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M agnetoresistance and Magnetization of Heteroepitaxial INMnP:Zn Layer
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The InMnP:.Zn epilayer grown by liquid phase epitaxy method showed a heteroepitaxia crystal structure
with precipitates. The magnetoresistance of the InMnP.Zn epilayer demonstrated that the InMnP.Zn epilayer
has intrinsic characterigtics of a diluted magnetic semiconductor (DMS). The temperature dependence of mag-
netization showed a mixture of two phase trangtions. The origins of these transitions are attributed to the
fact that the carrier mediated DMS and the secondary phase make ferromagnetism possible in view of the
magnetization curve and the eectron diffraction pattern of transmission electron microscopy.
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1. INTRODUCTION

Recently, much attention has been focused on the ap-
plications of magnetic semiconductors, i.e,, diluted magnetic
semiconductor (DMS) dloys, for spin-sensitive eectron-
ics™™ In addition, the fundamental physical properties of
such materia systems are dso interesting. In I11-V semicon-
ductors, it is well known that substituted Mn** ions act as
acceptor and lead to local magnetic moment formation.®
The holesmediated interaction between the magnetic
moments of Mn ions, correlating their orientation, makes
ferromagnetism possible. The functional importance of the
devices based on this system strongly depends on high Curie
temperature and room-temperature operation for the mag-
netic spin alignments.**”

INP is a useful compound semiconductor due to its excel-
lent physical properties and good characteristics for applica-
tion to various devices. Especidly, InP is considered as a
possible candidate asa DM S material according to atheoret-
ical report” Mn has been reported to be used for a deep
acceptor in InP, in which Mn gives spin polarized elec-
trons!™? In this study, we report results on the high Curie
temperature property of the INMnP:.Zn epilayer and its phase
transition mechanism, in which Zn was additionally doped
as an acceptor to form carrier-mediated ferromagnetism. We
measured the temperature-dependent magnetization of the
INMnP:Zn epilayer. Two kinds of magnetization with differ-
ent Curie temperatures, near 40 K and above 350 K, were
observed for the first time.
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2. EXPERIMENTAL DETAILS

INMnP:Zn epilayers were grown by LPE on p-type Zn-
doped InP(001) substrate. Before the growth of InP epilayer,
the substrate was cleaned by trichloroethylene (TCE), etha
nol, and methanol and rinsed in deionized water for 5 min.
The solvent was 6 N In melt and InP bulk; Zn and Mn pow-
ders were added as dopants. After prebaking the In and InP
melt at 657°C for 2 hr, an appropriate amount of Zn and Mn
powders were added to the growth melt. The growth was
performed at 637°C, with a one step cooling process. The
composition was determined using energy dispersive X-ray
spectroscopy (EDX) and the microstructure was analyzed by
transmission eectron microscopy. Magnetoresistance (MR)
analysis was carried out using a superconducting quantum
interference device (SQUID), to characterize the magnetic
properties and the phase trandtion temperature of the
INMNP:Zn epilayer.

3. RESULTS AND DISCUSSION

X-ray diffraction measurements (6-20) have been per-
formed in order to estimate the structura properties of the
INMnP:Zn epilayers. The doping level of Mn was evauated
from the lattice constant change, which was estimated to be
approximately ~3%, agreeing with the EDX measurements.
Although the exact value was difficult to obtain due to the
existence of an anomalous Hall effect, the carrier (hole) con-
centration of the INMnP:Zn epilayer was determined to be
approximately ~10'° cm™ from Hall measurements at room
temperature. Figure. 1 shows the eectron diffraction pattern
and plan view image of transmisson eectron microscopy
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Fig. 2. PL spectrameasured for the (In, Mn)Pfilmwith x 3% at 15K;
inset shows the XRD patterns, (002) and (004) of (In, Mn)P. Upper
spectrum indicates film with precipitates; lower spectrum indicates
film without precipitates.

(b)

Fig. 1. (8) Electron diffraction pattern and (b) plan view image from the transmission electron microscopy.

(TEM). These images show that the INMnP.Zn epilayer has
a heteroepitaxial crygalinity. Mn precipitates in the InP
matrix, shown as dark regions, are created by the manganese
segregation caused by the solubility limit of Mn.

Figure 2a shows the photoluminescence spectrum of the
INog7MnocsP epilayer co-doped with Zn a 15 K. The pesk
near 1.38 eV, which is usudly referred to as the Al pesk,
appearsin InP grown by various methods. Recently, thiswas
attributed to the presence of carbon acting as an acceptor.
With regard to the above transition, the first phonon replica
appeared near 1.33 eV. The trangtion related to Zn appeared
near 1.29 eV. The intensity of band luminescence related to
Mn from 0.9 to 1.20 eV is low and the energy positions of
impurities shift to lower energy regions due to the surface
state, well known in InP; the emission related to Mn has a
broad band. It has been reported that the intentional ly-doped
INP:Mn has a higher Mn emission than it does band-related
emission spectra™

