EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Structural, electronic, and magnetic properties of single MnAs
nanoclusters in GaAs

Citation for published version (APA):

Smakman, E. P., Mauger, S. J. C., Rench, D. W., Samarth, N., & Koenraad, P. M. (2014). Structural, electronic,
and magnetic properties of single MnAs nanoclusters in GaAs. Applied Physics Letters, 105(23), Article 232405.
https://doi.org/10.1063/1.4904097

DOI:
10.1063/1.4904097

Document status and date:
Published: 08/12/2014

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 17. Nov. 2023


https://doi.org/10.1063/1.4904097
https://doi.org/10.1063/1.4904097
https://research.tue.nl/en/publications/dc69dcc6-d629-408f-b690-0619aaf98f45

AlP | e ™

Structural, electronic, and magnetic properties of single MnAs nanoclusters in GaAs
E. P. Smakman, S. Mauger, D. W. Rench, N. Samarth, and P. M. Koenraad

Citation: Applied Physics Letters 105, 232405 (2014); doi: 10.1063/1.4904097

View online: http://dx.doi.org/10.1063/1.4904097

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/105/23?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Electronic properties of embedded MnAs nano-clusters in a GaAs matrix and (Ga,Mn)As films: Evidence of
distinct metallic character

Appl. Phys. Lett. 100, 203121 (2012); 10.1063/1.4704778

Structure and magnetism of MnAs nanocrystals embedded in GaAs as a function of post-growth annealing
temperature
J. Appl. Phys. 101, 113912 (2007); 10.1063/1.2739215

Tunneling through MnAs particles at a GaAs p + n + junction
J. Vac. Sci. Technol. B 24, 1639 (2006); 10.1116/1.2190680

Tailoring of the structural and magnetic properties of MnAs films grown on GaAs—Strain and annealing effects
J. Vac. Sci. Technol. B 23, 1759 (2005); 10.1116/1.1978902

Electronic and magnetic properties of MnAs nanoclusters studied by x-ray absorption spectroscopy and x-ray
magnetic circular dichroism
Appl. Phys. Lett. 83, 5485 (2003); 10.1063/1.1637430

T T T T e e T T e T e T T T T T T T e e I e e e T T e e T e e T T T e T T T T T T IToTTT
Confidently measure down to 0.01 fAand upto 10 PQ) ="
Keysight B2980A Series Picoammeters/Electrometers

KEYSIGHT

TECHNOLOGIES



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1940596036/x01/AIP-PT/Keysight_APLArticleDL_121714/en_keysight_728x90_3325-2Pico.png/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=E.+P.+Smakman&option1=author
http://scitation.aip.org/search?value1=S.+Mauger&option1=author
http://scitation.aip.org/search?value1=D.+W.+Rench&option1=author
http://scitation.aip.org/search?value1=N.+Samarth&option1=author
http://scitation.aip.org/search?value1=P.+M.+Koenraad&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4904097
http://scitation.aip.org/content/aip/journal/apl/105/23?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/20/10.1063/1.4704778?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/20/10.1063/1.4704778?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/101/11/10.1063/1.2739215?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/101/11/10.1063/1.2739215?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/24/3/10.1116/1.2190680?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/23/4/10.1116/1.1978902?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/83/26/10.1063/1.1637430?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/83/26/10.1063/1.1637430?ver=pdfcov

APPLIED PHYSICS LETTERS 105, 232405 (2014)

@CrossMark

Structural, electronic, and magnetic properties of single MnAs

nanoclusters in GaAs

E. P. Smakman,"® S. Mauger,' D. W. Rench,? N. Samarth,? and P. M. Koenraad'
'Department of Applied Physics, Eindhoven University of Technology, Den Dolech 2, 5612 AZ Eindhoven,

Netherlands

“Department of Physics and Materials Research Institute, The Pennsylvania State University, University Park,

Pennsylvania 16802, USA

(Received 1 October 2014; accepted 2 December 2014; published online 8 December 2014)

