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Shift of superconducting transition
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Effect of annealing in high pressure oxygen atmosphere on superconducting transition
temperatures for ceramic samples of magnetic superconductor RuSry(Eu, ;Cej5)Cu,04q s
was studied. It was shown that properties of the samples are consistent with behavior of
the granular superconducting system. As a result of oxygen saturation the supercon-
ducting transition temperatures become higher. Particularly, shift of the superconducting
transition temperature for intergranular medium is AT, = 9.2 K and for the matter within
the granules AT, = 6.8 K. This difference is due to the mechanism of oxygen diffusion along
the grain boundaries. In the temperature range of 135 <T < 350 K the resistance behavior
obeys the Mott’s law of variable range hopping for three-dimensional case.

Keywords: superconductor RuSry(Eu, sCeq 5)Cu,0,4_5, superconducting transition,oxy-
gen saturation.

WccnemoBaHo BausiHUE OTMKHUra B aTMocdepe KHCIOPOAA HA TEMIEPATYDPHI CBEPXIIPOBOIS-
1ero mepexojma B KepaMHUUeCKUX obpasmax MAarHuTHOT'O CBEPXIIPOBOTHUKA
RuSr,(Eu,; 5Cej 5)Cu,0,4_s. Iloxasarmo, uro cBoiicTBa 06pasia COOTBETCTBYIOT IOBEICHUIO
CBEPXIIPOBOAAIISH IPAHYJIHPOBAHHON cucTeMbl. B pesyJLTaTe HACLIIMEeHUA KHCJIOPOIOM TEeM-
mepaTrypa CBepXIIPOBOJSAINEro Imepexofa MOBLIIIagach. CMelleHie TeMIIEPATYp CBePXIIPOBOII-
IIero Tepexoa [JIA MeKTIPaHyJAbHOIH cpensl cocrapuaano AT, = 9.2 K, nxa BemjecTsa BHyTpU
rpanysn AT, = 6.8 K. Yrasanmoe pasjauune, IO-BUANMOMY, O0YCIOBIEHO MeXaHU3MOM mud-
dysuu Kucaopojga mo rpaHunamM 3épen. B guanasone tremneparyp 135 < T < 350 K remmepa-
TYPHOE IIOBEJeHIEe CONPOTHBJEHUS 00pasiia cooTBeTCTByeT MexaHuamy MoTra IPBIXKKOBOU
HPOBOAVMOCTH C IIePEeMEHHON JIMHOM IPBIXKKA AJA TPEXMEPHOr'o ciaydasd.

3cyR TeMmeparyp HaANPOBIAHOTO Nepexoay Yy  MATHITHOMY HaANPOBITHUKY
RuSr,(Eu, ;Ce( 5)Cu,0,_s mix Bmameom Emigmamy B armocdepi KHCHIO TpPHU BHCOKOMY
TucKy. €.FO.Binses.

Hocaip:xeno BuiuB Biamany B armocdepi KHMCHIO Ha TeMIlepaTypu HALIIPOBiTHOIO Iepexo-
7y B KepaMiuHUX 3paskax marHiTHOTO Hagmposiznuka RuSry(Eu, sCej 5)Cu,0,4_s. Ilokasano,
IO BJACTHUBOCTI 3pasKa BiAmoBizamTh IOBeiHII HAANPOBiZHOI rpaHylbLOBaHOI cucTeMu. Y
pesyJabTaTi HacHUYeHHA KIMICHEM TeMIepaTypa HaIIPOBiZHOrO IIepexony IIiABUIINYETHCA. 3CYB
TEMIEPATYD HAIIPOBIIHOIO Mepexony A MIMIPaHyJABHOrO cepenoBuma craHoBuTb AT, =
9.2 K, 1A peuoBUHU yCcepeAWHi rpany. ATcg = 6.8 K. 3asnauena BigminHicTh HaitiMmoBipHi-
1re 3yMoBJeHa MexaHisMoM xudysil KMCHIO Y3IOBK MeK 3epeH. ¥ miamasoui temmepatyp 135
< T < 350 K TemmepaTypHa TIOBeAiHKa OTOPY 3pasKa BiAmosimae mexamismy MoTra cTpubKoOBOL
MPOBiAHOCTI i3 3MiHHOIO JOBMKUHOIO CTPUOKA A TPUBUMIPHOTO BUMIAAKY.
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1. Introduction

Continuously improving technology of
the complex oxide compounds production
aimed at the creation of materials that dem-
onstrate a combination of properties that
previously considered being impossible.
Such materials are europium and gadolin-
ium ruthenocuprates that combine proper-
ties of superconducting and the magneti-
cally ordered states — the so-called "mag-
netic superconductors”. In ruthenocuprates
Rusrz(EU1_5C€0_5)CU2010_6 two competing
order parameters — the spontaneous mag-
netization, with emerging at T,, (100 +
140 K) the weak ferromagnetic component
in sublattice of Ru atoms, and supercon-
ducting order parameter due to hole doping
of CuO, layers with the critical temperature
T, (30 = 50 K), — coexist in one crystal lat-
tice, experiencing mutual spatial modula-
tion.

