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Controlling the Curie temperature in (Ga,Mn)As
through location of the Fermi level within the
impurity band

M. Dobrowolska'*, K. Tivakornsasithorn', X. Liu, J. K. Furdyna', M. Berciu?, K. M. Yu3
and W. Walukiewicz?

The ferromagnetic semiconductor (Ga,Mn)As has emerged as the most studied material for prototype applications in
semiconductor spintronics. Because ferromagnetism in (Ga,Mn)As is hole-mediated, the nature of the hole states has direct
and crucial bearing on its Curie temperature T¢. It is vigorously debated, however, whether holes in (Ga,Mn)As reside in the
valence band or in an impurity band. Here we combine results of channelling experiments, which measure the concentrations
both of Mn ions and of holes relevant to the ferromagnetic order, with magnetization, transport, and magneto-optical data to
address this issue. Taken together, these measurements provide strong evidence that it is the location of the Fermi level within
the impurity band that determines T through determining the degree of hole localization. This finding differs drastically from
the often accepted view that T is controlled by valence band holes, thus opening new avenues for achieving higher values of T¢.

Tc in (Ga,Mn)As is of obvious importance, as it can serve as

a guide for strategies to optimize this material. This issue is
closely linked to the question of whether the holes mediating the
Mn-Mn interaction reside in a weakly disordered valence band,
or in an impurity band. Despite extensive studies, this question
is still vigorously debated'. The valence band model assumes that
a separated impurity band does not exist for Mn concentrations
higher than ~1-2% (refs 2,3), and successfully accounts for a
number of observations®'?. The alternative model assumes that
the holes reside in a Mn-derived impurity band even for moderate
to high Mn concentrations”®™, and there is also a wealth of
experimental papers favouring this picture'¢=2°.

When Mn ions substitute for Ga in (Ga,Mn)As, they become
acceptors, introducing holes that mediate ferromagnetic interac-
tions between the S = 5/2 moments of the half-filled 3d Mn
shells. However, as was described theoretically'® and observed
experimentally”’, during (Ga,Mn)As growth some of the Mn ions
also enter into interstitial sites (Mn;), becoming highly mobile pos-
itively charged double donors. They can, however, be immobilized
by Coulomb attraction at interstitial sites immediately adjacent to
the negatively charged Mng,, where they form antiferromagneti-
cally coupled Mn;—Mng, pairs, as was shown both theoretically*®*
and experimentally’*>2. This automatically lowers the fraction of
Mn contributing to ferromagnetic order to Xy = Xy, — X1, Where
X and xy are respectively the concentrations of Mng, and Mn;. As
Mn; are double donors, they also reduce the concentration of the
holes by compensation to p = 4(x, — 2x1)/a°, where a is the lattice
constant of (Ga,Mn)As.

The early mean-field theory, based on the assumption that
holes reside in the valence band, predicts® that T ~ x. p'/>. Later
this theory was expanded by Jungwirth et al.*® to include further

l | nderstanding the factors that control the Curie temperature

refinements, such as discreteness of random Mng, positions in
the lattice and antiferromagnetic superexchange contributions to
the near-neighbour Mng,—Mng, coupling. The general prediction
of this more advanced formulation of the valence band model
is that T increases monotonically with x.s and p. As in both
theories the two key parameters are p and X, their experimental
verification is hindered by the fact that accurate determination
of the total hole concentration, especially in insulating samples,
is quite difficult if one uses electrical measurements, because this
contains little if any contribution from localized holes; and the
anomalous Hall effect in ferromagnetic (Ga,Mn)As adds an extra
level of complication. Furthermore, the value of x. is usually
determined from magnetization data, and this determination is
based on an assumed value of magnetic moment per X.g, which
is not fully known.

In this paper we take a direct approach for determining both
the effective Mn concentration x4 and the hole concentration
p from one experiment, namely, we map out the location of
Mn in the lattice by simultaneously using channelling Rutherford
backscattering (c-RBS) and channelling particle-induced X-ray
emission (c-PIXE), which automatically yield the concentration
of Mng, (x) and Mn; (x), allowing us to directly evaluate
X and p. These measurements were performed on a series
of ten samples, both as-grown and annealed, with a total Mn
concentration x,,, ranging between 0.03 and 0.068, encompassing
a wide range of samples having different degrees of compensation
and transport behaviours that vary from insulating to metallic.
We also performed transport, magnetization and magnetic circular
dichroism (MCD) measurements on the same samples. This
is the first time that such a detailed and systematic study of
the location of Mn ions in the lattice and its correlation with
other experiments has been carried out. Taken together, our
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Table 1| Local structure of (Ga,Mn)As as determined by channelling experiments.

