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We report the observation of a coherent nonlinear signal in pump-probe experiments on a

ferromagnetic GaMnAs. The coherent signal, which is originating due to coherent interaction

between pump and probe beams, depends on the polarization configuration of each beam and

follows the sample magnetization as it changes with the applied magnetic field and/or the sample

temperature. © 2007 American Institute of Physics. �DOI: 10.1063/1.2696930�

I. INTRODUCTION

Ferromagnetic semiconductor �FMS� Ga1−xMnxAs con-

tinues to attract much interest due to its potential applications

in spintronics, in which the spin of the material is expected

to provide an additional degree of freedom in electronic

applications.
1,2

With increasing Mn concentration x in as-

grown Ga1−xMnxAs samples, both the Curie temperature TC

and the hole concentration p have been shown to increase up

to around x=0.06, beyond which point TC and p level off and

decrease, primarily due to the formation of Mn interstitials

and Mn precipitates.
3

The Curie temperature can be en-

hanced, however, by increasing the hole density and/or the

total magnetic moment of the material by postgrowth anneal-

ing or by modulation doping.
4,5

The magnetic properties in

FMSs can be probed by several experimental methods, in-

cluding magnetotransport, magnetic circular dichroism

�MCD�, and superconducting quantum interference device

�SQUID� magnetometry.
6,7

Recently it has been shown that sample magnetization

�spontaneous or induced by an applied magnetic field� can

produce magnetism-induced nonlinear optical signals. This is

largely because magnetization in the material breaks the

time-reversal symmetry—the same mechanism as that re-

sponsible for magneto-optical Kerr effect, magnetic circular

dichroism, and Faraday rotation. Magnetization-induced sec-

ond harmonic generation �SHG� was reported for ferromag-

netic material surfaces and for a polar ferromagnet, space

inversion symmetry being broken in both cases.
8,9

Magnetic-

field induced SHG was also observed for the semiconductor

GaAs and for a two-sublattice antiferromagnetic compound

CuB2O4.
10,11

In the case of FMS materials, extremely large

magnetization-induced SHG was reported for GaMnAs.
12

In

this paper, we report the observation of a magnetization-

induced coherent nonlinear signal in pump-probe experi-

ments for ferromagnetic GaMnAs.

In a pump-probe experiment, an excitation beam Ee�t� is

sent on the sample together with a delayed probe beam

Ep�t−��, where � is the variable delay time between the two

beam pulses. Here both Ee�t� and Ep�t−�� are the slowly

varying envelopes of electric fields for an implicit e−i�t time

dependence, where �� corresponds to the central photon en-

ergy of pump and probe beams. Introducing a response func-

tion A�t�, the change in the transmitted probe energy is com-

posed of the following two terms:
13–15

�Ep��� � � ��� + ���� , �1�

where

� ��� = �
−�

+�

dt�
−�

+�

dt�Epi
* �t − ��Epj�t − ��Eek

* �t��

	Eel�t��Aijkl�t − t�� �2�

is a noncoherent contribution, and

���� = �
−�

+�

dt�
−�

+�

dt�Epi
* �t − ��Eej�t�Eek

* �t��

	Eel�t� − ��Aijkl�t − t�� �3�

is a coherent term. The coherent term ����, often called a

coherent artifact �CA�, is induced by coherent interaction

between the pump and the probe beams during the overlap of

the two beam pulses, while the incoherent term � ��� repre-

sents the convolution of the material response with the pulse

intensity autocorrelation.
16

We demonstrate that the observed

coherent signal in GaMnAs which is related to ���� princi-

pally originates from magnetization-induced coherent inter-

actions between pump and probe beams, based on the depen-

dence of the signal on magnetic field, sample temperature, as

well as on beam polarizations and on the photon wavelength.

II. EXPERIMENT

We have performed degenerate pump-probe measure-

ments on a ferromagnetic GaMnAs layer using a Kerr-lens

mode-locked Ti:sapphire laser. The laser generates

transformed-limited pulses with full width at half maximum

�FWHM� pulse durations of 50 fs at a repetition rate of

90 MHz. Center wavelength of the laser was tunable froma�
Electronic mail: kyee@cnu.ac.kr
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760 to 840 nm by controlling the slit between the intracavity

prism pair. The pulses are divided into intense pump pulses

and weak probe pulses by a beam splitter. The pump fluence

was measured to be around 0.1 mJ/cm2, considering the fo-

cused spot diameter of about 30 
m. In standard pump-

probe measurements the pump beam excites a sample, creat-

ing a nonequilibrium distribution of electrons and holes, and

the probe beam is used to measure the process of carrier

relaxation back to equilibrium by detecting transmission or

reflection changes in the probe beam as a function of time

delay between the pump and the probe pulses.

