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Large and bistable magnetoresistance signals have been
observed in tunnelling devices with an antiferromagnetic
(AFM) IrMn layer on one side and a non-magnetic metal on

the other side of the tunnel barrier1,2. The work has
experimentally demonstrated the feasibility of a spintronic
concept3–5 in which the electronic device characteristics are
governed by the staggered magnetization axis in an AFM. It has
been shown that the AFM moments can be manipulated via an
exchange-coupled ferromagnet (FM)1,2,6 and that the AFM
magnetoresistance signals can persist to room temperature6. No
stray fields and the relative insensitivity to external magnetic
fields are among the features that make AFMs attractive
complements to the conventionally utilized FMs in the design
of spintronic devices, as highlighted in a recent study of AFM
linear chains of a few Fe atoms7 and in the demonstration of the
concept of an AFM memory8. The possibility to design spintronic
elements based on AFMs becomes even more attractive in the
context of magnetic counterparts of conventional compound
semiconductors, which may enable new devices combining
spintronic and nanoelectronic functionalities. In this paper, we
report the discovery of a new member of this family: tetragonal
epitaxial CuMnAs, a room-temperature AFM whose in-plane lattice
constant matches GaP or Si.

Over the past two decades, the introduction of magnetism into
common semiconductor hosts has driven a number of new
research areas in spintronics. Inspired by spintronics research and
applications based on transition metal ferromagnets (FMs), the
focus has been on magnetic counterparts of semiconductors with
the FM order. (Ga,Mn)As and related (III,Mn)V compounds9–11

have become archetypes among these materials, resulting in
discoveries of new spin-related physical phenomena and device
functionalities. For example, the understanding of spin-orbit-
coupling phenomena has advanced because of experiments in
(Ga,Mn)As from the ohmic transport regime to new realizations
in tunnelling and Coulomb blockade devices12,13. Low Curie
temperatures have prevented the direct integration of (III,Mn)V
FM semiconductors into spintronic technologies. Nevertheless,
new phenomena discovered in (Ga,Mn)As have been subsequently
reported in the room-temperature metal FMs, relevant not only
for basic science but also for practical spintronic applications14–16.

Although a ferromagnetic ground state is rare within magnetic
materials derived from semiconductor compounds and their
Curie temperatures are below room temperature, high Néel
temperature (TN) AFMs can be found, for example, among the
magnetic counterparts of the I–II–V semiconductors (see also
Supplementary Table S1 and Supplementary Note 1)4,5. The
structures of the non-magnetic semiconductors such as LiZnAs,
NaZnAs, CuZnAs and AgZnAs are closely related to the III–V
zincblende structure, as shown in Fig. 1a,b. By splitting the group
III atom into two elements from groups I and II, their combined
valence equals that of the group III atom. One of the two
elements resides on the zincblende site, whereas the other
occupies one of the tetrahedral interstitial sites that is empty in
the zincblende structure17. An extensively studied magnetic
compound with the same filled zincblende (also called half-
Heusler) crystal structure is CuMnSb (Fig. 1c)18,19. The AFM
coupling of FM (111) planes of this cubic crystal has a frustration
in the magnetic interactions, with half of the Mn nearest-
neigbours coupled antiferromagnetically and half ferromagnetically20.
This frustration leads to the relatively low TN¼ 50 K of CuMnSb
and shows that keeping the same cubic structure as in the non-
magnetic parent I–II–V compound is unfavourable for robust
antiferromagnetism. Moreover, lowering the symmetry from
cubic to, for example, tetragonal enhances the magnetocrystalline
anisotropy phenomena and is therefore favourable for the
concept of AFM spintronics.

LiMnAs and NaMnAs are among the examples of AFM I–II–V
semiconductors4,21–24, whose equilibrium crystal structure
changes from the cubic half-Heusler lattice of their non-
magnetic counterparts to a layered tetragonal structure
(Fig. 1d). This more-anisotropic-crystal arrangement removes
the frustration in the nearest-neighbour magnetic coupling,
resulting in TN’s far above the room temperature. Single-crystal
thin films of the LiMnAs AFM semiconductor were recently
prepared by molecular beam epitaxy (MBE) on lattice-matched
InAs substrate4,24,25. The inclusion of alkali metal elements
represents, however, a challenge both in terms of the growth and
the stability of devices. Group Ib transition metal elements may
represent the solution to this problem: NaZnAs and AgZnAs are
known to be twin compounds with identical crystal structure and
lattice constants, and CuZnAs is also very similar17. This
has motivated our interest in CuMnAs as a suitable I–Mn–V
AFM compound for spintronics20. The bulk equilibrium phase
of CuMnAs displays room-temperature AFM ordering26, as
confirmed in our recent study of chemically synthesized bulk
samples20. However, the orthorhombic crystal structure (Fig. 1e)

III–V I–II–Va b

CuMnSbc LiMnAsd

CuMnAs orthorhombice CuMnAs tetragonalf

Figure 1 | Unit cell structures of non-magnetic semiconductors and their
magnetic counterparts. (a) III–V zincblende structure. (b) I–II–V half-
Heusler structure. (c) Half-Heusler CuMnSb. (d) Tetragonal LiMnAs.
(e) Orthorhombic CuMnAs. (f) Tetragonal CuMnAs. The bonds in (c),
highlighted in green and red, show the AFM and FM nearest-neighbour-
exchange coupling of Mn present in the half-Heusler CuMnSb. The bonds
in (f), highlighted in green, show that all Mn nearest neighbours are
coupled antiferromagnetically in the tetragonal CuMnAs, which is favorable
for high TN.
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Perturbation theory: equilibrium distribution function and non-equilibrium states 

Linear response II. (quantum mechanics class) 
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Infrared absorption

Burch et al. PRL ’06 

angle of incidence as well as transmission over the range
0:005! 1:42 eV (40! 11 400 cm!1) from 292 to 7 K
were carried out at UCSD. Details of the measurements
and extraction of optical constants is described in
Refs. [8,9].

