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Temperature dependence of current—voltage [—V characteristics and
resistivity is studied in ferromagnetic PbS—-EuS semiconductor tunnel struc-
tures grown on n-PbS (100) substrates. For the structures with a single
(2—4 nm thick) ferromagnetic EuS electron barrier we observe strongly non-
-linear 71—V characteristics with an effective tunneling barrier height of
0.3-0.7 eV. The experimentally observed non-monotonic temperature de-
pendence of the (normal to the plane of the structure) electrical resistance
of these structures is discussed in terms of the electron tunneling mechanism
taking into account the temperature dependent shift of the band offsets at
the EuS—PbS hetercinterface as well as the exchange splitting of the elec-
tronic states at the bottom of the conduction band of EuS.

PACS numbers: 75.20.Ck, 75.30.Et

1. Introduction

EuS-PbS multilayers are all-semiconductor magnetic quantum structures
in which ferromagnetic insulating layers of EuS are electronic barriers whereas
non-magnetic conducting layers of PbS are quantum wells. Both these semicon-
ductor compounds crystallize in the rock salt structure with well matching lattice
parameters, (agus — apbs )/apps = 0.5% at room temperature. It permits epitaxial
growth of high crystal quality superlattices and other layered structures employing

(629)



630 S. Wrotek et al.

high vacuum deposition techniques [1]. Ferromagnetic transition in EuS-PbS mul-
tilayers is observed even in structures with ultrathin layers of EuS of only 0.6 nm
(i.e., just two monolayers). The transition temperature of EuS—PbS multilayers de-
creases (from the value of 16.5 K observed in bulk crystals [2, 3]) with decreasing
thickness of EuS layer, and also depends on the strain brought about by the differ-
ence in the thermal expansion coefficients of KCI (100) and BaF; (111) substrates
and the multilayer [4, 5]. The photoluminescence studies of EuS—PbS heterostruc-
tures showed that these heterostructures exhibit type-1 ordering of conduction
and valence band edges with narrow gap (0.3 eV at low temperatures) PbS layers
forming quantum wells for both holes and electrons [1, 6]. EuS—PbS multilayers
constitute an intriguing new spintronic system in which one expects to control the
electrical and optical properties of the structure by changing the magnitude and
orientation of magnetization vectors of EuS barriers. The key physical effect here is
the large spontaneous exchange splitting of the conduction band of EuS observed
below the Curie temperature [2, 4]. Tt results in a large temperature and magnetic
field controlled change of the height of the electronic barrier for electrons at the
EuS-PbS heterointerface. These effects were already observed in metal—EuS hy-
brid structures exhibiting very large tunneling magnetoresistance [7, 8]. In this
respect, particularly interesting are EuS—PbS multilayers grown on KCI (100) and
PbS (100) substrates in which, for very thin PbS spacer layers, the antiferro-
magnetic interlayer coupling is observed in neutron diffraction and magnetization
experiments [5, 9, 10]. The ferromagnetic mutual orientation of magnetization vec-
tors of EuS layers can be obtained by the application of small external magnetic
field of the order of 10 mT thus providing an efficient way of control of the magnetic
state of the multilayer.

In all-semiconductor EuS-PbS structures, the search for new spintronic trans-
port and optical effects brought about by the ferromagnetic character of electronic
barriers is in its initial stage. The recent report showed, in particular, that the
structures with double EuS ferromagnetic barrier exhibit strongly nonlinear I—V
characteristics with a range of voltages corresponding to negative differential re-
sistance [11]. In this work, we report experimental studies of vertical (tunneling)
electron transport through a model PbS—-EuS—PbS heterostructures containing a
single EuS ferromagnetic barrier with the nominal thickness of 2-4 nm. We ex-
ploit here the technological approach to the vertical transport, developed in our
Institute, which is based on the use of conducting n-PbS substrates [12-14].