III. RESULTS AND DISCUSSION

We have measured time-resolved reflection changes on a

ferromagnetic GaMnAs layer in the presence of magnetic

fields. Magnetic fields up to a 0.15 T were generated by an

electromagnet, with the field direction parallel to the sample

growth direction �Faraday geometry�. The angle between

pump beam and probe beam was about 5° with both beams

incident almost normal to the sample surface. Polarization of

the pump and the probe beams was independently adjusted to

right-handed �C+ � or left-handed �C− � circular polarization

by � /4 wave plates placed in the paths of the pump and the

probe beams. The sample was put inside a continuous-flow

cryostat and temperature dependence of the signal was mea-

sured down to 10 K.

A Ga1−xMnxAs layer with Mn concentration x of 0.059

was studied in this work. The layer was grown by molecular

beam epitaxy �MBE� on a semi-insulating �001� GaAs sub-

strate in a Riber R&D MBE machine. The Mn concentrations

x were deduced from the Mn cell temperature that has been

previously calibrated by x-ray diffraction studies of

Ga1−xMnxAs/GaAs epilayers. The hole concentration of the

sample was estimated to be 4.8	1019 cm−3 by measuring

the Hall resistance up to 6 T at room temperature, where the

contribution from the anomalous Hall effect, while not neg-

ligible, is considerably reduced. The contribution from

anomalous Hall effect may have generated larger hole den-

sity than the actual value, as the ordinary Hall resistance and

the anomalous Hall resistance will have the same trend under

magnetic fields. Magnetotransport measurements on the

sample indicate typical ferromagnetic behavior, with a Curie

temperature of 54 K.

Figure 1 shows transient probe beam intensity changes

induced by the pump beam measured in reflection geometry

at a center wavelength of 810 nm. A magnetic field of

1.3 kOe was applied along the sample growth direction, and

the measurements were performed at a sample temperature

of 10 K with different circular pump and probe beam polar-

izations. The reflective pump-probe signals can be decom-

posed into the coherent part near time delay zero and the

incoherent part that is slowly varying compared to the coher-

ent component. The inset shows time-resolved Kerr elliptici-

ties ���K� that are obtained by subtracting the transient re-

flection signal for probe polarization at C+ from that at C−

polarization. The overal similar behavior of the Kerr ellip-

ticities at different pump polarizations indicates that the

slowly varying Kerr signal is mainly coming from the laser-

induced magnetization quenching effect.
17

We note that the

fast dynamics in ��K observed before 0.5 ps is similar to the

observation by Wang et al., where they interpreted it as spin

heating effect through sp-d exchange interaction between

photocarriers and Mn ions.
18,19

What is interesting to us is

the dependence of the coherent component on the polariza-

tions of both the pump and the probe beams. Under the ap-

plied magnetic field, a positive coherent peak signal is ob-

served near zero time delay at the �pump, probe� polarization

of �C+ ,C+ �, where C+ �C− � correspond to right-handed

�left-handed� circular polarization. On the contrary, a nega-

tive coherent peak is observed in the �C− ,C− � configura-

tion; and the coherent signal is much smaller in polarization

configurations �C+ ,C− � and �C− ,C+ �. The dependence of

the coherent signal on both the pump and the probe polariza-

tions indicates that it is originating from the mutual interac-

tion between the pump and the probe photons. However,

from Ref. 15, one obtains that in a nongyrotropic medium,

the signals for �C+ ,C+ � and �C− ,C− � conditions are ex-

pected to be equal, the same being true for �C+ ,C− � and

�C− ,C+ � signals. This is clearly not the case in Fig. 1. This

feature is a clear indication that most of the signal originates

from a gyrotropic effect in the sample. In our GaMnAs

samples, this gyrotropy is likely to be induced by the applied

magnetic field, as already observed in MCD.
7

In order to investigate the origin of the dependence of

the coherent interaction signal on circular polarization in

pump-probe measurements, we have changed the magnetic

field strength and direction in the �C+ ,C+ � configuration.

