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Ferromagnetic resonance(FMR) is used to study magnetic anisotropy of GaMnAs in a series of
Ga1−xMnxAs/Ga1−yAl yAs heterostructures modulation-doped by Be. The FMR experiments provide a direct
measure of cubic and uniaxial magnetic anisotropy fields and their dependence on the doping level. It is found
that the increase in doping—in addition to raising the Curie temperature of the Ga1−xMnxAs layers—also leads
to a very significant increase of their uniaxial anisotropy field. The FMR measurements further show that the
effectiveg-factor of Ga1−xMnxAs is also strongly affected by the doping. This in turn provides a direct measure
of the contribution from the free hole magnetization to the magnetization of the Ga1−xMnxAs system as a
whole.
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I. INTRODUCTION

Extensive studies of thin III-Mn-V films carried out dur-
ing the past decade have confirmed the general model of
hole-mediated ferromagnetism in these materials.1–6 Al-
though the details of the exchange interaction between the
spins of Mn and of the valence-band holes—e.g., the sign of
the exchange parameterN0b—have not yet been unambigu-
ously established, it is generally accepted that in the
III 1−xMnxV systems the local Mn ions and the holes form one
“global” complex bound together by strong magnetic ex-
change coupling. To understand magnetic phenomena in
III 1−xMnxV materials—such as the interlayer exchange
coupling,7 formation of magnetic domains,8 domain wall
effects,9 reorientation of the easy axis of magnetization,10

etc.—it is therefore essential to investigate the properties of
holes in these systems. For example, magnetic
anisotropy11,12—which is expected to play a key role in fu-
ture spin-based devices based on III1−xMnxV alloys—is di-
rectly related to the anisotropy of the valence band charac-
teristic of zinc blende III-V crystals.10,13–15Although many
aspects of this relationship are now well understood, the cor-
relation between magnetic anisotropy and hole concentration
still holds many questions that are yet to be resolved.

It has recently been found that doping the Ga1−yAl yAs
barriers in Ga1−xMnxAs/Ga1−yAl yAs heterostructures by Be
acceptors leads to a significant increase of the Curie tempera-
ture TC of the Ga1−xMnxAs layer.16 These modulation-doped
structures also provide a uniquely valuable tool for investi-
gating hole-dependent physical properties, because one can
vary the hole concentrationnh in these systems without dis-
turbing the Mn concentration of the magnetic layer. This
feature is extremely important, because in “normal”
III 1−xMnxV layers there exists a strong correlation between
the Fermi energy and Mn incorporation during the growth, so
that changes innh automatically lead to changes inx, making

it difficult to separate the effect of the holes from those of
Mn.17

It was also shown that ferromagnetic resonance(FMR)
can be used for directly determining the magnetic anisotropy
parameters of thin FM films.15,18,19 In FMR the total mag-
netic moment of the Mn-ion/hole complex precessesas a
wholearound the direction of the total static magnetic fields
present in the system(i.e., the applied magnetic field plus the
magnetic anisotropy field) at the Larmor frequencyv. In this
work we use FMR to show that magnetic anisotropy in ul-
trathin modulation-doped GaMnAs films changes rapidly
with the doping level for the same concentration of Mn.
More importantly, FMR provides a unique way for determin-
ing the effectiveg-factor of the precessing Mn-ion/hole com-
plex, and our results show that this “global”g-factor is
strongly affected by the hole concentration. This last finding
directly reflects the contribution of the free hole magnetiza-
tion to the FMR dynamics of the GaMnAs system, and un-
ambiguously confirms that the exchange interaction between
the magnetic moments(not spins)20 of Mn ions and of the
holes is antiferromagnetic.

