PHYSICAL REVIEW B 71, 035307(2005

Ferromagnetic resonance study of the free-hole contribution to magnetization
and magnetic anisotropy in modulation-doped Ga ,Mn,As/Ga,_,Al,As:Be
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Ferromagnetic resonancg-MR) is used to study magnetic anisotropy of GaMnAs in a series of
Ga_,Mn,As/Ga _yAl As 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 theMBgAs layers—also leads
to a very significant increase of their uniaxial anisotropy field. The FMR measurements further show that the
effectiveg-factor of Ga_,Mn,As 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 aAs system as a

whole.
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I. INTRODUCTION it difficult to separate the effect of the holes from those of
Mn.’
Extensive studies of thin [lI-Mn-V films carried out dur- It was also shown that ferromagnetic resonafe®IR)
ing the past decade have confirmed the general model @an be used for directly determining the magnetic anisotropy
hole-mediated ferromagnetism in these matefisAl- parameters of thin FM film&181°n FMR the total mag-

though the details of the exchange interaction between thgetic moment of the Mn-ion/hole complex precessssa
spins of Mn and of the valence-band holes—e.qg., the sign ofvholearound the direction of the total static magnetic fields
the exchange parametdp3—have not yet been unambigu- present in the systefie., the applied magnetic field plus the
ously established, it is generally accepted that in themagnetic anisotropy fiejcat the Larmor frequency. In this
I, _,Mn,V systems the local Mn ions and the holes form onework we use FMR to show that magnetic anisotropy in ul-
“global” complex bound together by strong magnetic ex-trathin modulation-doped GaMnAs films changes rapidly
change coupling. To understand magnetic phenomena with the doping level for the same concentration of Mn.
', Mn,V materials—such as the interlayer exchangeMore importantly, FMR provides a unique way for determin-
coupling/ formation of magnetic domairfsdomain wall  ing the effectiveg-factor of the precessing Mn-ion/hole com-
effects? reorientation of the easy axis of magnetizattn, plex, and our results show that this “globadj*factor is
etc.—it is therefore essential to investigate the properties oftrongly affected by the hole concentration. This last finding
holes in these systems. For example, magneticlirectly reflects the contribution of the free hole magnetiza-
anisotropy!-*2—which is expected to play a key role in fu- tion to the FMR dynamics of the GaMnAs system, and un-
ture spin-based devices based on_Mn,V alloys—is di-  ambiguously confirms that the exchange interaction between
rectly related to the anisotropy of the valence band charaache magnetic moment§iot sping?® of Mn ions and of the
teristic of zinc blende 111-V crystal$®13-15Although many holes is antiferromagnetic.
aspects of this relationship are now well understood, the cor-
relation between magnetic anisotropy and hole concentration || saAMPLE FABRICATION AND EXPERIMENTAL
still holds many questions that are yet to be resolved. PROCEDURE

It has recently been found that doping the,GAl As
barriers in Ga_Mn,As/Ga_,Al,As heterostructures by Be ~ Ferromagnetic Ga,Mn,As/Ga_ Al As heterostructures
acceptors leads to a significant increase of the Curie tempergere grown on semi-insulatingd01) GaAs substrates by
ture T of the Ga_Mn,As layer'® These modulation-doped molecular beam epitaxMBE), as described in detail in Ref.
structures also provide a uniquely valuable tool for investi-16. Three heterostructures were used in the present study, all
gating hole-dependent physical properties, because one céfree consisting of a 5.6 nm GaMin,As layer(x=0.06 fol-
vary the hole concentration, in these systems without dis- lowed by a 13.5 nm GgAlq2As barrier doped with Be
turbing the Mn concentration of the magnetic layer. Thisstarting at the distance of 1 monolayer away from the
feature is extremely important, because in “normal’Ga_Mn,As layer. In preparing specimens with different
l,_,Mn,V layers there exists a strong correlation betweendoping levels the Be flux was kept constant during the
the Fermi energy and Mn incorporation during the growth, sagrowth, but the thickness of the doped regaya was varied,
that changes in,, automatically lead to changesinmaking  dg.=0 (undoped control sample No),15.3 nm(sample No.
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FIG. 1. Magnetization curves deduced from AHE at various Q =200
- . 2 i g=2.
temperatures for samples Nos. 1 and 3. Magnetic field applied @ \ ,
along the hard axis of magnetizatidr/|[001]. e vy . v 0o 5 10
0o 1 2 3 4 5 6 7 8 9 10 M
2) and 13.2 nmsample No. 3 A Quantum Design SQUID dc Magnetic Field H (kOe)

