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Electrical transport and ferromagnetism in Ga;.xMnyAs synthesized by ion

implantation and pulsed-laser melting

M. A. Scarpulla,l’2 R. Farshchi,"” P. R. Stone,'? R. V. Chopdekar,3 12K M. Yu,2Y.
Suzuki,l’2 and O. D. Dubon,l’2

'Department of Materials Science and Engineering, University of California at Berkeley,
Berkeley, California 94720, USA

Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

3School of Applied and Engineering Physics, Cornell University, Ithaca, New York
14853, USA

We present a detailed investigation of the magnetic and magnetotransport
properties of thin films of ferromagnetic Ga;.xMnxAs synthesized using ion implantation
and pulsed-laser melting (II-PLM). The field and temperature-dependent magnetization,
magnetic anisotropy, temperature-dependent resistivity, magnetoresistance, and Hall
effect of II-PLM Ga; xMnyAs films have all of the characteristic signatures of the strong
p-d interaction of holes and Mn ions observed in the dilute hole-mediated ferromagnetic
phase. The ferromagnetic and electrical transport properties of II-PLM films correspond
to the peak substitutional Mn concentration meaning that the non-uniform Mn depth
distribution is unimportant in determining the film properties. Good quantitative
agreement is found with films grown by low temperature molecular beam epitaxy (LT-
MBE) and having the similar substitutional Mng, composition. Additionally, we
demonstrate that II-PLM Ga;..Mn,As films are free from interstitial Mn; because of the
high temperature processing. At high Mn implantation doses the kinetics of solute

redistribution during solidification alone determine the maximum resulting Mng,

concentration. Uniaxial anisotropy between in-plane [110] and [110] directions is



present in [I-PLM Ga; xMnAs giving evidence for this being an intrinsic property of the

carrier-mediated ferromagnetic phase.

PACS Numbers: 75.50.Pp, 72.60.+g, 75.47.-m, 73.50.Pz

Email: mikes@engr.ucsb.edu, oddubon@berkeley.edu



INTRODUCTION

Investigations into spin-dependent phenomena and the prospects of applications
such as the combination of non-volatile storage and processing of data on a single chip
has driven the resurgence of research in diluted magnetic semiconductors over the last
decade. Some of these material systems based on traditional semiconductors —
particularly II-VI and III-V semiconductors alloyed with Mn — exhibit ferromagnetism

mediated by delocalized holes '~.

Ga; xMnxAs has emerged as the most studied and
well-understood III-Mn-V material and is typically grown by low-temperature molecular
beam epitaxy (LT-MBE) **. It has been demonstrated that Tcs exceeding 170 K can be
achieved in LT-MBE films after low-temperature post-growth annealing >~

The use of ion implantation and pulsed-laser melting (II-PLM) to incorporate
dopants in semiconductors was introduced in the late 1970s and remains an ongoing topic
of research today. Most studies have focused on Si, where the incorporation of dopants
like B, P, and As at concentrations in excess of 10*' /em® has been realized *''. Similar
results have been reported in GaAs for traditional dopants such as Te '*'° as well as for
non-traditional dopants in Si such as Bi '°. PLM has been used to synthesize both
equilibrium phases such as transition metal silicides '’ as well as metastable phases like

18

amorphous semiconductors '®. This is due to the 10°-10'° K/s quench rates achievable

using nanosecond (ns) laser pulses; even faster cooling rates can be induced by

femptosecond pulses .

The incorporation of impurities in semiconductors at
concentrations exceeding maximal solubility limits without precipitation or the formation

of second phases is due to this fast quenching.



We have previously demonstrated that the II-PLM process is a simple and
versatile processing route for the formation of ferromagnetic semiconductors like Ga;.
Mn,As and Ga;_MnP 2> as well as for highly-mismatched semiconductor alloys 2527,
In this work, we present a detailed investigation of the ferromagnetic and electrical
transport properties of Ga;xMnyAs films synthesized by II-PLM. We show that all of the
general features of temperature and field dependencies of magnetization, sheet resistivity,
and Hall resistivity agree with results reported for properly annealed Ga;xMnyAs films
synthesized using LT-MBE. Furthermore, good quantitative agreement is found between

results from II-PLM films characterized by their maximum substitutional Mn

concentration and from LT-MBE films of equivalent substitutional Mn concentration.