MnAs nanoclusters in GaAs were investigated with cross-sectional scanning tunneling microscopy.
The topographic images reveal that the small clusters have the same zinc-blende crystal structure
as the host material, while the larger clusters grow in a hexagonal crystal phase. The initial Mn con-
centration during molecular beam epitaxy growth has a strong influence on the size of the clusters
that form during the annealing step. The local band structure of a single MnAs cluster is probed
with scanning tunneling spectroscopy, revealing a Coulomb blockade effect that correlates with the
size of the cluster. With a spin-sensitive tip, for the smaller clusters, superparamagnetic switching
between two distinct states is observed at T=77K. The larger clusters do not change their
magnetic state at this temperature, i.e., they are superferromagnetic, confirming that they are
responsible for the ferromagnetic behavior of this material at room-temperature. © 2074
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904097]

Dilute magnetic semiconductors such as (Ga,Mn)As are
interesting candidates for providing room-temperature ferro-
magnetism.' ™ However, these materials have only been
grown with a Curie temperature up to T = 185K, which is
still far below room-temperature. An alternative approach is
the use of nm-sized ferromagnetic clusters in a semiconduc-
tor host, e.g., MnAs nanoclusters in GaAs.®® This material
has recently been demonstrated to be ferromagnetic well
above room-temperature’ and the MnAs clusters have been
shown to exhibit metallic behavior.'® In this work, the aim is
to investigate the MnAs nanoclusters in detail with cross-
sectional scanning tunneling microscopy (X-STM) and con-
firm their structural, metallic, and magnetic properties at the
nanoscale. For this purpose, the topography, electronic band
structure, and magnetic switching of single MnAs clusters
are probed with X-STM.

The samples for X-STM were grown by molecular beam
epitaxy (MBE). On a [001] oriented n-doped GaAs substrate,
first, a 120 nm Be-doped buffer layer was grown, with a Be
concentration of around ~1 x 10"®cm ™. This is followed by
a low-temperature 100nm Be:Ga;_Mn,As layer grown at
T=245°C. The final 2nm high-temperature capping layer
consists of Be:GaAs and is grown at T=600°C. We note
here that the Be effusion cell temperature used for the low-
temperature Be:Ga;_Mn,As layer was 40°C higher than
that used for the high-temperature buffer and capping layers.
This was done to keep the carrier concentration in all layers
as similar as possible by compensating for the known
double-donor effect caused by As anti-sites in low-
temperature (Ga,Mn)As.'" The last annealing step is crucial
for obtaining the MnAs nanoclusters and the desired mag-
netic behavior. The high temperature favors the migration of
Mn atoms away from interstitial and substitutional sites to be
incorporated into the clusters as MnAs.
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As outlined in Ref. 9, depending on the Mn concentra-
tion, the samples exhibit different magnetic behavior that
can be linked to the size of the clusters. For the type I sample
with a low Mn concentration of x <7.5%, the cluster diame-
ters are small, ~6nm, and have a zinc-blende crystal phase
like the surrounding GaAs. The material has a low blocking
temperature of Tz = 10 K. The blocking temperature charac-
terizes the magnetic transition between two cluster states,
i.e., superparamagnetism (the clusters are small ferromag-
nets, but they have a random magnetic moment orientation
with respect to each other) and superferromagnetism (the fer-
romagnetic clusters have the same magnetic moment orienta-
tion). The type II sample with a high Mn concentration of
x>7.5% contains not only the same small clusters but also
larger-sized clusters with diameters of roughly ~25nm,
which have a hexagonal NiAs crystal phase. Ty is well above
room-temperature in this case. The two distinct crystal struc-
tures and the different magnetic behavior observed by the
authors of Ref. 9 are connected to the X-STM results in the
current article.

