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Ferromagnetic moment and antiferromagnetic coupling in (Ga,Mn)As thin films
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We demonstrate that carefully prepaf&h,MnAs films can show large magnetic moments per atom across
a wide range of Mn concentrations, indicating almost full participation of the Mn in the ferromagnetism.
Applying sum rules to Mri; 3 x-ray magnetic circular dichroisftXMCD) spectra yields a magnetic moment
per Mn of around 4.ag, including a small positive orbital moment. We also present direct evidence for
antiferromagnetic coupling between interstitial and substitutional Mn in unanné@&MnAs. The MnL; 3
x-ray absorption line shapes display no sizeable site or concentration dependence, but in unannealed
(Ga,MnAs the XMCD signal is significantly smaller, and increases linearly under high magnetic fields.
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Combining the electronic and optical properties of semi-(Ga,MnAs reported a remarkably large magnetization deficit
conductors with magnetic phenomena leads to unusual posf up to 85%4151t has since been shown that these studies
sibilities for integrated storage and processing technologiesnostly measured a Mn-rich surface oxide layer rather than
The discovery that the canonical semiconductor GaAs can bgulk (Ga,MnAs ¢ illustrating that it is important to have
made ferromagnetic by doping with a few percent'Mep-  well-prepared samples if one is to obtain quantitative infor-
resented an important breakthrough in this field. Mn incor-mation using XMCD.
porated substitutionally in GaAs is an acceptor as well as a Here we report detailed XMCD measurements on a series
J=5/2 moment, and the ferromagnetism is driven by local yf high-quality(Ga,MnAs thin films. We find a large dichro-
interactions between Mn moments and GaAs valence bandy, ignal in carefully prepared and annealed samples, re-
holes. Clear correlation between the ferromagnetic transmogea"ng large magnetic moments per Mn atom and showing

temperature and the hole concentration has been demofﬁat most of the Mn are coupled ferromagnetically. Before

strated in a number of experimental studiesHowever, a ; ; )
deeper understanding of the magnetic order is essential &} nealing, t_he XMCD IS S'f“.a"ef and yveakly field-dependent,
emonstrating that a significant fraction of the Mn moments

harnessing the full potential of this material. ” call led
The Mn magnetization and its dependence on field and'e antiterromagnetically coupled.

temperature have emerged as key issues in theoretical a dThe (Ga,MnAs films are grown by IOV\/_-temperalt;Jre
experimental studies ofGa,MnAs. Competition between (LT) ~molecular-beam  epitaxy (MBE) using As.
antiferromagnetic and hole-mediated ferromagnetic interaclne  layer — structure is 50 niiGa, MNAs/50 nm
tions of substitutional Mn may lead to magnetic frustration,LT-GaAs/100 nm MBE GaAs/semi-insulating GaA80
and a reduction of the net Mn magnetic momgnfrom its ~ Substrate. The quoted Mn concentrations are obtained from
atomic value of mug per atonf Moreover, at high hole den- the Ga/Mn flux ratio, calibrated by secondary ion mass spec-
sities, the Mn has a tendency to autocompensate by occupyrometry measurements ongm thick samples grown under
ing donor interstitial sites, and the formation of antiferro- the same conditions. The quoted values therefore correspond
magnetically coupled donor-acceptor pairs is prediétéd. to thetotal Mn concentration in the films, before any anneal-
Anisotropy of Mn—Mn interactions may be a further source ing or etching procedure. We expect that the concentration of
of spin disordet? Experimentally, an apparent “magnetiza- substitutional Mn will be smaller than the quoted values,
tion deficit” of more than 50%i.e., u < 2.5ug/Mn) has been since some of the incorporated Mn may occupy interstitial
observed using superconducting quantum interference deviaites, clusters, or surface aggregates. After growth, samples
(SQUID) magnetometr§:*! Understanding and minimizing are annealed in air at 190 °C for around 100 h. This is an
this effect is vital, since incomplete participation in the fer- established method for increasing bdih and the hole den-
romagnetism will limit the Curie temperatufe. However, a  sity. The mechanism appears to be the removal of compen-
guantitative analysis using such bulk-sensitive magnetometrgating donor interstitial Mn, which is weakly bound and can
techniques is obscured by uncertainties in the substitutionaliffuse relatively freely to the surface at these
Mn concentratiort? as well as various extrinsic contributions temperature$!8 T values are obtained both from anoma-
to the signal. lous Hall effect and magnetometry measurements, and are
The element-specific x-ray magnetic dichroism tech-consistent with the trends discussed in detail in Ref. 12.
nigues are a more direct probe of local magnetic moments. In Mn L, 3 XAS and XMCD spectra are recorded using
particular, x-ray magnetic circular dichroistgdMCD) inL, 3  99% +1% circularly polarized x rays from beamline D8 at
absorption is widely used for quantitative determination ofthe European Synchrotron Radiation Facility. Magnetic fields
spin and orbital magnetic moments on a per atom basis, bgf up to 5 T are applied parallel and antiparallel to the pho-
normalizing to the isotropic x-ray absorption spectrumton helicity vector, obtaining spectra for all four alignments
(XAS) and by applying sum rulés.Early XMCD studies of  of the field and helicity vector. To remove the surface Mn-
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Mn L, 3 XAS spectra for the anneale@a,MnAs film

