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Systematic study of the spin stiffness dependence on phosphorus alloying
in the ferromagnetic semiconductor (Ga,Mn)As
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We study the dependence of the spin stiffness constant on the phosphorus concentration in the
ferromagnetic semiconductor (Ga,Mn)(As,P) with the aim of determining whether alloying with
phosphorus is detrimental, neutral, or advantageous to the spin stiffness. Time-resolved magneto-
optical experiments are carried out in thin epilayers. Laser pulses excite two perpendicular standing
spin wave modes, which are exchange related. We show that the first mode is spatially uniform
across the layer corresponding to a k &~ 0 wavevector. From the two frequencies and k-vector spac-
ings we obtain the spin stiffness constant for different phosphorus concentrations using weak sur-
face pinning conditions. The mode assessment is checked by comparison to the spin stiffness
obtained from domain pattern analysis for samples with out-of-plane magnetization. The spin stiff-
ness is found to exhibit little variation with phosphorus concentration in contradiction with
ab-initio predictions. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4917423]

Building complex heterostructures, such as tunnel mag-
netic junctions, from the same host material is a challenge in
order to reduce detrimental interface effects between differ-
ent parts of a spintronic device. In this framework, diluted
magnetic semiconductors (DMS) are a class of materials
able to address this challenge.' More fundamentally, DMS
and more specifically the III-V based (Ga,Mn)As have
become in the past decade a benchmark material in order to
achieve predictable tuning of magnetic properties. Levers
such as the temperature,2 the carrier concentration®* but also
the strain applied on the magnetic layer™® or alloying with
phosphorus’® have been used in order to change the micro-
magnetic properties, e.g., the Curie temperature T, the satu-
ration magnetization M, and the magnetic easy axis.

Among these properties, the spin stiffness D is perhaps
the most difficult to tune, despite theoretical guidelines.” An
increase of the spin stiffness keeping constant magnitude of
the magnetization My would mean larger exchange constant A
(A = DM,/?2) and therefore larger domain wall width and do-
main wall velocity, this tunability remaining out of reach for
metals. It is expected that alloying with phosphorus should
increase the spin stiffness owing to an increase of Mn-hole
exchange integral J,;, the stronger hybridization of the p-d
wave functions arising mainly from the smaller lattice con-
stant of GaMnP.'” The effect on T remains theoretically
unclear. Whereas an overall increase is predicted from
(Ga,Mn)As to (Ga,Mn)P,m’11 a decrease might occur for P
concentration between zero and 25%."! Furthermore, it was
shown experimentally that (Ga,.,Mn,)(As,,,P,) suffers a
metal-to-insulator transition with increasing phosphorus con-
centration with a drop of its T¢.'*'? A modest increase of D
between y =0 and y > 6% can be inferred from results on the
exchange constant A obtained for (Ga,Mn)(As,P) samples
with out-of-plane (OP) easy axis using domain pattern
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analysis.'*'> However, recent results using an optical tech-
nique suggest a decrease of D with P alloying but with only
one (Ga,Mn)(As,P) sample studied.'® Unfortunately domain
pattern analysis cannot be used to determine the spin stiffness
for in-plane (IP) magnetized samples. To assess this value at
low P concentration and in-plane easy axis, techniques based
on the excitation of exchange related perpendicular standing
spin waves (PSSW) can instead be used. The spin stiffness
constant can be extracted from the frequency spacing of
excited modes. One technique is the standard ferromagnetic
resonance (FMR),*!7 another is the time-resolved magneto-
optical Kerr effect experiment (TRMOKE)*'®'%19 recently
pointed out as an optical analog of FMR for DMS."
However, experimentally some modes undetectable by FMR
are observed by TRMOKE as will be shown further on.

Here, we report on the determination of the spin stiff-
ness constant by TRMOKE for samples with several P and
Mn concentrations. In order to assess the mode k-vector we
use the results previously obtained from domain pattern anal-
ysis for out-of-plane magnetized samples.'> We obtain the
variation of D with phosphorus concentration up to 9%.

