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Anomalous behavior of spin-wave resonances in Ga,Mn,As thin films
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We report ferromagnetic and spin-wave resonance absorption measurements on high quality epitaxially
grown Ga_,Mn,As thin films. We find that these films exhibit robust ferromagnetic long-range order, based
on the fact that up to seven resonances are detected at low temperatures, and the resonance structure survives
to temperatures close to the ferromagnetic transition. On the other hand, we observe a spin-wave dispersion,
which is linear in mode number, in qualitative contrast with the quadratic dispersion expected for homoge-
neous samples. We perform a detailed numerical analysis of the experimental data and provide analytical
calculations to demonstrate that such a linear dispersion is incompatible with uniform magnetic parameters.
Our theoretical analysis of the ferromagnetic resonance data, combined with the knowledge that strain-induced
anisotropy is definitely present in these films, suggests that a spatially dependent magnetic anisotropy is the
most likely reason behind the anomalous behavior observed.
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I. INTRODUCTION on successful future applications, such as spin injection and
manipulation.

There has been great deal of interest in elucidating the The main objective of this paper is to provide a self-
properties of Ga_,Mn,As and other diluted magnetic semi- consistent picture of the properties of spin-wave excitations
conductors(DMS’s) during the past several years. The in- based on a comparison of experimental results and theoreti-
tense research on these materials is partly motivated by tHé! calculations. The theory of spin-wave resona(@&/R)
fact that they hold promise as building blocks of “spin- has been developed four decades ago by Kitteho also

tronic” semiconductor device® Indeed, the incorporation pointed out that FMR measurements are capable of detecting

of magnetic properties in semiconductor heterostructur%ifveral modes of the magnetic excitations in ferromagnetic

in films. For an external magnetic field normal to the sur-
ce of a homogeneous film he found the following reso-
nance condition for spin-waves pinned at its boundaries,

can, in principle, lead to the development of new devices th
manipulate both the spin and the charge degrees of freedo
of the carriers. Due to its compatibility with conventional
electronic devices, Ga,Mn,As is one of the most readily .
usable alloy systems for exploring spintronic prototypes. Hn:HO_D(_
However, these materials exhibit a series of fascinating L

strong correlation phenomena that are not yet fully underg,p o0y s the external field valuéat fixed external radia-
stood, such as a metal-insulator transition, field-induced fert—

- <ty ’ ion frequency where thenth SWR mode is observedl is
romagnetism, and magnetoresistandsefore any applica- e magnetic field that corresponds to the ferromagnetic

tions become possible, it is necessary to provide a deta"efbsonancel,_ is the sample thickness, and the cons@ris
description of both electronic and magnetic structure anghroportional to the stiffness constant defined in Sec IlI.
properties of this class of materials. Investigating the mag- |n this paper we report the observation of such SWR’s in
netic properties of the ferromagnetic ground state inGg_,Mn,As. These experiments provide a direct proof for
Ga,_,Mn,As, with Curie temperatures as high a&  truelong-ranged ferromagnetic ordén Ga, _,Mn,As. Sur-

2
[(n+1)2-1], @

~160 K, is therefore especially important. prisingly, the spin-waves that we observe exhibit a somewhat
Given the fact that DMS'’s are synthesized in film form by unusual behavior: We find a spin-wave spectrum with
using molecular-beam epitaxMBE), ferromagnetic reso- ~n. A recent work by Goennenweiet al® reportedH,,