FIG. 1. (@ Mn L, 5 XAS for annealed(full lines) and unan- under paralle_l and antiparallel field alignmeht,and |-, as
nealed(dots unmagnetizedGa,MnAs thin films with nominal Mn ~ Well as the differencél” 1", XMCD) spectrum, are shown
concentration 8.4%(b) Mn L, 3 XAS from the annealed film, for IN Fig. 1(b). The spectra were measured at a temperature of

parallel and antiparallel helicity and magnetization, as well as thé® K and under magnetic fields of +2 T, applied along the
difference spectruniXMCD). growth direction. This corresponds to the hard magnetic axis

of the compressive-straine@a,MnAs film, although the
rich oxidized layer, the samples are briefly etched in concenapplied field is large enough to overcome the anisotropy field
trated HCI and rinsed in de-ionized water, just prior to load-of around 0.7 T. In contrast to the XAS spectra, the XMCD
ing into the UHV superconducting magnet vessel where thapectral shape is qualitatively similar to the earlier
measurements are performed. Data are obtained both in flugeports!4-6 This is mainly because XMCD measures only
rescence and total electron yie[dEY) modes. Both meth- the part of the sample with a net magnetic polarization, and
ods are found to give similar results. This is in spite of theso in contrast to the XAS spectra is not “polluted” by the
different probing depths of the two technigues and is in concontaminated nonmagnetic surface contributions. Most of the
trast to other reports, illustrating the high uniformity of the features of the XMCD spectrum are similar to those calcu-
Mn distribution in the present samples after etching. Onlylated for a purel® ionic state?° and observed for, e.g., dilute
the TEY results are presented here, as these show the highdn adsorbates on F&;2?or Mn impurities in noble metal&’
signal-to-noise ratio. The exception is the small pre-edge peak at around 639.1 eV

Figure Xa) shows the unmagnetized Mi, ;3 XAS of (shown on an expanded scale in the inset of Figwaich is

