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We measured the resistivity and the Hall coefficient Ry in a series of YBa;Cu3O7/PrBazCusO;

multilayers.

We found no systematic change of the transport properties with decreasing layer

thicknesses down to one unit cell. The resistivity and Ry evaluated for the YBa,Cu3O7 layers are
slightly higher than in bulk material, suggesting a small decrease of the carrier density in the
multilayers. However, we observe no change in the Hall number 1/eRy when the thickness of the
YBa,Cu3O7 layers decreases, so that the lowering of 7. observed in the superlattices cannot sim-
ply be related to a change in the carrier density. Furthermore, we find that the temperature
dependence of Ry is very similar to that of bulk materials.

The superconducting oxides are anisotropic materials
and their properties, both in the normal and in the super-
conducting state, reflect the anisotropy of their structure.
It is generally accepted that the charge carriers are holes
in the CuO; planes, and the Fermi surface of YBa;Cu309,
if there is one, is expected to have little dispersion along
the ¢ axis. Important questions here are to what extent the
charge transport is a property of the individual CuO,
planes and how important the coupling between the planes
is for the superconducting properties. It has been shown
recently! ~3 that it is possible to grow YBa,;Cu;07/
PrBa,Cu3;0; superlattices with layer thickness as thin as
one unit cell. PrBa,Cu3;0 is a semiconducting material,
isostructural to YBa;Cu3;O7, so the YBa;Cu3;O7/PrBa,-
Cu307 multilayers can be considered as a stack of thin
conducting YBa,;Cu307 layers electrically disconnected by
PrBa,Cu30; sheets. These layered materials give us the
opportunity to study the superconducting and normal-
state properties of very thin YBa;Cu307 layers. In partic-
ular it has been found' ~3 that the critical temperature T,
decreases as the thickness of the individual YBa,Cu;0;
layers in the superlattices decreases, an effect whose origin
is currently under investigation.

In this paper we report a study of the resistivity and the
Hall-effect carried out on a series of YBa;Cu;O7/
PrBa,;Cu3;O; multilayers. The aim of our work is to deter-
mine whether the charge density of the CuO; layers is
modified as the YBa,Cu3;0O5 thickness decreases, and also
to evaluate the effects of the interfaces on the normal-
state properties. In fact a possible explanation of the
above mentioned T, decrease could be that the proximity
of the semiconducting PrBa,Cu307 induces a charge dop-
ing of YBa,Cu307 across the interface.

The preparation of our superlattices is described in de-
tail in Ref. 1. Briefly, we use a dc magnetron sputtering
technique with YBa;Cu3;0O; and PrBa;Cu;O; targets.
Highly c-axis-oriented multilayers have been obtained
both on MgO and SrTiOs;. X-ray analysis of the satellite
peaks reveal that there is very little mixing between the
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YBa,;Cu30; and PrBa,Cu3;O layers." TEM analysis5
shows clearly the layer modulation and very sharp inter-
faces between the layers. In the following we shall refer to
the multilayers by the nominal thickness of the YBa,-
Cu307 unit cell which we assume for simplicity to be a
multiple of 12 A (i.e., for example, 12/12 means one unit
cell of YBa;Cu304, one unit cell of PrBa,Cu307, repeated
several times). For this study we prepared a series of su-
perlattices with equal thicknesses of the YBa,Cu3;O; and
the PrBa,Cu305 layers.

For transport measurements we used the standard van
der Pauw method with typical ac currents of 20 uA at
84.2 Hz. The Hall voltage was measured in magnetic
fields, parallel to the ¢ axis, up to 5 T and it was linear in
magnetic field.

In Table I we report the critical temperatures 7T,’s of
four multilayers. T, is defined using the criterion 10% of
the normal-state resistance. We find that T, for the su-
perlattices is lower than in YBa,Cu307, but significantly
higher than in the corresponding Y sPro sBa,Cu30; alloy
(T, =21 K from Ref. 1). This rules out the possibility of
strong layer interdiffusion in our samples. Furthermore, if
there would be some layer mixing due to a broadening of
the interfaces, this would give rise to a systematic change
of the transport properties with the decrease of the layer
thicknesses. So, to further investigate this point, we stud-
ied the Hall effect for various modulation wavelengths A
(A being twice the thickness of the individual YBa;Cu304
layers for the series considered here). In Fig. 1 we show
the Hall coefficient Ry measured on multilayers for tem-
peratures above T,.. In this figure the data are evaluated
disregarding the layer modulation, i.e., we used the whole
film thickness to calculate Ry. This plot shows that all
these Ry-vs-T curves almost overlap. In particular, there
is no systematic change in the absolute value or in the
temperature dependence of Ry due to the decrease of the
layer thickness, at least within our experimental accuracy.
The overlapping of the data is due to the fact that the ra-
tio of the number of YBa;Cu3O; and PrBa,Cu30; layers
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TABLE I. Transport properties of multilayers, YBa,Cu3O7 and Yo.6Pro.4Ba2Cu3O; alloy films. Note that, for the superlattices, the
values of p, Ry, and ny reported in this table are evaluated taking the thickness of the YBa>Cu3Oy layers only.