nance spectroscof¥MR) is the most suitable experimental ~n?3. Both results are in qualitative disagreement with Eq.
probe for studying the dynamics of the ferromagnetic ordei(1), which states that for a homogeneous film the resonance
parameter, which also allows for the spectroscopy of thdield H, of the nth mode should be proportional ten?. We
spin-wave excitations. FMR is a powerful technique to studytrace back the origin of the anomalous dispersion to the mag-
magnetic properties in magnetic thin filfmand has already netic properties of Ga ,Mn,As thin films, and find that in
been used by several groups in the magnetic characterizatiarder to understand the anomalous spin-wave dispersion, it is
of the Ga_,Mn,As films>® The same technique can be usedcrucial to allow the magnetic parameters inside the film to
to obtain the resonance fields of the spin-wave modes in depend on the distance from the interface. In principle, such
thin film. Extracting the various magnetic parameters influ-inhomogeneity in the profile of magnetization, spin stiffness,
encing the spin excitations is essential for gaining complet®r magnetic anisotropycould all result in such an anomaly.
control of the magnetic properties of DMS films with an eye However, our experimental and theoretical results presented
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in this paper point towards the presence of uniaxial anisot- \X
ropy and/or spin stiffness that depends on the distarfican
the surface of the film. More specifically, we find that our i
resonance experiments can be well understood by assuming i
a uniaxial magnetic anisotropy with a quadratic dependence IS |
on the distance from the Ga_,Mn,As/GaAs interface. The : .
presence of strong magnetic anisotropy in G&n,As and I PRPNPEPEN J ———- /h,(t), m(t)
In, _,Mn,As epitaxial films has already been clearly demon- e ’
strated by a series of experimefts1®>®which also indicate S S
that the magnetic anisotropy depends on the lattice mismatch J L
between the substrate and the DMS layer. ——
This paper is organized as follows. In Sec. Il we present )
the experimental results for a group of as-grown and an- Y
nealed Ga ,Mn,As samples and discuss briefly the posi-
tion, intensity, and linewidth of the observed resonanc
peaks. In Sec. Il we present a general spin-wave equation o
motion that allows for the variation of the magnetization and
magnetic anisotropy along the film thickness, and discuss oufMs field produces a large magnetizatisi(z) which points pre-
numerical calculation for the position and intensity of the dominantly in thez direction. Additionally, a small external micro-
resonance peaks. Finally, in Sec. IV we compare the experiave magnetic fielth L Hey, produces a small harmonically varying
mental results with the theoretical calculations and discusperturbation in magnetizatiomyL z.
the possible explanations for the inhomogeneity of the mag-

netic anisotropy. between the substrate and the ;Gan,As films, the
samples exhibit compressive strain in the sample plane,
which leads to a strong uniaxial anisotropy. Consequently, in
the absence of the external field the magnetization lies in the
Recently, a systematic study of the fundamental FMRplane parallel to the film. However, the applied static field at
mode has been reported for a series of GMn,As films  which FMR and SWR'’s are observed is strong enough to
grown on various substratésThe dependence of the FMR align the magnetization perpendicular to the sample surface.
position on the angle between the applied magnetic field and After measuring the SWR in the as-grown samples we
the crystallographic axes of the sample was carefully docuannealed them for 60 min. As a result, the Curie temperature
mented, and detailed information has been obtained on th&€; was increased by about40% and the magnetization by
magnetic anisotropy and its variation with temperature. The~25%. Table | summarizes some of the characteristic prop-
uniaxial and cubic anisotropies determined experimentallyerties of three representative GaMn,As samples. The val-
generally corroborate with earlier theoretical predictibn€.  ues listed in the table were extracted from SQUID, FMR,
In this paper the same experimental technique is used to
study SWR’s in thin Ga_,Mn,As films. TABLE |. Experimental parameters extracted from, and used in
Although DMS'’s have a very low concentration of mag- the theoretically analysis of, the spectra of threg &#ing o;AS
netic atoms, and these system are often described in terms sdmples of different thicknesses, preannealing and postannealing.
percolation* and impurity band modefS;*®it was possible Hmaxis the resonance field of the highéfdrromagnetic resonance
to observe SWR spectra with up to seven spin-waveP€ak,M is the static magnetization measured by SQUIRJs the
modes>!’ demonstrating that real long-range order develop§”t'ca| temperature, andH is the linewidth. When the width var-
in these materials. ies with the mode numbe(see tex), the range of linewidths is
The three Ga_,Mn,As thin films analyzed in this paper 9\Ven-
have previously been studied by Sasekal., who observed

Y

FIG. 1. Schematic diagram of the experimental geometry. The
8 _4Mn,As film is grown on a thick GaAs substrate. A large

constant magnetic flelleHext is applied in thez direction: Hext||z

II. EXPERIMENTAL RESULTS

both the SWR and the FMR lines. Their initial work concen- | ickness Annealed T Hpa M Te AH
trated on the uniform modéhe FMR lin@ and they used (nm) (K) (Ces femu K (Oes
this feature to investigate the overall magnetic anisotropy in )
Ga,_ Mn,Asilms® All the samples were grown by low-
temperature MBE on semi-insulating GaAs substrates. The No 4 7820 179 65 206820
Mn concentratiorx=0.076 was determined by x-ray diffrac- 200 No 40 7600 94 65 170-260
tion, and the Curie temperature and dependence of magneti- Yes 4 8700 25 95 120-22020
zation dependence on applied magnetic field and temperature No 4 830 175 65 23620
were obtained by superconducting quantum interference de- 150 No 40 7920 9.4 65 23020
vice (SQUID) measurements. The FMR and SWR measure- Yes 4 8820 23 90 180-23(R0
ments were carried out using a 9.46 GHz microwave spec- No 4 8110 175 65 15620
trometer. 100 No 40 7740 9.4 65 20620
The dc magnetic fieltH,; was oriented perpendicular to Yes 4 9050 25 100 11920

