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We report on the growth, thermoelectric, magnetic properties, and re-entrant spin-glass state in MnP-type orthorhombic FeAs thin
film, grown on LaAlO; (100) substrate by using a molecular beam epitaxy. The film is polycrystalline with a grain size about
200 nm. Electrical resistivity as a function of temperature revealed a metallic behavior. A sign change of Seebeck coefficient was
observed at 370 K, due to the contribution of multiple bands to charge transport. We found a re-entrant spin-glass state in the film,
attributed to strain in the sample. As a result, a very sharp spin-glass magnetic transition at 50 K was observed in the temperature
dependence of Seebeck coefficient, electrical resistivity, and magnetization curves. The bifurcation point between zero field cooled
and field cooled magnetization occurred at 350 K. A ferromagnetic-type behavior was observed over a temperature range from 10
to 300 K, confirming the re-entrant spin-glass state. Where the determined magnetization and coercive field are small, around 7
emu cm > and 300 Oe at 10 K, respectively. Our work provided a study on thermoelectric and magnetic properties of re-entrant

spin-glass FeAs in thin film form
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In recent years, FeAs-based superconducting materials have
attracted much attention. In the FeAs-based superconducting mate-
rials, FeAs layer acts as a two-dimensional conductance channel in
different structures such as 1111- LnFeAsO (Ln = rare-Earth), 122 -
AFe,As, (A = Ca, Sr, Ba), and 111 - LFeAs (L = alkali metal).l
These structures have a tetragonal coordination of iron by arsenic,
forming a distorted FeAs,-tetrahedron. Whereas in FeAs each iron
atom is coordinated by six arsenic atoms, forming a distorted
FeAsg-octahedron.” Therefore, studying on transport properties of
pure FeAs brings useful knowledge as comparing these properies of
different superconductive materials based on FeAs.The structural
properties, magnetic properties, the transport properties relating to
the Seebeck coefficient (including its dependence on temperature, its
value variation around the phase transition point, the inversion of its
sign), the mechanism of electron-phonon interaction and the varia-
tion of thermal conductivity still need to be discovered, especially in
form thin film.Efforts have been made to studythe structural,
magnetic, and transport properties of FeAs precursor materials in
the bulk form.”® The FeAs has a MnP-type orthorhombic crystal
structure (space group Pnma). It exhibits a metallic behavior in
electrical transport. The magnetic phase transition of FeAs is
approximate 70 K.*~7 Selte et al. reported the magnetic anisotropy
of FeAs with a spin orientation in the ac-plane and the propagation
vector along the b-axis, resulting in the collinear antiferromagnetic
ordering (collinear spin-density wave) of iron atoms below 77 K.>
Rodriguez et al. reported the non-collinear spin-density wave
antiferromagnetism, “helical” magnetic order, at Ty ~ 77K.*
Segawa et al. reported that helical magnetic order is observed below
T~ ~ 70 K and anisotropic antiferromagnetic domains are formed in
the helical ordered phase.’ Zig et al. reported the spin-glass magnetic
transitions and ferromagnetic-type behaviors over the temperature
range of 5-300 K, observed in a self-flux grown single crystal. While
single crystals, grown with iodine transport vapor, are non-magnetic,
and associated with antiferromagnetic and spin wave
characteristics.® The bulk FeAs poses a complicated conductivity
mechanism around phase transition temperature due to the contribu-
tion of multiband carrier.”® Recently, the study of Takeshita’s group
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has showed that polycrystalline FeAs in bulk form does not perform
superconductive statement under a pressure of 11 GPa.” To the best
of our knowledge, there has been no research on thermoelectric and
magnetic properties and re-entrant spin-glass state in FeAs thin film
form.

In this work, we focused on the fabrication of FeAs polycrystal-
line thin film on LaAlO; (100) substrate using molecular beam
epitaxy and investigated its thermoelectric, magnetic properties, and
re-entrant spin-glass state. The film showed a grain structure with an
average grain size of 200 nm. Metallic behavior and a sign change in
Seebeck coefficient were observed. The re-entrant spin-glass transi-
tions were observed in thermoelectric and magnetic measurements
with a freezing temperature and bifurcation point at 50 and 350 K,
respectively. The results were thoroughly discussed.