EXPERIMENTAL

Semi-insulating GaAs (001) wafers were implanted at 7° from the surface normal
with 50 or 80 keV Mn" to doses of 1.5x10'® 1.8x10', or 2.0x10'® /ecm®. Table 1
summarizes the four types of samples discussed herein. 50 and 80 keV >Mn" have
ranges in GaAs of 32 and 49 nm respectively as calculated with SRIM **. Analysis by
Rutherford backscattering spectrometry (RBS) and particle-induced X-ray emission
(PIXE) 7 using 1.95 MeV *He' revealed that a layer approximately 70-100 nm thick is
amorphized and that Mn loss from sputtering during implantation is negligible. Samples
measuring approximately 5 mm on a side were cleaved from implanted wafers producing
<110> edges. Each sample was irradiated in air with a single pulse from a KrF excimer

laser (A = 248 nm) with duration ~32 ns, FWHM 23 ns, and peak intensity at 16 ns. The



KrF laser pulses having fluence of 0.2 — 0.4 J/cm? pass through a crossed-cylindrical lens
homogenizer which produces a very uniform spatial intensity distribution of 5 % — thus
the film properties are uniform across each sample. RBS/PIXE ion channeling analysis
demonstrated that the fraction of Mn residing on substitutional sites (Mng,) was typically
75-85 % depending on the Mn implanted dose and laser fluence. During PLM, the ion-
implanted region of the film melts, solidifies epitaxially, and then cools to room
temperature within a few hundred nanoseconds. As a result of this high-temperature
processing (Tyer=1511 K for GaAs), films produced using II-PLM are free from
interstitial Mn; and the post-growth annealing typically carried out on LT-MBE films is

unnecessary to achieve high T¢ 2%

. Etching in concentrated HCI for 5-20 minutes was
used to remove excess Mn from the surface that was present in Ga droplets and in surface
oxides. It was verified that this etching did not affect the ferromagnetic or electrical
transport properties of the films. Anisotropic etching using a solution of KI:I:H,SO4 was
used to verify the crystalline orientation of the sample after the measurements of
magnetic anisotropy >°.

Secondary ion mass spectrometry (SIMS) was performed using a Cs* beam and
detection of CsMn" (188 amu) ions. Film magnetization was measured with a SQUID
magnetometer using a field of 50 Oe for temperature-dependent measurements. The total
amount of Mn (Mng, and non-commensurate Mn) was determined from the sample area
and PIXE measurements. T¢ estimations were made by extrapolating the steepest portion
of the temperature-dependent data to zero magnetization and are reported with an

uncertainty of 2 K which is typical of the sample-to-sample variation for a given set of

processing conditions. Magnetotransport measurements were made in the van der Pauw



geometry with the field applied perpendicular to the sample plane using cold-pressed
indium contacts. Due to the large p-type doping, these contacts are Ohmic as evaluated
by I-V curves taken at each temperature and field combination. Field symmetrization
was used to remove even-parity contributions from the Hall data and odd-parity
contributions from the magnetoresistance data. Additional magnetoresistance
measurements were also carried out with the field in-plane to investigate isotropic and

magnetization-direction-dependent contributions.

RESULTS & DISCUSSION

Figure 1 displays a SIMS profile of a sample of Type A. The Mn distribution
extends to approximately 120 nm, peaks at x=0.051 near 25 nm, and has a FWHM of ~60
nm. The shape of this Mn depth distribution is typical for all of the samples discussed
herein with differences being in the total retained dose and small changes in the center
and width of the distribution due to implanted ion energy. RBS / PIXE measurements
indicate that 7.2x10"° /cm® Mn (48 %) was retained after irradiation and HCI etching and
that 75 % of this retained Mn exists as substitutional Mng,. This implies that the peak
substitutional Mng, concentration is x=0.038 assuming no dependence of Mn
substitutionality on composition. Samples such as this one exhibit T¢ of 100 K, which is
slightly higher than that for annealed LT-MBE samples having x=0.034 or 0.045 *°. The
saturation magnetization is 3.2 = 0.3 pp per total Mn, corresponding to 4.3 + 0.4 up per

substitutional Mng,, which is in excellent agreement with the best measurements from