the film plane(see Fig. 1 As a result of the lattice mismatch
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FIG. 2. (@ FMR and SWR absorption spectra for as-grown G&.e2dMno07eAS sample before(open circles and after (open
Ga&y g2Mng o7AS samples of different thickne4400 nm, 150 nm, squarepannealing as a function of mode index(@) The solid lines
and 200 n'm atT=4 K. (b) FMR and SWR spectra for the 200 nm show the linear fitting for the experimental dae). The dotted line

thick Gayg,Mngo7eds sample for different temperatures, before connects the theoretical result for the normalized peak intensities.
and after annealing. Note that this calculation was dométh no fitting parametergsee

text). Odd modes are not observed experimentally, as their ampli-

and SWR measurements. Clearly, the annealing process had/ges are much smaller compared to those of the even modes.
profound effect not only on the critical temperature and mag-
netization of the films, but also on practically all character-fields H,, exhibit alinear dependencen the mode index.
istics of the ferromagnetic and SWR's, including the tem-  \ve can also compare the intensity of the resonances with
perature and thickness dependence of the resonance positiRiitel's predictions. However, to do that we have to keep in
and linewidth. In order to obtain more insight into the behav-mind that the FEMR measurement is done with a field modu-
ior of these materials, we now proceed to evaluate the actugtion lock-in technique, which measures the derivative of
FMR spectra before and after annealing. the absorption as a function of the applied magnetic field.

Figure 2 shows typical examples of the observed spectrarhe observed peak-to-peak height,, and peak-to-peak

The main trends and qualitative features of these data can Rfgth AH,, of the nth resonance are related to its intensity
effectively conveyed if the position and linewidth of the 548

resonance features are plotted as a function ofrtbde num-

ber. We label the largest resonance at the highest fitkle )

uniform FMR mode as n=0, and the SWR modes as In~AlAHG. 2
=1,2,3 ..., where the increasing mode index corresponds

to decreasing resonance field. The results of this proceduré is rather striking that the linewidth behaves qualitatively
are shown in Fig. 3. The distance between SWR modes irdifferently for annealed and unannealed samples: For the as-
creases for thinner samples. This is in accordance with thgrown film the linewidth is independent afand its value is
simple picture that these resonances are standing waves &H,~200 Oe. For the annealed samples, on the other hand,
magnetization trapped between the two interfaces of a uniAH, decreases witm [see Fig. 80)], which is a typical
form thin film and that the level spacing between successivéehavior of metallic thin films$? This change to more con-
standing wave modes increases with decreasing geometricegntional behavior in the resonance linewidth corroborates
size of the “resonator cavity.” However, from this simplistic the observation that the annealed samples are more metallic
picture also follows that the resonances must depend qudhan the as-grown samples: resistivity decreases upon an-
dratically on the mode index, in accordance with Kittel's nealing, consistent with an increase in the density of mobile
equation, (1). This expectation fails spectacularly in our charge carrier®? On the other hand, the peak intensities

Ga _,Mn,As thin films. As one can see in Fig. 3 for the 200 main anomalous despite the annealing. The extracted inten-
nm thick as-grown and annealed samples, in spite of the fagitiesl , are shown in Fig. ). They follow a similar law for

that we are able to see as many as seven SWR’s, the SW®th the annealed and unannealed samples, and the decrease
mode positions as a function of the mode number do noof the successive intensities is much slower than lthe
follow the expected quadratic law. Instead, the resonance 1/(n+1)? dependence predicted by Kittel.
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Clearly, base(;l on the qualitative and quantita.tive eXperi'ln Eq (3), M :||\7|| denotes the magnetization of the Samp|e
mental observations made above, tthMnxAs .f|Im's do at temperaturd, andHext||i is the applied dc magnetic field.
not behave as homog_eneoys ferromagn_etlc thin films. ThEvery integration runs over the voluméof the film. Note
first attempt to explain this behavior is due to Sasaklthat the free-energy functional in Eq3) only describes