Experimental

FeAs thin film was grown on LaAlO;(100) substrate by a
molecular beam epitaxy (MBE, VG Semicon. Inc.). The LaAlO5
substrate (MTI Crystals, Inc. (USA)was first chemically cleaned
with methanol before loading into the growth chamber. The
substrate was then heated to 600 °C for 30 min to completely
remove the residual impurities on the surface. After that, the
substrate was cooled down to 500 °C for the growth of FeAs thin
film. During the growth process of FeAs film, the evaporation rate of
Fe and As pressure was set at 0.26 A s~ ! and 1.8 x 107° Torr,
respectively. A high temperature effusion cell was used for Fe
evaporation and an As cracking cell was used for As. The
evaporation rate of Fe and As was monitored by a quartz crystal
microbalance and an ion gauge beam flux monitor, respectively. The
quality of the film was monitored by in situ reflection high energy
electron diffraction (RHEED). The crystal structure was character-
ized by X-ray diffraction (XRD) EQUINOX 5000 Thermo
Scientific, France with Cu-K, radiation, A\ = 1.54056 A. The
composition of the sample was determined by electron probe
microanalysis (Shimadzu EPMA-1600). The film’s thickness, sur-
face morphology, and roughness were characterized by field emis-
sion scan electron microscopy (FE-SEM) and atomic force micro-
scopy (AFM) Veeco, Dimension 3100. The electrical resistivity and
Seebeckcoefficient were measured using a commercial equipment
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Ulvac ZEM-3 (ULVAC, Methuen, MA, USA) with temperature
differential mode and four-probe configuration inside a chamber
filled with helium gas at the low pressure. The differential method
was used to determine the Seebeck coefficient, where the thermo-
electric voltage was measured by maintaining a small temperature
difference constant across the sample, employing AV = SAT and
ignoring the higher order AT terms. Seebeck coefficient is deter-
mined from the slope in the linear region of AV; vs AT;. The
magnetic properties were characterized using a Superconducting
Quantum Interference Device (SQUID) magnetometer (Quantum
Design Inc.).

Results and Discussion

Figure 1a shows the RHEED pattern of the film taken after the
growth. The film shows a dark RHEED pattern, revealing a sign of
polycrystalline FeAs film with a rough surface on the LaAlO;
substrate. FE-SEM and AFM images of the sample are displayed in
Figs. 1b and lc. The FE-SEM image shows FeAs grain structure
with an even shape. The grains are coalescent with an average grain
size of 200 nm. On the other hand, some nano-pores are observed on
the sample’s surface. The formation of pores may be due to the re-
evaporation of volatile As elements during the growth at a high
substrate temperature, 500 °C. The AFM image shows a root mean
square (RMS) of about 10.65nm, indicating a rough surface,
consistent with the RHEED pattern. Cross-section FE-SEM image
shows a layer thickness of about 100 nm, as expected.

Room temperature XRD pattern of the FeAs film is shown in
Fig. 2. By excluding the diffraction peaks from the substrate, the
main distinct peaks are assigned to MnP-type orthorhombic structure
FeAs phase, indicating a polycrystalline FeAs film on the LAO
substrate. The peaks of XRD pattern of FeAs film clearly match to
that of bulk FeAs in card PDF#891911. On the other hand, no other
peak is observed within the detection limit of XRD technique,
indicating a single-phase thin film. This observation is further
confirmed by EPMA composition analysis, showing indeed a Fe:
As ratio of 1:1. The determined lattice constants, a, b, and c, using
XRD data, are 5.401, 3.380, and 5.988 A, respectively. Compared to
those of bulk FeAs, 5.44, 3.371, and 6.026 A [3], our film exhibits
0.72 and 0.63% compressive strain along a and c-axes and a 0.27%
tensile strain along b-axis.