LT-MBE grown Ga;,Mn,As ***'. For samples of Type B, a peak total Mn concentration
near x=0.10 and a FWHM of 50 nm were measured.
Figure 2 displays the in-plane magnetization along the [1 10] in-plane orientation

for Ga;xMnxAs samples synthesized using slightly different implantation and laser
melting conditions. The solid lines are data from a sample of Type B; this particular film
has a T¢ of 132 K and displays square hysteresis loops both at 5 K and 100 K (inset).
The dashed lines are data from a sample of Type C having T¢ of 94 K. Samples of Type
D have Tcs of 130 K similar to samples of Type B **. The details of the ferromagnetic
hysteresis loops at 5 K and low fields appear to be somewhat insensitive to the [I-PLM
processing parameters in this range of ion doses.

These data suggest that the kinetics of solute redistribution during solidification
determine the maximum resulting Mng, concentration (as opposed to the implanted dose)
for ion implantation conditions resulting in high solute concentrations. Ion implantation
of *>Mn" into GaAs at energies of 50-80 keV (30-50 nm range, respectively) and doses
approaching 2x10'® /cm® results in maximum Mn concentrations near x=0.15. The
kinetic limitation on the maximum Mng, concentration comes about through the balance
between solidification velocity and solute diffusion away from the liquid-solid interface
'® The solidification velocity is determined primarily by the laser pulse duration and
thermal diffusion coefficient of the sample, thus higher Mn concentrations could be
achieved by using a laser with a shorter pulse width. We have also demonstrated that at
lower implanted Mn concentrations (below approximately 1x10'® /em” *>Mn" at 80 keV)

the implanted dose determines the resulting maximum MnGa concentration and thus film

Tc.



The magnetic anisotropy of epitaxial Ga;.xMnyAs films is complex and is affected
by strain, carrier concentration, and temperature. The Zener model has been applied to
explain these effects including a peculiar in-plane anisotropy term breaking the symmetry
between the [110] and [110] directions ***°. This symmetry breaking is also present in
Ga;xMnyAs synthesized by II-PLM, adding further evidence that it is indeed an intrinsic
property of the hole-mediated ferromagnetic phase and not due to LT-MBE processing

effects. Figure 3 presents hysteresis loops measured at 5 K along the [110], [110], [100],

and out-of-plane [001] directions from a sample of Type A. It is seen that the [110]
direction is the easiest direction as it has the highest remanent magnetization. The
coercivity along the [110] direction is 150 Oe, while along the [110] direction the
coercivity is 95 Oe. The out-of-plane [001] direction is the hardest direction and has
coercivity of 200 Oe. The [100] and [010] in-plane directions are equivalent and
identical in their magnetization as functions of temperature and field; they have
coercivity near 115 Oe. These magnetic anisotropy characteristics including the
inequivalence of in-plane <110> directions are similar to those present in Ga;MnyAs
layers epitaxially grown on GaAs using LT-MBE. However at low-temperature in LT-
MBE samples the easy axes are typically close to <100> while in [I-PLM samples the
easiest axis is [110] followed closely by the [100] and [010] directions and then the
[110] direction ***°. This suggests that the ratio between the in-plane uniaxial anisotropy
term and in-plane cubic term is stronger in II-PLM films than in LT-MBE films. The fact
that magnetization along the [110] axis is easier than along [110] demonstrates that the

in-plane uniaxial anisotropy in II-PLM films is equivalent to that in post-growth annealed



LT-MBE films *” which is consistent with the absence of Mn; due to the high-temperature
processing.