II. SAMPLE FABRICATION AND EXPERIMENTAL
PROCEDURE

Ferromagnetic Ga1−xMnxAs/Ga1−yAl yAs heterostructures
were grown on semi-insulating(001) GaAs substrates by
molecular beam epitaxy(MBE), as described in detail in Ref.
16. Three heterostructures were used in the present study, all
three consisting of a 5.6 nm Ga1−xMnxAs layersx=0.06d fol-
lowed by a 13.5 nm Ga0.76Al0.24As barrier doped with Be
starting at the distance of 1 monolayer away from the
Ga1−xMnxAs layer. In preparing specimens with different
doping levels the Be flux was kept constant during the
growth, but the thickness of the doped regiondBe was varied,
dBe=0 (undoped control sample No. 1), 5.3 nm(sample No.
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2) and 13.2 nm(sample No. 3). A Quantum Design SQUID
magnetometer was used for the magnetization measurement
as a function of field and temperature. All three specimens
showed similar values of remanent in-plane magnetization at
low temperature(around 30 emu/cm3 at T=5 K).

The FMR measurements were carried out at 9.38 GHz
using a Bruker electron paramagnetic resonance(EPR) spec-
trometer. The experimental setup and the polar coordinate
system used in the subsequent discussion were described in
detail in Ref. 15. Each heterostructure was cleaved into three
2 mm32 mm square pieces with edges along the[110] and

f11̄0g directions, and the square pieces were mounted in the

EPR bridge with either thef11̄0g, the [110], or the [010]
directions pointing vertically. With the dc magnetic fieldH
in the horizontal plane, this allowed us to map out the FMR
for H at any angleuH betweenH i f001g (normal to the layer
plane) and either of the three in-plane orientations,H i f110g,
f11̄0g, and[100], following the same procedure as in Ref. 15.

III. EXPERIMENTAL RESULTS

Because the GaMnAs layers under consideration are ex-
tremely thin s,6 nmd, direct magnetization measurements
by SQUID were found to be insufficiently accurate. Instead,
we made use of the fact that the anomalous Hall effect
(AHE) is dominated by the magnetizationM, and can thus
serve as a measure of that parameter. To obtain the value of
M, in our analysis we assumed that AHE is dominated by
side-jump scattering—i.e., thatM ~RHall /Rsheet

2 , whereRHall
is the Hall resistance andRsheetis the sheet resistance when
H is applied perpendicular to the layer.17 Typical magneto-
transport dataRHall /Rsheet

2 are shown in Fig. 1 for several
temperatures. Note that atT=4.22 K the magnetization satu-
rates at higher fields in modulation-doped samples(above
6.5 kOe; right-hand panel) than in undoped material(about
5.0 kOe; left-hand panel), thus indicating that the anisotropy
field has been modified by the doping.

The inset in Fig. 2 shows FMR spectra at 4.0 K for a
modulation-doped GaMnAs/GaAlAs:Be film(sample No.

3) in four basic configurations:H i f001g, H i f110g, H i f11̄0g,
and H i f100g. Strikingly, sharp FMR peaks are observed in
all configurations(and persist up toTC), indicating strong
long-range FM coherence of the Mn++ spins. We find this
remarkable, since the 5.6 nm thick Ga0.94Mn0.06As film is

approximately equivalent to only one monolayer of Mn ions
randomly distributed over the specimen. As shown in Fig. 2,
for intermediate orientations ofH betweenH i f100g and
H i f001g the FMR peakHR shifts from 1 kOe to 10 kOe. By
their strong dependence on crystal geometry, the FMR spec-
tra in Fig. 2 thus establish that magnetic anisotropy plays a
major role in determining the fields at which the resonances
occur.21 We note parenthetically that a weak EPR peak is
also observed around 3.3 kOe for all field orientations. This
probably originates from a small fraction of isolated para-
magnetic Mn++ ions withg=2.00 either in the magnetic layer
itself, or from Mn++ ions which have diffused into the
AlGaAs barrier or the GaAs buffer.

The observation of sharp FMR spectra in these very thin
specimens suggests that the magnetization is nearly homog-
enous throughout each GaMnAs layer, and can thus be
treated as a single magnetic moment precessing coherently
around a dc magnetic field. One can therefore use the well-
known Landau-Lifshitz-Gilbert(LLG) equation18,22 to de-
scribe the FMR in these specimens. Following standard pro-
cedure, the magnetic anisotropy parameters of the magnetic
films can then be obtained by analyzing the angular depen-
dence ofHR using the following equations and the coordinate
system defined in Ref. 15. ForwH=45° [H and M in the

s11̄0d plane], the LLG equations give

sv/gd2 = fHRcossuH − ud + s− 4pM + H2' + H4'/2

− H4i/4dcos 2u + sH4'/2 + H4i/4dcos 4ug

3 fHR cossuH − ud + s− 4pM + H2' + H4i/2dcos2 u

+ sH4' + H4i/2dcos4 u − H4ig; s1ad

and forwH=0° [H andM in the plane(010)],

FIG. 1. Magnetization curves deduced from AHE at various
temperatures for samples Nos. 1 and 3. Magnetic fieldH is applied
along the hard axis of magnetization,H i f001g.