The possibility of coexistence of super-
conducting and magnetic properties in these
materials is due to the fact that the weak
ferromagnetic state related to the tilting of
antiferromagnetically ordered magnetic mo-
ments in the Ru sublattice [1] induces on
CuO, conducting layers the inner magnetic
field of H=0.1 T [2]. The value of this
magnetic field is greater than the lower
critical field Hg; (estimated =5 1073 T
[3]), but it is significantly less than the
upper critical field Hps= 28 + 80 T [4].
Thus, the superconductivity in CuO, layers
germinates directly in the mixed state [2].

However, being, in fact, the high-tem-
perature superconductors based on copper
oxide layers, ruthenocuprates inherit a ten-
dency of copper oxide high-temperature su-
perconductors to lose the stoichiometric
oxygen included in their crystal lattice,
which leads to degradation of their super-
conducting properties.

The aim of this work was to study the
effect of annealing in an atmosphere of pure
oxygen at high pressure on the characteristic
temperatures of the inter-granular and intra-
granular superconducting transitions for the
granular ceramic samples of magnetic super-
conductor Rusrz(EU1_5CGO_5)CU2010_6.

2. Experimental

Test samples were prepared in the
"Rakah Institute of Physics” by solid-phase
synthesis. One of the samples obtained was
left in the original (as prepared) state (Sam-
ple Eu_A). Two others were annealed for
24 h at temperature T = 900°C and the high
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pressure of pure oxygen P = 100 atm (Sam-
ple Eu_B), and P = 50 atm (Sample Eu_C)
[6]. Powder diffraction studies confirmed
the purity and prevailing single-phase com-
position (~ 97 %) for the samples obtained.
The unit cell parameters (a = b = 3.846 A, c
= 28.72 A) within the experimental error
coincided with the data for europium ruthe-
nocuprates given in the works of other
authors [3].

For electrical measurements the pressed
ceramic tablets were cut in pieces having
the form of parallelepipeds with dimensions
10x2x1 mm3 and distance between the po-
tential contacts was 4 mm.

Measurements of the temperature de-
pendences of resistance were carried out in
Kharkiv Institute for Low Temperature
Physiecs and Engineering (ILTPE) in the
temperature range of 8.5+ 350 K by
4-probe DC technique applying the current
I =100 mkA. The samples were mounted
on a copper sample holder in a vacuum
chamber of cryostat. To improve the ther-
mal contact the heat-conducting glue was
used. Temperature in the cryostat was con-
trolled by automatic stabilization system
with accuracy from = 104 K in the region
of liquid helium temperatures to = 107! K
at the maximum achievable temperature of
350 K. In the test setup we used a stabi-
lized DC power supply with alternating po-
larity to compensate the thermal EMF,
graded Pt and RuO, resistive thermometers,
multimeters Keithley 2000 and nanovoltme-
ter Keithley 2182.

3. Results and discussion

The temperature dependences of resis-
tance for all three samples are shown in
Fig. 1. Granular structure of the ceramic
samples manifested itself in the typical
"shouldered” form of the observed intra-
granular and inter-granular resistive transi-
tions [6].

From Fig. 1 we can see that for the sam-
ples saturated with oxygen almost twofold
decrease in resistance was observed in the
normal state, apparently due to injection of
the current carriers — holes — into the
layers of CuO,.

Fig. 2 shows the first derivatives for the
temperature dependences of resistance,
which allow determining, by positions of
the peaks, the critical temperatures corre-
sponding to superconducting transition both
for the substance within the granules and
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Fig. 1. Temperature dependences of resis-

tance for three samples of
RuSr,(Eu, 5Cej 5)Cuy,04_s-

for the intergranular environment in the
granular systems under study.