We begin with an introduction to the semiclassical
Drude-Lorentz model, which provides useful insights
into the data. In this model one writes

 !1"!; x; T# $
!2
D!dc

!2
D %!2 %

A!2!L
"!L!#2 % "!2 !!2

0#2
; (1)

where the first term describes the response of free carriers
via the following parameters: !D is the free-carrier scat-
tering rate and !dc is the dc conductivity; the second term
describes the interband transition with !0 its center fre-
quency, !L its broadening, and A its amplitude. One quan-
tifies the strength of the free-carrier response through the
plasma frequency: !2

p $ pe2

m& ' 2
"

R
"
0

!2
D!dc

!2
D%!2 d!, where e is

the charge of the electron and m& is the effective mass of
the carriers [20]. Therefore spectral weight in the far-
infrared (FIR) is attributed to the free carriers (intraband
response) and is proportional to p divided bym&. Examples
of these shapes are shown on the right side of Fig. 1 via a fit
to the 52A data using Eq. (1), wherein the distinct two-
component character of the electromagnetic response of
annealed samples is uncovered.

On the left side of Fig. 1 we present !1"!; x; 7 K# for
our new samples along with the spectra from our previous
studies [8]. Some absorption is seen in the FIR in all
samples, yet a clear Drude feature is seen only in the
annealed films. In all of the films a resonance is observed
in the midinfrared (MIR) that by itself is consistent with
both the VB and IB pictures of the electronic structure.
Indeed, if EF lied in the GaAs VB, then a MIR resonance
would result from transitions from the light to heavy hole
bands [2]. If, on the other hand, the holes reside in the IB,
the MIR resonance results from transitions between the IB
and VB [5,8,9]. We can discriminate between these sce-
narios by increasing p. In particular, the position of the
MIR peak should either blueshift or redshift depending on
the origin of the transition. A simple diagram of energy
versus momentum (k) in Fig. 2 clarifies the rational for this
assertion. Panels (a) and (b) assume the Mn-induced IB has
dissolved into the VB, where EF now lies. In panel (a), at
low p, an optical transition is realized between the light
and heavy hole bands (LH and HH, respectively). When p
increases, EF moves deeper into the valence bands
[panel (b)], resulting in an optical transition that shifts to
higher energies [2]. If EF lies in a Mn-induced impurity

band (MnGa), an optical transition between the LH, HH,
and MnGa bands will be observed. However, the separation
between the IB and the VB is determined, in part, by the
Coulomb attraction of the holes to the MnGa. Thus as p is
increased [panels (c) and (d)], the Coulomb attraction is
screened and the transition moves to lower ! as the IB
moves closer to the VB [5,18].

To investigate these scenarios, we examined the position
of the MIR resonance in the conductivity data (!0) using
two complimentary methods. First, we looked for the
maximum in !1"!; x# by setting d!1"!;x#

d! $ 0. In addition,
we have fit the data presented in Fig. 1 with the two-
component model of Eq. (1) and obtained !0 from the

TABLE I. TC for the four Ga1!xMnxAs samples in this study.
‘‘A’’ indicates samples that have been annealed.
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FIG. 1 (color online). The real part of the conductivity for all
samples in this study as well as the results of previous studies
(black and gray lines) [8]. A clear increase in !1"!# is seen as
the result of larger x and/or annealing. Right side: The results of
fitting the 52A data with the two-component model [Eq. (1)].

  IB

FIG. 2 (color online). Two scenarios for the electronic struc-
ture of Ga1!xMnxAs that have different implications for the
resonant frequency of the MIR interband absorption. (a) EF
lies in the light and heavy hole (LH and HH, respectively) bands
at low x, producing a transition between the two. (b) As p is
increased, EF moves farther into the LH and HH bands, causing
the transition to blueshift. (c) If EF lies in the IB, then at low x a
transition occurs from the VB to the IB. (d) At higher p, EF
moves deeper in the IB, causing the feature to redshift.
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of these shapes are shown on the right side of Fig. 1 via a fit
to the 52A data using Eq. (1), wherein the distinct two-
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our new samples along with the spectra from our previous
studies [8]. Some absorption is seen in the FIR in all
samples, yet a clear Drude feature is seen only in the
annealed films. In all of the films a resonance is observed
in the midinfrared (MIR) that by itself is consistent with
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Indeed, if EF lied in the GaAs VB, then a MIR resonance
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bands [2]. If, on the other hand, the holes reside in the IB,
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narios by increasing p. In particular, the position of the
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dissolved into the VB, where EF now lies. In panel (a), at
low p, an optical transition is realized between the light
and heavy hole bands (LH and HH, respectively). When p
increases, EF moves deeper into the valence bands
[panel (b)], resulting in an optical transition that shifts to
higher energies [2]. If EF lies in a Mn-induced impurity
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between the IB and the VB is determined, in part, by the
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increased [panels (c) and (d)], the Coulomb attraction is
screened and the transition moves to lower ! as the IB
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To investigate these scenarios, we examined the position
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two complimentary methods. First, we looked for the
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resonant frequency of the MIR interband absorption. (a) EF
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angle of incidence as well as transmission over the range
0:005! 1:42 eV (40! 11 400 cm!1) from 292 to 7 K
were carried out at UCSD. Details of the measurements
and extraction of optical constants is described in
Refs. [8,9].
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the MIR resonance results from transitions between the IB
and VB [5,8,9]. We can discriminate between these sce-
narios by increasing p. In particular, the position of the
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versus momentum (k) in Fig. 2 clarifies the rational for this
assertion. Panels (a) and (b) assume the Mn-induced IB has
dissolved into the VB, where EF now lies. In panel (a), at
low p, an optical transition is realized between the light
and heavy hole bands (LH and HH, respectively). When p
increases, EF moves deeper into the valence bands
[panel (b)], resulting in an optical transition that shifts to
higher energies [2]. If EF lies in a Mn-induced impurity
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Coulomb attraction of the holes to the MnGa. Thus as p is
increased [panels (c) and (d)], the Coulomb attraction is
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Impurity-band picture: binding primarily due to short-range potentials
                                        (screening and IB broadening play minor role) 
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Optimized synthesis of (Ga,Mn)As