Figure 4 presents the temperature dependent sheet resistivities for two Ga;.
MnxAs samples of Types B and C prepared by II-PLM under conditions identical to
those in Fig. 2 as well as for a sample of Type A. The resistivity at 300 K of the Type B
film is estimated at ~2.5x10” Q-cm using the characteristic film thickness of 50 nm. This
is nearly identical to the resistivity of 1.9x10™ Q-cm reported for films having x=0.06 and
Tc=140 K grown by LT-MBE and annealed to remove interstitial Mn **. The peaked
behavior associated with T¢ is characteristic of spin-disorder scattering in disordered
ferromagnets like Ga; (MnyAs which are near the metal insulator transition 33941 The
fact that the width of this resistivity peak is comparable to widths measured on LT-MBE
Ga;xMnyAs films rather than being broadened due to the non-uniform Mn depth
distribution suggests that electrical transport is dominated by a portion of the films
having relatively uniform Mn concentration. As T¢ and electrical conductivity are
known to scale in Ga;Mn,As with Mng, concentration '~ the correspondence of the
peak and film T¢ indicates that the portion of the films dominating both ferromagnetic
and transport properties is the region having the highest Mng, concentration. Thus both
the Tc 2 and electrical transport behaviors can be correlated with the peak Mng,
concentration for II-PLM films when this concentration can be established by the
appropriate techniques such as SIMS and RBS/PIXE or by electrochemical capacitance-
voltage profiling **.

Figure 5 displays the (a) field and (b) temperature dependencies of the

magnetoresistance measured with the field perpendicular to the plane (MR | ) for a sample



of Type D having a Tc of 132 K. Herein, MR is defined as the normalized difference
between the sheet resistance in a magnetic field and with no field — MR={ R(H)-R(0)

}/R(0). As for LT-MBE grown films, an isotropic negative component to MR
dominates for fields larger than ~5 kOe at all temperatures. A positive component
varying with the angles © between the magnetization vector M and the principal

crystallographic axes and ¢ between the current vector J and M is also present at lower

fields in the ferromagnetic regime ***

. This (0,0)-dependent component arises through
the spin-orbit interaction and is closely related to the phenomenon of anisotropic
magnetoresistance (AMR). The isotropic component does not saturate for fields up to 50
kOe (5 T) at any temperature down to 5K and reaches a magnitude of just over 6 % at 50
kOe and close to Tc. As displayed in Fig. 5(b), the negative isotropic MR has its largest

magnitude at Tc due to the divergent magnetic susceptibility *. Below T, the field

dependence of the resistivity and MR | is cusp-like showing upward concavity while

above T the data are downward concave, as is demonstrated by the data at 160 K. Early
results indicating orders-of-magnitude changes in resistivity in LT-MBE grown Ga,.
Mn,As appear to be due to compensation by interstitial Mn; *°. The data in Fig. 5(b)
suggests that the negative MR in II-PLM Ga,; \Mn4As films may be somewhat stronger
than in post-growth annealed LT-MBE films despite the similar sheet resistivities ***’.

In order to differentiate the isotropic and (6,¢)-dependent contributions to MR
arising from spin disorder scattering and spin-orbit interactions (respectively), resistivity
measurements were made with the field aligned along an in-plane <110> direction as

well as the out-of-plane [001] direction. Note that in this experiment the out-of-plane

uniaxial anisotropy is primarily probed because it dominates the in-plane anisotropy
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components. We define AMR as the in-plane magnetoresistance (MRyp) minus the out-
of-plane (MR ) magnetoresistance. As demonstrated in Fig. 6 for a sample of Type B,

for T<T( a positive (6,¢)-dependent component is added to the isotropic negative MR for

H transverse to J, i.e. for H out-of-plane. As in LT-MBE films 45, II-PLM Ga,.
«MnyAs exhibits a positive (0,0)-dependent contribution at low to intermediate fields. It
should be noted that this (6,p)-dependent MR extends well beyond the hysteretic region

(small fields) of the sample magnetization shown in Fig. 2(b) indicating that its origin

must lie in rotations of the magnetic moment against the magnetic anisotropies and not in

domain wall motion. For ‘H‘ greater than ~10 kOe, this positive MR component is

absent and only the isotropic negative MR is present. This difference in behavior is due
to the magnetocrystalline anisotropy of the film; the easy magnetization axes of these II-

PLM Ga,; (Mn,As lie in the plane, while the out-of-plane direction is the hardest axis.

For H out-of-plane and ‘I:I‘ < H, (where H, is the out-of-plane anisotropy field) as ‘I:I‘

increases the magnetization rotates out of plane until it aligns with the applied field at H,.
When ¢=0, the (6,¢)-dependent effect disappears; thus H, can be estimated for this film
to be approximately 10 kOe (1 T) as only the isotropic component is present at larger
fields.