FIG. 2. FMR spectra observed atT=4 K for sample No. 3 at
various orientationsuH (from 0° to 90° in 10° increments) for H
between[100] and [001] directions in the(010) plane. The dotted
line is a guide for the eye, indicating the shifting FMR position. The
inset shows FMR spectra for the perpendicularsH i f001gd and three

parallel(H i f110g, H i f11̄0g, andH i f100g) configurations observed
at 4.0 K. The weak peaks observed at theg=2.00 resonance posi-
tion (indicated by the vertical dashed line) are ascribed to EPR of
isolated paramagnetic Mn++ ions.
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sv/gd2 = fHR cossuH − ud + s− 4pM + H2' + H4'/2

− H4i/2dcos 2u + sH4'/2 + H4i/2dcos 4ug

3 fHR cossuH − ud + s− 4pM + H2' − 2H4idcos2 u

+ sH4' + H4idcos4 u + H4ig. s1bd

Here H2' and H4' represent, respectively, the uniaxial
and the cubic anisotropy fields perpendicular to the film; the
anisotropy in the film plane is given by the cubic fieldH4i; v
is the angular microwave frequency; andg=gmB"−1 is the
gyromagnetic ratio,g being the spectroscopic splitting factor,
and" the Planck constant. To simplify the analysis, we have
ignored the small in-plane uniaxial anisotropy fieldH2i asso-

ciated with the difference between thef11̄0g and [110]
axes.23

To determine the parameters appearing in Eq.(1), we first
analyze the highly precise values of FMR fieldsHR for the
three high-symmetry directions(H parallel to [100], [110],
and [001]), following the procedure described in Ref. 15.24

An independent determination of theg-factor and the three
anisotropy fieldsH2', H4i, andH4' could not be achieved by
the analysis of these values ofHR alone without additional
information, since there are four variables but only three
equations(those corresponding toH parallel to[100], [110],

and [001]). To reduce the number of variables(i.e., fitting
parameters), we have first imposed the value ofg=2.00 of
the individual Mn++ ions, as used in Ref. 15. With this con-
straint, the data for sample No. 3 at 4 K yield unique solu-
tions ofH2'=−4319 Oe,H4i=739 Oe, andH4'=−1933 Oe.
Using these values in Eq.(1), we then obtain the angular
variation of HR shown by the dashed line in Fig. 3. The
dashed curves clearly depart from the data, indicating that
the assumption ofg=2.00, while close, is not valid. On the
other hand, we note that—due to the large in-plane compres-
sion of the GaMnAs film—the effect of the cubicH4' term
is expected to be completely overshadowed byH2', and may
be neglected. In our second approach we have therefore as-
sumed thatH4'=0, treatingg, H4i and H2' as fitting vari-
ables. With this approach, the data for sample No. 3 yield
g=1.80,H4i=720 Oe, andH2'=−5887 Oe. Using these val-
ues (and H4'=0) in Eq. (1), an excellent fit to the angular
variation of HR is obtained, as shown by the solid curve in
Fig. 3.