Under equilibrium growth conditions, the incorporation of
magnetic Mn ions into GaAs is limited to B0.1%. To
circumvent the solubility problem, a non-equilibrium,

low-temperature molecular-beam-epitaxy (LT-MBE) technique
was employed, which led to first successful growths of (Ga,Mn)As
ternary alloys with more than 1% Mn and to the discovery of
ferromagnetism in these materials1–4. The compounds qualify as
ferromagnetic semiconductors to the extent that their magnetic
and other properties can be altered by the usual semiconductor
electronics engineering variables, such as doping, electric fields, or
light. (Ga,Mn)As has become a test-bed material for spintronic
research, in particular for exploring known and discovering new
magneto-transport and magneto-optical (MO) phenomena. (For
more details on (Ga,Mn)As spintronics research, see
Supplementary Note 1).

In ferromagnetic (Ga,Mn)As, the theory of spin-orbit-coupled
GaAs bands modified by the exchange splitting and alloying
effects of randomly distributed MnGa acceptors/local-moments
represents a common basis for describing its semiconducting
and ferromagnetic properties5. The kinetic-exchange model
implementation of this valence band theory and the
microscopic tight-binding Anderson approach or ab initio
density functional theory can all be shown to be mutually
consistent on the level of atomic and orbital resolved band
structure6. (For more details on the theory of (Ga,Mn)As, see
Supplementary Figs S1–S3, and Supplementary Note 2).

In a recurring alternative proposal, the Fermi level in
ferromagnetic materials with B1020–1021 cm! 3 Mn-acceptor
densities is assumed to still reside in a narrow impurity band
detached from the valence band, that is, the band structure keeps
the form closely reminiscent of a single isolated MnGa impurity
level7–9. Several phenomenological variants of the impurity band
model have been proposed whose assumed spectroscopic
characteristics are, however, mutually inconsistent and have not
been recreated from microscopic band structure theories6. Since
to date no framework has been introduced that would allow to
test the validity of the impurity band model by comparing
microscopic atomic orbital based theory calculations to
experiment, it is primarily the experimental findings which
have served as a basis for postulating the impurity band picture. A
common feature of these experimental reports is the limited
attention paid to the details of the synthesis of this highly non-
equilibrium alloy7,9. As we show in this paper, careful material
optimization is, however, of central importance. Small departures
from optimized sample synthesis obscure the doping trends and
experimental determination of intrinsic micromagnetic
parameters of the material. The justification of the impurity
band picture by the experiments in unoptimized materials is
therefore unreliable. This leaves the impurity band models
without an adequate microscopic theory or experimental
support. On the other hand, the valence band model is linked
in a transparent way to density functional or tight-binding
Anderson microscopic theories, as pointed out above.
Simultaneously, the microscopically justified theory provides
consistent predictions for the broad range of semiconducting
doping trends and micromagnetic parameters, we report below
on the entire series of the optimized (Ga,Mn)As materials. Our
work, therefore, leads to the conclusion that there is no physics
grounds for the ‘battle of the bands’10 in (Ga,Mn)As.

Results
Optimized synthesis of (Ga,Mn)As epilayers. The essential
importance of the optimization of the (Ga,Mn)As synthesis is
illustrated in Fig. 1, where we plot, side-by-side, basic electrical
and magnetic characteristics of two medium, 7% nominally

Mn-doped epilayers. (The determination of the nominal Mn
concentration in the as-grown epilayers is detailed in Methods).
The left column figures (Fig. 1a–c) show data measured on a
material, which we prepared under carefully optimized conditions
for the given nominal Mn doping. The sample has sharp
Curie point singularities in magnetization and electrical
transport typical of uniform, high-quality itinerant ferromagnets
(Fig. 1a)11. Magnetization precession damping factor and spin-
wave resonances (SWRs) obtained from MO measurements
(Fig. 1b,c) confirm the high magnetic quality of the material. As
we discuss in detail below, the initial decrease of the damping
factor with frequency followed by a frequency-independent
part (Fig. 1b) is typical of uniform ferromagnets and allows
us to accurately infer the intrinsic Gilbert damping
constant12. Similarly, the observed Kittel SWR modes of a
uniform ferromagnet (Fig. 1c) allow us to measure accurately
the magnetic anisotropy and spin stiffness parameters of
(Ga,Mn)As, as detailed below.