annealed (Tc=145K) and unannealed (Tc=55K) not evident in Refs. 21-23. This feature is present in previ-
(Ga,MnAs films with nominal 8.4% Mn, after HCI etching. ously reported XMCD spectra froifGa,MnAs,**6and is
A linear background is subtracted, and the data are normatlearly resolved in the present data. This may result from the
ized to a unity edge jump. The spectra are similar to thdarger crystal field interaction itfGa,MnAs than in the me-
calculated spectrum for the hybridized state reported in Retallic systems, since a similar pre-edge feature emerges in
16, with rather indistinct multiplet splitting compared to calculated Mnd® spectra on increasing the crystal field
MnO, but with a large branching ratio compared to metallicparametef®
Mn.*® This is in contrast to earlier x-ray absorption studies of ~While the shape of the XMCD spectrum is similar to pre-
(Ga,MnAs, where a pronounced multiplet structure wasvious reports forlGa,MnAs, its magnitude is much larger,
observed*1® which is probably attributable to surface oxi- indicating a large magnetic moment per Mn atom and a high
dation. We ascribe the suppression of the multiplet structurdegree of participation in the ferromagnetism. The maximum
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lof the asymmetry,(I*—17)/(I"+17), at the Ly peak is absorption edge¥. Note that the large magnetic anisotropy
0.55+0.01, compared to, e.g+0.1 in Ref. 14. The spin and effects observed ir{Ga,MnAs are usually ascribed to the
orbital magnetic moments per atom, and ,, in the ferro-  large spin-orbit interaction of the GaAs valence st&fes;
magnetic phase can in principle be quantified by applying thdaowever, the nonzero Mn orbital moment found here dem-
XMCD sum rulest® There are several complications to this onstrates the existence of spin-orbit effects directly associ-
procedure. First, obtaining the spin moment requires separaged with the Mn, which may also influence the magnetic
integration over each of the spin-orbit split core levels; how-anisotropy.
ever, the »-3d Coulomb interaction leads to mixing of the Large XMCD signals are also observed in other films
j=3/2 andj=1/2 manifolds, so that accurate separation maystudied. In Fig. 2, the XMCD spectrum for the 8.4% sample
not be possible. A further complication is the contributionshown in Fig. 1 is compared to spectra for samples with
from the magnetic dipole term to the spin sum rule, althoughl.1% and 2.2% Mn. For all these measurements the tempera-
this effect should be small for Mn substituted in bulk GaAs.ture is 6 K and the magnetic field is £2 T, applied along the
Finally, in the sum rules botjus and w, are proportional to  surface normal. The spectra are normalized to the same
ny/A, wheren,, is the number of unoccupied Mnd3states  peak intensity of the summed spectra. The magnitude of the
and A is the integrated area of the magnetization-averageMCD spectra is similar for the 2.2% and 8.4% samples,
signal. Determination of the latter requires subtraction of thewith a maximum XMCD asymmetry of~55%. Conse-
background and edge steps, which is a significant source efuently, applying sum rules yields a ferromagnetic moment
error at these low Mn concentrations. per Mn atom of~4.5u5 also for the 2.2% sample. A signifi-
Here, we subtract edge steps from the normalized absorgant difference between the two spectra is only observed at
tion spectrum using a similar procedure to that outlined inthe L; pre-edge feature, expanded in the inset of Fig. 2. The
Ref. 24. We use a value of,=4.9, i.e., assuming ad3elec-  pre-edge feature is negative across the whole energy range
tron count of 5.1. This value has been inferred fromlithg  for the 8.4% sample, while a positive peak around 639.7 eV
edge position and lineshap®l®as well as from photoemis- is observed for the 2.2% sample. Aside from this small dif-
sion measurement8 Applying the orbital moment sum rule ference, all the main features in the XMCD spectra at 8.4%
gives u;=+(0.16+0.02ug/Mn. The small positive value of Mn are also observed at 2.2% Mn.
w, justifies our assumption of d electron count slightly The maximum asymmetry for the 1.1% sample is only
higher than 5, in which case the spin and orbital moments are-0.3. However, thel for this sample is only 10 K, so that
coupled parallel. Fons, we take the cutoff for thés dichro-  at the measurement temperature of 6 K, a significant reduc-
ism to be the point just before the onset of theabsorption tion of the magnetization from its zero-temperature value is
edge, at 650 eV. Then, the value obtained from the sunmexpected. The reduced XMCD signal for this sample may
rule requires a correction factor due to the large mixingthus be attributed to incomplete saturation of the magnetiza-
of j=3/2 andj=1/2 levels for the MnL,; edges. By tion due to thermal disorder. The XMCD line shape of the
comparing calculated spectra with their correspondingl.1% sample shows all the same features as those for higher
ground-state magnetic moments, we derive a correctiolvin concentrations. Also, the isotropic XAS shows the same
factor of 1.47, resulting in a spin magnetic moment“hybridized” shape, with no distinct multiplet structure.
ms=(4.3+0.3 ug/Mn. This is similar to the value obtained Therefore, these measurements do not reveal any substantial
by comparing the measured asymmetry to the calculatedifferences in the electronic structure of the Mn on either
value for full magnetization using the method in Refs. 14 andside of the metal-insulator transition, which occurs for Mn
22. The ratiow/ us is obtained as 0.037+0.002, which is concentrations between 1.1% and 2.2% in the present series
independent ofy, and A, but is affected by the correction of samples.
factor applied to the spin moment. Also shown in Fig. 2 is the normalized XMCD spectrum
The total momenju = st per Mn of around 4.5 for the unannealed 8.4% Mn sample. The XMCD line shape
is larger than the value typically obtained from bulk is similar to those of the other samples. However, the peak
magnetometr§:'* However, it should be recognized that the XMCD asymmetry is only 0.32, i.e., 42% smaller than the
bulk magnetometry measurements are normalized to the totablue obtained for the annealed samples. Before annealing, a
Mn concentration, some of which will occupy interstitial significant fraction of the Mn measured in the raw XAS sig-
sites or will have aggregated on the surface, and will nonal will occupy interstitial sites, which do not couple ferro-
contribute to the ferromagnetic signal. Here, the interstitiaimagnetically. This may at least partially account for the re-
and surface Mn has been removed by annealing and etchinduced XMCD signal. However, allGa,MnAs films studied
and so do not contribute to the measured absorption signahre highlyp-type, and since the interstitial is a double donor
Normalizing the bulk magnetometry signal to the concentraand the substitutional a single acceptor, this puts an upper
tion of magnetically active substitutional Mn, estimated fromlimit on the interstitial concentration of one third of the total
Hall effect measurements of the carrier density, leads to eszsoncentration. In fact, the interstitial concentration is usually
timates of the moment which are in agreement with the valudound to be no more than 10%-20% of the tdfal® There-
obtained heré? Additionally, the polarized valence holes in- fore, other effects are also contributing to the reduced
troduced by the Mn acceptors have at least partially As 4 XMCD signal, possibly including antiferromagnetic cou-
character, leading to an As moment of opposite sign to th@ling between interstitial and substitutional Mrand mag-
Mn moment. MnL, 3 XMCD distinguishes the Mn local mo- netic frustration due to high carrier compensafidh Note
ment from this contribution, although the As moment can inthat no significant differences are observed between the un-
principle also be obtained by measuring the XMCD at the Asnagnetized XAS line shapes obtained from annealed and
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contributions, and significant antiferromagnetic interactions
are present. Instead, we use a modified Brillouin function
o with an effective temperaturé+T,e, WhereT,e represents
— the antiferromagnetic coupling strengffiThis procedure has
> previously been applied to magnetization curves from insu-
= lating (Ga,MnAs samples, where &, of ~2.5 K was
obtainec?® In the present case, By of 22 K describes the
slow approach to saturatiofthick line in Fig. 3. Such a
! i large TAg is unlikely to follow from the rather weak antifer-
0 . . . romagnetic interactions between well-separated substitu-
0 1 2 3 4 5 tional Mn, and indeed, samples in which the ferromagnetic
B (D) coupling due to polarized holes has been suppressed by ex-
osure to hydrogen plasma show a paramagnetic response
.e., Tar~0 K).39 This therefore gives important support to
theoretical predictions of antiferromagnetic coupling of near-
est neighbor interstitial-substitutional pairS.We note that
uch a weak linear increase of magnetization would be ex-
tremely difficult to detect with conventional magnetometry
techniques, due to the large substrate contribution to the sig-
nal.
unannealed samples, as shown in Fig. 1, even though we To symmarize, our measurements demonstrate that the
expect a significantly larger contribution from interstitial Mn ferromagnetic Mn moments iGa,MnAs can be large, even
in the latter case. However, both interstitial and substitutionalpnroaching the atomic value. Magnetic frustration and the
Mn in (Ga,Mn/As have nominal valency 2(f fully ionized)  so-called “magnetization deficit’ need not be significant if
and tetrahedral coqrdmaﬂdn;o that thel, 3 XAS is not  the (Ga,MnAs is carefully prepared. In annealed films with
expected to show sizeable site dependence. both low (~2.2%) and high(~8.4%) Mn concentrations,
We next discuss the magnetic field dependen_ce of th&e observe a net magnetization of around4. er Mn,
XMCD at 6 K for the annealed and unannealed films. Theyihough obtaining this result using XMCD requires removal
measured spin-to-orbital moment ratio is unchanged withinys ~ontaminated surface layers. We also observe a small