Figure 7 (a) displays the field dependencies of the Hall resistance for an II-PLM
Ga; xMnxAs sample of Type C having Tc of 95 K. The determination of the carrier
density in Ga; xMnyAs using the Hall effect without correction is known to underestimate
the true carrier concentration due to the influence of the anomalous Hall component

48

which is still significant even at temperatures up to 3-T¢ ~. With this caveat, taking the

11



slope of the Hall data for this II-PLM sample at 300 K indicates a carrier concentration of
5.3x10%" /em’ again assuming a thickness of 50 nm. It is immediately apparent that the
anomalous Hall component dominates the Hall resistance even above T¢ and that it
reflects the switching of the ferromagnetic moment. These are traits of the dilute hole-
mediated ferromagnetic phase in Ga; (MnyAs and are necessary but not sufficient
characteristics to prove the presence of this phase **. Again assuming a characteristic
thickness of 50 nm, the data at 10 K indicate a Hall resistivity of 8.0x10” Q-cm. This is
in excellent quantitative agreement with the Hall resistivity of 9.0x10™ Q-cm reported for
annealed LT-MBE samples having x=0.06, a similar thickness of 45 nm, similar
resistivities of 1.4-5.0x107 Q-cm, and reasonably similar T¢s near 125 K 4 The
temperature dependence of the Hall resistance shown in Fig. 7(b) is also similar to that
reported for LT-MBE Ga; xMnsAs. In both cases it has the same rapid increase as the
sample is cooled through T¢ due to the anomalous Hall effect (which is proportional to
the magnetization) followed by a slight decrease below T¢ due to the decreasing
resistivity (Fig. 4) as the magnetization approaches saturation.

In summary, we have investigated the electrical transport and ferromagnetic
properties of Ga;xMnyAs synthesized using II-PLM and found good quantitative
agreement with properties reported for films grown using LT-MBE. This is an important
finding because it demonstrates that reliable quantitative results can be obtained using II-
PLM and to date films of Ga; \MnyP displaying the same carrier-mediated ferromagnetic
phase have only been synthesized using II-PLM *'. Theories of the carrier mediated

ferromagnetic phase in dilute ferromagnetic semiconductors must be able to account for
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the ferromagnetism in insulting Ga;xMnyP and other systems such as low-doped Ga,.
«MnyAs where carriers reside in an impurity band 50,51

As the electrical and magnetic properties of II-PLM Ga; \MnsAs films may be
correlated with the peak Mng, concentration, quantitative comparisons to films grown by
LT-MBE may be made. II-PLM Ga;«MnAs films display the magnetic anisotropy,
resistivity, magnetoresistance, and anomalous Hall effect signatures characteristic of the
strong p-d interaction of holes and Mn ions observed in the dilute hole-mediated
ferromagnetic phase observed in LT-MBE Ga; xMnsAs. Good quantitative agreement is
found with films grown by low temperature molecular beam epitaxy (LT-MBE) and
having the similar substitutional Mng, composition.

Thanks to T. Mates for SIMS measurements and S. Boettcher for help with
etching. This work is supported by the Director, Office of Science, Office of Basic
Energy Sciences, Division of Materials Sciences and Engineering, of the U.S.
Department of Energy under Contract No. DE-AC02-05CH11231. MAS acknowledges

support from an NSF Graduate Research Fellowship. PRS acknowledges support from a

NDSEG Fellowship.
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Sample Type Mn Dose (/em®) Mn' Energy (keV) Laser Fluence (J/cm®) Te (K)
A 1.5x10' 50 0.30 100+2
B 2.0x10'"° 50 0.20 131+2
C 1.8x10" 80 0.40 9442
D 1.8x10" 80 0.2 13142

TABLE 1 - Scarpulla et al.
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FIGURE & TABLE CAPTIONS

Table 1 — Summary of ion implantation and laser melting conditions used for samples

discussed in the text. The 2 K uncertainty in Tc¢ is caused by sample-to-sample variation.

Figure 1 — SIMS depth profile of the Mn concentration in a sample of Type A. Such
samples have peak x=0.051, 75 % of Mn substitutional (Mng,), Tc=100 K, and M ,~4.3

+ 0.4 pp/Mng,.