magnetometer was used for the magnetization measurement
as a function of field and temperature. All three specimen

showed similar values of remanen;nln-plime magnetization aL;etween[loo] and[001] directions in the(010) plane. The dotted
low temperaturgaround 30 emu/cmat T=5 K). line is a guide for the eye, indicating the shifting FMR position. The
The FMR measurements were carried out at 9.38 GHg,set shows FMR spectra for the perpendicitai[001]) and three
using a Bruker eIeCtron paramagnetic resonaftl) spec- arallel(H1[110], HII[110], andH [I[100]) configurations observed
trometer. The experimental setup and the polar coordinat t 4.0 K. The weak peaks observed at §%2.00 resonance posi-

System used in the subsequent discussion were de_scribedtign (indicated by the vertical dashed linare ascribed to EPR of
detail in Ref. 15. Each heterostructure was cleaved into threg|ateq paramagnetic N ions.

2 mmX 2 mm square pieces with edges along h&d] and

[110] directions, and the square pieces were mounted in thg, o oximately equivalent to only one monolayer of Mn ions
EPR bridge with either th¢110], the [110], or the [010] randomly distributed over the specimen. As shown in Fig. 2,
directions pointing vertically. With the dc magnetic fighl ~ for intermediate orientations ofl betweenH|/[100] and
in the horizontal plane, this allowed us to map out the FMRH |[[001] the FMR peakHy shifts from 1 kOe to 10 kOe. By
for H at any anglegy, betweerH I[001] (normal to the layer their strong dependence on crystal geometry, the FMR spec-
plane and either of the three in-plane orientatiolls[110],  tra in Fig. 2 thus establish that magnetic anisotropy plays a
[110], and[100], following the same procedure as in Ref. 15. Major role in determining the fields at which the resonances
occur?® We note parenthetically that a weak EPR peak is
also observed around 3.3 kOe for all field orientations. This
IIl. EXPERIMENTAL RESULTS probably originates from a small fraction of isolated para-

) . oo 3 X ;
Because the GaMnAs layers under consideration are e)[pagnenc MA" ions W|t_hg—2.0(_) either in th? magngnc layer
y itself, or from Mn™ ions which have diffused into the

tremely thin (~6 nm), direct magnetization measurements .
. .y AlGaAs barrier or the GaAs buffer.
by SQUID were found to be insufficiently accurate. Instead, The observation of sharp FMR spectra in these very thin

we made use of the fact that the anomalous Hall effect . ts that th tization i v h
(AHE) is dominated by the magnetizatidl, and can thus specimens suggests that the magnetization 1S nearly Nomog-

serve as a measure of that parameter. To obtain the value SPOltJS d throughoult each GtaMnAs Ia¥er, and can tuus bt?
M, in our analysis we assumed that AHE is dominated b)}rea ed asda single tmafgng |comomenthprec],:essmg th;] eren”y
side-jump scattering—i.e., thafl =R/ R2, .o, Where Ry around a dc magnetic field. One can therefore use the well-

is the Hall resistance an@y,..:is the sheet resistance when known Landau-Lifshitz-Gilbert(LLG) equa’ugﬁsvzz to de-
H is applied perpendicular to the lay@rTypical magneto- scribe the FMR in these specimens. Following standard pro-
transport datd?Hau/Riheet are shown in Fig. 1 for several c_edure, the magnetic anisotropy parameters of the magnetic
temperatures. Note that at4.22 K the magnetization satu- films can then_ be obtamedl by analy;mg the angular d_epen—
rates at higher fields in modulation-doped samjiteisove dence oTHR_usmg_ the following equauoons and the c_oordlnate
6.5 kOe; right-hand panethan in undoped materighbout system defined in Ref. 15'. FQ"SH._A'S [H and M in the
5.0 kOe; left-hand panglthus indicating that the anisotropy (110) plang, the LLG equations give
field has been modified by the doping.