Sample Xtot (%) Xrandom (%) Xsub (%) xi (%) Xeff (%) Tc (K) p (102° cm3) p/Neff or f
A (as grown) 3.0 0.1 2.4 0.5 19 45 31 0.74
B (as grown) 3.5 0.1 3.2 0.2 3.0 27 6.2 0.93
C (as grown) 4.8 0.3 4.0 0.5 3.5 34 6.6 0.86
C* (annealed) 5.0 0.4 4.3 0.3 4.0 54 8.2 0.93
D (as grown) 5.8 0.3 5.0 0.5 4.5 26 8.8 0.90
D* (annealed) 59 04 53 0.2 51 42 10.8 0.96
E (as grown) 6.0 0.3 5.0 0.7 4.3 30 8.0 0.84
E* (annealed) 6.1 0.5 52 04 4.8 43 9.7 092
F (as grown) 6.4 0.5 4.2 17 2.5 40 1.8 0.32
F* (annealed) 6.8 13 4.5 1.0 35 90 55 0.71

The location of Mn sites in the lattice was determined by simultaneous c-PIXE and c-RBS. Here xtot indicates the total Mn concentration; X,andom the concentration of Mn atoms residing at random
locations, for example, MnAs inclusions; xs,p the concentration of Mn ions located at Ga lattice sites (Mng,); and x| the concentration of Mn ions located at interstitial sites (Mny). The quantity
Xeff =Xsub — X| is the concentration of Mn ions which contributes to ferromagnetic order. The hole concentration p for a given sample was found as p = 4(xsp, — 2x)/a3, where a is the lattice constant
of (Ga,Mn)As of that sample calculated according to ref. 38. The Curie temperature T¢ is determined from magnetization measurements versus temperature. Finally, p/Nﬁﬁn is the number of holes per
effective Mn moment Nﬁ,f(n = 4(xef)/a3. It is easily seen that p/NﬁXn is equal to the filling factor of the impurity band f = (xsyp — 2x|)/xeff Used later in discussing the location of the Fermi level. Even
though there is a general tendency for x| /x to increase in samples with higher Mn concentration, in practice its value is a very sensitive function of growth conditions, that is, the probability for Mn; to

form depends on both the Mn flux and the growth temperature.
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Figure 1| Comparison between experimental data and theoretical
calculations based on the valence band model of Jungwirth et al.33. The
calculations according to ref. 33 (green curve) were carried out within the
TBA/CPA model based on the valence band picture, and include such
effects as hole-hole exchange interaction, discreteness of random Mng,
position in the lattice, and other refinements. The calculations and the data
shown in the figure are plotted as T /Xeff versus p/Ne,vﬁfn (where p/Ne,vfl‘(n is
the ratio of the hole concentration to the concentration of effective Mn
moments Nﬁ,flfn, with Nﬁ;,fn = 4x.ft/a3). The theoretical calculations of ref. 33
predict that for high compensation the Curie temperature falls with
decreasing hole concentration. In the low-compensation regime, however,
these predictions show that T¢ is almost independent of the hole density.
The experimental data shown in the figure are taken from Table 1 (red
squares) and from ref. 40 (blue squares). For samples in the
low-compensation range the experimental points are seen to depart
drastically from the theoretical predictions of the valence band model. The
error bars in the figure are calculated using standard analysis of error
propagation, that is, §f2 = Z?(af/ax;)z(dx;)z, where the error bars are
given by 8f, and 8x; are the standard deviations of Mn;, Mng, and Tc.

results challenge the valence band picture of ferromagnetism in
(Ga,Mn)As. Instead, our data point to the existence of a Mn-
derived impurity band even in samples with X, ~ 6.8%; and,
moreover, they show that it is the location of the Fermi level
Er within the impurity band, rather than the hole concentration
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itself, that determines Tc in (Ga,Mn)As. Specifically, samples
with Er located among localized states are insulating and show
low T¢, whereas samples with the Er located among the more
extended states in the impurity band show high T and a metallic
behaviour. Our results also indicate that, contrary to common
belief””**7, Mn; are in fact necessary for achieving a high value
of T, as predicted by Erwin and Petukhov'®. Understanding their
role is therefore crucial for guiding the growth and annealing
conditions of (Ga,Mn)As.