the experimental error across the whole field range studied,qsitive orbital contribution to the Mn magnetic moment, not
However, the magnitude of the XMCD, and thus the ”etexpected if the Mn is in a pure® high-spin state, with an

magnetic moment per Mn obtained from the XMCD sum g pjta|-to-spin moment ratio 0f-0.037. Before annealing,

rules, shows a pronounced field dependence, as shown s gpserve a clear signature of antiferromagnetic coupling:
Fig. 3. For both films, the XMCD signal increases rapidly {he pMn moment per atom is significantly reduced compared
initially, as the ferromagnetic magnetization is aligned along, the annealed films, and increases slowly and linearly on
the measurement axis, which is the hard magnetic axis ifhcreasing the magnetic field from 2 to 5 T at temperatures

both cases. Then,ofor the annealed film, the net moment inge| pelow T... Applying a modified Brillouin function yields
creases by only-2% on increasing the field from 210 5 T, a5 antiferromagnetic coupling temperature of 22 K. We as-

while for the unannealed film the moment increases by 16%ipe this antiferromagnetic coupling to the presence of

over the same field range. The net moment in the unanneal§ghestitial-substitutional pairs, which break upon annealing.
film increases approximately ag+a;B, with a;=2.1ug and

a;=0.13up/T. This gradient is significantly smaller than the ~ We wish to thank Julio Cezar, Peter Bencok, Kenneth

J=5/2 Brillouin function at this temperaturéthin line in  Larsson, and Nick Brookes for invaluable assistance with the
Fig. 3, indicating that the magnetic signal cannot be de-measurements. Funding from EPSRC and the Royal Society
scribed simply as a sum of ferromagnetic plus paramagneti@JK) is acknowleged.
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FIG. 3. Field dependence at 6 K of the net magnetic momenﬁ
per Mn obtained from the XMCD sum rules, in annealsduares
and unanneale@ot9 (Ga,MnAs samples with nominal 8.4% Mn.
The slow approach to saturation in the unannealed case is compar
to theJ=5/2 Brillouin function (thin line) and a modified Brillouin
function with an effective temperature of 28 (khick line).
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