17,21 H H z
e.t al: who, inspired by the vyork_of .Port?§,suggested @ transversdiuctuations of the magnetization, and the longitu-
picture where the magnetization inside the ferromagnetic,, . . -
inal fluctuations are assumed to be negligitié=|M|

thin film is not homogeneous in the direction perpendiculafi
to the plane of the film. Although such inhomogeneity could = ¢onstant

explain qualitatively the linear dependence of successive The first_ term in E_q(3) Is an_exchange.free energy, with
SWR positions om, the gradient of composition required to A(r) denoting the spin-wave stiffness, while the second term

fit the data is unrealistically large, and recent neutron reflecl€Presents—depending on the sigrkgf)—a uniaxial or an

tivity measurements do not support this degree of variation in-plane anisotropy energy with respect to directianThe

of magnetization across the sample. An alternative model igrimary source of the anisotrog¢ is the strain field due to
therefore needed for comparing experiment and theory. Whe lattice mismatch between the GaAs substrate and the fer-
present such a theoretical analysis in the following sectionfomagnetic Ga yMnAs film.3* Since the Ga ,Mn,As
which will retain in spirit the approach of Refs. 17 and 21. Infilms discussed throughout this paper were deposited on
that we also propose inhomogeneity in magnetic parametefgaAs, they have an in-plane easy axis which corresponds to
along the thickness of the sample as the main reason behing= (0,0,1) and positivé<. We have not included other cubic
the observed anomalous behavior of the SWR positionsanisotropy terms in Eq:3) because at temperatures they are
However, in our theoretical framework—in addition to a gra- small compared t¢K|. Finally, the last term in Eq3) is the
dient of magnetization—we also allow for a variation in Zeeman free energy together with the demagnetization en-
magnetic anisotropy and spin stiffness. One of the attractivergy. Note that all coefficients in E¢B) depend on tempera-
features of our approach is that—once the anisotropy profileure T, and onspatial coordinates

has been determined to fit the resonance positions—it allows Given the material specifics detailed above, the semiclas-
for a parameter-free evaluatioof the normalized peak in- sical equations of motion can be written as follows:
tensities[see the points connected by dashed lines in Fig. L

3(c). The results are in excellent agreement with those ex- dM(r,t) . o . -

tracted from the experiment fdroth as-grown and annealed Tat [YIM(r, ) X Hio(1,1). (4)
sample$* This agreement in particular gives us confidence . ) ) ) .

that the theoretical model and numerical analysis which wélere y is the gyromagnetic ratio, which we approximate by
present below gives an essentially accurate description of thibat of the Mn core spinsy~ y.=2ug/fi. Hyo(r,t) denotes

FMR and SWR experiments in GaMn,As. the total effective magnetic field, which can be obtained by
taking the functional derivative of the free-energy functional,
lll. THEORETICAL APPROACH Eq. (3), with respect to the magnetizationt(r,t)
A. Semiclassical spin-wave equations =—SF({M})/SM(r t). The result af =0 K is

It is well accepted that the magnetism of ,Gavin,As is L Lo 2K, . .
due to indirect interaction between Mn spins mediated by Hiol(r,1)=—AV2M(r,t)— —Zz+He—47M, (5
holes?®?5~27Although this system contains considerable po- M
sitional disorder—which, combined with spin-orbit effects, where we assumed that the exchange constanRA/M?
may lead to noncollinear ground state€—it appears that does not depend on the spatial coordinate. The first term in
on larger length scales, relevant for the long wavelength colEqg. (5) is usually called the exchange field, while the second
lective modes of the ferromagnetic order parameter, thesgrm defines the uniaxial anisotropy field,= —2K/Mz.
DMS materials behave as conventional ferromagftets. To compute the spin-wave spectrum for a field parallet to

the following we will therefore neglect many of the compli- we expand the magnetization around its equilibrium value

cations which are not relevant when dealing with spin- d orientatiorM> and tioned bef I
waves, and we shall employ the usual semiclassical equz?—n orentationiviz and, as we mentionéd betore, we aflow

tions of motion to study spin-wave excitations in the absencéor transverse deviations only =Mz+m(r,t). Assuming
of damping®® periodic time dependence and plane wave character of the r.f.

The first step to derive the semiclassical equations of momagnetization in thex andy directions,r?\(F,t)=[mX(z)§<
tion is to construct the free-energy functional for the magne-; my(z)g,]eiwteikxxﬂkyy, one obtains the following equation

tization M(r). For temperatures below the transition tem-of motion for m*(z)=my(z)+imy(z) in the long wave-

peratureT this can be expressed as length limit k, ,k,—0:
R A . K . - d? d’M(2)
_ 3 2 3 12 _ _ _ +
F(M)—fvd rMZIVMI +de er|'\" ul AM 5 +47M(2) ~Ha(2) - A = (2)
_ 3 - _ > > w; +
J'Vd r(Hexi—27M) - M. )] =(Hext_ 7>m (2), (6)
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where w, is the frequency of the microwave radiation. In  The question of boundary conditions has been debated for
course of the derivation of Eq. 6 we assumed that only the rather long time in the literature and, to our knowledge, no
magnetic anisotropy and the magnetization vary alongzthe general agreement has been reached. Different adfhidts
direction (growth direction [H,=H,(z) and M=M(2)],  treat the boundary-condition problem in different ways, and
but [as already mentioned after E(p)] that A(z)=A is  assume different boundary conditions appropriate to the spe-
constant. While these assumptions need not be valid in geific sample which they are studying.