The results of the channelling experiments and the correspond-
ing values of T are presented in Table 1. The hole concentration p
for a given sample in Table 1 was calculated as p = 4(xy,, — 2x1)/a’,
where a is the lattice constant of (Ga,Mn)As in that sample calcu-
lated according to ref. 38. Although this is not a direct measure-
ment of p, it provides an excellent estimate, as demonstrated by
Wojtowicz et al.’®, who used electrochemical capacitance—voltage
profiling in (Ga,Mn)As to measure p directly, and compared it
with the values obtained from channelling experiments. We note
parenthetically that, although arsenic antisites (Asg,) also act as
double donors in (Ga,Mn)As, their concentration is typically below
~4 x 10" cm™, and their effect on p is therefore negligible in
samples with x,, > 0.03 (that is, for all the samples in this study)*.
The value p/Nift in the table represents the ratio of the hole
concentration to the effective Mn concentration, a quantity relevant
to the theoretical picture in ref. 33, which is also equal to the filling
factor f = (xgup — 2X1) /X introduced later in this paper. Our data
confirm the well-known fact?”** that a large fraction of Mn ions
in the as-grown samples reside at interstitial sites. Specifically, the
ratio xj/x. is 6% for sample B; about 10% for samples C and D,
and 25% for sample F. Sample F is rather striking in this respect:
although it has the highest total Mn concentration, its X.q is one
of the lowest, and its p is the lowest of all samples because of the
large value of x;. Our data also confirm the well-known fact'"*
that the main effect of annealing is the removal of Mn; (presumably
into random sites).

The first conclusion that can be drawn from Table 1 is that
the data are in striking disagreement with the valence band model
prediction that T¢ increases monotonically with x.s and p. For
example, sample F* has the highest T¢ of all samples, even though
it has one of the lowest values of x.¢ and of p. Moreover, sample D*
has a Tc comparable to that of sample F, but the latter has the lowest
of all p values and one of the lowest x.. A detailed comparison
between our data and the prediction of the valence band model*,
which further illustrates these disagreements, is shown in Fig. 1.

445

© 2012 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nmat3250
http://www.nature.com/naturematerials

ARTICLES

NATURE MATERIALS bo1:10.1038/NMAT3250

a 10'g
100 =
~ F Sample C
g C p
Ry
g ¢
S r
02 ? \
1073 L L
0 100 200 300
Temperature (K)
b 10 e
100 =
- E Sample D
£ [
R
g 10 E
2 §
1072
1073 ‘ :
0 100 200 300
Temperature (K)
(S 1071 F
= r Sample F
5
.
g 10 £
SY L
[ /
10-3 L L
0 100 200 300

Temperature (K)

Figure 2 | Effect of annealing on transport properties of (Ga,Mn)As
samples. The resistivity p was measured as a function of temperature for
as-grown (black curves) and annealed (red curves) (Ga,Mn)As films:

a, Samples C and C*, b, samples D and D*, and ¢, samples F and F*.

