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We report on the electrical and magnetotransport properties of the contact formed between n-type degenerate
InSb �100� substrates and polycrystalline NiMnSb thin films grown using pulsed laser deposition. Negative
giant magnetoresistance is observed when the external magnetic field is oriented parallel to the in-plane current
direction. We attribute the observed phenomenon to magnetic precipitates that are formed during the magnetic
film deposition and are confined to a thin layer at the interface. The evidence for the formation of a thin
interfacial layer is obtained through x-ray reflectivity measurements.
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I. INTRODUCTION

There has been an extensive interest in the giant magne-
toresistance �GMR� effect since its discovery in Fe/Cr
multilayers1 and subsequently in many other multilayers2,3

such as Fe/Cu and Co/Cu and sandwich structures such as
Co/Au/Co.4 Much of this research interest has been driven
by the important applications of the GMR effect in the read
heads of modern hard drives and in nonvolatile magnetic
random access memories. The GMR effect has also been
observed in heterogeneous alloys with ferromagnetic gran-
ules embedded in a nonmagnetic metallic matrix;5,6 however,
these materials have not been able to produce the high GMR
ratios found in the multilayer counterparts. This investigation
has been extended to granular systems consisting of ferro-
magnetic clusters embedded in semiconductors. For ex-
ample, negative magnetoresistance has been reported in
GaAs films containing MnAs ferromagnetic clusters7 and,
more recently, in thin film magnetic systems consisting of
nanoscale MnGe ferromagnetic clusters embedded in a
MnxGe1−x dilute ferromagnetic semiconductor.8 The observa-
tion of such effects in semiconductor systems containing fer-
romagnetic clusters is particularly important in the micro-
electronics industry, since semiconductors are integratable
and allow for the possibility to fabricate chips which can
utilize both the charge and the spin of electrons.

Recently, we reported on the successful growth of sto-
ichiometric polycrystalline NiMnSb thin films on InSb sub-
strates using pulsed laser deposition �PLD�.9 Our films ex-
hibit a saturation magnetization of 4�B/formula unit at 5 K
and a magnetization temperature dependence that follows
Bloch’s T3/2 law, consistently with the expected half-metallic
behavior. In this paper we report on an unusual negative
GMR effect observed in the NiMnSb/InSb system when the
magnetic field is applied parallel to the in-plane current di-
rection. A similar effect is also observed when a ferromag-

netic �FM� film of Ni is deposited on InSb. On the other
hand, no negative GMR effect is displayed when the depos-
ited film is nonmagnetic. Additionally, given that none of the
two constituents of the FM/InSb system demonstrates any
negative magnetoresistance effect, we argue that the GMR
effect is due to magnetic precipitates which are formed at the
interface during the growth of the magnetic films. These
magnetic precipitates align their magnetic moments in the
direction of the external magnetic field and thus the spin-
dependent scattering of the electrons is reduced. Evidence
for the formation of the interfacial layer containing the mag-
netic precipitates is obtained by x-ray reflectivity �XRR�
measurements. The strong anisotropy of the investigated sys-
tem’s magnetoresistance makes it a good candidate for use in
magnetic field sensors.

II. EXPERIMENTAL DETAILS

NiMnSb films were grown by the conventional PLD
method onto heated �Ts�200 °C� n-type InSb �100� sub-
strates. Further details of the growth conditions of the films
and their structural and magnetic properties can be found
elsewhere.9 In order to investigate the electrical contact
formed between the NiMnSb film and the InSb substrate, we
performed detailed resistance and magnetoresistance �MR�
measurements on both the NiMnSb/InSb system and the
bulk InSb substrates. It is important to note that in the former
case, the electrodes for the four-terminal measurements were
placed on the top NiMnSb layer �current-in-plane configura-
tion�. The electrical resistance was measured by the standard
four-probe ac method in the temperature range 5�T
�300 K and in the magnetic field interval 0–7 T. MR mea-
surements were taken for both positive and negative mag-
netic fields in order to eliminate effects due to probe mis-
alignment. XRR measurements were carried out using a
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reflectometer developed in house; further details have been
published elsewhere.10

III. RESULTS AND DISCUSSION

As shown in Fig. 1 the I-V characteristic curve obtained at
5 K indicates that the contact between NiMnSb and InSb is
Ohmic. We note that the temperature dependence of the elec-
trical resistance �not shown� of the n-type degenerate InSb
substrates exhibits metalliclike behavior.