eral, we will show below that the experimental data on our Equation (6) must be, in general, solved together with
DMS films can be well explained by the presence of a spamacroscopic Maxwell equations. Ament and R¥{dargued
tially dependent anisotropy 'f|eﬂjAs mentioned before, a hat in the absence of any magnetic anisotropy the spin-wave
spatially varying magnetization can also reproduce q“a“taéolutions should satisfy so-called fréw antinod¢ boundary
tively the main features of the datiput if one allows only conditions @m" (2)/dz=0 atz=0 andz=L). On the other
M(2) to vary, we now find by numerically solving E(6) an 1\ " pinc( pointed out that Ament and Rado have not

unreajlst|c solution that cannot reproduce quantitatively .thﬁreated properly the discontinuity of the space at the surface
experimental SWR spectrum. There is yet another p055|bll-f the film. Pincus(and also previously Kittd?) indicated

ity, that the exchange constant is itself spatially dependen . - .
A=A(z). Given thatA depends on the carrier concentra- hat at the interface an ao_ldltlonal term, prop_ortlonal 0 the
gradient of the magnetization at the surfénet included in

tion, a scenario with @dependent exchange constant would, ; .
in principle, be consistent with recent experiments of KoedeEd: (6)] is also allowed by symmetry, and that this term can

et al32 While we cannot exclude this possibility, we expect lead to the pinning of spin-waves at the boundaries..Further—
that this would give a spectrum similar to that of the spatiallymore, Pincus observed that free boundary condions can
nonuniform magnetization, and therefore a very large spatidl€Vver be appropriate when there is surface anisotropy. He
dependence of the carrier concentration would be needed &S0 showed that an antiferromagnetic oxide layer on the
explain the experimental data. We therefore classify this possurface of a film can give rise to a surface anisotropy which
sibility, together with that of spatially dependent magnetiza-pins the spins at the end pointe, (z=0)=0 andm, (z

tion, assubdominanmechanisms, which would at most play =L)=0]. Finally, Pincus and Kittel have shown that it is

a secondary role in explaining the features of our resonanceiore appropriate to use the so-calldgnamic boundary

experiments. The versatility of our numerical analysis isconditions®®3°which for the lowest-lying modes effectively
clearly evident in evaluating the different scenarios discussegkduce to pinned boundary conditions.

above: our numerical scheme allows us to check all these \ye pelieve that in the case of GaMn,As films one
scenarios against our resonance absorption data and the Cqfgst also useinnedboundary conditions. This is because,
straints set by other experiments, and select the most viablgs; there is a strong strain field present in these films that

one for explaining our FMR and SWR measurements. generates a large anisotropy field, and second, we expect a

di It 'S.'ntelr?tr'{.‘m% that Eq.(?) h?s the Ifor;n Of_ a one- strong surface-induced anisotropy in the vicinity of the sur-
'mensional Schidinger equation for an electron In a quan- ¢, .o e to the strong spin-orbit coupling inGavin,As,

tum well. Specifically, if we compare the coefficients of Eq. which would also pin the spin-wavé& Fortunately, our nu-

(6) with the Schrdinger equation, we can see that merical analysis allows us to try different boundary condi-

#2[[2AM(2)] is formally analogous to the electron mass : . ) )
our case it may depend on the positipiif M varies with tions. We were unable to obtain a good fit to the peak inten-

position, and 4mM(2)—H,(2)— A(d®M(2)/dZ) is the sities when we used. unpinned or partia!ly unpinned
analog of the potential energy. Having solved &), we can boundary conditions. Pinned boundary conditions, on the
compute the intensitiefs, of each mode &3 other hand, gave very good agreement with the measured