The theory shown by the green line was compactly presented in
ref. 33 as a plot of Tc/x versus p/NSI, the variable defined
above, which can be seen as a measure of compensation level.
(Low values of p/N indicate samples with a high compensation
level, and vice versa.) The red squares in the figure represent data
from Table 1, and the blue squares are taken from ref. 40 for
further comparison. For samples from ref. 40 the values of x.¢ were
found from channelling experiments as well, while p was taken
from electrochemical capacitance—voltage profiling, a method that
has been shown to agree very well with X, — 2x; (ref. 35). As
can be seen from the figure, the experimental data show a highly
non-monotonic behaviour, in sharp contrast to the valence band
picture developed in ref. 33. Specifically, samples with a high degree
of compensation are in agreement with the predictions of ref. 33;
however, the lower the compensation level (that is, the larger the
p/N& ratio), the more drastic is the disagreement between the
valence band picture and our experiment. We emphasize that this
disagreement has only come to light through the simultaneously
obtained c-RBS and c-PIXE data, the strength of this approach
being that both p and x. are determined by applying the same
experimental method to each sample. It is especially important to
note that, as the values of p and x.s obtained by this method are
directly related to each other, the uncertainty in the key parameter
of the theory involved, that is, p/ N, is very small.
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Figure 3 | Schematic representation of the origin of MCD in (Ga,Mn)As.
Band structure of (Ga,Mn)As is shown for two spin orientations (not to
scale; for more details see discussion in Supplementary Information). The
creation of an impurity state near a substitutional Mn ion results in the
depletion of the valence band by a state with spin oriented parallel to the
Mn spin. When the impurity band is fully spin-polarized, there are fewer
spin-down states than spin-up states left in the valence band.
Consequently the absorption due to transitions from the valence band to
the conduction band for the o* circular polarization (marked a*) is weaker
than that for the opposite circular polarization (@ ™), as indicated by the
thickness of the long arrows. This spin-dependent difference in the DOS in
the valence band leads then to a positive MCD signal that begins at the
energy gap. As the DOS vanishes at the band-edges, this spin-dependent
difference in the DOS will increase with energy, reaching a maximum where
the spin-down DOS in the valence band is depleted the most by
contributions to the impurity band, and again decreasing at higher energies.
The light-hole band (not included in the figure for clarity) makes a similar
contribution to MCD at higher energies.

Further information is obtained from transport measurements.
Figure 2 shows the resistivity p as a function of temperature T for
samples C, D and F, both as-grown and annealed. All samples show
lower resistivity on annealing, as expected, but interestingly the
samples showing a clearly metallic behaviour (F and F*), have their
hole concentrations among the lowest. In contrast, samples C, C*, D
and D* show insulating behaviour (seen especially clearly for sample
D), although all these samples have higher p than F and F*.

We now present the results of MCD measurements on the
same set of samples. Earlier MCD studies on Ga,_,Mn,As with
low Mn concentration (x & 0.015) revealed that the MCD signal
originates from the spin-dependent difference in the density
of states (DOS) in the valence band brought about by the
presence of a Mn-derived spin-polarized impurity band, rather
than from the p—d enhanced Zeeman splitting of the valence
band*'. This is consistent with recent findings that the p-d
exchange splitting in the valence band is negligibly small*>**. The
model developed earlier*' is based on the fact that the creation
of an impurity state near Mng, results in a depletion of the
valence band by a state with the spin oriented parallel to the
Mn spin. Thus, when the impurity band is spin-polarized, fewer
spin states parallel to the Mn spin are left in the valence band,
as sketched in Fig. 3.
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Figure 4 | MCD spectra. The spectra shown are taken at temperature
T=10K and magnetic field B=5T. As the thickness of the layers is the
same for all samples (d ~ 100 nm), the MCD signal (Tt —T)/(T*+T7)
expressed in % facilitates a good quantitative comparison between the
samples. The vertical line shown at 1.5 eV indicates the bandgap of GaAs.
The top spectrum, obtained for a sample with effective Mn concentration
Xeff = 1.6%, was published earlier*’, and is included here to show that the
spectra obtained for samples with higher Min concentrations evolve
smoothly from low xeff onward and show the same general features: a very
broad positive signal that rises sharply at the bandgap. The peak which
develops on the higher energy side and increases in intensity as e
increases reflects the increasing contribution to the impurity band from the
light-hole band.

Figure 4 shows MCD spectra taken on six of the samples, in order
of increasing x.¢. For comparison we also include MCD data for
Xer = 0.016 (ref. 41). All spectra show the same general features:
a very broad positive signal that rises sharply at the energy gap
(1.5 eV, indicated by the vertical line). Because the spectra for higher
X evolve smoothly, showing similar features as the spectra for
Xe¢ = 0.016, we conclude that the model developed earlier*! also
applies to higher x.g, that is, that MCD arises from a spin imbalance
in the valence band states, a behaviour that can only be attributed
to the existence of a spin-polarized impurity band. Furthermore,
because the MCD signal rises sharply at the bandgap, not only must
there be a difference in the spin-up and spin-down DOS at the
top of the valence band, but these top valence band states must be
occupied. Thus the Fermi level must lie above the top of the valence
band, that is, in the impurity band.