The X-STM measurements were performed on {110}
GaAs surfaces in an Omicron room-temperature STM and in
an Omicron low-temperature STM at T=77K, both oper-
ated under ultra-high vacuum (UHV) conditions with a base
pressure of p<4 x 10~'' mbar. The tips for the room-
temperature STM were made from electrochemically etched
pieces of polycrystalline W wire. The tips for the low-
temperature STM were prepared each starting from a thin Cr
rod that was electrochemically etched to obtain an atomi-
cally sharp apex. All tips were subsequently prepared in
UHV by heating and Ar sputtering to remove contaminants
and create more stability during measurements. Cr is antifer-
romagnetic, which makes tips of this material ideal for SP-
STM, because they do not have a stray magnetic field but
still show good magnetic sensitivity.'>'? The electronic
measurements of the band structure were performed by

© 2014 AIP Publishing LLC
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FIG. 1. 100 x 74nm? topographic images of (a) a type I sample and (b) a
type II sample with MnAs clusters in GaAs. The insets show close-ups of
single Mn dopants. V=—2.70V, [ =40pA. The white arrows indicate the
growth directions.

directly taking /V-curves on the sample surface. The obser-
vations of magnetic switching were enabled by using an
Ametek 5210 Dual Phase lock-in amplifier to obtain high-
quality dI/dV information to probe the LDOS of the sample
surface at a specific bias voltage.

In Fig. 1, X-STM images are displayed of the
Be:GaMnAs epilayer of the type I and type II samples. In
both figures, large structures are easily distinguished, which
we link to MnAs clusters. There is no discontinuity of the
crystal phase at the interface between the buffer layer and
the Be:GaMnAs or for the interfaces inside the epilayer.
Furthermore, small atomic-sized bright features are visible,
also shown in the insets, which represent single Mn atoms in
the GaAs matrix.'"* The Mn concentration is estimated by
counting all the Mn atoms that are observed in the X-STM

(a) (b)

N/
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images. The Mn content in the Be:GaMnAs epilayer is found
to be 0.7% for the type I and 0.9% for the type II sample.
This is much lower than the initial Mn concentration, which
indicates that Mn atoms migrate efficiently during the
annealing step in order to form the MnAs nanoclusters. This
is corroborated by the presence of very few As anti-sites
compared to GaMnAs layers grown at the same growth tem-
perature.'” The total concentration of Mn is calculated by
adding the single atom Mn concentration to the fraction of
the area covered by the MnAs nanoclusters, resulting in
6.2% for the type I sample and 8.0% for the type II sample.
These concentrations agree with the initial growth parame-
ters for the two types of samples.’

The MnAs clusters give rise to both bright and dark con-
trasts with respect to the GaAs lattice. Because the metallic
character corresponds to a good electrical conductivity, the
MnAs appears brighter than the GaAs semiconductor in X-
STM measurements. Besides that, in the case of the large-
sized clusters, both protrusions and depressions arise because
material is either left behind on or ripped out of the surface
during the cleaving process, see Figs. 2(a) and 2(b). This
occurs, for example, in areas where the crystal orientations
of the materials do not match, as is expected for the MnAs in
their hexagonal NiAs crystal phase. In Fig. 1(a), additional
bright streaks are observed, which are monolayer cleaving
artifacts, often originating from a cluster underneath. There
is little outward relaxation visible in the GaAs directly sur-
rounding the clusters, from which we conclude that there is a
low amount of strain between the two materials. The combi-
nation of different crystal structures and low strain suggests
a mechanical decoupling of GaAs and MnAs in the case of
the large-sized clusters. Furthermore, neither structural
defects in or near the MnAs material nor lattice deformations
are visible, indicating that full relaxation occurs at the inter-
faces. For the small-sized clusters, in some cases, the zinc-
blende crystal lattice structure is visible also in the MnAs
and no protrusions or depressions related to the cleaving pro-
cess are observed, see Fig. 2(c). From Ref. 9, the zinc-blende
phase is expected to arise in the smaller nanostructures,
which matches with the trend observed in the X-STM results.
The larger clusters do not show atomic corrugation and also
appear with larger height variations. We therefore assume
that these larger clusters have the hexagonal NiAs phase.

