initial temperature, j,
and Cp,s, the observed conductivity decrease can depend
predominantly on Tp , Ts, or both.

Figure 4(b) can be used to understand the dynamics
shown in Figs. 2(b) and 2(c). The dynamics labeled by a 1
in Fig. 4(b) show a decrease in s as the lattice temperature
increases followed by a slight recovery in the conductiv-
ity upon approaching the equilibrium line. In this case the
change in s depends primarily on the phonon temperature.
In Fig. 4(b) this is evident in that the contours of constant
conductivity are nearly perpendicular to the phonon tem-
perature axis. This is analogous to the data in the first
panel of Fig. 2(c), albeit for LSMO. Our model indicates
017401-3
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FIG. 3. (a),(b) Temperature dependence of the lifetime tsl of
the slow component due to spin-lattice relaxation for LCMO
and LSMO, respectively. The solid lines are fits as described
in the text. The inset shows the induced temperature change as
determined from the conductivity measurements (dots) and the
calculations (solid line).

that a slight cooling of the phonon distribution as it trans-
fers heat to the spins accounts for the observed conduc-
tivity recovery (i.e., ≠s�≠T remains negative as expected
for the metallic behavior observed at these temperatures).
Arrow 2 in Fig. 4(b) again corresponds to a decrease in s

during the initial electron-phonon equilibration, followed
by a further decrease in the conductivity as the spin tem-
perature equilibrates with the lattice temperature. This
two-component behavior is observed in LCMO at low tem-
peratures [see Fig. 2(b) panel 1] and indeed throughout
most of the temperature range for LCMO and LSMO up to
higher initial temperatures where, as arrow 3 in Fig. 4(b)
shows, the initial change in phonon temperature does not
result in a large change in s: the decrease is due mostly
to spin fluctuations. This is evident in that the contours of
constant conductivity are now nearly perpendicular to the
spin temperature axis. This is observed at higher initial
temperatures in both LCMO and LSMO [see the bottom
panels of Figs. 2(b) and 2(c)].

In conclusion, we have measured the ultrafast conductiv-
ity dynamics in LCMO and LSMO thin films showing that
≠s�≠T is determined primarily by thermally disordered
phonons at low temperatures and by spin fluctuations at
higher temperatures.
017401-4
FIG. 4 (color). (a) ≠s�≠Ts divided by ≠s�≠Tp versus the ini-
tial temperature. The dots (lines to guide the eye) are experi-
mental data. (b) Contours of constant conductivity are plotted
in the Tp-Ts plane [the color bar is ln�s�]. The curved white
lines highlight the contours of constant conductivity. The arrows
labeled 1 to 3 are discussed in the text.
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