Electrical resistivity and Seebeck coefficient measurements are
performed on the film to obtain information on the transport
property, as shown in Fig. 3. As can be seen in Fig. 3a, the electrical
resistivity increases with temperature, indicating a metallic behavior
as in bulk FeAs.” Initially, the electrical resistivity increases with
temperature then undergoes a sharp increase with temperature below
100 K, after that it gradually increases again. The increase in
electrical resistivity with temperature is attributed to the increase
in electron-phonon scattering. Figure 3b shows the temperature
dependence of the Seebeck coefficient, S for the temperatures
between 30 and 410 K, S is negative and positive for the temperature
below and above 370 K, respectively. At 100 K, S reaches a negative
broad peak of —11 xV K~' which is higher than that of bulk
material.® The Seebeck coefficient is a sensitive probe for the
phenomenon associated with changes in the Fermi surfaces such
as structural distortion, contribution multiband effect. For magnetic
materials, the Seebeck coefficient is an ensemble of many factors,
such as carrier diffusion, phonon drag and magnon drag effect.'
However, this effect is not considerably evaluated and investigated
in the scope of this report. To explain the role of multiband for
Seebeck coefficient, it is hypothesized to be described as S =
(PplSpl— npnlSul)/(npe, + pup), where S, pand py,, represent the
Seebeck coefficients and carriermobility for the n- and p-type
carriers, respectively.'? It is clear that negative S relates to electrical
conduction by electrons of which mobility is higher than that of
holes. For higher temperature, the competition between the con-
tribution of electrons and holes changes, and then the sign of S
inverts. The inversion of S due to the contribution of multiband
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Figure 1. (a) RHEED pattern, (b) SEM, and (c) AFMimages of FeAs film
grown on LaAlO3(100) substrate. The inset in Fig. lc shows the cross-
section of the film.

carrier was studied in both buck FeAs and FeAs-based super-
conductive materials.'"!? Nevertheless, comparing to FeAs bulk,
Saparov et al. reported that S is negative above antiferromagnetic
ordering (Ty ~ 70 K), positive below this temperature and S reaches
a negative peak around 150 K.

The determined power-factor, PF, value is shown in Fig. 3c.
Small values of PF are obtained, as expected for metallic materials.
The PF also sharply increases with temperature below 100 K,
reaches a maximum value of 27 W m-K 2 at 100K, and then
decreases with temperature. The sharp increase in p, S, and PF with
a temperature below 100 K reveals a change in the scattering
mechanism. This sharp change is confirmed by a sharp peak in the
temperature dependent first derivative of electrical resistivity with a
small enough measured temperature interval (inset of Fig. 3a). The
change in temperature dependent transport parameters will be
clarified below.
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Figure 2. 0—20 X-ray diffraction pattern of the FeAs film on the LaAlO3
substrate.

Figure 4a presents the magnetic field dependent Hall resistance
for the temperatures between 20 and 320 K. The result proves that
the dominant carrier contribution is n-type electron which matches
with the above experimental result of S(T).For bulk material,
Segawa et al. presented that the contribution of hole is dominant
for the temperatures above 170K and below 50K, while the
conduction is mainly contributed by electron for temperature
between 50 K and 170 K.> As can be seen from the measurement
of S(T) and of Hall effect, the mechanism of conduction in our
sample is different from that of bulk material.>® This result is
probably the effect of many factors on the transport property of this
material. However, in the scope of this research, the variation of
band structure may originate from the lattice mismatch between
FeAs and substrate, and the competition of crystal growth on two
different directions.'>'* Figure 4b shows the carrier concentration,
conductivity, and mobility measured at different temperatures, from
20 K to 320 K. The carrier concentration is calculated from the slope
of Ry vs H curves using the formula, Ry = (1/ned)H, where Ry =
Vy/l, where Ry is Hall resistance, Vy is Hall voltage, I is applied
current, n is carrier concentration, d is sample’s thickness, and e is
electrical charge. Negative slope of Ry vs H curves indicated the n-
type characteristic of our samples. The carrier mobility is calculated
by the formula ; = o/ne. As can be seen, the variation of carrier
concentration is similarto that of Seebeck, while the mobility and
conductivity degrade around the phase-transition temperature as
showed in Fig. 4b.