Samples used for this study are epilayers of (Ga;_,,Mn,)
(As;_y,P,) grown on a (001) GaAs substrate and annealed 1 h
at 250 °C. The thickness obtained from X-ray measurements
is in the range of 43-50 nm. Samples from two sets with effec-
tive Mn concentration x4 around 3.5% and 5% were studied.
X Was determined from the saturation magnetization M,
measured by SQUID magnetometry. All samples were charac-
terized beforehand by FMR.® Typical FMR spectra are dis-
played in the inset of Fig. 1, where only one PSSW mode is
observed, as for most samples. Actually, for a layer with ho-
mogeneous magnetization and magnetic anisotropy, only spin
wave modes with a non-zero integral over the layer thickness
of the time-dependent magnetization component should be

© 2015 AIP Publishing LLC
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FIG. 1. Typical dynamical signal obtained in TRMOKE experiments. The
top curve displays the experimental signal (squares) and the associated fit
(solid line) for (Ga,Mn)(As,P) with x,;=3.6% and y=3.4% at T=12K.
The two curves below represent the oscillatory components of the experi-
mental signal obtained from the fit of the signal, shifted for clarity. Inset:
FMR spectra at T=4K for different angles of an out-of-plane field (6 with
respect to the [001] direction).

excited by a uniform radio-frequency field.*® Their detection
would however depend on the signal level with respect to
noise. Observation of only the fundamental mode allows the
determination of the magnetic anisotropy constants but pre-
cludes any estimation of the spin stiffness constant. TRMOKE
experiments are carried out on in-plane magnetized samples
with zero external magnetic field after a 60 mT initial prepara-
tion step. For out-of-plane samples an in-plane field is applied
to pull the magnetization into the layer plane. The laser source
is a Ti:Sa laser with pulse width ~200 fs at wavelength
A=703 nm. The sample is glued on the cold finger of a liquid
He flow cryostat. To limit thermal effects, experiments are
performed at low pump and probe fluence (F,,,,=1.1uJ
cmfz, Fprope = 0.4 ] cm™ ), with a circularly or linearly
pump beam, and a probe beam linearly polarized along the
magnetization direction. At low temperature, a pump induced
stationary increase of temperature of 0.5K is estimated. The
magnetization dynamics is monitored through the Kerr rota-
tion of the polarization detected by a balanced optical bridge.

A typical dynamical signal is shown in Fig. 1. After ex-
citation by the pump beam at t =0, which generates a tran-
sient change of the anisotropy constants and therefore of the
effective magnetic field, the magnetization is launched into
precession and relaxes toward its equilibrium position in a
few ns. The dynamical signal exhibits damped oscillations
with two frequencies, representing optically generated spin
wave modes (in some samples only one frequency is
detected). For most of the samples, there is no difference
between linearly and circularly polarized pump, except for
two samples without P where the second spin-wave fre-
quency was only observed in the helicity dependent signal.
The TRMOKE signal is fitted by the relation

S(r) =D Aie ¥ sin(2nfit + ¢,), (D

where f; is the frequency, ¢; the phase, A; the amplitude, and
o; the effective (inhomogeneous) damping of the i-th excited
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mode. The signal in Fig. 1 is obtained in a y =3.4% sample
at 12 K. Parameters from the fit are f; = 1.11+0.02 GHz,
f» =4.03%£0.05 GHz, and o, =0.08, and the amplitude ra-
tio between the two modes is 0.3.

To extract D from the observed frequencies, the magnet-
ization dynamics is modeled in a standard way, starting from
the Landau-Lifshitz-Gilbert equation with the exchange field
and without damping.®'® For in-plane easy-axis, the equa-
tions for small precession angle of the magnetization vector
read

2
30 = y{ —F340¢ /M, +Daab¢]
0%0 @
5(]5—)2[F0059/M D 82:|

where the z-axis (|| [001]) is perpendicular to the layer plane,
and 0 and ¢ are the polar and the azimuthal angles, respec-
tive'ly_ Fjj = gl%, | $—¢, are the second dfirivatives 'of the mag-
netic energy with respect to the spherical coordinates using
FMR convention®” for the anisotropy constants K;