As was also shown in ref. 41, in the case of very low Mn
concentrations the largest contribution to impurity states comes
from heavy holes. However, as the number of states in the impurity
band increases with increasing x.g, the light-hole states also begin
to be pulled into the impurity band states. Figure 4 shows that as
Xef increases, a second peak begins to develop at higher energy
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Figure 5 | Comparison between MCD spectra for samples F and F*. The
spectra were taken at T =10 K and magnetic field B=5T. The integrated
intensity of the MCD signal for the annealed sample F* is significantly
higher (~40%) than for the corresponding as-grown sample F. A
below-gap negative contribution to the MCD signal is seen for sample F, as
discussed in Supplementary Information.

with systematically increasing intensity. We therefore ascribe the
two peaks observed in MCD to peak contributions from the
heavy-hole band (lower energy peak) and from the light-hole band
(higher energy peak).

Although the existence of an impurity band for x,,; ~ 0.068 is
sometimes questioned, we argue that it is actually x.¢ that controls
the number of impurity states. The experimental evidence for this
comes from Fig. 4, which reveals that samples with similar x.g
exhibit similar MCD spectra. Especially striking is the resemblance
between the spectra for samples F and B, even though they have
very different values of x,, p, and Tc (see Table 1). The only
property which these samples have in common is their small x..
This behaviour, together with the evolution of the light-hole peak
in the MCD spectra with increasing x.s, provides a clue that it is X
rather than x,,, or even Xy, that controls the shape of MCD spectra.

Further confirmation that x.¢ controls the number of impurity
states is presented in Fig. 5, where we compare the MCD spectra
for samples F and F*. As shown in Table 1, both samples have very
similar values of x,,. However, x. increases from 2.5% in F to
3.5% in F*. As the MCD signal arises from the spin-dependent
difference in the DOS in the valence band, and because the number
of spin-up states missing from the valence band must equal the
number of states of the same spin in the impurity band, the
integrated MCD signal over the energy range above the bandgap
must reflect the number of states in the impurity band . The
increase of the MCD signal in the annealed sample F* in Fig. 5
thus indicates that the number of states in the impurity band
is determined by x.q. Other samples also show some increase in
the integrated MCD on annealing, but because annealing in those
samples leads only to small increases of x., the effect is not as
marked as in F and F*.

We now discuss these findings in the context of the unsolved
issue concerning the states occupied by the holes mediating the
Mn-Mn ferromagnetic coupling. As already mentioned, our results
disagree with the models based on the valence band picture.
Furthermore, the MCD data for nominal Mn concentrations of up
to ~6.8% are consistent with the model predicting that MCD arises
from the spin imbalance in the valence band originating from the
presence of a spin-polarized impurity band, and that Ey lies above
the top of the valence band in all our samples. As the data also show
that the number of states in the impurity band is determined by X,
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the hole fraction p/N¢f listed in Table 1 is recognized as the filling
factor f of the impurity band, f = (%, — 2X1) /Xefr> and thus gives the
location of the Fermi level within the impurity band. For example,
f =0.75 indicates that 25% of the impurity band states are occupied
by electrons, whereas f = 0.9 indicates that only 10% of the impurity
band states are occupied by electrons, putting the Fermi level near
the bottom of the impurity band.

Taking all our data together, we argue that the behaviour of
the Curie temperature of (Ga,Mn)As can be understood only by
assuming that its ferromagnetism is mediated by holes residing
in the impurity band, and that it is the location of the Fermi
level within the impurity band that determines Tc. We can now
re-examine Fig. 1 and see how T¢/x.s changes as the Fermi level
moves from the top of the impurity band (f & 0.2) to the bottom
(f = 0.9). As the figure shows, samples with f & 0.7 have the
highest T /x. ratio, and that ratio drops for lower as well as for
higher values of f. This ‘dome-like’ behaviour of T¢/x.; versus
f agrees conceptually with the prediction that T is expected to
be highest at f &~ 0.5 in the impurity band, because ferromagnetic
alignment is promoted by hole hopping, which is only possible
between singly occupied and empty Mn impurity states'®. This
result is also in agreement with the simulations of ref. 42, which
find extended states and the highest DOS close to the centre of
the impurity band, meaning that the most metallic samples with
the highest T have their Fermi level in this region. In contrast,
for small or large f, that is, when the Fermi level is near the
top or the bottom of the impurity band, the DOS is lower and
the states become localized, suggesting insulating samples with
lower Tc. As an illustration, samples A and F* have their Fermi
levels close to the centre of the impurity band; thus they have
the highest T¢/x. ratio, and are also most metallic. However,
more detailed theoretical modelling is needed before quantitative
comparisons can be undertaken.