In our results, it is considered that there is a similar mech-
anism for the extinction of free carriers through nonradiative
recombination via deep levels because of low intensity,
athough Mn is intentionally doped.™ The high density of
carriersresults in tunneling transport through thermal energy
between two Mn acceptor levels. The tunneling probabilities
increase as temperature increases. While the dominant pro-
cess at low temperatures is hole trapping, that at relatively
high temperatures is the trangport of hole hopping through
the tunneling process™ Furthermore, this variance of hole
concentrations is cong stent with the Hall resistance at room
temperature, which shows a negative differentia conductiv-
ity behavior with two energy levels. InP with the Mn con-
centration of high impurity is known to have a strong
phonon replica, n=0, n=1 and n=2 ranging to 1.1-1.2 eV with
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the contribution of coupled-band luminescence related to
Mn." We confirmed that the transition is ascribed to awell
locdized transition metd levd, that is, ferromagnetic type
Mn centers that possibly form in InP™ This is given by a
following mechanism, € + Mn>* (3d*) + h— Mn** (3d") + h,
(bound hole binding energy=0.23 eV).

The x-ray diffraction pattern shows the only high intensity
of InP (002) and (004) plane as seen inthe Fig. 2b. The Hall
resstance Rua of a magnetic thin film is conventionaly
observed to contain two distinct components. The firgt results
from the normal Hall Effect, which is proportiona to the
applied magnetic field, H; the second, called the anomalous
Hall contribution, is proportional to the magnetization:

Rual = RoH + RsM, (@)

where M isthe magnetization, and Ry, Rs arethe ordinary and
the anomadous Hal coefficients, respectively. In generd, the
anomalous Hall Effect is a consequence of spin-orbit cou-
pling in the system.

Figure 3 shows the field dependence of the low tempera-
ture magnetoresistance measurements. Here, the residtivity
change (0 = (0(B)—0(0)))/0(0)) of the sample was measured
with the magnetic field perpendicular to the sample, where
0(B) is the resitivity of sample with applied magnetic field
and 0(0) istheinitia resigtivity without magnetic fields. The
results show negative magnetoresistance as a function of
applied fieldsbelow 40 K. Thisis ascribed to spin scattering
interactions between the localized magnetic moments of the
Mn acceptors and the holesin an impurity band. The magni-
tude of the negative magnetores stance decreases as the tem-
perature increases.

Hysteresis in the magnetoresistance was observed a 5K,
which is evidence that remnant magnetization within the
sample continues to decrease the resigtivity of the sample
when the magnetic field is removed. This behavior was
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Fig. 3. Magnetoresistance measurements for the (In,Mn)P epilayer at
low temperatures.
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Fig. 4. Temperature dependence of magnetization for (In,Mn)PR,
obtained by SQUID with amagnetic field of 2000 Oe.

reported for INMnAsat 3.5 K by Ohno et al."™® Curie point at
low temperature range was found to be 40K as determined
from the maximum temperature at which the negative mag-
netoresistance is observed."”

Figure 4 shows the results of zero field cooled tempera-
ture-dependent magnetization using superconducting quan-
tum interference device (SQUID). Onetrandition temperature
appears at above 350 K and another transition temperature
near 40 K. It was reported that INMnP treated with various
methods such as the implantation of Mn and the thermal dif-
fusion of Mn has the same tendency of temperature depen-
dence about Curie temperature™ In addition, the magnetic
propem&s of p-type InMnP co-doped with Zn (2.1~2.2x10™
cm®) were previously reported.™ For that study, Mn was
evaporated on the top of InP.Zn(100) substrate fabricated
using molecular beam epitaxy (MBE), after which the ther-
mal diffusion of Mn was carried out by heat treatment. Phase
transition occurs at above room temperature. In this study,
two Curie temperatures were obtained, near 40 K and above
350 K, agreeing with our results for INMnP:Zn.

It isan interesting phenomenon that the transition temper-
ature is shown in the high temperature region. We believe
that the significant increase of Curie temperature from 40 K
to 350 K originates from the distribution of secondary phase
and MnP™ Even though the co-doping and the activation of
Mn deep acceptors for the increase of Cure temperature is
considered, the increasing value of Curie temperature is at
most %pected to the extent of 30K through interlayer cou-
pling.

It is necessary to describe the secondary phases (precipi-
tates) related to INMnP.Zn system to explain possible origins
for the ferromagnetism. The possible precipitatesin InMnP;
Zninclude MnRB, Mn,P, MnP;, InMns, and Mn oxides (MnO,
MnO., and Mn,Os). Such precipitates have their own mag-
netic ordering and are able to change the magnetic properties
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of semiconductor host materials. MnP and Mn,P demon-
srate ferromagnetism with Curie temperature (T) a 291 K
and antiferromagnetism with Ned temperature (Ty) at 103
K, respectively. Furthermore, InMns is ferromagnetic up to
the even relatively high temperature of 583 K. Therefore,
high temperature ferromagnetismin Fig. 4 is considered due
to INMns.

4. CONCLUSION

In conclusion, a heteroepitaxia INMnP:Zn layer on InP
substrate was grown by LPE. The results of magnetoresis-
tance and SQUID measurementswell supported the ideathat
the InMnP:Zn epilayer is a ferromagnetic semiconductor.
Temperature dependence of magnetization showed that the
phase trangition occurred at high Tc of above 350 K. Two
mechanisms of phase transition, the intrinsic DMS phase
and the secondary phase, exist in the InMnP:.Zn epilayer
according to InMnP and InMng, respectively.
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