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ABSTRACT

Fep 1ScooN with a thickness of ~ 380 nm was grown on top of a ScN(001) buffer layer of
~ 50 nm, grown on MgO(001) substrate by radio-frequency N-plasma molecular beam epitaxy
(rf-MBE). The buffer layer was grown at Ts ~ 800 °C, whereas the FeScooN(001) film was
grown at Ts ~ 420 °C. In-situ reflection high-energy electron diffraction measurements show
that the Fep;ScooN film growth starts with a combination of spotty and streaky pattern
[indicative of a combination of smooth and rough surface]. After ~ 10 minutes of growth, the
pattern converts to a spotty one [indicative of a rough surface]. Towards the end of the
Fep1ScooN film growth, the spotty pattern transforms into even spottier, but also ring-like
indicating a polycrystalline behavior. Superconducting quantum interference device magnetic
measurements show a ferromagnetic to paramagnetic transition of T¢ ~ 370 — 380 K. We
calculated a magnetic moment per atom of u(Feo,lsco,gN) = 0.037 Bohr magneton/ Fe-atom. Based
on the carrier concentration measurements (ns(Feo. lsco,gN) =2.086 x 10" /cm3), we find that iron
behaves as an acceptor. Comparisons are made with similar MnScN (001)/ScN(001)/MgO(001)

system.
INTRODUCTION

Recently, many efforts have been focused to obtaining III-V dilute magnetic
semiconductors (DMS) by doping semiconductors, such as gallium nitride (GaN) and gallium
arsenide (GaAs), with transition metal manganese (Mn) [1-12]. To use DMS materials in
spintronics applications, the materials should exhibit a ferromagnetic transition temperature (Tc)
above 300 K. However, up to date, the experimental results reported the growth and magnetic
properties of MnGaN with no convincing confirmation of T¢ at or above 300 K [1-8]. Haider et
al. [7] in particular, indicate clearly that N-rich and slight metal-rich growth regimes of MnGaN
result in ferromagnetism above 300 K. Nevertheless, the origin of ferromagnetism in this result
is not fully understood. The Tc reported values for MnGaAs could not be raised beyond 110 K
[9], which remained a standard for this material for many years. Post-growth annealing
treatments proved to be the way to surpass this barrier [10]. Nevertheless, the highest reported
values of T¢ in MnGaAs remain only around 173 K [10, 11]. It is obvious that there are still
challenges in obtaining a reliable above-room-temperature DMS. Therefore, the quest for
finding new possible DMSs is in full swing. One interesting new system is iron doped scandium
nitride (FeScN). Scandium nitride (ScN) is a semiconductor with a rocksalt crystal structure, a



direct band gap of 2.15 eV, and an indirect band gap of 0.9 - 1.1 eV [13-18]. In the past it had
been shown that manganese alloys very well with ScN, namely Al-Brithen et al. showed that
manganese scandium nitride (MnScN) alloy follows the Vegard’s law, with the two tetragonal
lattice constants of the Mn-rich end linearly approaching the single cubic lattice constant at the
Sc-rich end [19]. Moreover, recent theoretical calculations predict a Tc for MnScN alloys above
350 K, when ScN is doped with up to 20% Mn [20-22]. Our group experimentally found that
3% and 5% Mn-doped ScN showed ferromagnetism past 350 K [23].

In this article, we focus in particular on the magnetic and electronic properties of
Fep 1ScpoN(001) grown on a buffer of ScN(001) grown on MgO(001) substrate by radio-
frequency molecular beam epitaxy (rf-MBE). During the growth, the reflection high-energy
electron diffraction (RHEED) measurements reveal a surface transformation that starts with a
combination of smooth and rough growth (for the first ~ 10 minutes of growth). As the growth
progresses towards the end, the surface becomes even rougher, and with a polycrystalline
behavior. Magnetic measurements show a ferromagnetic to paramagnetic transition of T¢ ~ 370

— 380 K, and with a magnetic moment per atom of u(Feo,lsCO,gN) = 0.037 pg/Fe-atom. Carrier

concentration was measured to be ns(Feo,lsCO.gN) =2.086 x 10" /cm3, and with a corresponding

mobility value of us(Feo,lsco,gN) =73.44 cm*/(Vs).

