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Abstract

Magnetoresistance  (MR),
susceptibility and Raman spectra of
Al-doped ferromagnetic  superconductor
Ru; xALSHGACuy0s (Ru-1212) with x =
0.0-0.15 have been investigated. The

magnetic

temperature dependence of the resistance for
Ru-1212 in different magnetic fields shows
that the zero-resistance temperature (o)
shifts toward lower temperatures
dramatically at low fields, while slowly at
high fields. The observed results indicate that
the vortex dynamics of Ru-1212 might be
intrinsically different from that of the other
high-T, cuprates. When T > 100 K, the MR
of the Ru-1212 is negative. However, the
MR displays a positive peak at field of 2 T
and becomes negative at high fields when T
< 100 K. These anomalous features suggest
that the exchange interaction between the
carriers in CuQ; planes and the spins in
Ru®, layers dominates the
magneto-transport properties of the Ru-1212
system. Magnetic studies show that the
effective moment of Ru is about 3.15 g,
indicating the Ru valence in the Ru-1212 is a
mixture of 55% of Ru’" and 45% of Ru*".
The intensity of Raman shift at 659 cm™,
assigned as an A;g (apical oxygen Oy)
phonon mode, weakens substantially with
increasing Al content suggesting that the
apical oxygen is responsible for charge
transfer between Cu-3d and Ru-t;, bands.
More interestingly, a line around 550 cm’
was observed in the Al-doped compounds,
indicative of a significant spin-phonon
interaction induced by Al doping.
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A novel superconductor where
superconductivity and atomic
ferromagnetism uniformly coexist in a

microscopic has recently been found in the
hybrid ruthenate-cuprate compound
RuSr;GdCuy0s (Ru-1212).'1% A variety of
physical measurements, in particular
zero-field muon spin rotation experiments,®
have demonstrated that the material is
microscopically uniform with no evidence
for spatial  phase  separation  of
superconducting and magnetic regions. This
compound provides an unprecedented
opportunity for studying superconductivity
and magnetism. Ru-1212 is found to be
oxygen stoichiometric, and the doping of the
CuQ; planes necessary to induce
superconductivity arises from overlap of the
minority spin Ru-7z; and the Cu-3d bands.
Transport  measurements show that the
CuQ; planes are underdoped with 0.1
holes/Cu, which is much less than the
estimated value of 0.4 holes/Cu obtained
from bond valence sum. This discrepancy
. seems to suggest that a large proportion of
the holes in the copper oxide layers are
trapped or strongly scattered by the
ferromagnetic Ru moments. Therefore, it is
worthwhile to investigate the following
issues. (1) Is vortex dynamics of Ru-1212
intrinsically different from that of other
high-T, cuprates? (2) Is the valence of Ru
mixed? {3) How are active phonon modes of
Ru-1212 modified by introducing excess
holes in RuQ; planes as result of doping? To
address these issues, we have investigated
the interaction between the transport carriers
and the ferromagnetic Ru moments by
magneto-transport property measurements. In
addition to that, the temperature dependences
of magnetic susceptibility and Raman spectra
of underdoped Ru;ALSr;GdCu;Oz with
x=0.0-0.2. were systematically studied.

The samples investigated were prepared
by the solid-state reaction method.
Stoichiometric powders of Gd:0;, SrCOs,

RuO;, CuO and AlLO; were ground
thoroughly and calcined at 960 °C in air for
36 h, followed by annealing at 1100 °C in N3,
then at 1055 °C, 1060 °C in flowing oxygen,
The structure was determined by X-ray
diffraction. Magnetic susceptibility was
measured by using a2 SQUID magnetometer.
Resistivity measurements were performed
using a conventional four-probe method.
External magnetic fields up to 6 T
perpendicular/parallel to current direction
were applied for magneto-transport
measurements. The Raman data were
obtained on powder samples using 514.5-nm
line of an Ar-ion laser. The incident light and
the scattered light were both vertically

polarized.
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Figure 1 shows the temperature
dependence of the resistance for

RuSr;GdCuyOy measured in magnetic fields
up to 6 T. As can be seen in Fig. 1, the
superconducting onset temperature (T}
hardly has any change as field increases,
indicating that superconductivity in the
Ru-1212 is a quasi-2D in nature. The
transition width becomes broader as field
increases, This behavior was observed in the
both cases of current perpendicular to field
and current parallel to field, which can be
understood in the framework of spontaneous
vortex phase. More interestingly,
zero-resistance  temperature (T.o) shifis
toward low temperatures at low fields.
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FIG. 1. Resistance as a function of

temperature at various magnetic fields for



RuSr:GdCu,Qs.

However, the Ty decreases slowly with
increasing field in the range of 7 T. The
observed behavior seems to indicate that a
field-induced change of the magnetic
structure has a strong influence on the
superconducting  state of Ru-1212.
Furthermore, the intriguing vortex dynamics,
intimately related to how magnetic structure
is modified to fit the superconducting state,
is still an open issue. A
magnetic-temperature phase diagram can be
obtained by extracting Teo(H) from Fig.
1.He(T) can be fitted into an expression of
Hex(T) =25(1-T/To)"®* with Hea(0)= 25 T.

r v T r T
o.o00% | i
Rufr, GdCu O,

Q.o08

0.002

0000

MR Ratio

-01.003

-0.00%

~0.012 -

H (T}

FIG. 2. The field dependence of the MR at
various temperatures for RuSr,GdCu,Qs.