The right column data (Fig. 1d–f) were measured on a 7% Mn-
doped epilayer differing from the sample of the left column in
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Figure 1 | Demonstration of the essential role of the careful optimization
of (Ga,Mn)As synthesis. (a), Magnetization M (red line), temperature
derivative of the resistivity normalized to the peak value (dr/dT)* (black
line) and resistivity r(T) (blue line) of an optimized 20-nm-thick epilayer
with 7% nominal Mn doping. (b,c) Frequency dependence of the damping
factor and field dependence of the spin-wave resonant frequencies of the
same sample. Dotted line in b highlights the Gilbert constant value; dotted
lines in panel c highlight the n¼0, 1 and 2 Kittel spin-wave modes. (d–f)
Same as panels a–c for a material differing by having only one of the
synthesis parameters not optimized (epilayer thickness of 500 nm too
large). Gilbert constant and Kittel modes cannot be inferred from e and f.
The error bars correspond to s.d. and depict the overall uncertainty in the
determination of the displayed value from the experimentally measured
data.
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Infrared absorption
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angle of incidence as well as transmission over the range
0:005! 1:42 eV (40! 11 400 cm!1) from 292 to 7 K
were carried out at UCSD. Details of the measurements
and extraction of optical constants is described in
Refs. [8,9].

We begin with an introduction to the semiclassical
Drude-Lorentz model, which provides useful insights
into the data. In this model one writes
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where the first term describes the response of free carriers
via the following parameters: !D is the free-carrier scat-
tering rate and !dc is the dc conductivity; the second term
describes the interband transition with !0 its center fre-
quency, !L its broadening, and A its amplitude. One quan-
tifies the strength of the free-carrier response through the
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p $ pe2

m& ' 2
"

R
"
0

!2
D!dc

!2
D%!2 d!, where e is

the charge of the electron and m& is the effective mass of
the carriers [20]. Therefore spectral weight in the far-
infrared (FIR) is attributed to the free carriers (intraband
response) and is proportional to p divided bym&. Examples
of these shapes are shown on the right side of Fig. 1 via a fit
to the 52A data using Eq. (1), wherein the distinct two-
component character of the electromagnetic response of
annealed samples is uncovered.

On the left side of Fig. 1 we present !1"!; x; 7 K# for
our new samples along with the spectra from our previous
studies [8]. Some absorption is seen in the FIR in all
samples, yet a clear Drude feature is seen only in the
annealed films. In all of the films a resonance is observed
in the midinfrared (MIR) that by itself is consistent with
both the VB and IB pictures of the electronic structure.
Indeed, if EF lied in the GaAs VB, then a MIR resonance
would result from transitions from the light to heavy hole
bands [2]. If, on the other hand, the holes reside in the IB,
the MIR resonance results from transitions between the IB
and VB [5,8,9]. We can discriminate between these sce-
narios by increasing p. In particular, the position of the
MIR peak should either blueshift or redshift depending on
the origin of the transition. A simple diagram of energy
versus momentum (k) in Fig. 2 clarifies the rational for this
assertion. Panels (a) and (b) assume the Mn-induced IB has
dissolved into the VB, where EF now lies. In panel (a), at
low p, an optical transition is realized between the light
and heavy hole bands (LH and HH, respectively). When p
increases, EF moves deeper into the valence bands
[panel (b)], resulting in an optical transition that shifts to
higher energies [2]. If EF lies in a Mn-induced impurity

band (MnGa), an optical transition between the LH, HH,
and MnGa bands will be observed. However, the separation
between the IB and the VB is determined, in part, by the
Coulomb attraction of the holes to the MnGa. Thus as p is
increased [panels (c) and (d)], the Coulomb attraction is
screened and the transition moves to lower ! as the IB
moves closer to the VB [5,18].

To investigate these scenarios, we examined the position
of the MIR resonance in the conductivity data (!0) using
two complimentary methods. First, we looked for the
maximum in !1"!; x# by setting d!1"!;x#

d! $ 0. In addition,
we have fit the data presented in Fig. 1 with the two-
component model of Eq. (1) and obtained !0 from the
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FIG. 1 (color online). The real part of the conductivity for all
samples in this study as well as the results of previous studies
(black and gray lines) [8]. A clear increase in !1"!# is seen as
the result of larger x and/or annealing. Right side: The results of
fitting the 52A data with the two-component model [Eq. (1)].
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ture of Ga1!xMnxAs that have different implications for the
resonant frequency of the MIR interband absorption. (a) EF
lies in the light and heavy hole (LH and HH, respectively) bands
at low x, producing a transition between the two. (b) As p is
increased, EF moves farther into the LH and HH bands, causing
the transition to blueshift. (c) If EF lies in the IB, then at low x a
transition occurs from the VB to the IB. (d) At higher p, EF
moves deeper in the IB, causing the feature to redshift.
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angle of incidence as well as transmission over the range
0:005! 1:42 eV (40! 11 400 cm!1) from 292 to 7 K
were carried out at UCSD. Details of the measurements
and extraction of optical constants is described in
Refs. [8,9].

We begin with an introduction to the semiclassical
Drude-Lorentz model, which provides useful insights
into the data. In this model one writes
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where the first term describes the response of free carriers
via the following parameters: !D is the free-carrier scat-
tering rate and !dc is the dc conductivity; the second term
describes the interband transition with !0 its center fre-
quency, !L its broadening, and A its amplitude. One quan-
tifies the strength of the free-carrier response through the
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the charge of the electron and m& is the effective mass of
the carriers [20]. Therefore spectral weight in the far-
infrared (FIR) is attributed to the free carriers (intraband
response) and is proportional to p divided bym&. Examples
of these shapes are shown on the right side of Fig. 1 via a fit
to the 52A data using Eq. (1), wherein the distinct two-
component character of the electromagnetic response of
annealed samples is uncovered.