2. Growth and electrical measurements

PbS-EuS(¢)-PbS heterostructures with FEuS thickness in the range
t = 2—4 nm were epitaxially grown by high vacuum thermal evaporation of
PbS and electron-beam evaporation of EuS on freshly cleaved (100)-oriented sub-
strates of n-type PbS crystals. The substrate temperature during growth was about
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Fig. 1. A scheme of EuS-PbS multilayer structure with a single ferromagnetic barrier
which is employed in this work to study the vertical electron transport. The bottom
electrode is provided by conducting n-PbS monocrystalline substrate with deposited
layer of Au. The right hand side of the figure presents a model of energetic position of
the edges of valence and conduction bands in EuS—PbS heterostructure along the growth

direction of the multilayer.

350°C. The PbS monocrystals were grown in our Institute by various modifications
of physical vapor transport method [13, 14]. X-ray and atomic force microscopy
(AFM) characterization of the crystal quality of a series of PbS substrate plates
showed the X-ray rocking curve for the (200) reflex with the full width at half max-
imum (FWHM) parameter in the range 65-250 arcsec and the root-mean-square
(rms) roughness of 1 nm for the analyzed area of 10 x 10 gm?. The characteristic
feature of surface morphology of PbS substrate plates is the presence of long, prac-
tically atomically flat regions with typical dimensions of (1-10) x 0.1 pm?. The
FWHM rocking curve width for EuS-PbS structures grown on PbS substrates is
typically 200-300 arcsec, whereas the AFM analysis (performed in air) of the mor-
phology of the top PbS layer in the EuS-PbS multilayer showed rms roughness of
4 nm for the analyzed region of 10 x 10 pm? [12]. The investigated samples in the
form of rectangular pillars with the side dimensions 200—500 gm were prepared by
a direct cleavage of the heterostructures along the (010) and (001) crystal planes.
The n-PbS substrate also served as a bottom electrode. The structures were capped
with 100 nm PbS layer (see Fig. 1). The top electrical contact was made to this
cap layer using either Au or LaBg metallization and conducting carbon or silver
pastes.
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We applied the standard dc method to measure the current, 7, passing ver-
tically (see Fig. 1) through the structure as a function of the applied voltage,
V', in the temperature range 7' = 4.2—230 K. The temperature dependence of
resistance was studied at low de bias (V' < 100 mV) without external magnetic
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Fig. 2. The current—voltage (I—V') characteristics (at 7' = 4.2 Kin (a) and at T' =77 K
in (b)) of PbS-EuS(3 nm)-PbS tunneling structure with a single EuS barrier grown on
PbS substrate. The solid lines show the best theoretical fit obtained using the Simmons
expression for the tunneling current and taking into account an additional resistor R:
connected in series with the tunnel resistor. The dashed lines illustrates the effect of the
resistor R; on the /—V characteristics (here: Rs = 0 and all the other parameters are
the same as in the calculations shown by the solid lines). The dotted lines present the

best fits for the model without the R resistor.
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Fig. 3. The temperature dependence of the tunneling resistance of PbS(100 nm)-
EuS(3 nm)-PbS(60 nm) single barrier structure grown on PbS (100) substrate (a).
Part (b) presents this dependence modeled taking into account the linear decrease (with
increasing temperature) of the potential barrier for electrons due both to the increase in
the energy gap of PbS and the decrease in the energy gap of EuS. At low temperatures,
the expected dominant effect is due to the decrease in the electronic barrier brought
about by the exchange splitting present below the ferromagnetic Curie temperature of
EuS (solid line). For comparison, the case of “paramagnetic” (no exchange splitting)

EuS is also shown (broken line).
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field or applying small field in the plane of the structure. The PbS-EuS multi-
layer structures exhibited a pronounced non-linearity in the current-voltage I—V
characteristics for vertical, i.e., along the growth direction, electron transport. The
typical example of the I—V characteristics of the trilayer structure with a single
FuS barrier is presented in Fig. 2 at 7' = 4.2 K (below the Curie temperature)
and T = 77 K (above the Curie temperature). The results of a model theoreti-
cal analysis of this T—V curve (solid and broken lines in Fig. 2) are given in the
next section. Figure 3 presents the temperature dependence of the resistance (at
low bias of V' = 90 meV of the PbS-EuS(4 nm)-PbS trilayer structure over the
temperature range 7' = 4.2—230 K. The non-monotonic dependence of resistance
on temperature with a broad maximum about 7" = 100 K observed in most of the
structures studied is discussed in the next section.