The magnetoresistance as a function of
applied field at various temperatures for
Ru-1212 is shown in Fig. 2. The MR is
positive at temperatures below 120 K. More
importantly, the MR exhibits a peak at fields
of 2 T, but it becomes negative again at high
fields. On the contrary, the MR is negative at
temperature above 120 K and is proportional
to the square of the applied field well above
Tm (magnetic ordering temperature of Ru
moment in RuQs planes). It is believed that
the negative MR arises from the freezing out
spin-disorder scattering as the Ru moments

align along the direction of applied field.
Based upon this model, a value of 30 meV
for the exchange interaction between the
carriers in the CuO; planes and the Ru spins
in RuQ; planes is deduced. It should be
noted that the value is of the order of the
superconducting energy gap. Therefore, it is
expected to have a significant effect on the
superconducting properties as indicated in
Fig. 1.

Figure 3 shows the temperature
dependence of the MR for
RuixAlLSr:GdCu:0¢ with x = 0.0-0.15 in
field of 5 T. As shown in Fig. 4, a maximum
negative MR occurs at Ty, and the absolute
value of the MR decreases monotonically
away from Tm. This result strongly suggest
that the magneto-transport properties of
Ru-1212 is dominated by the exchange
interaction between the carriers in the CuO,
planes and the Ru spins in RuQ; planes,
However, it is not well understood at this
moment that why such a large exchange
interaction doesn’t affect superconductivity.
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FIG. 3. The MR as a function of the
temperature at field of 5 T for
RupxAlLSHGACuQg  with x = 0.0-0.15.

Now let’s turn to magnetic properties of
Ru-1212. The temperature dependence of the
inverse molar magnetic susceptibility for
RuSr,GdCuxOg is shown in Fig. 4.
Apparently, a linear behavior is observed at
temperature above 200 K. It turns out that the
experimental data x(T) can be fitted into

¥ro(T) + xca(T)+ %o, where yro(T)=Cy/T-135



1s Curie-Weiss term from Ru moments with
Teurie of 135 K » y6a(T)= Co/T is Curie term
from Gd moments and ¥y is a temperature-
independent term. After putting appropriate
values of C; and yxp in the previous
expression, C; can be deducted curve fitting.
The effective magnetic moment of pes(Ru)
~3.15 pp in Ru-1212 can be obtained from
C;. This value does not correspond to any of
theoretical values for a single valence state of
Ru ions, either high or low spin. If mixed
valence is assumed, the measured effective
moment would be compatible with (a) 55%
of Ru** (8= 1/2) and 45% of Ru® (8= 2). (b)
31% of Ru** ($=3/2) and 69% of Ru** (S=1).
The former estimation is consistent with the
values determined by X ANES techniques.
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FIG. 4. The temperature of the inverse
magnetic  molar  susceptibility  for
RuSr:GdCupOsg.

Figure 5 shows polarized Raman spectra
of Ru].xAlerzGdCU2Ds with x = 0.0-0.15.
The intensity of Raman shift at 659 cm’,
assigned as an A,y (apical oxygen Oy)
phonon mode, weakens substantially with
increasing Al content suggesting that the
effective valence of Oy varies as doping level
changes. Since the Cu-O layers are connected
by perovskite SrRuQO; layers through the
apical oxygen atoms, the apical oxygen is
responsible for charge transfer between
Cu-34 and Ru-t;, bands. More interestingly,
a line around 550 cm™ was observed in the
Al-doped compounds, indicative of a
significant spin-phonon interaction induced

by Al doping.
J=314.5 nm J—
Polarized (VV) —::‘T::Iﬁ:fddcm,o,
T=300k —— ke Al SeGEKuG, ]
= —— Rp Al SeGCG,
3
g
&
2
g
L

. 1 L L
200 400 600 L]: = 1000 1200
Raman Shilt fem™)

FIG. 5. Raman spectra of Al-doped Ru-1212.
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our detailed study on magneto-transport,
magnetic and Raman scattering properties of
Al-doped Ru-1212 has found several distinct
features. First of all, the intriguing field
dependence of T, really suggests that the
vortex dynamics of Ru-1212 is quite
different from that of high-T; cuprates.
Moreover, the origin of the positive MR at
temperature below Ty is an interesting issue
for further investigations. Secondly, the
valence of Ru i$ mixed which allows us to
tune the system from underdoped to
overdoped region by simple doping in RuQ,
planes. Thirdly, magnetic fluctuation and
structural instability induced by Al doping
have a profound influence on charge transfer
between Cu-3d and Ru-f;; orbitals. We
certainly believe that the obtained results
really shed a light on understanding of the
underlying mechanism associated with
coexistence of  ferromagnetism  and
superconductivity in underdoped hybrid
ruthenate-cuprate RuSr.GdCu,Os.
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