In Fig. 3, histograms are displayed of the diameter distri-
butions of the clusters for both type I and type II samples.
The distributions were obtained from several X-STM images
and are fitted with a normalized probability density
function'®

()

e

FIG. 2. Illustration of the MnAs clusters in GaAs after the cleaving process. Large clusters with the hexagonal NiAs crystal phase either (a) are left behind pro-
truding from the surface or (b) are ripped out of the surface. (c) Small clusters with the zinc-blende crystal phase cleave along a {110} plane lined up with the

surrounding GaAs.
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where D is the cluster diameter, D is the median diameter of
a cluster in the material, o is the variance in the distribution,
and A is a normalization factor. The fits result in Dy =3.4nm
for type I and Dy=4.6 nm for type II material. Furthermore,
oc=1.1nm for type I and 6 =0.9nm for type II material.
These values agree with those found with transmission elec-
tron microscopy (TEM) studies discussed in Ref. 9. The his-
tograms show that the size of the type I sample clusters is
smaller than 8 nm, whereas in the type II sample clusters
with a diameter larger than 20 nm were found. This confirms
the appearance of a second class of larger-sized clusters
when the Mn content in the initial Be:GaMnAs layer is
increased.

In Fig. 4, the electronic band structure of a MnAs nano-
cluster is compared to the surrounding GaAs by plotting the
dI/dV along the dashed white line visible in the correspond-
ing topography image. The measurements were performed
on a sample with a Mn concentration of x=7.5%. At the
applied tunneling conditions, the contrast from electronic
effects is suppressed in the height profile of the surface. This
setting is therefore an appropriate starting condition for /V-
spectroscopy, because it avoids cross-talk with the topogra-
phy. Although MnAs is metallic, the nm size of the clusters
results in a Coulomb blockade effect with an effective
energy gap due to the charging of the cluster.'® From the
spectroscopic data, the charging energy can be estimated by
intersecting the valence and conduction band edges with the
electrical noise level on a semi-logarithmic scale. The charg-
ing energy of MnAs, E,=0.20¢eV, is much smaller than the
bandgap of GaAs, E,=1.52¢eV. The electrostatic energy of
a nanocapacitor is e”/2C, where the capacitance is given by

approximated at R =3.6nm, which matches well with the
size observed in the topography measurement. Note that our
choice for the value of ¢ assumes that the field distribution
between the MnAs cluster and the STM tip is limited to the
vacuum region. We expect that the deviations due to GaAs
host dielectric properties are very small because only a very
small portion of the field lines extend into the semiconductor
host material for the MnAs clusters that reside at the
vacuum-sample interface. Furthermore, the STM electronic
noise level of ~1 pA results in a possible overestimation of
the charging energy. The uncertainties in these two parame-
ters have opposite effects: a larger effective ¢ decreases the
estimated radius, while a lower STM electronic noise level
could increase it. The charging energy measured with STM
corresponds in order of magnitude to that observed in trans-
port measurements performed on single MnAs nanoclusters
in GaAs."”

The spin-polarized Cr tips that are used in the X-STM
measurements have a magnetic sensitivity that is most appa-
rent when recording d//dV spectra. The switching of a zinc-
blende MnAs cluster between two magnetizations is dis-
played in Fig. 5. The measurements were performed on a
sample with a Mn concentration of x=7.5%. Because the
current in this STM measurement is constant, only large ab-
rupt changes are recorded in the signal, because in that case
the feedback is too slow to adjust the tip height immediately.
In our measurement, we observe a strong instability in the
current at the position of the smaller-sized clusters. In the d//
dV signal, these regions correspond to areas where two dis-
tinct contrasts are observed. The signal switches between a
dark and a bright contrast at random positions during scan-
ning with the tip.

FIG. 4. (a) 12 x 12nm* X-STM topog-
raphy of a nanoscale MnAs cluster in
GaAs, V=-3.00V and /=100pA.
The white arrow indicates the growth
direction. (b) An /V-spectroscopy line
spectrum, taken over the dashed white
line indicated in the topography,
10mV steps. The dI/dV is color-coded
from blue (low) to red (high). The sin-
gle d//dV-spectrum is taken at the posi-
tion indicated by the dashed black line
and is displayed on a semi-logarithmic
scale. The estimation of the bandgap is
indicated by the dashed red lines.
T=T7K.

log(di/dV)
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FIG. 5. 30 x 20 nm> maps of (a) current and (b) d//dV of switching zinc-
blende MnAs nanoclusters in GaAs, V=+1.25V,I=100pA, V,,,=35mV,
fose =858 Hz, and 1,,. =3 ms. The fast scan direction is left to right, the
slow scan direction is bottom to top. The white arrow indicates the growth
direction. The dotted white circles indicate the position of switching clusters.
T=T7K.