Comparing samples with similar filling factors of f ~ 0.9 also
provides a valuable insight into the effect of annealing. As shown
in Fig. 2, the resistivities in annealed samples, especially C* and D*,
decrease by about two orders of magnitude after annealing. Because
f also increases slightly, thus moving Ep towards more localized
states, we are forced to conclude that annealing lowers the disorder
and improves the uniformity of the sample. As a consequence,
the energy range where the states are extended is expanded,
resulting in an increased T¢. This agrees with neutron reflection
measurements* and ferromagnetic resonance experiments** which
also show that one of the major effects of annealing is to improve
the homogeneity of (Ga,Mn)As samples.

In summary, our data are consistent with the existence of an
impurity band up to rather high nominal Mn doping levels, and
indicate that the location of the Fermi level within the impurity
band plays a crucial role in determining T through determining
the degree of localization of the impurity band holes. Specifically,
we show that having the Fermi level near the middle of the impurity
band, where the states are most extended, is at least as important
for raising T as increases in x.. An understanding of the role of Ex
thus opens pathways for new strategies for achieving higher values
of T¢. For example, appropriate control of the concentration of
Mny, co-doping with donor ions*’, or modulation doping can be
used to engineer the location of Er within the impurity band to best
advantage. Similarly, the findings of this paper have far-reaching
consequences for optimizing the ferromagnetic coupling (and
therefore T¢) within the whole family of III-Mn-V ferromagnetic
semiconductors through tuning the binding energy of the Mn
acceptors by means of, for example, alloying different III-V host
materials. By varying the binding energy of Mn acceptors one can
vary the location and the width of the impurity band, and therefore
improve the Curie temperature through improving the mobility of
the impurity band holes.
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Methods

Synthesis of (Ga,Mn)As samples. (Ga,Mn)As samples with a thickness of ~100 nm
were grown by low-temperature molecular beam epitaxy (LT-MBE) on (001)
GaAs substrates on which a 0.2 um Gay 70Aly 50As buffer was first deposited. The
annealed samples were treated at 280 °C for 1 h in flowing N, gas. Superconducting
quantum interference device (SQUID) magnetometry was used to measure the
magnetization of the samples as a function of temperature and thus determine T¢.
These measurements were complemented by electrical transport characterization
as a function of temperature.

Magneto-optical spectroscopy. The MCD measures the difference in absorption
of right- and left- circularly polarized light, and is given by the expression

TH—T- (¢ —at)d

T++T- 2

MCD =

where TT and T~ are transmission intensities for 6+ and o~ circular polarizations,
a= are the corresponding absorption coefficients, and d is the thickness of the
sample. As the MCD measurements were performed in a transmission mode, the
GaAs substrate had to be removed through polishing and subsequent etching,

the Gag 7oAl 30As buffer serving as an excellent etch stop. The measurements of
MCD were carried out by means of the polarization modulation produced by a
photo-elastic modulator. The samples were placed in an optical cryostat equipped
with a 6 Tesla superconducting magnet, and the magnetic field was applied parallel
to the direction of light propagation, that is, normal to the (Ga,Mn)As layers. The
transmitted light was detected by a photodiode using a lock-in amplifier.

Channelling experiment. The total Mn concentration and the locations of

Mn sites in the Ga;_,Mn,As lattice were studied by simultaneous c-RBS and
c-PIXE measurements using a 1.95 MeV *He™™" beam. Backscattered He ions and
characteristic X-rays excited by the He ions were detected by a Si surface barrier
detector located at a backscattering angle of 165° and a Si(Li) detector located at
30° with respect to the incident ion beam. The specific locations of Mn atoms in the
lattice were determined by directly comparing the angular scans about the (110)
and (111) axial channels of the Mn Ko X-ray signals (PIXE) with those of the RBS
signals from the GaAs host lattice. The accuracy of determining the quantities Xy,
x1 and x,o; relevant to the present paper is estimated as +10%.
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