Sample p(300 K) Ry (120 K) Ry (250 K) dny/dT T. (10%)
specification (uQcm) p(300 K)/p(100 K) (10~° m’%/C) (10 7% m3/C) 10Y em73T7Y) (x)
YBa;Cuz07 260 2.4 0.98 +0.2 0.55+0.10 3.67 84.5

96/96 305 1.8 1.37%+0.3 0.73x0.15 3.11 74.0
36/36 290 1.3 1.421+0.3 0.70 £ 0.15 3.53 67.5
24/24 285 1.7 1.48£0.3 0.78 £0.16 2.97 68.0
12/12 395 1.2 1.50+0.3 0.80%+0.16 2.82 50.3
Yo.6Pro.4BaxCu304 610 1.1 2.90+0.5 1.64 £0.30 1.47 38.0

is the same (1:1) for all the samples. Based on this obser-
vation and on the structural studies, we analyze our data
assuming our multilayers to behave as two independent
resistances in parallel. As the resistivity of bulk YBa,-
Cu307 is much lower than that one of bulk PrBa;Cus-
0,,% in the range of temperature considered here, we also
assume that the whole current flows only in the
YBa,Cu307 layers. Consequently, the data that we report
in the following are evaluated taking the thickness of the
YBa,Cu305 layers only, i.e., half of the whole film thick-
ness. We anticipate that the transport properties of the
layers are close to those of bulk YBa,Cu30O7 and this sup-
ports the previous assumption. We also note that it is pos-
sible to show, by simple electrodynamic considerations,
that the Hall coefficient of the superlattice is determined
only by the YBa,;Cu3O layers as long as the conductivity
of PrBa;Cu;07 is much lower than that of YBa;Cu30O5.

In Table I we report the resistivity p measured at room
temperature in our multilayers. Comparing these data
with those obtained in one of our YBa,Cu;0 films and an
Y0.6Pro4Ba,;Cu3O7 alloy film we find that the multilayer
resistivity at 300 K is slightly higher than the value mea-
sured on an YBa;Cu3O7 film and much lower than that
measured in the YggPro4Ba;Cu;O7 alloy. Furthermore,
we do not observe any systematic change of p(300 K) re-
lated to the layer thickness, although the resistivity of the
12/12 superlattice is higher than the other ones. The
latter result is probably due to the fact that the layer

structure does not extend continuously along the whole
specimen, but probably contains step discontinuities.’
This kind of defect is crucial for the thinnest layers be-
cause they give rise to abrupt changes in the current
paths. Another important feature of the multilayer resis-
tivity is that the slope of the p-vs-T curves is always posi-
tive even for layer thickness as small as one unit cell. In
Table I we report the resistance ratio p(300 K)/p(100 K)
measured in our samples. We found p(300 K)/p(100 K)
values between 1.2 and 1.8 for the multilayers with no evi-
dent systematic change related with the layer thickness.
However, these values are lower than those found in
YBa;Cu307 films, i.e., the p-vs-T curves are flatter in the
multilayers than in YBa,Cu305. A flattening of the p-vs-
T curves has been also observed in Nb/Cu and Nb/Al
multilayers’ and it was ascribed to the scattering with the
interfaces. In our YBa;Cu3;07/PrBa,Cu30O; superlattices
the flattening of the p-vs-T curves occurs randomly and it
seems mainly determined by material imperfections, as,
for example, the aforementioned step discontinuities.
However, the fact that the p-vs-T curves always have a
positive slope indicates that the scattering with the inter-
faces is much less important than in multilayers made out
of isotropic metals.

In Table I we also reported the Hall coefficient Ry
measured at 120 and 250 K in our multilayers. A sys-
tematic study of the Hall effect in Y, —,Pr,Ba,Cu305 al-
loys has been reported by Matsuda et al.® They found
that Ry increases when Y is progressively substituted by
Pr and this suggests that Pr can give rise to a hole filling

64 ' ' ' ' ' effect in YBa,Cu3;07. However, it is not clear at the mo-
«E K&h o12/12 ment whether Pr acts as a simple electron donor in a
o sl 2 %0 ' Zig; i‘; | rigid-band model, or if it induces a localization of the free
s o Qggv - 96/96 carriers in the CuO; planes. In our multilayers we find
= A&%g that Ry is slightly higher than in YBa;Cu3O; and lower
o oL % £ | than the values measured in the Yo ¢Pro4Ba;Cu;0; alloy.
= EXBV The difference between the value of Ry found in multilay-
2 A Q%“ ers and in YBa;Cu307 could be due to some layers of low
% s i quality that do not contribute to the transport so the total
S layer thickness is smaller than the nominal value used to
= calculate Ry. However, this seems unlikely in our case, as
[3s) . . .
T, . \ A . \ we found almost the same increase of Ry in all the multi-
o 50 100 150 200 250 300 layers. Another possible origin of the increase of Ry
Temperature (K) could be that the carrier density is lower in the layers than
FIG. 1. Hall effect as a function of temperature for in the bulk material. Note that a lower carrier density in