Figure 2 — [main] <110> in-plane temperature dependent magnetization for a sample of
Type C (dashed) and a sample of Type B (solid) having Tc¢s of 95 and 132 K,
respectively. [inset] Field-dependent magnetization for the same two samples in the
same orientation. The M vs. H data shown by a solid line and diamonds is from the Type

B sample in the same orientation but at 100 K.

Figure 3 — Magnetization measured as a function of field along major crystallographic
directions for a sample of Type A. The easiest axis is the [110] in-plane direction, while
the [001] out-of-plane direction is the hardest axis. The in-plane uniaxial component is

evidenced by the inequivalent hysteresis loops for the [110] and [110] directions.

Figure 4 — Temperature dependence of sheet resistivity for a sample of Type A (solid), a

sample of Type B (dashed), and a sample of Type C (dotted). The peaked behavior of the

22



resistivity associated with T¢ is a feature of the hole-mediated ferromagnetic phase in

Ga;Mn,As.

Figure 5 — (a) Field and (b) temperature dependencies of MR for a sample of Type D. In
(a), data above the T¢ of 130 K is shown as dashed lines, while solid lines are used for
data below Tc. These MR behaviors are very similar to what has been reported for LT-

MBE films.

Figure 6 — [main] MR at 5 K for field applied in-plane (MRyp) and perpendicularly

(MR ) as functions of applied field for a sample of Type B having a T¢ of 135 K. [inset]

AMR at 5 K. The out-of-plane anisotropy field is estimated from this data to be 10 kOe.

Figure 7 — (a) Field and (b) temperature dependencies of the Hall resistance measured in
the van der Pauw geometry for a sample of Type C. In (a), data above the Tc of 95 K is
shown as dashed lines, while solid lines are used for data below T¢. The strong
anomalous Hall signal reflecting the sample magnetization is strong evidence for the

hole-mediated origin of ferromagnetism.

23



REFERENCES

! A. H. Macdonald, P. Schiffer, and N. Samarth, Nature Materials 4, 195 (2005).

T. Jungwirth, J. Sinova, J. Masek, J. Kucera, and A. H. MacDonald, Reviews of

Modern Physics 78 809 (2006).
3 H. Ohno, Science 281, 951 (1998).

4 R. P. Campion, K. W. Edmonds, L. X. Zhao, K. Y. Wang, C. T. Foxon, B. L.

Gallagher, and C. R. Staddon, Journal of Crystal Growth 251, 311 (2003).

> K. W. Edmonds, P. Boguslawski, K. Y. Wang, R. P. Campion, S. N. Novikov, N.
R. S. Farley, B. L. Gallagher, C. T. Foxon, M. Sawicki, T. Dietl, M. B. Nardelli,

and J. Bernholc, Physical Review Letters 92, 037201 (2004).

6 K. C. Ku, S. J. Potashnik, R. F. Wang, S. H. Chun, P. Schiffer, N. Samarth, M. J.
Seong, A. Mascarenhas, E. Johnston-Halperin, R. C. Myers, A. C. Gossard, and

D. D. Awschalom, Applied Physics Letters 82, 2302 (2003).

! K. M. Yu, W. Walukiewicz, T. Wojtowicz, . Kuryliszyn, X. Liu, Y. Sasaki, and

J. K. Furdyna, Physical Review B 65, 201303 (2002).

8 A. Herrera-Gomez, P. M. Rousseau, G. Materlik, T. Kendelewicz, J. C. Woicik,
P. B. Griffin, J. Plummer, and W. E. Spicer, Applied Physics Letters 68, 3090

(1996).

24



10

11

12

13

14

15

16

17

D. Nobili, A. Carabelas, G. Celotti, and S. Solmi, Journal of the Electrochemical

Society 130, 922 (1983).

Y. Takamura, P. B. Griffin, and J. D. Plummer, Journal of Applied Physics 92,

235 (2002).

C. W. White, in Pulsed Laser Processing of Semiconductors; Vol. 23, edited by R.
F. Wood, C. W. White, and R. T. Young (Academic Press, Orlando, Fla., 1984),

p. 44-92.