It should be mentioned that one can obtain the effective
anisotropy parameters and theg-factor in a self-consistent
way by applying a recursive iterative fitting procedure to the
angular-dependent FMR results, if one can determineH4i

with sufficient accuracy.18 We have therefore used the above
results(based on assumingH4'=0) as starting parameters to
carry out a weighted nonlinear least squares fit to FMR po-

sitions for all values ofuH in both thes11̄0d and the(010)
plane, allowing all four parameters(g, H4i, H2', andH4') to
vary. It is important to note that the difference between the

two planes[s11̄0d and (010)] enables us to determineH4i

very accurately, thus fulfilling the requirement just men-
tioned. The results obtained for all three specimens are listed
in Table I. For example, the final iterative results for sample
No. 3 are g=1.80±0.02, H2'=−5764±90 Oe, H4i

=735±20 Oe, andH4'=8±110 Oe. Note that the relation
between the three anisotropy fieldsuH4'u! uH4iu! uH2'u, il-
lustrated here(but holding for all samples) confirms our as-
sumption thatH4' can be neglected as a first approximation.
(Indeed,H4' turns out to be much smaller than the fitting
error.) Comparing these rigorous results with the parameters
obtained fromHR observed for the three high-symmetry ori-

FIG. 3. Angular dependence of FMR positions for sample No. 3

for H in the s11̄0d plane(right-hand panel), and forH in the (010)
plane(left-hand panel).

TABLE I. Key parameters for the Ga1−xMnxAs/Ga1−yAl yAs heterostructures modulation-doped by Be.
The anisotropy parameters andg-factors at 4 K are obtained by fitting the angular dependence of the FMR
fields using Eq.(1). The values inside parentheses are obtained using the procedure in Ref. 15, i.e., using
FMR fields for high-symmetry orientations and imposing the assumption thatH4'=0.

Sample No. 1 2 3

Structure GaMnAs/GaAlAs GaMnAs/GaAlAs:Be

dBe (nm) 0 5.3 13.2

TC (K) 72 85 95

nh-MF scm−3d 1.2431020 1.4831020 1.6431020

ns-Hall scm−2d 1.3231014 1.7431014 2.9431014

H2' (Oe) −3446±123s−3416d −5644±88s−5635d −5764±90s5887d
H4i (Oe) 1271±32(1260) 738±20(727) 735±20(720)

H4' (Oe) 64±135(0) 55±94 (0) 8±110 (0)

geff 1.92±0.04(1.92) 1.87±0.03(1.87) 1.80±0.02(1.80)
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entations(H parallel to [100], [110], and [001]) under the
assumption thatH4'=0 for all three specimens shows that
the two approaches lead to very similar values, as listed in
Table I. In our analysis of the data observed as a function of
temperature we will therefore use the simpler approach. Fi-
nally, we note that some anisotropy of theg-factor is ex-
pected in 2D quantum structures.25,26However, a fit obtained
by replacingg with g=sgi

2 sin2 u+g'
2 cos2 ud1/2 cannot be

distinguished from the fit with an isotropicg-factor. We have
therefore accepted an isotropicg-factor as an adequate ap-
proximation.

The g-factors and related magnetic properties forT=4 K
are listed in Table I for all three specimens under investiga-
tion. Although the sheet carrier densitiesns-Hall obtained
from Hall measurements are not rigorously valid due to the
AHE contribution, they nevertheless provide a useful indica-
tion of the relative level of the doping.27 The values of the
hole concentrations obtained fromTC using the mean field
model,16 nh-MF, are also listed in Table I for comparison.

As listed in Table I and shown in Fig. 4, it is clear that the
contribution of the holes to theg-factor is enhanced as hole
concentration increases(i.e., the fits depart further from the
g=2.00 curves as the doping level increases). One should
note here that modulation-doped samples used in this study
provide an ideal tool for tracking the effect of holes on mag-
netic parameters of III-Mn-V alloys. This arises from the fact
that the concentration of Mn(both substitutional and inter-
stitial) is the same in all samples, because the deposition of
the modulation-doped GaAlAs:Be layerafter the GaMnAs
layer has been grown does not affect the composition of the
GaMnAs layer that is already in place.16,17 The observed
changes listed in Table I for all three samples—decrease of
theg-factor with doping, enhancement of the uniaxial aniso-
tropy field H2', and reduction ofH4i—can thus only be as-
cribed to changes in the hole concentration.