The sample temperature and the photon wavelength were

kept at 10 K and 810 nm, respectively. Figure 2�a� shows

transient reflection changes of the probe beam at various

magnetic fields along the growth direction, which constitute

the magnetic hard axis of the studied layer. As shown in the

figure, the positive coherent artifact signal at positive mag-

FIG. 1. �Color online� Transient probe beam reflection change as a function

of time delay between pump and probe beams for different combinations of

pump/probe circular polarizations, indicated by C+ �C− � for right-handed

�left-handed� circular polarizations. The sample temperature is 10 K and the

center wavelength is 810 nm. The data were taken in a magnetic field of

1.3 kOe applied normal to the plane of the GaMnAs layer. The inset curves

show Kerr ellipticities ���K� at different pump polarizations.
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netic fields decreases as the field is decreased, and the sign of

the coherent signal reverses when the applied field is in-

creased in the opposite direction. In Fig. 2�b� we have plot-

ted the amplitude of the coherent interaction signal as a func-

tion of the applied magnetic field, where the amplitude was

obtained by subtracting the background signal from the in-

coherent contributions. The zero of the vertical axis was

shifted so as to set the peak of the coherent artifact to zero at

zero magnetic field. As we compare the magnetic field de-

pendence of the coherent signal amplitude with MCD, which

is a measure of the sample magnetization in FMSs �see inset

of Fig. 2�b��, the amplitude of the coherent artifact signal is

clearly seen to follow the sample magnetization. We note

that the two-slope behaviors under magnetic fields both in

MCD and in coherent signal are most likely due to the mag-

netic anisotropy parameters of the GaMnAs layer.

We have also measured the temperature dependence of

the coherent artifact signal at a fixed polarization configura-

tion �C+ ,C+ �. Figure 3�a� shows transient pump-probe sig-

nals measured at several temperatures at magnetic fields

+1260 and −1260 Oe. As shown in Fig. 3�b�, the coherent

signal amplitude which is obtained by subtracting the nega-

tive field signal from the positive one decreases with in-

creased sample temperature and becomes negligible above

the Curie temperature. This type of temperature dependence

is what would be expected for the magnetization of the

sample. Thus, these data again indicate that the coherent sig-

nal is induced by magnetization-induced coherent interac-

tions in ferromagnetic GaMnAs.

As we change the center wavelength of the pulses used

for the pump-probe experiments, the amplitude of the coher-

ent artifact signal is observed to change its sign even if the

polarization and magnetic field remain unchanged. Figure 4

shows the coherent artifact amplitude as a function of the

center wavelength measured at a polarization configuration

�C+ ,C+ � at 10 K. The signal is negative for wavelengths

from 760 to 790 nm and becomes positive for wavelengths

FIG. 2. �Color online� �a� Transient reflection changes for several magnetic

fields observed at the following experimental conditions: temperature is

10 K, center wavelength is 810 nm, and polarization configuration is

�C+ ,C+ �. �b� Amplitude of coherent signal near zero time delay as a func-

tion of magnetic field. The vertical scale was shifted such that the amplitude

of the coherent artifact at zero field corresponds to zero.

FIG. 3. �Color online� �a� Transient reflection changes at different sample

temperatures observed at +1260 and −1260 G, at center wavelength

810 nm, and polarization configuration �C+ ,C+ �. �b� Amplitude of coher-

ent artifact signal as a function of applied sample temperature. The ampli-

tude value was obtained by subtracting the signal at −1260 G from that at

+1260 G.

FIG. 4. The amplitude of the coherent signal �full squares� and MCD �open

circles� as a function of pulse center wavelength.
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from 810 to 830 nm. The wavelength dependence of the sign

of the coherent artifact signal is similar to that of the MCD

spectra, also plotted in Fig. 4. The observed dependences of

the coherent artifact signal on the magnetic field and the

temperature strongly suggest that the coherent signal ob-

served in pump-probe measurements near zero time delay

originates from the magnetization-induced coherent interac-

tions between the pump and the probe beams. This conclu-

sion is also borne out by the MCD data, which are intimately

related to the sample magnetization. The similarity between

the coherent signal and MCD is a further indication that both

effects are intimately related. This relation is to be sought in

the microscopic origin of the magnetic-field-induced

phenomena.
20

In MCD, the effect relies on interaction of

light with two electric dipole moments and interaction of the

static magnetic field with one magnetic dipole moment.

Similarly, the gyrotropic effect in the pump-probe experi-

ment is the result of interaction of light with four electric

dipole moments and interaction of the static magnetic field

with one magnetic dipole moment. Our measurements there-

fore confirm that the coherent pump-probe response in

GaMnAs is dominated by magnetic-field-induced gyrotropic

effects.

IV. CONCLUSIONS

We have performed degenerate pump-probe measure-

ments on ferromagnetic GaMnAs in an applied magnetic

field. The coherent signal which exists when the pump and

the probe beams overlap temporally is seen to closely follow

the magnetization of the GaMnAs layer as we changed the

magnetic field and the sample temperature. This feature al-

lows us to ascertain the origin of this coherent signal as

mainly due to a magnetization-induced gyrotropy very simi-

lar to what is observed in MCD. We note that this behavior

of the coherent signal can be used as another method for

probing the magnetic properties of ferromagnetic semicon-

ductors.
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