MR measurements of the n-type InSb �100� substrate re-
vealed the presence of Shubnikov–de Haas �SdH� oscilla-
tions for magnetic fields applied both perpendicular and par-
allel to the crystal surface. These magneto-oscillations are
due to the Landau quantization of the three-dimensional
electronic density of states.11 The MR oscillations are peri-
odic in 1/H �inset 2, Fig. 1�. From the period ��1/H�
=0.023T−1 of the oscillations in the transverse MR, we cal-
culated the electron density for the InSb substrate, n=1.6
�1018 cm−3, via the formula12 ��1/H�= �2e /���3�2n�2/3.
Such a high value of n explains the metalliclike behavior of
InSb and the Ohmic behavior of the contact formed between
NiMnSb and InSb. Surprisingly, SdH oscillations were also
observed in the MR of the NiMnSb/InSb system, i.e., fol-
lowing the deposition of a 600-nm-thick NiMnSb layer on
top of the InSb substrate. This is further evidence of the good
Ohmic behavior of the NiMnSb-InSb electrical contact.

Apart from the oscillating part of the MR, the background
of the MR gives some important information about the elec-
tron transport in these systems. In both InSb and
NiMnSb/InSb systems the transverse MR is found to be
positive and quadratic in H �Fig. 2�c��. This is the character-
istic of the geometric magnetoresistance which is due to the
enhanced scattering of the electrons that are forced in circu-
lar orbits by the applied magnetic field.

The longitudinal MR of the NiMnSb/InSb system, with H
applied in plane and parallel to the current, corresponding to
zero Lorentz force on the charge carriers, exhibits the most
interesting behavior. Apart from the low-temperature oscilla-
tions, there is a negative MR background which persists al-
most unchanged to room temperature �Fig. 3�. In Fig. 4, the
ratio �R /R= �R�H�−R�H=0�� /R�H=0� versus H is plotted
for 5, 50, 145, and 300 K. The ratio �R /R changes from
25% at 5 K to 15% at 300 K. This effect is comparatively
much larger than the negative MR, which is observed in the
case of the InSb substrate at low magnetic fields and low
temperatures as part of an otherwise intense positive magne-
toresistance background �inset, Fig. 4�. In the case of the
bulk InSb the small negative MR is similar to the weak dis-
order effect observed in n-type InSb by Mani et al.13 It is
interesting to mention that in older literature the negative
MR observed at low magnetic fields and low temperatures in
n-type degenerate semiconductors is attributed to the scatter-
ing of the conduction electrons by localized spins through an

FIG. 1. I-V characteristic for the NiMnSb/InSb system at 5 K.
Inset 1: Schematic of the setup used for the I-V measurements. Inset
2: The oscillating part of the transverse MR as a function of 1/H for
the InSb substrate at 5 K after subtracting a background. As back-
ground we used the MR at 50 K �shown in Fig. 3 below�, which
was the same curve in amplitude as the MR at 5 K, without the
oscillations. We fitted the background with a polynomial of the
form Ax2+Bx+C.

FIG. 2. Plots of the ratio �R /R as a function of the magnetic
field �H� obtained at 300 K for magnetic field applied �a� in plane
�H�c� and parallel to current flow �H � I�, �b� in plane �H�c� and
perpendicular to current flow �H� I�, and �c� perpendicular to plane
�H �c� and to current flow �H� I�.

FIG. 3. Plots of resistance as a function of the magnetic field
�H� at 5, 50, 145, and 300 K. H is applied in plane �H�c� and
parallel to the current direction �H � I�.
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s-d exchange interaction although magnetic impurities are
not present.14–17

It is noteworthy that negative GMR effect is observed
neither in NiMnSb bulk samples nor in NiMnSb films depos-
ited on highly resistive Si substrates18 �in this case we mea-
sure only the magnetoresistance of the NiMnSb films� with
the same H configuration. In addition, no negative GMR is
observed for the configuration in which H is in plane but
perpendicular to the current �Fig. 2�b��.