IV. DISCUSSION

It is well known that in Ga1−xMnxAs grown by MBE dif-
ferent types of Mn-centers can be present. First, there are Mn

interstitials MnI,
28,29which in our specimens are estimated to

constitute about 11% of the total Mn concentration.17 The
g-factor of MnI is unknown. However, it has been shown that
MnI are attracted by Mn on the Ga sitessMnGad, tending to
form antiferromagnetic MnIuMnGa pairs that are magneti-
cally inactive.30 And even without such pairing, it has been
shown that thed-shells of MnI do not hybridize with the
p-electrons of the valence band, and thus do not participate
in the collective magnetization of the system.30 Second, there
exists the possibility of Mn antisites, MnAs. The g-factor of
MnAs is also unknown. However, at As rich growth condi-
tions it is very unlikely that a significant concentration of
MnAs is being created. Third, there are random Mn clusters,
which account for less than 10% of the total Mn concentra-
tion in our specimens.17 Most of these clusters are likely to
occur in the form of MnAs precipitates, with ag-factor of
Mn expected to be 2.0.31 Finally, there are Mn++ ions substi-
tutional at the Ga site, MnGa. This latter case is more com-
plicated, since MnGa can occur either as ionized(or compen-
sated) acceptorssA−d, with g=2.0; or as neutral acceptors
sA0d, with g=2.77.32,33 Here one should note that the A0

centers have only been observed in highly insulating bulk
GaAs:Mn crystals with extremely dilute Mn concentration
(below 1019 cm−3), but never in III1−xMnxV systems with Mn
concentrations sufficient to exhibit ferromagnetism.34,35

Since our Ga1−xMnxAs specimens are highly metallic and
have Mn concentrations of about 1.331021 cm−3 sx<0.06d,
we must assume that MnGa occurs in the form of A− acceptor
centers, characterized byg=2.0.

For completeness, we note that in thin ferromagnetic films
such as Ni-Fe films36 one can observeg-factors that are
thickness(or surface) dependent. These effects occur due to
the lowering of crystal symmetry at interfaces in cases where
the g-factor contains a significant orbital component. How-
ever, since the 5d-electrons of Mn++ constitute an exactly
half-filled d-shell with a total orbital magnetic momentL2

=0,37 it is not expected that the surface or interface should
affect theg-factor of Mn++ in zinc blende heterostructures.38

Additionally, even if some interface effects were present, one
must note thatall our specimens have the same structural
design, i.e., the same surfaces and interfaces, so that the ef-
fect on theg-factor from that source(if any) would not vary
from sample to sample.

As a result of all arguments stated above, the effect of the
hole concentration on theg-factors seen in Figs. 3 and 4 can
be understood as follows. The total magnetization of
GaMnAs has two components: a contribution from the Mn++

ions (more precisely, from the MnGa
++ ions that are not mag-

netically compensated by pairing with MnI) arising from
their pure-spin magnetic momentsmMn=−gMnSMnmB=5.0mB
(corresponding togMn=2.00 andSMn=−5/2); and the contri-
bution of free hole magnetic momentsmh, which include
both spin and orbital components. We must thus consider the
presence of two magnetically coupled sublattice magnetiza-
tions,MMn=nMnmMn andMh=nhmh, wherenMn andnh are the
effective concentrations of MnGa

++ and of the holes. To account
for the coherent precession of such a coupled system, the
g-factor present implicitly in Eq.(1) through the relationg
=gmB"−1 must be understood as an effectiveg-factor, geff,
defined by39,40

FIG. 4. Angular dependence of FMR positions at 4.0 K forH in

the s11̄0d plane for the three samples used in this study. Dashed
curves show theoretical fits obtained forg=2.00,H4'Þ0. The solid
curves are fits obtained forH4'=0 and (top to bottom) g=1.80,
1.87, and 1.92.

LIU et al. PHYSICAL REVIEW B 71, 035307(2005)

035307-4



nMnmMn + nhmh

geff
=

nMnmMn

gMn
+

nhmh

gh
, s2d

where gMn and gh are theg-factors corresponding to the
Mn++ and hole sublattices.