Figure 5a shows the magnetization (M) vs temperature (7) in a
temperature range from 10 to 350 K under an applied magnetic field
of 500 Oe. The zero-field cooled (ZFC) magnetization initially
increases sharply with temperature, revealing a peak at around
50K. The magnetization drops to a plateau until 130 K then
decreases gradually with temperature up to 300 K and finally slightly
increases again up to 350 K. In contrast to the ZFC magnetization,
the field cooled (FC) magnetization initially decreases with tem-
perature and then increases, showing a sharp peak at 50 K, finally it
gradually decreases with temperature up to 350 K. As result, the
magnetic transition was detected at a temperature of 50 K on both
ZFC and FC curves. This sharp peak can be relative to some
possibility such as i) the influence of oxygen contamination content
due to leak system measurement or oxygen outgassing from the
sample so appear the paramagnetism to antiferromagnetism
transition,'” ii) the distribution is not uniform of defects lead to
affect the movement of domain wall, which is known as magnetic
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Figure 3. (a) Temperature dependent electrical resistivity of FeAs film. The
inset is the first derivative of the electrical resistivity as a function of
temperature. (b) Temperature dependence of Seebeck coefficient S(7). (c)
Temperature dependence of Power factor (S%/p).

domain pinning effect,'®!” iii) the large difference of ZFC and FC
curves exhibit competition between ferromagnetism and antiferro-
magnetism phases, which called reentrant spin-glass systems. It
undergoes a magnetic ordering transition and has a spin freezing
transition at lower temperatures.'®'® Note that a peak at approxi-
mately 50K also was observed from the first derivative of the
resistivity with temperature, as shown in the inset in Fig. 3a above.
This temperature matches the magnetic ordering transition tempera-
ture in the magnetization vs temperature. It suggested that the peak
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Figure 4. (a) The magnetic field dependent Hall resistance for the temperatures between 20 and 320 K. (b) Temperature dependence of carrier density, electrical

conductivity, electrical mobility.
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Figure 5. (a) Zero-field cooled (ZFC) and field cooled (FC) curves of the
magnetization as a function of temperature in an applied magnetic field of
500 Oe. (b) The out-of-plane magnetization hysteresis loop (M—H) of FeAs
films, taken at 10, 110, 150, 200, and 300 K.

around 50 K must come from natural material. It can be a re-entrant
spin-glass state or magnetic domain pinning effect. The bifurcation
point is observed at 350 K which is a sign of spin-glass behavior.®

The peak at 50 K indicates the freezing temperature of spin-glass
state, Ty. Similar results have been reported for ball-milled FeAs
powders with coarse-grain.” Apparently, the bifurcation point is
much higher, while the T¢ is much lower than those reported for flux-
grown FeAs single crystal, 150 and 110K, respectively.® We
attribute this phenomenon to the strain of the film and the effects
of grains boundary in polycrystalline film, mentioned above. The
plateau behavior in the temperature dependent magnetization usually
indicates ferromagnetic ordering. These observations reveal the re-
entrant spin-glass state in our sample. Now, the changes in the
temperature dependent transport parameters (Fig. 3), as mentioned
above, can be understood, due to the frozen spin, which alters the
electron scattering mechanism. Figure 5b shows the out-of-plane
magnetization hysteresis loop (M-H) of FeAs film at 10, 150, and
300 K. Well defined square shape M-H curves indicate a ferromag-
netic property of FeAs film from low to room temperature, as
expected above. The determined magnetization (Mg) and coercive
field (Ho) values were around 7 emu cm > and 300 Oe at 10K,
respectively. These values of Mg and H¢ are comparable to those of
FeAs single crystal.®

Conclusions

In conclusion, we have grown polycrystalline FeAs thin film on
LaAlO3 (100) substrate using MBE The film exhibited a uniform
grain structure with coarse grain and an average grain size of
250 nm. Metallic and ferromagnetic behaviors were observed from
low to room temperature. A sign change in temperature dependent
Seebeck coefficient was observed, attributed to the contribution of
multiple bands to the charge transport. We observed a re-entrant
spin-glass state in our sample, which can be attributed to the strain of
the thin film. The frozen temperature was determined from tem-
perature dependent transport and magnetic measurements to be 50 K.
The bifurcation point between zero field cooled and field cooled
magnetization curves occurred at 350 K. This work provided the first
study on thermoelectric and magnetic properties of FeAs thin film
with a re-entrant spin-glass state.
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