P. A. Barnes, H. J. Leamy, J. M. Poate, S. D. Ferris, J. S. Williams, and G. K.

Celler, Applied Physics Letters 33, 965 (1978).

J. A. Golovchenko and T. N. C. Venkatesan, Applied Physics Letters 32, 147

(1978).

D. H. Lowndes, in Pulsed Laser Processing of Semiconductors; Vol. 23, edited by
R. F. Wood, C. W. White, and R. T. Young (Academic Press, Orlando, Fla.,

1984), p. 472-550.

J. S. Williams, in Laser annealing of semiconductors, edited by J. M. Poate and J.

W. Mayer (Academic Press, New York, 1982), p. 383-435.

C. W. White, S. R. Wilson, B. R. Appleton, and F. W. Young, Journal of Applied

Physics 51, 738 (1980).

M. von Allmen and A. Blatter, Laser-Beam Interactions with Materials : Physical

Principles and Applications, 2nd Ed. (Springer, Berlin, 1995).

25



18

19

20

21

22

23

24

25

A. G. Cullis, H. C. Webber, and N. G. Chew, Applied Physics Letters 42, 875

(1983).

P. Baeri, Materials Science and Engineering A 178, 179 (1994).

M. A. Scarpulla, O. D. Dubon, K. M. Yu, O. Monteiro, M. R. Pillai, M. J. Aziz,

and M. C. Ridgway, Applied Physics Letters 82, 1251 (2003).

M. A. Scarpulla, B. L. Cardozo, R. Farshchi, W. M. H. Oo, M. D. McCluskey, K.

M. Yu, and O. D. Dubon, Physical Review Letters 95, 207204 (2005).

M. A. Scarpulla, K. M. Yu, W. Walukiewicz, and O. D. Dubon, in Physics of
Semiconductors, 27th International Conference on the Physics of Semiconductors
- ICPS-27; Vol. 2, edited by J. Menendez and C. G. Van de Walle (American

Institute of Physics, Melville, N.Y., 2005), p. 1367.

R. Farshchi, M. A. Scarpulla, P. R. Stone, K. M. Yu, L. D. Sharp, J. W. Beeman,
H. H. Silvestri, L. A. Reichert, E. E. Haller, and O. D. Dubon, Solid State

Communications 140, 443 (2006).

P. R. Stone, M. A. Scarpulla, R. Farshchi, I. D. Sharp, E. E. Haller, O. D. Dubon,
K. M. Yu, J. W. Beeman, E. Arenholz, J. D. Denlinger, and H. Ohldag, Applied

Physics Letters 89, 012504 (20006).

K. M. Yu, W. Walukiewicz, J. Wu, D. E. Mars, D. R. Chamberlin, M. A.

Scarpulla, O. D. Dubon, and J. F. Geisz, Nature Materials 1, 185 (2002).

26



26

27

28

29

30

31

32

33

34

K. M. Yu, W. Walukiewicz, J. Wu, W. Shan, J. W. Beeman, M. A. Scarpulla, O.

D. Dubon, and P. Becla, Physical Review Letters 91, 246403 (2003).

K. M. Yu, W. Walukiewicz, J. W. Beeman, M. A. Scarpulla, O. D. Dubon, M. R.

Pillai, and M. J. Aziz, Applied Physics Letters 80, 3958 (2002).

J. F. Ziegler, Nuclear Instruments & Methods in Physics Research Section B-

Beam Interactions with Materials and Atoms 219-220 1027 (2004).

V. Gottschalch and H. Herrnberger, Journal of Materials Science Letters 9, 7

(1990).

T. Jungwirth, K. Y. Wang, J. Masek, K. W. Edmonds, J. Konig, J. Sinova, M.
Polini, N. A. Goncharuk, A. H. MacDonald, M. Sawicki, A. W. Rushforth, R. P.
Campion, L. X. Zhao, C. T. Foxon, and B. L. Gallagher, Physical Review B 72,

165204 (2005).