We will first consider the result obtained for the undoped
sample No. 1, for which we have obtainedgeff=1.92. Mea-
surements on a “sister” sample(grown under identical con-
ditions) have yieldednMn=s1.01±0.10d31021 cm−3 and nh

=s1.24±0.15d31020 cm−3. With gMn=2.00, mMn=5.00mB,
andgeff=1.92 we then have all the parameters in Eq.(2) for
the undoped sample exceptgh andmh. To simplify the analy-
sis, we treat the holes as pseudoelectrons, with an effective
spin of Sh= ±1/2 and apositive charge, so thatmh=ghShmB.
The sign of Sh depends on the sign of thep-d exchange
integralN0b. Despite its fundamental importance, the reader
should note that various authors have reported widely differ-
ent results forN0b for the GaMnAs system, that vary in
value and/or sign over the range from +2.5 eV(ferromag-
netic exchange)41–43 to −1.2 eV (antiferromagnetic
exchange).13,44,45 We will thus solve Eq.(2) for both Sh
= +1/2 andSh=−1/2. If we takeSh= +1/2, we obtain gh
=−1.34, and thusmh=−0.67mB. For Sh=−1/2 we obtain
gh= +5.18, which givesmh=−2.6 mB. It is essential to note
that—while the magnitudes ofmh for the two cases differ—
both solutions indicate an antiferromagnetic alignment of the
Mn++ and hole magnetic moments, pointing to the fact that
the magnetization of the hole “sublattice” acts to reduce the
overall magnetization of the Mn/hole collective system.

Having established the two possible values ofgh as dis-
cussed above, we can now solve Eq.(2) for the modulation
doped cases.46 Here the unknown parameter isnh. As an
illustration we consider the most highly doped sample No. 3,
which yieldedgeff=1.80, again for the two possible signs of
Sh. For Sh= +1/2 (i.e., gh=−1.34) and geff=1.80, Eq. (2)
givesnh=3.2231020 cm−3; and forSh=−1/2 (i.e., gh=5.18)
we obtainnh=2.9931020 cm−3, with an error of about ±2%.
The similarity of the two values ofnh is most likely coinci-
dental, but it is encouraging that both values have a reason-
able order of magnitude.

Three interesting features emerge from the above analy-
sis. First, regardless of the sign ofSh (i.e., the sign ofN0b),
the observation ofgeff,2.00 results in a negative magnetic
moment mh of the holes (although without thea priori
knowledge of the sign ofSh we cannot use our result to
distinguish betweenmh=−0.67mB andmh=−2.6mB). As a re-
sult, the magnetic moments(not spins)20 of the Mn-ions and
of the holes areantiferromagneticallycoupled together, and
the Mn-ion/hole complex can then be viewed as aferrimag-
netic system. Second, even with the uncertainly in the value
of mh we can use the results fornh and mh to estimate the
ratio of the hole and the Mn++ contributions to the total mag-
netization M. For example, for the highly doped case of
sample No. 3sgeff=1.80d Mh<−0.04MMn for Sh= +1/2 and
Mh<−0.15MMn for Sh=−1/2. And finally, in the
modulation-doped case just analyzed the value of the hole
concentrationnh=3.031020 cm−3 is larger than the expected
hole concentration estimated for that layer from its Curie
temperature. It is possible that this discrepancy is caused by

our use of the value ofgh obtained for the undoped sample
No. 1 in the analysis of the results obtained for the doped
sample No. 3. Alternatively, this suggests the interesting pos-
sibility that some magnetic moment of the holesin the
GaAlAs barrier may be coupled with the localized Mn++

spins in the GaMnAs layer by remote exchange coupling,
and are thus expected to precess together with the magneti-
zation of the GaMnAs layer as a single coherent system. We
note in this connection that the Be doping of the barrier itself
is estimated at approximatelynBe=3.031020 cm−3,16 which
is in line with the above possibility. These results emphasize
the need for an independent determination of the value ofgh
for highly doped GaAs-based systems.

The fact that the holes of the Ga1−xMnxAs system contrib-
ute a finite magnetization has been predicted by many theo-
retical investigations.13,14,47For example, by considering the
diamagnetic contribution from Landau currents associated
with the spin-orbit interaction, Dietlet al. suggested that the
magnetization of the free holes is opposite to the magnetiza-
tion of the Mn++ sublattice in GaMnAs.13 However, experi-
mentally it is hard to separate out the hole contribution to the
magnetizationM using dc magnetization measurements, pri-
marily due to the uncertainty of the effective Mn concentra-
tion (given the fact that Mn makes a much larger contribu-
tion to M). However, the magnetization measurements
definitely show that there is a magnetization deficit in
GaMnAs system.48 While there are several reasons which
can cause this effect(removal of Mn from MnGa to MnI sites;
MnGa-MnI pairing; and formation of Mn-based precipitates),
the present results indicate that such deficit can also in part
be attributed to the negative contribution of the holes to
the total value ofM. We should note therefore that in
modulation-doped heterostructures we obtain significantly
larger free hole concentrations compared to “normal”
GaMnAs, making these systems especially well suited for
studying the effect of holes on the overall magnetization of
this alloy.