Foo = —2K| + Ky (3 + cos4¢y) /2

3

F¢,¢ = 2([(4” CosS 4¢0 - KZH Ccos 2¢0) (4)
with ¢, the equilibrium angle with respect to [100] given by
sin 2¢0 = _K2H/K4H if |K2H/K4H| < 1 and ¢0 = 7'(/4 other-
wise. For an out-of-plane easy axis and an in-plane applied
magnetic field, the above equations are modified to include
the field. Calculations of the time dependent part give the
magnon dispersion relation

fk) = % \/FHHFM/M?i(Fee + Fy¢)Dk* /M, + D24,
%)

where 7 is the gyromagnetic ratio. The plus sign refers to a
bulk mode (coskz, sinkz) and the minus one to a surface
mode (coshkz, sinhkz). Note that by setting D =0, one recov-
ers the Smit-Beljers formula used for FMR.* The dispersion
curve for a sample with y =4.3% at T=12K and H =0 is
displayed in Fig. 2(a). The k=0 frequency represents the
spatially uniform mode and is related only to the anisotropy
constants, while the curvature of the bulk mode dispersion
curve depends on D.

The spatial dependence of 60 and d¢ is calculated by
finding the allowed confined surface-bulk hybridized spin
wave wavevectors for a sample thickness L. Following Refs.
6 and 18, Rado-Weertman symmetric general boundary con-
ditions for an in-plane magnetization are used>*

900
0z

o
*L/2 0z

_ 2K,
=¥ 50, (6)
*L/2 DM;

where F; = K, cos’0 is the surface anisotropy energy acting
as a pinning term hindering the surface spin precession. The
natural freedom condition (K; = 0) gives a k-quantification in
nn/L, where even (odd) n correspond to even (odd) spin
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FIG. 2. Sample with y=4.3%. (a) Magnon dispersion relation showing the
bulk modes (solid black line) and the surface modes (dashed black line)
(L=50nm). Horizontal lines represent the experimental frequencies
(T =12K). Squares (circles) represent the wavevectors of the bulk (surface)
components of the spin waves found from the boundary conditions (Eq. (6)).
Inset: Mode profile (out-of-plane component 66) across the layer thickness
for the first and second excited modes. (b) Frequencies of spin wave modes
from TRMOKE (symbols) as a function of temperature, compared with the
k=0 frequency (solid line) calculated from FMR anisotropy constants
(inset). (c) Layer thickness dependence of the frequencies of the two spin
wave modes observed in TRMOKE experiments (7= 12 K). The solid lines
are the frequencies calculated from Eqs. (5) and (6) using D=34T nm?,
and the anisotropy constants from FMR (inset of (b)). A sketch of the
staircase-like sample after etching is shown below the curves.

wave modes. Given the experimental precession frequencies,
the spin stiffness and the mode profiles are obtained through
an iterative adjustment of D and K (Fig. 2(a)). D determines
the frequency spacing between the two modes, while the pin-
ning constant K shifts their frequencies.

In order to run this model, a preliminary step is to check
the spatial profile of the lowest energy mode along the same
lines as in Ref. 19. To that end, a wet etching procedure was
carried out on a y=4.3% sample in order to obtain a stair-
case pattern (Fig. 2(c)). Successive oxidation and oxide
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removal sequences lead to a thickness difference of 5nm
between each step. The experimental results for this sample
(Fig. 2(c)) show that the first mode frequency does not
change with decreasing thickness while the second one
varies with the thickness as expected from Egs. (5) and (6).
This shows first that the sample magnetic properties have a
good in-depth and lateral uniformity and, second, that we are
observing two exchange related PSSWs, where the first
mode is a quasi-uniform mode as found from the mode pro-
file calculation (inset of Fig. 2(a)). Indeed, we find a very
small surface anisotropy constant Ky = —1.3 uJ m~2, which
divided by the layer thickness gives an equivalent bulk ani-
sotropy constant 10 times smaller than the smallest bulk one
(inset of Fig. 2(b)).

To compare FMR and optical experiments, we plot the
frequencies obtained from TRMOKE and the k=0 fre-
quency calculated from the FMR anisotropy coefficients as a
function of temperature. The result displayed in Fig. 2(b)
shows an excellent agreement between these two experi-
ments for the first mode frequency. Such a comparison was
shown for Nickel?! and for (Ga,Mn)As at one temperature
only."® Here, a very good agreement on a large temperature
range is demonstrated for DMS.