To investigate the origin of this interesting negative lon-
gitudinal GMR effect, we performed similar MR measure-
ments on Ni/ InSb and Al/ InSb systems for which Ni and Al
films were deposited on heated InSb substrates �200 °C� by
PLD. Whereas we observed a negative GMR in the longitu-
dinal MR of the magnetic Ni/ InSb system, in the case of the
nonmagnetic Al/ InSb system we observed only a positive
MR without any negative MR component �Fig. 5�. Moreover,
we measured the longitudinal MR of a NiMnSb/InSb sys-
tem, where the NiMnSb film was deposited by PLD at room
temperature �Fig. 6�a��. In this case only a small negative
MR was found on an otherwise positive MR background.
Interestingly, after annealing the room-temperature-grown
sample in a pure Ar atmosphere at 200 °C for 30 min, the
negative MR increased drastically �Fig. 6�b��. In all of these
systems we observed SdH oscillations in the MR at 5 K and
their I-V characteristic curves exhibited Ohmic behavior.

Upon measuring the MR of the metal/InSb systems, we
observe the contribution of both the metallic film and the
InSb substrate because they are both conductive. This is evi-
dent at low temperatures, where we observe the SdH oscil-
lations originating from the substrate. In addition, the fact
that the negative GMR is not observed in any of the constitu-
ents of the NiMnSb/InSb or Ni/ InSb systems leads us to
suggest that this effect occurs at the interface between the
ferromagnetic metal and InSb. A plausible explanation for
the negative GMR is that at the interface there is a thin layer
of InSb containing microscopic magnetic entities �e.g.,

NiMnSb, Ni precipitates�. Upon increasing the magnetic
field, these magnetic entities gradually align their magnetic
moments with the external magnetic field leading to a de-
crease in the spin-dependent resistance of the system. These
precipitates are ablated metal particles that reach the surface
of the InSb substrate with energies high enough to allow
their implantation and penetration to a shallow depth.

To substantiate this conjecture we have actually done
XRR measurements on 5- and 37-nm-thin NiMnSb/InSb
films. Figure 7 shows the scattering length density profile of
these two NiMnSb/InSb films as function of film thickness.
In both of the films, there is a distinct low-density layer
�15% less than the bulk density of the film� between InSb
substrate and the film. The thickness of this low-density layer
is 3.5 nm in both samples. This is different from what has
been observed earlier for similar thickness of NiMnSb films
on Si substrates.10 In this system, there exists a 3–5 nm low-

FIG. 4. Plots of the ratio �R /R as a function of the magnetic
field �H� at 5, 50, 145, and 300 K. H is applied in plane �H�c�
parallel to the current direction �H � I�. The curves are shifted along
the y axis for clarity. Inset: Plot of the ratio �R /R versus H at 5 K
for the InSb substrate with the same H configuration. �The low-
magnetic-field region is shown in order to highlight the small nega-
tive MR.�

FIG. 5. Plots of the ratio �R /R as a function of the magnetic
field �H� for �a� NiMnSb/InSb, �b� Ni/ InSb, and �c� Al/ InSb at
5 K. H is applied in plane �H�c� and parallel to the current direc-
tion �H � I�. The curves are shifted along the y axis for clarity.

FIG. 6. Plots of the ratio �R /R versus H at 300 K for the
NiMnSb/InSb system: �a� the NiMnSb film is deposited by PLD at
room temperature, �b� following postdeposition annealing at
200 °C in Ar, and �c� the NiMnSb film is deposited at 200 °C at a
pressure of 0.05 mbar of Ar. H is applied in plane �H�c� and
parallel to the current direction �H � I�. The curves are shifted along
the y axis for clarity.
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density NiMnSb layer and additionally a 3–4 nm SiO2 layer
below it. As a result we observed no negative MR at the
NiMnSb/Si interface. Both of the following reasons could be
responsible for this observation. �a� Due to the presence of
the SiO2 layer the magnetic entities cannot penetrate deeply
enough to reach the surface of the Si substrate. �b� The SiO2
layer is an insulating layer. Moreover, the Si substrate had a
higher resistivity than InSb �InSb exhibited metallic behav-
ior�. Thus, most of the current should flow through the
NiMnSb film in contrast to the case of the NiMnSb/InSb
system in which we expect the current to flow also through
the interface and the InSb substrate as we have argued ear-
lier. On the other hand, there was a distinct formation of
porous layer on those NiMnSb/Si films, which is not ob-
served in the present NiMnSb/InSb films.