YBa,Cu307/PrBa,Cu;07 (A/A) multilayers. Note that the ab-
solute values of Ry are calculated taking the whole film thick-
ness.

the multilayers is also consistent with the resistivity data
that we discussed previously. We have already shown in
Fig. 1 that there is no systematic change of the Hall-effect
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related to the layer thickness and this seems to exclude a
possible doping arising from substitution of Pr for Y. We
rather propose that the Ry increase is related to the fact
that the layers undergo a mechanical strain that is only
weakly thickness dependent for such thin layers. This
strain arises from the mismatch between the YBa;Cu;0;
and the PrBa,;Cu;05 lattices. For small modulation wave-
lengths the superlattices grow coherently and are
strained.® For the multilayers studied here, relaxation of
the strain by misfit dislocations are expected to occur for
wavelengths larger than ~300 A. This strain may have
an influence on the oxygen ordering in the YBa,;Cu;0,
layers and this may lead to a slightly different carrier con-
centration than in the bulk material. It has been reported
that 7. in YBa,Cu3O; scales with the Hall number
ny =1/eRy.%° One may therefore think that the T vari-
ation in our multilayers might be related to a change of
ny. For instance, we note that the 7. of the 96/96 multi-
layer fits with the data reported in Ref. 9 using our experi-
mental determination of ny. However, the important re-
sult of this paper is that ny is practically the same for all
the superlattices investigated here, while their 7. ranges
from 50 to 74 K. Although the relationship between ny
and the carrier density is not completely established, it ap-
pears reasonable to conclude, from the constancy of ny,
that the carrier concentration is the same in all our multi-
layers. Thus the 7, decrease from the 96/96 to the 12/12
multilayer cannot be understood as resulting only from a
change in the carrier density and other mechanisms are
necessary to explain this behavior.

Another interesting feature of the YBa;Cu3;O;/Pr-
Ba,;Cu307 multilayers is shown in Fig. 2 where we plot the
temperature dependence of the Hall number ny measured
in our samples. We can compare these curves with those
of the YBa,Cu3;07 film and a YBa,;Cu3;O7 crystal as well
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as the YoePro4Ba;Cu3;O; alloy film. These plots show
that the linear temperature dependence of ny, that is usu-
ally found in YBa;Cu309, is not substantially changed by
the decrease of the layer thickness in the superlattices. In
Table I we report the slopes drny/dT of the ng-vs-T curves
obtained by linear fitting between 120 and 270 K. It re-
sults that dny/dT for the multilayers is slightly lower than
for YBa;Cu307 but higher than for Y ¢Prg4Ba;CusO5 al-
loy. No systematic change related to the layer thickness is
observed. In Fig. 2 we can also see that the ngy-vs-T
curves measured in multilayers point to small positive
values at T=0 comparable to those found in our best
YBa,;Cu;09 films and crystals. These features of the ng-
vs-T curves measured in multilayers are consistent with
the fact that there can be a slightly lower carrier density
than in YBa,Cu;01.

The linear temperature dependence of the Hall number
is not yet understood for the superconducting oxides and
several models have been proposed. Clayhold et al.'® sug-
gested that it is related to the “unusual” ground state of
the carriers and they noted that it could be a feature of
materials with high 7.. Our results show that there is no
correlation between the slope of the ny-vs-T curves and
T., as we have found almost the same linear behavior in
all the multilayers regardless of their 7.. In the frame-
work of the transport theory for fermionic system of car-
riers'""1? any temperature dependence of the Hall number
can arise both from the anisotropy of the carrier scatter-
ing and also from the temperature dependence of the
df/de (f being the Fermi distribution function). If we as-
cribe the linear temperature dependence of ny to aniso-
tropic scattering of the carriers, we can conclude from our
experiments that the scattering with the interfaces is not
very important in the YBa,Cu307/PrBa,Cus0O; superlat-
tices as there is no systematic change of the ny-vs-T
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FIG. 2. Temperature dependence of the Hall number 1/eRy for the multilayers, YBa;Cu;O; (film and crystal) and Yoe-
Pro.4Ba,Cu307 alloy film. The crystal data are taken from Ref. 13. The straight lines represent the linear fitting of the data between
120 and 270 K. For the superlattices Ry was calculated using the thickness of the YBa,Cu3O- layers only.
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curves due to the decrease of the layer thickness. This is
also consistent with the resistity behavior of the multilay-
ers that we discussed before. Finally, since the thinnest
YBa,;Cu30Oy7 layers have a Hall-effect behavior very simi-
lar to that of YBa,Cu307 crystal, we conclude that our re-
sults support the idea that the temperature dependence of
npy is essentially a feature of a quasi-two-dimensional sys-
tem.

In conclusion, we have measured the normal-state resis-
tivity and Hall effect in a series of YBa,Cu30O;/PrBa,-
Cu307 multilayers with layer thicknesses as small as one
unit cell. The layer transport properties are very similar
to the behavior of the bulk material and we do not observe
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any evident effect due to the presence of the interfaces. In
particular, the Hall effect of the various multilayers is
identical. This shows that the reduction of the thickness
of the individual layers is not accompanied by a change in
the carrier density.
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