K. W. Edmonds, N. R. S. Farley, T. K. Johal, G. van der Laan, R. P. Campion, B.

L. Gallagher, and C. T. Foxon, Physical Review B 71, 064418 (2005).

X. Liu, Y. Sasaki, and J. K. Furdyna, Physical Review B 67, 205204 (2003).

M. Sawicki, Journal of Magnetism and Magnetic Materials 300, 1 (2006).

U. Welp, V. K. Vlasko-Vlasov, A. Menzel, H. D. You, X. Liu, J. K. Furdyna, and

T. Wojtowicz, Applied Physics Letters 85, 260 (2004).

27



35

36

37

38

39

40

41

42

43

44

M. Sawicki, F. Matsukura, A. Idziaszek, T. Dietl, G. M. Schott, C. Ruester, C.
Gould, G. Karczewski, G. Schmidt, and L. W. Molenkamp, Physical Review B

70, 245325 (2004).

U. Welp, V. K. Vlasko-Vlasov, X. Liu, J. K. Furdyna, and T. Wojtowicz, Physical

Review Letters 90, 167206 (2003).

M. Sawicki, K. Y. Wang, K. W. Edmonds, R. P. Campion, C. R. Staddon, N. R.
S. Farley, C. T. Foxon, E. Papis, E. Kamifiska, A. Piotrowska, T. Dietl, and B. L.

Gallagher, Physical Review B 71, 121302(R) (2005).

K. W. Edmonds, K. Y. Wang, R. P. Campion, A. C. Neumann, N. R. S. Farley, B.

L. Gallagher, and C. T. Foxon, Applied Physics Letters 81, 4991 (2002).

M. E. Fisher and J. S. Langer, Physical Review Letters 20, 665 (1968).

C. Timm, M. E. Raikh, and F. Von Oppen, Physical Review Letters 94, 036602

(2005).

G. Zarand, C. P. Moca, and B. Janko, Physical Review Letters 94, 247202 (2005).

K. M. Yu, W. Walukiewicz, T. Wojtowicz, W. L. Lim, X. Liu, Y. Sasaki, M.

Dobrowolska, and J. K. Furdyna, Applied Physics Letters 81, 844 (2002).

S. T. B. Goennenwein, S. Russo, A. F. Morpurgo, T. M. Klapwijk, W. Van Roy,

and J. De Boeck, Physical Review B 71, 193306 (2005).

T. R. McGuire and R. . Potter, IEEE Transactions on Magnetics 11, 1018 (1975).

28



45

46

47

48

49

50

51

K. W. Edmonds, R. P. Campion, K. Y. Wang, A. C. Neumann, B. L. Gallagher,

C. T. Foxon, and P. C. Main, Journal of Applied Physics 93, 6787 (2003).

A. Oiwa, S. Katsumoto, A. Endo, M. Hirasawa, Y. Iye, H. Ohno, F. Matsukura,

A. Shen, and Y. Sugawara, Physica Status Solidi B 205, 167 (1998).

T. Dietl, F. Matsukura, H. Ohno, J. Cibert, and D. Ferrand, in Recent Trends in
Theory of Physical Phenomena in High Magnetic Fields, edited by 1. D. Vagner,

P. Wyder, and T. Maniv (Kluwer, Dordrecht, 2003), p. 197.

D. Ruzmetov, J. Scherschligt, D. V. Baxter, T. Wojtowicz, X. Liu, Y. Sasaki, J.
K. Furdyna, K. M. Yu, and W. Walukiewicz, Physical Review B 69, 155207

(2004).

S. R. Shinde, S. B. Ogale, J. S. Higgins, H. Zheng, A. J. Millis, V. N. Kulkarni, R.
Ramesh, R. L. Greene, and T. Venkatesan, Physical Review Letters 92, 166601

(2004).

B. L. Sheu, R. C. Myers, J.-M. Tang, N. Samarth, D. D. Awschalom, P. Schiffer,

and M. E. Flatte, Phys. Rev. Lett. 99, 227205 (2007).

T. Jungwirth, J. Sinova, A. H. MacDonald, B. L. Gallagher, V. Novak, K. W.
Edmonds, A. W. Rushforth, R. P. Campion, C. T. Foxon, L. Eaves, E. Olejnik, J.
Masek, S. R. E. Yang, J. Wunderlich, C. Gould, L. W. Molenkamp, T. Dietl, and

H. Ohno, Physical Review B 76, 125206 (2007).

29



30