SWR spectra. This is illustrated in Fig. 4, where we show our
L 2 best fits with pinned and unpinned boundary conditions for
U m:(z)dz the SWR spectra for an as-grown 200 nm sampleT at
| o 0 @) =4 K.
n Ll Typical solutions for pinned boundary conditions and the
JO Imy (2)|°dz corresponding intensities are shown in Fig. 5. The intensity
of odd modes is suppressed, because of the cancellation of
where the integration runs over the ferromagnetic film thick-the regions wittm*>0 andm™” <0, respectively. In fact, in
ness. Fig. 4 the odd modes are barely visible, and only peaks as-
sociated with theeven modesan be observed.
The low-energy spitistanding waves tend to be localized
around the region with higher magnetic anisotropy. Qualita-
To solve Eq.(6), it is crucial to establish the boundary tively speaking, this is because we have tegativeof the
conditions for SWR. While different boundary conditions do spatially dependent uniaxial anisotropy acting as the effec-
not affect thepositionsof the resonances in an essential way,tive trapping potential for the modes, and therefore it is
the intensityof the SWR peaks strongly depends on them. Iteasier to create spin-waves where the anisotropy is large. For
is therefore important to choose the appropriate boundargmaller values ofA, spin-waves tend to be more localized
conditions. around the large anisotropy points. On the other hand, spin-

B. Boundary conditions and intensity of SWR
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E T e W T ] ] across the whole depth of the sample. For profiles where the
! variation of H,(z) [or M(z)] is only near the surface, the

resonance positions show always a quadratic behakigr,
~n2. This can be easily understood from the analogy of Eq.
(6) with the Schredinger equation, since in this case the
potential V(z) is similar to that of a rectangular quantum
well and the eigenmodes are therefore quadratically sepa-
rated.

As discussed in the preceding section, the spatial variation

1
I ] ' | ' I
—=- unpinned S 04 of the magnetization and the exchange constant are subdomi-

nant processes. On the other hand, we were able to obtain
quantitative agreement with the experimental data allowing
the magnetic anisotropy field,=H,(z) to vary across the
sample while keeping the magnetization constavit;z)
=constant Therefore, in the discussion that follows, we
L L L L L shall mostly focus to the case ofzzdependent anisotropy
4000 6000 8000 .
Magnetic Field (Oes) field, H;=H,(z), and assum& =constant
The computed SWR spectrum depends on the specific
FIG. 4. The derivative of the absorption of the SWR as a func-shape of the anisotropy profité,(z). We found, in particu-
tion of applied dc magnetic field for an as-grown 200 nm |ar, that a linear dependenceldf, onz H,(z)~z, is clearly
Ga _«Mn,As film. The solid lines represent the experimental data,jn disagreement with our experimental data.
and the dashed lines show our theoretical results for the magnetic However, we could obtain an excellent fit by assuming a
anisotropy profile of Eq(8). The upper/lower panels show the re- quadratic dependence om, H,(z)~z2. More specifically,

sults of our computations for pinned/unpinned boundary conditionspaipy of the following profiles fit the experimental data rather

6 5 4 3
~ /I\ /\ N

Derivative of Microwave absortion (arb. unil

well:
waves with higher energies will be extended over the whole
sample thickness, and their energy will not depend linearly H,(2)=Hqexp — az?/L2) ®)

onn.

=H,(1—az?/L?), 9)
IV. NUMERICAL RESULTS AND DISCUSSION _ _ _ _ _ _
wherelL is the thickness of the filmy~0.75 is a dimension-

We solved Eq(6) numerically, and varied the exchange less fitting parameter, and the maximum value of the anisot-
parameterA and the profiles of the anisotropy field,(zZ)  ropy field, H,(0), hasbeen extracted from the analysis of
[or the magnetizatioM (z)] to obtain a best fit to the ex- the main FMR resonanceSince we can obtain the value of
perimental spectra. From these calculations we concludethe saturation magnetizatidvl from accurate SQUID mea-
that to explain a linear variation of the resonance fieklls, surements, we end up with only two fitting parameters,
~n, the changes oH,(z) [or M(z)] must be substantial and the stiffnessA (or equivalently, the exchange constant
A).

The origin of the linear behavior on can be easily un-
derstood from the formal analogy with the Sotlimger equa-
tion and the energy spectrum of the harmonic oscillator: as
long as the difference between the resonance Figldnd the
maximum value of the anisotropy fieJ ,(0)| —H,, is small
compared taw, /v, we expect the corresponding wave func-
tion m*(z) to be well approximated by the Hermite func-
tions and to have a linear behaviern. This condition is
well satisfied for the experimentally observed spin-wave
resonance fields.