3. Discussion and conclusions

It is expected that the dominant mechanism of the vertical (along the growth
direction of the multilayer) electron transport in PbS-EuS—PbS trilayers is due to
the electron tunneling from n-PbS layers via the spin-dependent EuS ferromagnetic
barrier. The experimentally observed strongly non-linear /—V characteristics of
the EuS—PbS heterostructures can indeed be modeled using, e.g., the well-known
Simmons expression for metallic electron tunneling structures [7]. However, the
more detailed analysis of the I—V experimental curves shows that the fully sat-
isfactory theoretical description is obtained if the equivalent electrical circuit of
PbS-EuS-PbS trilayer structures contains additional (about 100 ) resistor Ry
connected in series with the tunnel resistor (see Fig. 2). This additional resistor is
likely to originate, e.g., from the non-perfect ohmic contacts or from Au/PbS in-
terface resistance. For comparison, we also show in Fig. 2 the /—V characteristics
calculated without this additional resistor. We would like to note that our mod-
eling indicates that the effective electron tunnel barriers found in our structures
are of the order of 0.5-0.2 eV, 1.e., they are about a factor of two smaller than
expected based on the photoluminescence experiments and the tunneling studies
of EuS—metal hybrid structures. Additionally, we also observed that although, as
expected, tunneling barriers at T'= 77 K (above the ferromagnetic transition) are
systematically found to be larger than the barriers at 7'= 4.2 K (below the Curie
temperature), the difference is much smaller than expected. These experimental
findings suggest that the EuS electron barriers in EuS—PbS structures studied in
this work are rather imperfect. The same conclusion may be reached based on the
experimentally found lack of any significant effect of the application of the low
in-plane magnetic field on the I—V characteristics. Finally, we mention that in
some of PbS—FEuS structures studied, we found only weakly non-linear 7/—V char-
acteristics with rather low resistance and strongly reduced effective barrier height.
The vertical current transport in these structures is likely to proceed via pin-hole
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electrical microbridges or other interface defects that electrically short-circuit the
EuS barrier.

Figure 3b presents the results of our model analysis of the temperature de-
pendence of the resistance of PbS-EuS—-PbS structures. Our conclusion is that
at high temperatures, 7' > 100 K, the experimentally observed decrease in the
resistance of the structures is likely to originate from the effect of a decrease in
the electron tunneling barrier U at the EuS—-PbS interface, U = Egus — Egbs,
brought about by the simultaneous linear decrease in the energy gap of EuS and
the increase in the energy gap of PbS. The model calculations presented in Fig. 3b
correctly reproduce both the overall temperature dependence and the magnitude
of the effect. At low temperatures (below the Curie temperature) one expects
the decrease in the tunneling resistance due to the spintronic effect related to
the decrease in the electron barrier U as governed by the exchange splitting of
the conduction band of EuS. Although qualitatively correct, our model predicts
the maximum on the resistance vs. temperature plot at temperature considerably
lower than found experimentally.

In conclusion, we have studied experimentally and developed a simple model
of the strongly non-linear I—V characteristics of PbS—EuS-PbS tunneling ferro-
magnetic trilayer structures. Our analysis indicates that EuS electronic barriers are
in these structures considerably reduced as compared to the ones concluded from
optical studies. At high temperatures, the experimentally observed linear decrease
in the tunnel resistance can be satisfactory described by the electron tunneling
mechanism taking into account the temperature dependence of the band structure
parameters of the EuS—PbS heterointerface.
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