EXPERIMENT

The rf-MBE chamber uses N; as a source gas, and employs effusion cells for Sc and e-
beam cell for Fe evaporation. During the entire growth, the N plasma source is kept constantly
operating at 500 W and with a N, flow rate set at 1.1 sccm (Pchamper = 9 X 10°° Torr). The
substrate temperature is measured in-situ by using a thermocouple, which is located behind the
substrate heater and ex-situ by using an infrared pyrometer which is looking through a glass
window directly at the front side of the sample. The Fej;ScooN layer is grown at a specific
cation flux ratio r =Jg,/ (Jsc + Jr.), with Jg, = 1.67 % 10" cm'zs'l, and Jg. ~ 1.5 x 10" em?s7,
The film is monitored in-situ by a Staib RHEED instrument with an e-beam energy of 20 keV.
After the sample is exposed to ambient it is measured with a Quantum Design superconducting
quantum interference device (SQUID), and a homemade four-point probe (Van der Pauw
geometry) resistivity/Hall effect measurements system (R-T/Hall effect).

RESULTS AND DISCUSSIONS

Shown in Fig. 1 (a - h) are the RHEED patterns of the
Fep.1ScooN(001)/ScN(001)/MgO(001) film taken at [110] & [100] crystal orientation of the
MgO(001) substrate. After the MgO(001) substrate was ultrasonically cleaned with acetone and
isopropanol, it had been loaded into the MBE chamber and deoxidized by heating and nitridation
at a temperature of ~ 900 °C for 30 minutes, while keeping the N, flow rate to 1.1 sccm and rf-
plasma power at 500 W. Immediately after this, the RHEED patterns shown in Figs. 1 (a) & (b)
look streaky, indicating a suitably smooth substrate surface.

Next, a buffer layer of ScN is grown at a sample temperature of 800 °C and with
thickness ts.y ~ 50 nm. The RHEED patterns of the ScN buffer layer [Figs. 1 (¢) & (d)] indicate
a relatively smooth starting substrate, despite being very thin. At the end of the buffer layer
growth, the substrate temperature is lowered to Ts ~ 420 °C, and the growth of the Fey;ScooN
film starts by simultaneously opening the Fe and Sc shutters while keeping the plasma source



opened at 1.1 sccm and 500 W power. The growth run that we performed for the Feg;ScooN
film starts with a combination of spotty and streaky RHEED patterns [Figs. 1 (e) & (f)]; we
generally find that the pattern converts to a spotty one after some time (~ 10 minutes). At the
end of the FepScooN film growth the RHEED patterns [Figs. 1 (g) & (h)] transform into even
spottier, but also ring-like indicating a polycrystalline behavior.
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Figure 1. (a) & (b) RHEED patterns of MgO(001) substrate taken before the ScN buffer layer
growth. (¢) & (d) RHEED patterns of ScN(001) buffer layer taken before the FeScN film growth.
(e) & (f) RHEED patterns of Fey;ScooN taken ~ 5 minutes after Sc and Fe shutters have been
opened. (g) & (h) RHEED patterns taken at the end of a ~ 380 nm growth of Fe( ;ScooN film.
The left column of RHEED patterns [i.e., (a), (c), (e), and (g)] were taken along the [110] MgO
substrate crystal orientation, whereas the right column of RHEED patterns were taken along
[100] MgO substrate crystal orientation [i.e., (b), (d), (f), and (h)].