We argue that the two states in the d//dV map corre-
spond to two magnetic moments of the cluster, both along its
magnetic easy axis but with opposite sign. The bistability
originates from the magnetization reversal of a complete
cluster, similar to Fe islands on a W surface described in
Ref. 18. In (Ga,Mn)As samples, resistance noise measure-
ments have been shown to exhibit random telegraph noise,
corresponding to MnAs clusters with a magnetic moment of
m~20us."° The magnetization direction of the magnetic
cluster is more parallel to that of the tip apex in the case of
the bright contrast, and more anti-parallel when a dark con-
trast is observed.”® This results in a different overlap
between the spin local density of states (LDOS) of the tip
and the sample for the opposite magnetization directions,
giving a different contrast in the STM images. Because we
have neither a magnetic field to direct the magnetization of
our tip nor a reference sample with known magnetic orienta-
tions, we do not know the actual direction of magnetization
in our measurements.

The magnetic switching occurs only for the smaller
sized clusters, while the larger clusters remain stable. This
suggests that the smaller clusters are superparamagnetic and
do not contribute to the ferromagnetic state of the material.
The larger clusters are not switching, suggesting superferro-
magnetic behavior under these conditions. This corresponds
to the observations in Ref. 9, where the measured blocking
temperature for material with on average smaller clusters is
Tp=10K and that for material with on average larger

Appl. Phys. Lett. 105, 232405 (2014)
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FIG. 6. The graph shows the random telegraph noise signal of a zinc-blende
MnAs nanocluster in GaAs, V= +1.75V and / = 25 pA. The corresponding 2 nm
wide part of the topographic line trace is displayed on top. On the right, a histo-
gram is shown of the tip height distribution during this measurement recorded in
time, demonstrating the switching between two distinct states. 7= 77 K.

clusters is above room-temperature. We chose the experi-
mental temperature of 7=77 K in the X-STM measurements
to verify the different magnetic behavior for the smaller and
larger nanoclusters.

The magnetic sensitivity is most apparent in the d//dV
signal, but also translates into changes in the topography.
Random telegraph noise of a single switching zinc-blende
MnAs cluster observed in the topography is shown in Fig. 6.
In this experiment, the tip was restricted to scan over a single
line of 10nm wide repetitively. From the resulting data set,
the tip height in the center of a MnAs cluster is extracted as
a function of time. The relative tip-sample distance for the
two magnetic states with these tunneling conditions is on the
order of 50 pm, which is well above the electrical and vibra-
tional noise level of about 5 pm. A detailed study of the dy-
namical behavior of the switching is possible by varying the
tunneling conditions, but this is outside of the scope of this
work.

In summary, X-STM measurements confirm that the
size of MnAs nanoclusters in GaAs is strongly dependent on
the Mn content. The GaAs matrix exhibits a perfect strain-
free zinc-blende crystal phase in the Be:GaMnAs epilayer.
The clusters are composed of the zinc-blende crystal phase
when they are small, but larger structures exhibit the hexago-
nal crystal structure. The Coulomb blockade effect observed
in a small cluster matches with the size of the cluster and
confirms the metallic character. The SP-STM measurements
reveal that the smaller clusters switch between two distinct
magnetic states, which means that they are superparamag-
netic at T="77K, while the larger clusters do not switch and
are superferromagnetic. This supports the view that larger
sized clusters are needed to create stable ferromagnetism at
room-temperature.

This work is part of the research program of the
Foundation for Fundamental Research on Matter (FOM),
which is part of the Netherlands Organization for Scientific
Research (NWO), Grant No. 09NSE06. D.W.R. and N.S.
acknowledge partial support through C-SPIN, one of six
centers of STARnet, a Semiconductor Research Corporation
program, sponsored by MARCO and DARPA.
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