The inset in Fig. 2 shows FMR spectra at 4.0 K for a (o/%)?=[HgC0oK 6y~ 6) + (= 47M + H,, +Hy, /2
modulation-doped GaMnAs/GaAlAs:Be filisample No. — Hy/4)c0S 2+ (Hy, /2 +Hyl4)cos 4]
3) in four basic configurationd4 I[001], HI[110], HI[110],
and H[100]. Strikingly, sharp FMR peaks are observed in X [HrCOL 6y = 0) + (= 47M + Hy, +Hy/2)cos 0
all configurations(and persist up tdl¢), indicating strong +(Hy, +Hyl2)cos 6-Hy; (18
long-range FM coherence of the Mnspins. We find this
remarkable, since the 5.6 nm thick §&aMnggeAs film is  and for¢y=0° [H andM in the plang(010)],

FIG. 2. FMR spectra observed at4 K for sample No. 3 at
arious orientationgy (from 0° to 90° in 10° incremenisfor H
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12 i 3 and [001]). To reduce the number of variablése., fitting
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parameters we have first imposed the value gF2.00 of

the individual Mri* ions, as used in Ref. 15. With this con-
straint, the data for sample No. 3 at 4 K yield unique solu-
tions ofH,, =—4319 OeH, =739 Oe, andH,, =—1933 Oe.
Using these values in Eql), we then obtain the angular
variation of Hg shown by the dashed line in Fig. 3. The
dashed curves clearly depart from the data, indicating that
the assumption ofj=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 cubit,, term

is expected to be completely overshadowedyy, and may
be neglected. In our second approach we have therefore as-
FIG. 3. Angular dependence of FMR positions for sample No. 3sumed thatH,, =0, treatingg, Hy andH,, as fitting vari-

for H in the (110) plane(right-hand pane] and forH in the (010 ~ aPles. With this approach, the data for sample No. 3 yield
plane(left-hand panel 0=1.80,H4=720 Oe, anH,, =-5887 Oe. Using these val-

ues(andH,, =0) in Eqg. (1), an excellent fit to the angular
variation ofHy is obtained, as shown by the solid curve in
Fig. 3.
It should be mentioned that one can obtain the effective
X [Hrcog By — 6) + (= 47M + H,, — 2H,)cos 6 anisotropy parameters and tigefactor in a self-consistent
way by applying a recursive iterative fitting procedure to the
+(HyL +Hy)cos 6+ Hy]. (1b)  angular-dependent FMR results, if one can deterntiige
Here H,, and H,, represent, respectively, the uniaxial with sufficient accuracy?_We have therefo_re used the above
and the cubic anisotropy fields perpendicular to the film; the@sults(based on assumird,, =0) as starting parameters to
anisotropy in the film plane is given by the cubic fiéld; »  CaTTy out a weighted nonlinear least squares fit to FMR po-
is the angular microwave frequency; andgugh ™t is the  sitions for all values ofg, in both the(110) and the(010)
gyromagnetic ratiog being the spectroscopic splitting factor, plane, allowing all four paramete(g, Hy, H, , andH, ) to
and# the Planck constant. To simplify the analysis, we havevary. It is important to note that the difference between the

ignored the small in-plane uniaxial anisotropy fiélg asso-  two planes[(110) and (010)] enables us to determirid,,
ciated with the difference between tH&10] and [11Q] very accurately, thus fulfilling the requirement just men-
axes?® tioned. The results obtained for all three specimens are listed
To determine the parameters appearing in(@y.we first  in Table |. For example, the final iterative results for sample
analyze the highly precise values of FMR fieldg for the  No. 3 are g=1.80%£0.02, H,, =-5764+90 Oe, Hy
three high-symmetry directiondd parallel to[100], [110], =735+20 Oe, andH,, =8+110 Oe. Note that the relation
and[001]), following the procedure described in Ref. ¥5. between the three anisotropy fields,, | <|Hy| <|H,, |, il-
An independent determination of thliefactor and the three lustrated herébut holding for all samplesconfirms our as-
anisotropy field#4,, , Hy, andH,, could not be achieved by sumption thatH,, can be neglected as a first approximation.
the analysis of these values Bi; alone without additional (Indeed,H,, turns out to be much smaller than the fitting
information, since there are four variables but only threeerror) Comparing these rigorous results with the parameters
equationgthose corresponding td parallel to[100], [110], obtained fromHg observed for the three high-symmetry ori-

Angle of dc magnetic field 4,

(wly)?>=[Hrcog by~ 0) + (—4nM +H,, +H,, /2
—Hy/2)cos 2+ (H,, /12 +Hyl2)cos 4]

TABLE |. Key parameters for the GaMn,As/Ga_,Al,As heterostructures modulation-doped by Be.
The anisotropy parameters ageactors 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 assumptiortthat 0.