In Fig. 2 we present the magnetic behavior of the FeyScooN(001) which was measured
by SQUID. The initial raw magnetic data for both Fig. 2 (a) and (b) has been corrected by
performing a background subtraction of the paramagnetic signal originating from the sample
holder and the MgO substrate. The magnetic signal presented in Fig. 2 (a) starts saturating at a
field of ~ 4000 Oe and it maintains a saturation average value of ~ 1.51 emu/cm’ up to maximum
field of 20000 Oe.



In Fig. 2 (a) we also observe a remanence of ~ 0.060 emu/cm’ and a coercive field of ~
50 Oe. These results differ from the magnetic results we obtained for a work-in-progress Mn-
doped ScN system that we grew in our lab [23]. We observed that for MnScN films
Mng 03Scp97N, and MngosScoosN the hysteresis was saturated at 0.746 emu/cm3, and 0.309
emu/cm’, respectively. Magnetic saturation is achieved at ~ 2500 Oe for both MnScN samples.
While Mng ¢3Scp97N does not show any measurable remanent magnetization, the Mng ¢sSco.9sN
sample shows about 0.044 emu/cm’ at remanence and a coercive field of about 425 Oe.
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Figure 2. (a) Magnetization (emu/cm3 ) versus Field (Oe) for FeyiScooN film. (b)
Magnetization (emu/cm3) versus Temperature (K) for Fey;ScooN film. The red arrow in (b)
indicates the estimated T for Feg 1ScooN film.

In Fig. 2 (b), we present the magnetization versus temperature done under applied field,
and one can clearly see a monotonic decrease of net magnetization starting from ~ 150 K all the
way up to above 300 K. The ferromagnetic to paramagnetic transition of T¢ ~ 370 — 380 K is
represented by the red arrow in Fig. 2 (b). Our calculated magnetic moment per atom is
u(FeoAlscogN) = 0.037 pp/ Fe-atom, where pg = 9.724 x 102! emu is the Bohr magneton. For
MnScN system we found for Mngp3Sco97N, and MngosScoosN magnetic moments of
u(Mno,o3S°o,97N) =0.0617 pp/ Mn-atom, and u(Mno,ossco,%N) =0.0152 pp/ Mn-atom, respectively.



The carrier concentration that we measured with our R-T/Hall effect system was found to
be s %00 = 2.086 x 10" /cm?®, with a corresponding mobility value of ps™ >0 = 73.44
cmz/(Vs). Similarly for MnScN system we found for Mng 03Scp 97N , and Mng g5ScoosN values of
ns™%055 007 = 4 x 10" /em®, and ns™"05°%00s" = 2.18 x 10" /em®, with corresponding
mobility values of us(Mno,ogscomN) = 24.8 cm?/(Vs) and us(M“0,05S°0,95N) = 33.8 cm?/(Vs),
respectively. Based on our carrier concentration measurements, we find that Fe atoms behave as
acceptors in ScN. For example, a ScN control sample (no iron) has ns®N = 2.76 x 10*%/cm’,
and as we put 10% Fe into it, the carrier concentration value drops by more than an order of
magnitude [i.e., ns™ 150 = 2.086 x 10/cm’]. It is known that ScN has a very high

concentration of free carriers due in part to N vacancies [17].

CONCLUSIONS

Fep.1ScooN was grown on top of ScN(001) buffer layer, grown on MgO(001) substrate by
radio-frequency N-plasma molecular beam epitaxy (rf-MBE).  Although the growth of
Fep.1ScooN starts with a suitably smooth (2D) surface (obtained at the end of the ScN buffer layer
growth) it gets spottier (more 3D) as the growth evolves in time, to culminate with a rough and
polycrystalline surface at the end of the growth. Magnetic measurements reveal a ferromagnetic
to paramagnetic transition of T¢ ~ 370 — 380 K, and a magnetic moment per atom of u(Feo,lsco,gN)
= 0.037 Bohr magneton/ Fe-atom. It is interesting to note that both Fe and Mn have very similar
responses in the ScN. They both appear to act as p-type dopants. Despite the encouraging T¢
value we presented in this article, further experiments need to be done in order to identify the
source of ferromagnetism.
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