In order to study the anisotropy profile, we focused on the
: . 200 nm sample, because this sample exhibited the largest
0.00 0.25 0.50 0.75 1.00 number of resonance peaks. First, we chose our parameters
to fit the 4 K data(Fig. 6): Having obtained the magnetiza-

FIG. 5. lllustration of the functional form of three spin-wave tion M :,17'9_ emu/cri .from SQUID experiments, and the
modes withn=0, 1, and 2(solid, dashed, and dotted linefsr the ~ Magnetic anisotropy fieldd,=4.400 Oe from the angular
as-grownL =200 nm sample a&f=4 K. We used an exchange con- dependence of the main FMR resonance line, we adjusted
stantA =3000 nnf and «=0.8. The rescaled anisotropy profile is A =3000+300 mrf anda=0.75 to obtain the best fit which
marked by open circles. Distances are measured in unitslafthe ~ corresponds to a spin stiffneas=0.4 meV/A. For the spec-
inset we show the calculated intensitlgsof the modes in the main  trum measured at 40 K in the as-grown sample we obtained
figure. a very good fit with thesameexchange constant and «,

m*n(z) (arb. units)
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9000 y T T T T magnetic anisotropy and magnetization, we have shown that
A as-grown 4K a nearly quadratiz dependence of the uniaxial anisotropy,
¢ annealed 4K H,(z) —H,(0)~Z? could adequately explain the position
O as-grown 40K and intensity of the experimental data. An inhomogeneous
magnetization could also lead to similar effects. However,
the spatial variation and the magnitude of magnetization
needed to explain the experimental data is incompatible with
the experiments. Spatial variation of the magnetization, as
- observed in Ref. 23 play a secondary role in the SWR spec-
tra. From our numerical analysis we also concluded that the
observed spin-waves are pinned at the surfaces of the film.
. As a consequence of pinning, the intensitynef odd spin-
wave modes is suppressed and the experimentally observed
spectra consist of even modes only.
4000, ' : ! m ' 15 Goennenweinet al. performed similar SWR measure-
node number (n) ments and also found spin-wave spectra that are incompat-

, o . ible with having homogeneous GaMn,As films®. They,
FIG. 6. Comparison between theoreti¢sblid lineg and experi- however, find thaHnoanB, consistent with a linear depen-

mental (symbolg data for the 200 nm sample. Two different tem- . . ST
peratures for the as-grown sample and one temperature for the aq-em.:e c.)f the amSOtrqpy f'e'd.’a(.z)_H a(0)~z. This is Ir!
nealed sample are considered. The saturation magnetization deﬁé‘a“tat've contrast with our findings for the resonance fields

from SQUID measurements is used in the theoretical approach, Which scale ast,~n. Furthermore, Goennenweet al. ap-
pear to have implicitly assumed free boundary conditions,

which implies that both even and odd modes are observable.
In contrast, we argue thatinned boundary conditions are
more adequate for our samples, and we find that, again, only
even modes can be observed.

8000

~
(=]
[=3
=

Magnetic Field (Oes)
2
3
T

5000 —

but replacingH,(0) by the measured 40 K anisotropy
H2%(0)=4.200 Oe and magnetizatioM**=9.4 emu/
cnr. In both cases the SWR spectand thus the resonance

flelgs H”)l.eXh'b]:t gqual\s/llllniar?]epende_nce on. | There may be several mechanisms that produce inhomo-
nneaiing of @, VinyAS nas varlous—p_resenty nqt geneous magnetic parameters. The uniaxial anisotropy is pri-
gntwe]y understood—effects. First, the saturation magnetlzaa—.‘ar”y due to uniaxial strain field in the film that develops
tion ‘increases upon anneallng.%Furthermor_e, Rutherforgy ;o {6 the lattice mismatch between the substrate and the
backscattering experiments su_gé shat the primary pro- e omagnetic filmi®> In principle, an inhomogeneous
cess resulting from annealing is the diffusion of mtersnnalstrain field could therefore produce an inhomogeneous an-
Mn ions out of the film. Since interstitial Mn takes away isotropy field H,. However, in MBE grown samples the
carriers from the ho.Ie band,_ annealing resqlts propably N atrain usually rglaxes suddénly, when the sample reaches a
ncrease of the carrier densitpnd t'he resulting carrier den- critical thickness, where dislocations start to form and relax
Sity Is most IlkelylnhomogeneousSm_C_e both the anisotropy e girain. In these nonequilibrium MBE grown samples,
and th? exphange energy are sensitive to the carrier denSIIP(owever, there seems to be no strain field relaxation at all
annealing is expected to change the value of tigghand through dislocation formation: Even for micron thick