Because two PSSWs are generated, one can obtain D
from the frequency spacing. However, the correct value of D
depends on the identification of the mode k-number (and
thus symmetry) for the second excited spin wave. In a
TRMOKE experiment, one is not able to discriminate
between an odd or even mode. However, according to the
arguments developed in Ref. 18, only modes with a non-zero
integral of d60 and d¢ would be detected. In order to check
this point and determine the k-number, we compared the D
value obtained from stripe domain analysis'> for a y = 8.8%
sample (perpendicular easy axis) at T=20K,D = 11.8=1.3
T nm?, with the D values obtained from TRMOKE (under
in-plane field) with the assumption of an even mode, D =
54%0.7 T nm? or an odd mode, D =21.6+2.8 T nm™.
Results from these two experiments are in better agreement
with the assumption of an even second mode. The larger D
from domain pattern might arise from the assumption of
Bloch domain walls whereas they are actually twisted Bloch-
Néel walls.? Moreover, we find that the values obtained
from TRMOKE and FMR are in good agreement for this
sample, which shows two modes with both techniques (Fig.
3), assuming a second even mode also for FMR. This points
to a good homogeneity of the sample since TRMOKE is a
local probe (a few um?) whereas FMR probes the whole
layer. Three GaMnAs samples (without phosphorus) have
been studied. The D values obtained for two of them from
TRMOKE (Fig. 3), and for the third one (on a GalnAs
buffer, with perpendicular easy axis) from the width of indi-
vidual stripe domains close to saturation'* are all very close:
475+0.5, 48=*0.5, and 52*0.7T nmz, respectively,
which again is in favor of an even second PSSW mode in
TRMOKE. Let us note that the spin stiffness values for
GaMnAs reported in the literature are quite dispersed, some
being comparable to ours,'”'® others, especially for thicker
but likely inhomogeneous samples, being at least 3 times
larger,“’18 or 4 times larger by TRMOKE but under the
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L =43-49 nm for the y = 8.8% sample). The inset shows the temperature de-
pendence of D for the sample with y =4.3% for which T¢ = 85K.

assumption of a second odd mode,'® which would give a
value close to ours assuming an even second mode.

From TRMOKE results, we obtain D for (Ga,Mn)(As,P)
samples with y up to =~ 9% (Fig. 3). It is worth noticing that
for two samples with the same phosphorus concentration
(5.6%) but different effective Mn concentrations (3.5% and
5%), we obtain the same spin stiffness. Indeed, by consider-
ing the spin stiffness D = 2A /M, and not only A one takes
into account the effect of the effective Mn concentration,
which ranges here from 3.5% to 5.2%. Similarly one elimi-
nates the temperature dependence of A and M, which are
actually close,'” and determines an almost temperature inde-
pendent quantity (inset of Fig. 3). As can be seen in Fig. 3, D
hardly varies with the phosphorus concentration, i.e., with
the lattice cell volume, which decreases with y. Let us note
that while the value of D depends on the mode identification,
the trend with phosphorus alloying does not, provided one
observes the same pair of modes for all samples. In simple
models' D is expected to vary as p'/ 3J§d, where p is the car-
rier concentration. Our results can mean that J,; does not
increase with y. The increase of J,; was predicted consider-
ing relaxed layers.'"” However, for pseudomorphic
(Ga,Mn)(As,P) layers, the lattice cell volume decrease is
40% smaller, which may diminish the expected variation of
Jpa- Alternatively, a small increase of J,,; could be counter-
balanced by a decrease of the carrier concentration as sug-
gested in Ref. 13.

As a conclusion, we have carried out time-resolved
magneto-optical experiments for (Ga,Mn)(As,P) samples.
Together with previous results obtained for out-of-plane
easy axis samples, these results allow a determination of the
spin stiffness constant for phosphorus concentration ranging

Appl. Phys. Lett. 106, 142408 (2015)

continuously from zero up to 9%. The spin stiffness is found
to vary very weakly with the phosphorus concentration.
Incorporation of phosphorus is therefore neither detrimental
nor advantageous to increase the spin stiffness.
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