On the left side of Fig. 1 we present !1"!; x; 7 K# for
our new samples along with the spectra from our previous
studies [8]. Some absorption is seen in the FIR in all
samples, yet a clear Drude feature is seen only in the
annealed films. In all of the films a resonance is observed
in the midinfrared (MIR) that by itself is consistent with
both the VB and IB pictures of the electronic structure.
Indeed, if EF lied in the GaAs VB, then a MIR resonance
would result from transitions from the light to heavy hole
bands [2]. If, on the other hand, the holes reside in the IB,
the MIR resonance results from transitions between the IB
and VB [5,8,9]. We can discriminate between these sce-
narios by increasing p. In particular, the position of the
MIR peak should either blueshift or redshift depending on
the origin of the transition. A simple diagram of energy
versus momentum (k) in Fig. 2 clarifies the rational for this
assertion. Panels (a) and (b) assume the Mn-induced IB has
dissolved into the VB, where EF now lies. In panel (a), at
low p, an optical transition is realized between the light
and heavy hole bands (LH and HH, respectively). When p
increases, EF moves deeper into the valence bands
[panel (b)], resulting in an optical transition that shifts to
higher energies [2]. If EF lies in a Mn-induced impurity

band (MnGa), an optical transition between the LH, HH,
and MnGa bands will be observed. However, the separation
between the IB and the VB is determined, in part, by the
Coulomb attraction of the holes to the MnGa. Thus as p is
increased [panels (c) and (d)], the Coulomb attraction is
screened and the transition moves to lower ! as the IB
moves closer to the VB [5,18].

To investigate these scenarios, we examined the position
of the MIR resonance in the conductivity data (!0) using
two complimentary methods. First, we looked for the
maximum in !1"!; x# by setting d!1"!;x#

d! $ 0. In addition,
we have fit the data presented in Fig. 1 with the two-
component model of Eq. (1) and obtained !0 from the
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FIG. 1 (color online). The real part of the conductivity for all
samples in this study as well as the results of previous studies
(black and gray lines) [8]. A clear increase in !1"!# is seen as
the result of larger x and/or annealing. Right side: The results of
fitting the 52A data with the two-component model [Eq. (1)].
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FIG. 2 (color online). Two scenarios for the electronic struc-
ture of Ga1!xMnxAs that have different implications for the
resonant frequency of the MIR interband absorption. (a) EF
lies in the light and heavy hole (LH and HH, respectively) bands
at low x, producing a transition between the two. (b) As p is
increased, EF moves farther into the LH and HH bands, causing
the transition to blueshift. (c) If EF lies in the IB, then at low x a
transition occurs from the VB to the IB. (d) At higher p, EF
moves deeper in the IB, causing the feature to redshift.
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angle of incidence as well as transmission over the range
0:005! 1:42 eV (40! 11 400 cm!1) from 292 to 7 K
were carried out at UCSD. Details of the measurements
and extraction of optical constants is described in
Refs. [8,9].
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the carriers [20]. Therefore spectral weight in the far-
infrared (FIR) is attributed to the free carriers (intraband
response) and is proportional to p divided bym&. Examples
of these shapes are shown on the right side of Fig. 1 via a fit
to the 52A data using Eq. (1), wherein the distinct two-
component character of the electromagnetic response of
annealed samples is uncovered.

On the left side of Fig. 1 we present !1"!; x; 7 K# for
our new samples along with the spectra from our previous
studies [8]. Some absorption is seen in the FIR in all
samples, yet a clear Drude feature is seen only in the
annealed films. In all of the films a resonance is observed
in the midinfrared (MIR) that by itself is consistent with
both the VB and IB pictures of the electronic structure.
Indeed, if EF lied in the GaAs VB, then a MIR resonance
would result from transitions from the light to heavy hole
bands [2]. If, on the other hand, the holes reside in the IB,
the MIR resonance results from transitions between the IB
and VB [5,8,9]. We can discriminate between these sce-
narios by increasing p. In particular, the position of the
MIR peak should either blueshift or redshift depending on
the origin of the transition. A simple diagram of energy
versus momentum (k) in Fig. 2 clarifies the rational for this
assertion. Panels (a) and (b) assume the Mn-induced IB has
dissolved into the VB, where EF now lies. In panel (a), at
low p, an optical transition is realized between the light
and heavy hole bands (LH and HH, respectively). When p
increases, EF moves deeper into the valence bands
[panel (b)], resulting in an optical transition that shifts to
higher energies [2]. If EF lies in a Mn-induced impurity

band (MnGa), an optical transition between the LH, HH,
and MnGa bands will be observed. However, the separation
between the IB and the VB is determined, in part, by the
Coulomb attraction of the holes to the MnGa. Thus as p is
increased [panels (c) and (d)], the Coulomb attraction is
screened and the transition moves to lower ! as the IB
moves closer to the VB [5,18].

To investigate these scenarios, we examined the position
of the MIR resonance in the conductivity data (!0) using
two complimentary methods. First, we looked for the
maximum in !1"!; x# by setting d!1"!;x#

d! $ 0. In addition,
we have fit the data presented in Fig. 1 with the two-
component model of Eq. (1) and obtained !0 from the
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FIG. 1 (color online). The real part of the conductivity for all
samples in this study as well as the results of previous studies
(black and gray lines) [8]. A clear increase in !1"!# is seen as
the result of larger x and/or annealing. Right side: The results of
fitting the 52A data with the two-component model [Eq. (1)].
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ture of Ga1!xMnxAs that have different implications for the
resonant frequency of the MIR interband absorption. (a) EF
lies in the light and heavy hole (LH and HH, respectively) bands
at low x, producing a transition between the two. (b) As p is
increased, EF moves farther into the LH and HH bands, causing
the transition to blueshift. (c) If EF lies in the IB, then at low x a
transition occurs from the VB to the IB. (d) At higher p, EF
moves deeper in the IB, causing the feature to redshift.
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angle of incidence as well as transmission over the range
0:005! 1:42 eV (40! 11 400 cm!1) from 292 to 7 K
were carried out at UCSD. Details of the measurements
and extraction of optical constants is described in
Refs. [8,9].