It has been reported that either reduction of the laser flu-
ence and/or increase of the ambient pressure can slow down
the energetic particles during PLD deposition.19 To this end,
we introduced pure Ar gas to a pressure of 0.05 mbar in
order to reduce the velocities of the ablated particles. Figure
6�c� indicates clearly that there is no negative MR in this
case. Thereby our data indicate that this implantationlike
process depends on the energy of the ablated particles and
the thermal processing of the system. Specifically, once the
particles are energetic enough the temperature could promote
clustering of the particles, or assist diffusion deeper into
InSb, or assist in recovering the high mobility at the inter-
face, or, finally, a combination of two or more of the above
events could occur.

A more striking evidence of the possible existence of spin
scatterers at the interface in the NiMnSb/InSb and Ni/ InSb
systems is that the negative GMR effect does not occur in the

Al/ InSb system because Al precipitates in InSb have no
magnetic moment and therefore, only the positive magne-
toresistance contribution is observed. It is worth mentioning
that the observed negative GMR is similar to the one ob-
served in Cu-Co alloys consisting of ultrafine Co precipitates
in a Cu matrix when the magnetic field is applied parallel to
the current.5,6 It is also similar to the negative MR effects
observed in GaAs films containing MnAs ferromagnetic
clusters7 and in MnxGe1−x dilute ferromagnetic semiconduc-
tors containing MnGe ferromagnetic clusters.8 It is also note-
worthy that negative MR has been observed in erbium-,
yttrium-, and europium-doped InSb films and has been attrib-
uted to scattering of conduction electrons by the magnetic
spins of the aforementioned rare earth atoms.20–22 In all of
these cases, however, the negative GMR effect does not per-
sist at room temperature. On the contrary, in the system un-
der investigation, the negative GMR effect does not depend
strongly on temperature and remains large even at room tem-
perature. Finally, the quadratic dependence of the negative
GMR on the magnetic field observed in our samples for
magnetic fields up to 2 T is in agreement with theoretical
calculations of negative MR due to localized spins.23 The
strong MR anisotropy of the investigated system which de-
pends on the direction of the current flow through the mag-
netic precipitates relatively to the external applied magnetic
field, as shown in Fig. 2, could be utilized for sensing mod-
erate to high magnetic fields.

IV. CONCLUSION

In summary, we have investigated the MR properties of
the NiMnSb/InSb system fabricated by depositing NiMnSb
thin films on InSb substrates by PLD. An unusual negative
GMR effect persisting at room temperature is observed when
the magnetic field is applied in plane and parallel to the
current. This effect is attributed to magnetic precipitates
formed at the interface between the ferromagnetic metal film
and the InSb substrate. This argument was substantiated by
XRR measurements which revealed the presence of a low-
density layer of NiMnSb at the interface between NiMnSb
and InSb. The strong MR anisotropy of the system could
have interesting magnetic sensor applications.

ACKNOWLEDGMENTS

This work was supported by the EU project FENIKS
�Grant No. G5RD-CT-2001-00535�. The authors gratefully
acknowledge P. D. Buckle for supplying the InSb substrates.
We would also like to thank G. Kastrinakis for useful
discussions.

*Electronic address: S.Gardelis@imel.demokritos.gr
†Electronic address: giapintz@ucy.ac.cy
1 M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F.

Petroff, P. Etienne, G. Creuzet, A. Friederich, and J. Chazeles,
Phys. Rev. Lett. 61, 2472 �1988�.