Sample No. 1 2 3
Structure GaMnAs/GaAlAs GaMnAs/GaAlAs:Be
dge (NM) 0 5.3 13.2
Te (K) 72 85 95
ny-MF (cmi3) 1.24x 1070 1.48x 10?0 1.64x 10?0
ne-Hall (cm™?) 1.32x 1014 1.74x 104 2.94x 104
H,, (Og -3446+123(-3416 -5644+88(-5635 -5764+90(5887)
Hy (O®) 1271+32(1260 738+20(727) 735+20(720)
H,, (09 64+135(0) 55+94(0) 8+110(0)
Oeff 1.92+0.04(1.92 1.87+0.03(1.87) 1.80+0.02(1.80
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125 ' ] interstitials Mn,28:2°which in our specimens are estimated to
) Be constitute about 11% of the total Mn concentrattérhe
O dg,=5.6nm g-factor of Mn is unknown. However, it has been shown that
5 =13.2nm Mn, are attracted by Mn on the Ga sitédng,), tending to
form antiferromagnetic MpR—Mng, pairs that are magneti-
cally inactive3® And even without such pairing, it has been
shown that thed-shells of Mn do not hybridize with the
p-electrons of the valence band, and thus do not participate
in the collective magnetization of the systéhBecond, there
exists the possibility of Mn antisites, Mn The g-factor of
. Mnys is also unknown. However, at As rich growth condi-
0 30 60 90 tions it is very unlikely that a significant concentration of
Angle of dc magnetic field &, Mn,s is being created. Third, there are random Mn clusters,
which account for less than 10% of the total Mn concentra-
FIG. 4. Angular dependence of FMR positions at 4.0 KHoin  tjon in our specimen¥’ Most of these clusters are likely to
the (110) plane for the three samples used in this study. Dasheaccur in the form of MnAs precipitates, with gfactor of
curves show theoretical fits obtained fp#2.00,H,, #0. The solid ~ Mn expected to be 2.#.Finally, there are Mi" ions substi-
curves are fits obtained fdfi,, =0 and (top to bottom g=1.80, tutional at the Ga site, My, This latter case is more com-
1.87, and 1.92. plicated, since Mg, can occur either as ioniz¢dr compen-
sated acceptors(A™), with g=2.0; or as neutral acceptors

entations(H parallel to[100], [110], and [001]) under the (A%, with g=2.77%2%% Here one should note that the®A
assumption that,, =0 for all three specimens shows that Centers have only been observed in highly insulating bulk
the two approaches lead to very similar values, as listed i?@AS:Mn gcrys_tgls with extremely dilute Mn concentration
Table 1. In our analysis of the data observed as a function ofP€low 16° cm®), but never in Ilj_,Mn,V systems with MQ
temperature we will therefore use the simpler approach. Ficoncentrations sufficient to exhibit ferromagnetisid
nally, we note that some anisotropy of tigefactor is ex- Since our Ga,MnAs specimens are rlughl_y3 metallic and
pected in 2D quantum structur8s6 However, a fit obtained Nave Mn concentrations of about K3C?* cm™ (x~0.0),
by replacingg with g=(g?sir? 6+g% cog )2 cannot be We must assume that Mgoccurs in the form of Aacceptor
distinguished from the fit with an isotropigfactor. We have ~Centers, characterized lg=2.0. o
therefore accepted an isotropefactor as an adequate ap- For completeness, we note that in thin ferromagnetic films
proximation. such as Ni-Fe film¥ one can observg-factors that are
The g-factors and related magnetic properties Tor4 K th|ckness_(or surfacé dependent. Th_ese effects_ occur due to
are listed in Table I for all three specimens under investigaln® lowering of crystal symmetry at interfaces in cases where
tion. Although the sheet carrier densitiegHall obtained the g-factor contains a significant orbital component. How-
from Hall measurements are not rigorously valid due to thefVer, Since the &i-electrons of MA™ constitute an exactly
AHE contribution, they nevertheless provide a useful indica-halfs';c'|_|‘3_d d-shell with a total orbital magnetic momeht
tion of the relative level of the doping” The values of the =0,°" it is not expected that the surface or interface should

hole concentrations obtained frof. using the mean field affect theg-factor of Mn™ in zinc blende heterostructurés.
modell® n,-MF, are also listed in Table | for comparison. Additionally, even if some interface effects were present, one