1 : : -
A,” and it may also change their profiles. samples the measured in-plane lattice constant of the film is
Consequently, it is natural to expect that the SWR SPeCtrgha same as that of the substrate

observed on an.nealed specimens will require fitting param- One can also obtain inhomogeneous magnetic properties
eters that are different from the ones used.for the asl-growBy assuming an inhomogeneoksle concentrationindeed,
sample. Nevertheless, we were able to obtain a good fit to thg, ye51ing experiments support the notion that the dominant
experimental SWR by keeping the paacr:zlle unchanged ( compensation effect is due to interstitial Mn ions, which act
=0.75), adjusting the anisotropy field, _3(0)25300 O€  as double donors and may also compensate the spin of sub-
and using A=1225 nnf. Surprisingly, this value of €X- gtitutional Mn. These interstitial Mn ions can diffuse out of
change constank co_rresponds to the same value of the stiff- the sample during the growth process, which takes usually a
ness parametek as in the as-grown sample. few hours and takes place at the same temperature as the
annealing. As a result, it is quite possible that the concentra-
tion of charge carriergrelated to that of Mn interstitials
varies across the film. Since the exchange anisotropy and
We have analyzed the experimental FMR and SWR specexchange constants are both related to the carrier déhétty,
tra of thin Ga _,Mn,As films grown on GaAs substrates by this can serve as a mechanism to produzedapendent an-
low-temperature MBE technique. We compared the experiisotropy field. Several recent experiments provide firm sup-
mentally observed resonance positions and intensities witport for an inhomogeneous hole concentration: Koeder
theoretical calculations. The experimental results are clearlgt al*? find indications of gradients in both the carrier con-
inconsistent with the assumption of a homogeneougentration and Curie temperature of epitaxial, GMn,As
Ga _Mn,As film. After solving the semiclassical equations films. The presence of such gradients are also in accord with
of motion and using independent experimental data for theecent observations of interstitial Mn diffusiéhi*> The no-

V. CONCLUSIONS
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tion that Mn diffusion is a key process for annealing-inducedin the hole concentration after annealing—our theoretical
enhancement of magnetism has recently been backed up layalysis obtains a good agreement with the experimental re-
annealing experiments on sampleapped® with a few  sults using it the same magnetic anisotropy profile as for the
monolayers of undoped GaAs, which would block the inter-as-grown sample. The reasons for such robustness of the
stitial Mn from diffusing out of the sample. Under these anisotropy profile are not presently understood. Since the
circumstances the annealing process gave no significant ifariation of elastic and/or magnetic properties across the
crease in the Curie temperature. We believe that these expetsa, _ ,Mn,As film can have important consequences in its
mental results, together with our resonance measuremenfgture spintronics applications, a more detailed experimental
and the theoretical arguments given above provide solid sugand theoretical analysis is necessary to understand and con-
port for our calculation that a gradient in the magnetic pa+rol the magnetic properties of these thin ferromagnetic lay-
rameters must be present in GaMn,As. ers. One way to obtain more information about the effects of
We also studied the linewidth of the observed resonanceshe surface anisotropy is to perform FMR measurements in
For the as-grown samples the SWR linewidths do not depengymmetric three-layer structures GaAs{Ggvin,As/GaAs
on the mode number. This behavior hints that the relaxatiognd compare them with the previously obtained results. A
is due to spin-orbit coupling’ Indeed, the measuredather  systematic study of the thickness and annealing time depen-
large) resonance width is compatible with the presence of &jence of similarly grown samples would be also important to

relatively large random anisotropy. ~ understand the origin of the observed gradient of composi-
For the annealed samples, on the other hand, the linewidtfjgn.

decreases with increasing mode number, which is character-
istic to eddy current relaxation in metallic samptésThis
behavior is consistent with the results of annealing experi-
ments, since for higher carrier densities the random anisot-
ropy effects become less important, and at the same time the We would like to thank Professor John B. Ketterson for
sample becomes more metallic. It also underscores the faghportant comments. This research was supported by the Na-
that there is a significant physical difference between astional Science Foundation under NSF-NIRT Grant No. DMR
grown and annealed samples, going beyond quantitativ82-10519, by the U.S. Department of Energy, Basic Energy
changes in the values of saturation magnetization and th8ciences, under Contract No. W-7405-ENG-36, by the Al-
Curie temperature. It is interesting that—although we mightfred P. Sloand FoundatiofB.J), and by the NSF and Hun-
expect a different magnetic anisotropy profile for the an-garian Grants Nos. OTKA F030041, and T038162. G.Z. was
nealed samples due to the change in magnetic properties asdpported by the Hungarian Academy of Sciences.
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