Measurements of FMR up to the Curie temperatureTC
enable us to determine the temperature dependences of both
the magnetic anisotropy fields and of theg-factor in modu-
lation doped samples. These quantities, obtained using the
four basic FMR geometries shown in the inset in Fig. 2 and
assumingH4'=0, are plotted in Fig. 5 for samples No. 1
(undoped; open symbols) and No. 3 (modulation doped;
solid symbols). Results for sample No. 2(not shown) lie in
between the two sets of data seen in the figure. As shown in
Fig. 5(a), FMR occurs above theg=2.00 resonance position
(horizontal dashed-dotted line) when H is perpendicular to
the film, and below that position for in-planeH orientations.
Shifts from the dashed-dotted line gradually decrease—and
eventually vanish—as one approachesTC. But clearly the
modulation-doped sample has a much stronger shift(to our
knowledge the strongest shift observed in any GaMnAs
sample studied by FMR) than the undoped sample whenH is
normal to the film, indicating a large increase of magnetic
anisotropy due to the doping.

Figure 5(b) illustrates several basic features of magnetic
anisotropy and its dependence on temperature and on the free
hole concentration. First, we note that the cubic anisotropy
fields decrease very rapidly with increasingT, while H2'
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drops off much more slowly. And second, modulation doping
unambiguously increases the perpendicular uniaxial aniso-
tropy field H2', while reducing the in-plane cubic fieldH4i.
These observations are consistent with theoretical calcula-
tions predicting changes of magnetic anisotropy with hole
concentration, although at this point the agreement is only
qualitative. Finally, changes of theg-factor seen in the inset
show a clear decreasing trend in doped samples below
,50 K (in the inset we have restricted ourselves to data

obtained below ca. 50 K, since the error in determining
g-values above that temperature is too large for a meaningful
interpretation). While theseg-factor values are only approxi-
mate, the clear low-temperature decrease of theg-factor seen
in the doped sample may reflect the fact that the hole spins
from the GaAlAs barrier increasingly couple with the mag-
netization in the GaMnAs layer as the temperature decreases,
thus increasing the effect of Landau diamagnetism on the
overall magnetization.

V. CONCLUDING REMARKS

In conclusion, the results reported in this paper clearly
point to the role which the valence-band holes play in deter-
mining both the magnetic anisotropy and the magnetization
of Ga1−xMnxAs. Analysis of the angular dependence of FMR
presented above shows unambiguously that the value of the
effectiveg-factor of the Mn-ion/hole complex is lower than
2.00. This finding confirms that magnetization of the hole
subsystem plays an essential role in the precession dynamics
of the Ga1−xMnxAs magnetization as a whole. Specifically,
the Mn++ ion and hole sublattices are coupled antiferromag-
netically to form a “global” Mn-ion/holeferrimagneticcom-
plex. In our most highly doped sample the magnitude of the
magnetic contribution of the holesMh was estimated to be of
the order of 10% of the total magnetizationMtotal.

Our results have shown, further, that the coupling of the
Mn++ and of the hole magnetic moments is antiferromag-
netic, no matter what sign of thep-d exchange integralN0b
is taken. Thus the present results cannot be used as they
stand to shed light on this parameter. If, however, one inde-
pendently succeeds in determining the value ofgh, one could
use the results presented here to establish the sign ofN0b.
Since the knowledge of this exchange parameter is of key
importance for our understanding of III1−xMnxV alloys, it is
our hope that results reported in this paper will stimulate
interest in establishing the value of the holeg-factor (along
with its dependence on the Fermi level) in highly doped
GaAs-based alloys.
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