As listed in Table | and shown in Fig. 4, it is clear that the MuSt note thaall our specimens have the same structural

contribution of the holes to thg-factor is enhanced as hole 9€sign, i-e., the same surfaces and interfaces, so that the ef-
concentration increaseie., the fits depart further from the f€Ct on theg-factor from that sourceif any) would not vary
g=2.00 curves as the doping level increase@ne should fom sample to sample.

note here that modulation-doped samples used in this study AS @ result of all arguments stated above, the effect of the
provide an ideal tool for tracking the effect of holes on mag-"0lé concentration on thg-factors seen in Figs. 3 and 4 can
netic parameters of I11-Mn-V alloys. This arises from the factP€ understood as follows. The total magnetization of
that the concentration of Mtboth substitutional and inter- GaMnAs has two components: a contribution from the"Mn
stitial) is the same in all samples, because the deposition dPNS (More precisely, from the Mg ions that are not mag-
the modulation-doped GaAlAs:Be layefter the GaMnAs ~ hetically compensated by pairing with Mnarising from
layer has been grown does not affect the composition of thE€ir pure-spin magnetic momenig,=-GunSvnts=5-Ous
GaMnAs layer that is already in plaé®l” The observed (corresponding t@y,=2.00 andSy,=-5/2); and the contri-
changes listed in Table | for all three samples—decrease @ution of free hole magnetic momens, which include

the g-factor with doping, enhancement of the uniaxial aniso-Poth spin and orbital com_ponents. We must thps conS|der_ the
tropy field H,,, and reduction ofH,—can thus only be as- Presence of two magnetically coupled sublattice magnetiza-

cribed to changes in the hole concentration. tions, Myin =Ny @NAMp= Ny, Whereny, andny, are the
effective concentrations of Mjj 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 relationy

It is well known that in Gg_Mn,As grown by MBE dif- =gugh™* must be understood as an effectigdactor, ges,
ferent types of Mn-centers can be present. First, there are Maefined by®4°

Resonance field (kOe)

IV. DISCUSSION
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NvinMuvin + Mhith  Nvn Nhith our use of the valug ofj, obtained for the.undoped sample
MR~ hTh — MM ' (2 No. 1 in the analysis of the results obtained for the doped
et Gwin Gn sample No. 3. Alternatively, this suggests the interesting pos-
where gy, and g, are theg-factors corresponding to the Sibility that some magnetic moment of the holes the
Mn** and hole sublattices. GaAlAs barriermay be coupled with the localized NMh
We will first consider the result obtained for the undopedSPINS in the GaMnAs layer by remote exchange coupling,
sample No. 1, for which we have obtainggi=1.92. Mea- and are thus expected to precess_together with the magneti-
surements on a “sister” samplgrown under identical con- zation of _the GaMnAs layer as a smgle_ coherent system. We
ditions) have yieldedny,,=(1.01£0.10 X 10?* cm™2 and n;, note t'!" thisgort‘naecug;(itr?]gttégz ?% %&p'lrg)%’oogéhglgim?crﬁtse”
=(1.24+0.15X 10 3. With gy,=2.00, uyn=5.00ug, o= -opaed a app e - '

B . is in line with the above possibility. These results emphasize
andge=1.92 we then have all the parameters in B).for ¢ heed for an independent determination of the valg, of
the undoped sample exceptand u,. To simplify the analy-  ¢,, highly doped GaAs-based systems.