We begin with an introduction to the semiclassical
Drude-Lorentz model, which provides useful insights
into the data. In this model one writes
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where the first term describes the response of free carriers
via the following parameters: !D is the free-carrier scat-
tering rate and !dc is the dc conductivity; the second term
describes the interband transition with !0 its center fre-
quency, !L its broadening, and A its amplitude. One quan-
tifies the strength of the free-carrier response through the
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the charge of the electron and m& is the effective mass of
the carriers [20]. Therefore spectral weight in the far-
infrared (FIR) is attributed to the free carriers (intraband
response) and is proportional to p divided bym&. Examples
of these shapes are shown on the right side of Fig. 1 via a fit
to the 52A data using Eq. (1), wherein the distinct two-
component character of the electromagnetic response of
annealed samples is uncovered.

On the left side of Fig. 1 we present !1"!; x; 7 K# for
our new samples along with the spectra from our previous
studies [8]. Some absorption is seen in the FIR in all
samples, yet a clear Drude feature is seen only in the
annealed films. In all of the films a resonance is observed
in the midinfrared (MIR) that by itself is consistent with
both the VB and IB pictures of the electronic structure.
Indeed, if EF lied in the GaAs VB, then a MIR resonance
would result from transitions from the light to heavy hole
bands [2]. If, on the other hand, the holes reside in the IB,
the MIR resonance results from transitions between the IB
and VB [5,8,9]. We can discriminate between these sce-
narios by increasing p. In particular, the position of the
MIR peak should either blueshift or redshift depending on
the origin of the transition. A simple diagram of energy
versus momentum (k) in Fig. 2 clarifies the rational for this
assertion. Panels (a) and (b) assume the Mn-induced IB has
dissolved into the VB, where EF now lies. In panel (a), at
low p, an optical transition is realized between the light
and heavy hole bands (LH and HH, respectively). When p
increases, EF moves deeper into the valence bands
[panel (b)], resulting in an optical transition that shifts to
higher energies [2]. If EF lies in a Mn-induced impurity

band (MnGa), an optical transition between the LH, HH,
and MnGa bands will be observed. However, the separation
between the IB and the VB is determined, in part, by the
Coulomb attraction of the holes to the MnGa. Thus as p is
increased [panels (c) and (d)], the Coulomb attraction is
screened and the transition moves to lower ! as the IB
moves closer to the VB [5,18].

To investigate these scenarios, we examined the position
of the MIR resonance in the conductivity data (!0) using
two complimentary methods. First, we looked for the
maximum in !1"!; x# by setting d!1"!;x#

d! $ 0. In addition,
we have fit the data presented in Fig. 1 with the two-
component model of Eq. (1) and obtained !0 from the
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FIG. 1 (color online). The real part of the conductivity for all
samples in this study as well as the results of previous studies
(black and gray lines) [8]. A clear increase in !1"!# is seen as
the result of larger x and/or annealing. Right side: The results of
fitting the 52A data with the two-component model [Eq. (1)].
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FIG. 2 (color online). Two scenarios for the electronic struc-
ture of Ga1!xMnxAs that have different implications for the
resonant frequency of the MIR interband absorption. (a) EF
lies in the light and heavy hole (LH and HH, respectively) bands
at low x, producing a transition between the two. (b) As p is
increased, EF moves farther into the LH and HH bands, causing
the transition to blueshift. (c) If EF lies in the IB, then at low x a
transition occurs from the VB to the IB. (d) At higher p, EF
moves deeper in the IB, causing the feature to redshift.
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and postgrowth annealing procedures individually for each
nominal doping in order to minimize the density of com-
pensating defects and other unintentional impurities and to
achieve high uniformity of the epilayers in the growth and
lateral directions, as detailed in the supplementary material
[11]. Nominal dopings of our set of (Ga,Mn)As epilayers
grown on GaAs substrates span a range from paramagnetic
insulating materials with x < 1% to materials with x up to
!14%, corresponding to ! 8% of uncompensated MnGa,
and ferromagnetic transition temperatures reaching 190 K
[11]. Samples with x " 1% have thickness of 100 nm. All
epilayers with x # 1:5% are 20 nm thick. In these materi-
als with large Mn doping, high quality epilayers are ob-
tained only for thicknesses larger than $10 nm and lower
than $50 nm. All samples within the series have repro-
ducible characteristics with the overall trend of increasing
Curie temperature (in the ferromagnetic films), increasing
hole concentration, and increasing magnetic moment den-
sity with increasing x. The samples have a high degree of
uniformity on a macroscopic scale as inferred from their
sharp magnetic and transport singularities at the Curie
point (see supplementary material for more details [11]).

Samples used in transmission measurements have a
polished back side of the wafers to minimize diffusive light
scattering. The unpolarized transmission experiments [11]
on the ðGa;MnÞAs=GaAs samples and on the control
bare GaAs substrate were performed at 300 K in the
range 25–11 000 cm'1 (3–1360 meV) using the Fourier
transform infrared spectroscopy. The range between
120–600 cm'1 (15–75 meV) with strong phonon response
in GaAs substrate is excluded from the data. Control low-
temperature measurements which confirm the doping
trends observed at 300 K are included in the supplementary
material [11]. Measurements of the complex conductivity
in the low-frequency range 8–80 cm'1 (1–10 meV) of the
ðGa;MnÞAs=GaAs wafers (with measurement of the bare
GaAs substrate as a reference) were performed by means
of terahertz time-domain transmission spectroscopy [11].
Magneto-optical experiments [11] at 15 K in the near
infrared to visible range 970–20160 cm'1 (1.2–2.5 eV)
were performed primarily in the reflection geometry be-
cause of the small epilayer thickness of the optimized
materials and increasing growth strain in the ðGa;MnÞAs=
GaAs epilayers reaching 0.5% in the high-doped materials.
Control magneto-optical measurements in transmission
were done on a 230 nm thick (Ga,Mn)As epilayer with
the GaAs substrate removed after growth by wet etching.