2 S. S. P. Parkin, R. Bhadra, and K. P. Roche, Phys. Rev. Lett. 66,
2152 �1991�.

3 F. Petroff, A. Barthelemy, D. H. Mosca, D. K. Lottis, A. Fert, P.
A. Schroeder, W. P. Pratt, Jr., R. Loloee, and S. Lequien, Phys.
Rev. B 44, 5355 �1991�.

FIG. 7. Scattering length density profile of NiMnSb thin films �5
and 35 nm� on InSb substrate as a function of film thickness.

GARDELIS et al. PHYSICAL REVIEW B 74, 214427 �2006�

214427-4



4 E. Velu, C. Dupas, D. Renard, J. P. Renard, and J. Seiden, Phys.
Rev. B 37, 668 �1988�.

5 A. E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S.
Zhang, F. E. Spada, F. T. Parker, A. Hutten, and G. Thomas,
Phys. Rev. Lett. 68, 3745 �1992�.

6 J. Q. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. Lett. 68, 3749
�1992�.

7 H. Akinaga, J. De Boeck, G. Borghs, S. Miyanishi, A. Asamitsu,
W. Van Roy, Y. Tomioka, and L. H. Kuo, Appl. Phys. Lett. 72,
3368 �1998�.

8 Y. D. Park, A. Wilson, A. T. Hanbicki, J. E. Mattson, T. Ambrose,
G. Spanos, and B. T. Jonker, Appl. Phys. Lett. 78, 2739 �2001�.

9 S. Gardelis, J. Androulakis, J. Giapintzakis, O. Monnereau, and P.
D. Buckle, Appl. Phys. Lett. 85, 3178 �2004�.

10 S. Rai, M. K. Tiwari, G. S. Lodha, M. H. Modi, M. K. Chatto-
padhyay, S. Majumdar, S. Gardelis, Z. Viskadourakis, J. Giap-
intzakis, R. V. Nandedkar, S. B. Roy, and P. Chaddah, Phys.
Rev. B 73, 035417 �2006�.

11 D. Seiler and A. E. Stephens, in Landau Level Spectroscopy, ed-
ited by G. Landwehr and E. I. Rashba �Elsevier, Amsterdam,
1991�.

12 D. Jena, S. Heikman, J. S. Speck, A. Gossard, U. K. Mishra, A.
Link, and O. Ambacher, Phys. Rev. B 67, 153306 �2003�.

13 R. G. Mani, L. Ghenim, and J. B. Choi, Phys. Rev. B 43, 12630
�1991�.

14 Y. Katayama and S. Tanaka, Phys. Rev. 153, 873 �1967�.
15 R. P. Khosla and J. R. Fischer, Phys. Rev. B 2, 4084 �1970�.
16 R. P. Khosla and J. R. Fischer, Phys. Rev. B 6, 4073 �1972�.
17 G. Bauer and H. Kahlert, Phys. Rev. B 5, 566 �1972�.
18 W. R. Branford, S. K. Clowes, M. H. Syed, Y. V. Bugoslavsky, S.

Gardelis, J. Androulakis, J. Giapintzakis, C. E. A. Grigorescu, A.
V. Berenov, S. B. Roy, and L. F. Cohen, Appl. Phys. Lett. 84,
2358 �2004�.

19 K. Sturm and Hans-Ulrich Krebs, J. Appl. Phys. 90, 1061 �2001�.
20 J. Heremans, D. L. Partin, D. T. Morelli, and C. M. Thrush, J.

Vac. Sci. Technol. B 10, 659 �1992�.
21 J. Yang, J. Heremans, D. L. Partin, C. M. Thrush, and R. Naik, J.

Appl. Phys. 83, 2041 �1997�.
22 D. T. Morelli, D. L. Partin, J. Heremans, and C. M. Thrush, J.

Vac. Sci. Technol. B 10, 110 �1992�.
23 M. R. Boon, Phys. Rev. B 7, 761 �1973�; Y. Toyozawa, J. Phys.

Soc. Jpn. 17, 986 �1962�.

NEGATIVE GIANT LONGITUDINAL MAGNETORESISTANCE… PHYSICAL REVIEW B 74, 214427 �2006�

214427-5