sis, we treat the holes as pseudoelectrons, with an effective The fact that the holes of the GaMn,As system contrib-
spin of §,=+1/2 and apositive charge, so thatn=gnSiue.  ute a finite magnetization has been predicted by many theo-
The sign of§, depends on the sign of the-d exchange retical investigation$31447For example, by considering the
integralNog. Despite its fundamental importance, the readerdiamagnetic contribution from Landau currents associated
should note that various authors have reported widely differwith the spin-orbit interaction, Diegt al. suggested that the
ent results forNyg for the GaMnAs system, that vary in magnetization of the free holes is opposite to the magnetiza-
value and/or sign over the range from +2.5 @érromag- tion of the Mri* sublattice in GaMnA$2 However, experi-
netic exchangé™® to -1.2eV (antiferromagnetic mentally itis hard to separate out the hole contribution to the
exchangg!®4445 We will thus solve Eq.(2) for both S,  magnetizatiorM using dc magnetization measurements, pri-
=+1/2 andS,=-1/2. If we takeS,=+1/2, we obtain g, marily due to the uncertainty of the effective Mn concentra-
=-1.34, and thusu,=-0.67 ug. For §,=-1/2 we obtain tion (given the fact that Mn makes a much larger contribu-
0p=+5.18, which givesu,=-2.6 ug. It is essential to note tion to M). However, the magnetization measurements
that—while the magnitudes qi,, for the two cases differ— definitely show that there is a magnetization deficit in
both solutions indicate an antiferromagnetic alignment of thegGaMnAs systemt® While there are several reasons which
Mn** and hole magnetic moments, pointing to the fact thatcan cause this effe¢temoval of Mn from Mg, to Mn, sites;
the magnetization of the hole “sublattice” acts to reduce théving-Mn, pairing; and formation of Mn-based precipitates
overall magnetization of the Mn/hole collective system.  the present results indicate that such deficit can also in part
Having established the two possible valuesgpfas dis- be attributed to the negative contribution of the holes to
cussed above, we can now solve [E2). for the modulation the total value ofM. We should note therefore that in
doped case¥ Here the unknown parameter is. As an  modulation-doped heterostructures we obtain significantly
illustration we consider the most highly doped sample No. 3Jarger free hole concentrations compared to “normal”
which yieldedge¢=1.80, again for the two possible signs of GaMnAs, making these systems especially well suited for
S, For §=+1/2 (i.e., g,=-1.34 and g4+=1.80, Eq.(2)  studying the effect of holes on the overall magnetization of
givesn,=3.22x 10?°° cm3; and for§,=-1/2(i.e.,g,=5.18 this alloy.
we obtainn,=2.99x 10?° cm3, with an error of about +2%. Measurements of FMR up to the Curie temperatlige
The similarity of the two values afi, is most likely coinci-  enable us to determine the temperature dependences of both
dental, but it is encouraging that both values have a reasonmhe magnetic anisotropy fields and of thdactor in modu-
able order of magnitude. lation doped samples. These quantities, obtained using the
Three interesting features emerge from the above analyfour basic FMR geometries shown in the inset in Fig. 2 and
sis. First, regardless of the sign &f (i.e., the sign ofNyB),  assumingH,, =0, are plotted in Fig. 5 for samples No. 1
the observation of<2.00 results in a negative magnetic (undoped; open symbglsand No. 3 (modulation doped;
moment uy, of the holes(although without thea priori  solid symbols. Results for sample No. ot shown lie in
knowledge of the sign of§, we cannot use our result to between the two sets of data seen in the figure. As shown in
distinguish betweem,=—-0.67ug and u,=-2.6ug). As are-  Fig. 5a), FMR occurs above thg=2.00 resonance position
sult, the magnetic momentaot sping?° of the Mn-ions and  (horizontal dashed-dotted linevhenH is perpendicular to
of the holes arantiferromagneticallycoupled together, and the film, and below that position for in-plaré orientations.
the Mn-ion/hole complex can then be viewed aemimag-  Shifts from the dashed-dotted line gradually decrease—and
netic system. Second, even with the uncertainly in the valuesventually vanish—as one approachigs But clearly the
of un we can use the results fog, and u;, to estimate the modulation-doped sample has a much stronger gtafour
ratio of the hole and the Mt contributions to the total mag- knowledge the strongest shift observed in any GaMnAs
netization M. For example, for the highly doped case of sample studied by FMRhan the undoped sample whenis
sample No. 3gef=1.80 M;,=-0.04My, for §=+1/2 and normal to the film, indicating a large increase of magnetic
My=-0.19My, for S=-1/2. And finally, in the anisotropy due to the doping.
modulation-doped case just analyzed the value of the hole Figure gb) illustrates several basic features of magnetic
concentratiom,=3.0x 10°° cmi 3 is larger than the expected anisotropy and its dependence on temperature and on the free
hole concentration estimated for that layer from its Curiehole concentration. First, we note that the cubic anisotropy
temperature. It is possible that this discrepancy is caused bijelds decrease very rapidly with increasiig while H,,
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10-v—+—+\;\; " “samplo#3 —=— HI[100] ] obtained below ca. 50 K, since the error in determining
~ \v\ - :ng} _g—values a_bove th_at temperature is too large for a meaningful
g 8 T, ~~y. —v—HI[[001] interpretation. While theseg-factor values are only approxi-
o Sample #1 \ mate, the clear low-temperature decrease ofjtfector seen
< 6 ~y Sy in the doped sample may reflect the fact that the hole spins
§ :A::Illgg?] from the GaAlAs barrier increasingly couple with the mag-
g 4 I oot g=2.00 1 netization in the GaMnAs layer as the temperature decreases,
§ ) ggg\a\ - ‘4@/.;‘2‘ thus increasing the effect of Landau diamagnetism on the
4 -U7D4Hﬁ:ﬁj = ] overall magnetization.
ot |
(@) e V. CONCLUDING REMARKS
o
10_\ 5 100 % T % % i In conclusion, the results reported in this paper clearly
o L *g point to the role which the valence-band holes play in deter-
g Pl ; : E mining both the magnetic anisotropy and the magnetization
B o5k 1.80 E of Ga,_,Mn,As. Analysis of the angular dependence of FMR
u‘; 0 10 20 30 40 50 60 presented above shows unambiguously that the value of the
g H, \H\D . T(fL. effective g-factor of the Mn-ion/hole complex is lower than
£ 0.0k - B i 2.00. This finding confirms that magnetization of the hole
2 olH, & Ve subsystem plays an essential role in the precession dynamics
< 4 _n\n\nin/n/” . " of the Ga_,Mn,As magnetization as a whole. Specifically,
/./'_/D_Samp|e #1 the Mn™* ion and hole sublattices are coupled antiferromag-
6r8-n—g—a—" —n— Sample #3 netically to form a “global” Mn-ion/holderrimagneticcom-
0 10 20 30 40 50 80 70 80 90 100 plex. In our most highly doped sample the magnitude of the
(b) Temperature (K) magnetic contribution of the holéd,, was estimated to be of