First we discuss the observed broad maximum in the
unpolarized infrared absorption near 200 meV. In Fig. 1(a)
we plot experimental data obtained directly from the mea-
sured infrared transmissivities. The real part of the ac
conductivity curves shown in Fig. 1(b) represent the best
fit to the measured transmission in the THz and infrared
ranges [11]. The fit is anchored at low frequencies by the
directly measured THz conductivity. (The scatter in the

measured THz conductivity reflects the precision of these
measurements which is limited primarily by the quality of
sample surfaces [11].) The position of the midinfrared
absorption peak in both representations of the measured
data has a prevailing blueshift tendency with increasing
doping. This is reminiscent of the blueshift of this spectral
feature seen in our (and previously studied [12]) control
GaAs:C materials, shown in Fig. 1(c). We recall that for the
nonmagnetic hydrogenic acceptors it is established that the
peak originates from transitions inside the semiconductor
valence band. Based on microscopic valence band theory
calculations, these transitions have also been predicted to

ac

ac

dc
ac

FIG. 1 (color online). (a) Infrared absorption of a series of
optimized ðGa;MnÞAs=GaAs epilayers with nominal Mn doping
x ¼ 0:1%–14% plotted from the measured optical transmissions
of the samples (T) and of the reference bare GaAs substrate (T0).
Spectra of the 100 nm thick samples with x " 1% were divided
by 5 for consistency with those measured for the 20 nm thick
higher doped samples. (b) Real part of the ac conductivity (lines)
obtained from the measured complex conductivity in the tera-
hertz range (points) and from fitting the complex conductivity in
the infrared range to the measured transmissions. (c) Com-
parison of the infrared absorption in as-grown and annealed
4.5% doped sample. Inset: Comparison to GaAs:C samples
with carbon doping densities 2) 1019 and 2) 1020 cm'3.
(d) Height of the (Ga,Mn)As midinfrared absorption peak as a
function of Mn doping. (e) Position of the peak inferred from the
transmission measurements and from the fitted ac conductivities.
(f) Zero frequency conductivities obtained from dc-transport
measurements and from extrapolated optical ac conductivities
measured in the terahertz range.
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angle of incidence as well as transmission over the range
0:005! 1:42 eV (40! 11 400 cm!1) from 292 to 7 K
were carried out at UCSD. Details of the measurements
and extraction of optical constants is described in
Refs. [8,9].

We begin with an introduction to the semiclassical
Drude-Lorentz model, which provides useful insights
into the data. In this model one writes

 !1"!; x; T# $
!2
D!dc

!2
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where the first term describes the response of free carriers
via the following parameters: !D is the free-carrier scat-
tering rate and !dc is the dc conductivity; the second term
describes the interband transition with !0 its center fre-
quency, !L its broadening, and A its amplitude. One quan-
tifies the strength of the free-carrier response through the
plasma frequency: !2
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the charge of the electron and m& is the effective mass of
the carriers [20]. Therefore spectral weight in the far-
infrared (FIR) is attributed to the free carriers (intraband
response) and is proportional to p divided bym&. Examples
of these shapes are shown on the right side of Fig. 1 via a fit
to the 52A data using Eq. (1), wherein the distinct two-
component character of the electromagnetic response of
annealed samples is uncovered.

On the left side of Fig. 1 we present !1"!; x; 7 K# for
our new samples along with the spectra from our previous
studies [8]. Some absorption is seen in the FIR in all
samples, yet a clear Drude feature is seen only in the
annealed films. In all of the films a resonance is observed
in the midinfrared (MIR) that by itself is consistent with
both the VB and IB pictures of the electronic structure.
Indeed, if EF lied in the GaAs VB, then a MIR resonance
would result from transitions from the light to heavy hole
bands [2]. If, on the other hand, the holes reside in the IB,
the MIR resonance results from transitions between the IB
and VB [5,8,9]. We can discriminate between these sce-
narios by increasing p. In particular, the position of the
MIR peak should either blueshift or redshift depending on
the origin of the transition. A simple diagram of energy
versus momentum (k) in Fig. 2 clarifies the rational for this
assertion. Panels (a) and (b) assume the Mn-induced IB has
dissolved into the VB, where EF now lies. In panel (a), at
low p, an optical transition is realized between the light
and heavy hole bands (LH and HH, respectively). When p
increases, EF moves deeper into the valence bands
[panel (b)], resulting in an optical transition that shifts to
higher energies [2]. If EF lies in a Mn-induced impurity

band (MnGa), an optical transition between the LH, HH,
and MnGa bands will be observed. However, the separation
between the IB and the VB is determined, in part, by the
Coulomb attraction of the holes to the MnGa. Thus as p is
increased [panels (c) and (d)], the Coulomb attraction is
screened and the transition moves to lower ! as the IB
moves closer to the VB [5,18].