the order of 10% of the total magnetizatidhyy,.

FIG. 5. Temperature dependence of the FMR results for un-  Qur results have shown, further, that the coupling of the
doped (sample No. 1, open symbglsand modulation-doped Mn** and of the hole magnetic moments is antiferromag-
(sample No. 3, solid symbgls5aMnAs/GaAlAs heterostructures. npetic. no matter what sign of thed exchange integral,8
(a) shows FMR positions observed for the four basic orientations ofg tgken. Thus the present results cannot be used as they
H (same as in the inset in Fig).2Top and bottom panels @)  giand to shed light on this parameter. If, however, one inde-
show uniaxial and cubic anisotropy fieldd,, and Hg, respec- pendently succeeds in determining the valugofone could
tively, for thg two §amplles. The effectigefactors for both samples use the results presented here to establish the sigiy,@f
are shown in the inset itb). Since the knowledge of this exchange parameter is of key

) ~importance for our understanding of liMn,V alloys, it is
drops off much more slowly. And second, modulation dopingoyr hope that results reported in this paper will stimulate
unambiguously increases the perpendicular uniaxial anisqnterest in establishing the value of the hatdactor (along

tropy field H,, , while reducing the in-plane cubic fieldy.  with its dependence on the Fermi leyéh highly doped
These observations are consistent with theoretical calculagaas-based alloys.

tions predicting changes of magnetic anisotropy with hole

concentration, although at this point the agreement is only ACKNOWLEDGMENTS

qualitative. Finally, changes of thgefactor seen in the inset

show a clear decreasing trend in doped samples below This work was supported by the DARPA SpinS Program
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