To investigate these scenarios, we examined the position
of the MIR resonance in the conductivity data (!0) using
two complimentary methods. First, we looked for the
maximum in !1"!; x# by setting d!1"!;x#

d! $ 0. In addition,
we have fit the data presented in Fig. 1 with the two-
component model of Eq. (1) and obtained !0 from the
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FIG. 1 (color online). The real part of the conductivity for all
samples in this study as well as the results of previous studies
(black and gray lines) [8]. A clear increase in !1"!# is seen as
the result of larger x and/or annealing. Right side: The results of
fitting the 52A data with the two-component model [Eq. (1)].
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FIG. 2 (color online). Two scenarios for the electronic struc-
ture of Ga1!xMnxAs that have different implications for the
resonant frequency of the MIR interband absorption. (a) EF
lies in the light and heavy hole (LH and HH, respectively) bands
at low x, producing a transition between the two. (b) As p is
increased, EF moves farther into the LH and HH bands, causing
the transition to blueshift. (c) If EF lies in the IB, then at low x a
transition occurs from the VB to the IB. (d) At higher p, EF
moves deeper in the IB, causing the feature to redshift.
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angle of incidence as well as transmission over the range
0:005! 1:42 eV (40! 11 400 cm!1) from 292 to 7 K
were carried out at UCSD. Details of the measurements
and extraction of optical constants is described in
Refs. [8,9].

We begin with an introduction to the semiclassical
Drude-Lorentz model, which provides useful insights
into the data. In this model one writes
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where the first term describes the response of free carriers
via the following parameters: !D is the free-carrier scat-
tering rate and !dc is the dc conductivity; the second term
describes the interband transition with !0 its center fre-
quency, !L its broadening, and A its amplitude. One quan-
tifies the strength of the free-carrier response through the
plasma frequency: !2
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the charge of the electron and m& is the effective mass of
the carriers [20]. Therefore spectral weight in the far-
infrared (FIR) is attributed to the free carriers (intraband
response) and is proportional to p divided bym&. Examples
of these shapes are shown on the right side of Fig. 1 via a fit
to the 52A data using Eq. (1), wherein the distinct two-
component character of the electromagnetic response of
annealed samples is uncovered.

On the left side of Fig. 1 we present !1"!; x; 7 K# for
our new samples along with the spectra from our previous
studies [8]. Some absorption is seen in the FIR in all
samples, yet a clear Drude feature is seen only in the
annealed films. In all of the films a resonance is observed
in the midinfrared (MIR) that by itself is consistent with
both the VB and IB pictures of the electronic structure.
Indeed, if EF lied in the GaAs VB, then a MIR resonance
would result from transitions from the light to heavy hole
bands [2]. If, on the other hand, the holes reside in the IB,
the MIR resonance results from transitions between the IB
and VB [5,8,9]. We can discriminate between these sce-
narios by increasing p. In particular, the position of the
MIR peak should either blueshift or redshift depending on
the origin of the transition. A simple diagram of energy
versus momentum (k) in Fig. 2 clarifies the rational for this
assertion. Panels (a) and (b) assume the Mn-induced IB has
dissolved into the VB, where EF now lies. In panel (a), at
low p, an optical transition is realized between the light
and heavy hole bands (LH and HH, respectively). When p
increases, EF moves deeper into the valence bands
[panel (b)], resulting in an optical transition that shifts to
higher energies [2]. If EF lies in a Mn-induced impurity

band (MnGa), an optical transition between the LH, HH,
and MnGa bands will be observed. However, the separation
between the IB and the VB is determined, in part, by the
Coulomb attraction of the holes to the MnGa. Thus as p is
increased [panels (c) and (d)], the Coulomb attraction is
screened and the transition moves to lower ! as the IB
moves closer to the VB [5,18].

To investigate these scenarios, we examined the position
of the MIR resonance in the conductivity data (!0) using
two complimentary methods. First, we looked for the
maximum in !1"!; x# by setting d!1"!;x#

d! $ 0. In addition,
we have fit the data presented in Fig. 1 with the two-
component model of Eq. (1) and obtained !0 from the

TABLE I. TC for the four Ga1!xMnxAs samples in this study.
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FIG. 1 (color online). The real part of the conductivity for all
samples in this study as well as the results of previous studies
(black and gray lines) [8]. A clear increase in !1"!# is seen as
the result of larger x and/or annealing. Right side: The results of
fitting the 52A data with the two-component model [Eq. (1)].
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FIG. 2 (color online). Two scenarios for the electronic struc-
ture of Ga1!xMnxAs that have different implications for the
resonant frequency of the MIR interband absorption. (a) EF
lies in the light and heavy hole (LH and HH, respectively) bands
at low x, producing a transition between the two. (b) As p is
increased, EF moves farther into the LH and HH bands, causing
the transition to blueshift. (c) If EF lies in the IB, then at low x a
transition occurs from the VB to the IB. (d) At higher p, EF
moves deeper in the IB, causing the feature to redshift.
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FIG. 2 (color online). Two scenarios for the electronic struc-
ture of Ga1!xMnxAs that have different implications for the
resonant frequency of the MIR interband absorption. (a) EF
lies in the light and heavy hole (LH and HH, respectively) bands
at low x, producing a transition between the two. (b) As p is
increased, EF moves farther into the LH and HH bands, causing
the transition to blueshift. (c) If EF lies in the IB, then at low x a
transition occurs from the VB to the IB. (d) At higher p, EF
moves deeper in the IB, causing the feature to redshift.
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(Ga,Mn)As favorable model material for spintronics

Strong intrinsic disorder (alloy rather than doped SC) ➞ only qualitative/semiquantitave theory

Gao et al. PRB’15
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Spintronic device without current through magnet

‪Spintronics
‬From Wikipedia, the free encyclopedia
Spintronics - a pormanteau meaning spin transport electronics ....

(Ga,Mn)As: Spintronics without spin transport

Ciccarelli et al.  APL ‘12 