Due to fact that the ceramic samples
studied were granular systems, the transi-
tion to the superconducting state occurred
through two step process. For T < 50 K at
first we see establishing of the supercon-
ducting state for the substance within the
granules. The critical temperatures of that
transition varied in the range from T, =
38.6 to 45.4 K depending on the degree of
oxygen saturation. Then there follows a
small "shoulder”, after which we can see a
further drop in resistance associated with
the establishment of the Josephson weak
links in the disordered intergranular me-
dium, with the critical temperatures that
vary from T, = 10 K for the "as prepared”
sample Eu_A to T, =19.2 K for the sam-
ples Eu_ B and Eu_C annealed in oxygen at
different pressures (see Fig. 2).

As a result of oxygen saturation (Fig. 2)
we determine that the displacement of su-
perconducting transition temperatures for
intergranular medium is AT, = 9.2 K and
for the matter within the granules —
AT,, = 6.8 K. The difference is obviously
due to the mechanism of oxygen diffusion
along the grain boundaries. The rate of oxy-
gen diffusion is only slightly dependent on
pressure, so the resistance curves for the
samples annealed in oxygen at pressures of
50 and 100 atm are practically identical.
Large width of the superconducting transi-
tion for the intergranular environment
(with corresponding dp/dT peak half-width
=18 K in Fig. 2) can be explained by its
strong heterogeneity. After annealing in
oxygen, judging by the increase in the
width of the intergranular superconducting
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Fig. 2. Influence of annealing in oxygen on
superconducting transition temperatures.

transition, this heterogeneity was even in-
tensified, which may be the evidence of fur-
ther decomposition of the intergranular me-
dium caused by partial evaporation of the
most volatile component of the compound —
RuO, [7].

For all three samples studied in the high-
temperature range (T =135 + 350 K) the
temperature dependence of resistance
obeyed the Mott’s hopping conductivity law,
inherent to the mechanism of variable range
hopping (VRH) for three-dimensional case,

p = poexp(To/ T)", (1)

where T = By* (L. 3/kg- N(Ep)) — the
Mott’s characteristic temperature (total sum
of energy of localized states for the charge
carrier expressed in the temperature units),
By =const = 1.7+ 2.5, kg — the Boltzmann
constant. This conductivity behavior corre-
sponded to the hopping conductivity be-
tween isolated granules of ruthenocuprate
which were at these temperatures in the
non-superconducting state (see Fig. 3).
When fitting the experimental data we ob-
tained the values T = 150,000 K for Eu_A
and Ty = 75,000 K for samples Eu_B and
Eu_C, which are common values if you com-
pare them with the values of the Mott’s
temperature obtained by other authors [8].

The lack of data on the density of elec-
tronic states at the Fermi level N(Ej) for,
still little-studied, europium-based ruthe-
nocuprates does not allow to calculate pre-
cisely the radii of localization of the wave
functions of charge carriers L.

For temperatures T < 135 K the resis-
tance of ruthenocuprate samples decreases

with temperature more rapidly than pre-
dicted by the Mott’s law. The reason for
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Fig. 3. VRH mechanism for temperatures T >
T, in antiferromagnetic (AFM) state of
ruthenocuprate samples Eu_A, Eu_B and
Eu_C. For temperatures T,,<T < T, after
transition to the weak ferromagnetic (WFM)

state deviations from the Mott’s law arise.

this drop of resistance may be the ferromag-
netic ordering in the samples studied.
Marked by an arrow in Fig. 3 the tempera-
ture T =135 K, corresponds to the tem-
perature of kink on the temperature de-
pendence of magnetization measured in ZFC
(zero field cooling) regime for the sample
Eu C [5]. After this temperature magneti-
zation of the sample increases and a feature
on the temperature dependence of thermal
conductivity was observed [5] which may
also be connected with some processes of
structural relaxation.

It should be noted that the mere appear-
ance of the weak ferromagnetic state in
ruthenocuprates is caused by fact that cova-
lent bonds lengths for Cu-O and Ru-O,
being almost equal at the room tempera-
ture, have different temperature depend-
ence. With temperature lowering, the Cu-0O
bonds shrink more than Ru—0O. This leads to
coordinated rotation of adjacent oxygen oc-
tahedra which become too big to fit the lat-
tice and in which the antiferromagnetically
ordered Ru*® ions are confined [9]. This ro-
tation achieves the value of angle 14° and
through the Dzyaloshinskii-Moriya interac-
tion causes the coordinated tilting of antif-
erromagnetically ordered Ru*® magnetic mo-
ments perpendicular to the layered struc-
ture of the compound. At T, =185 K in
this system of uncompensated perpendicular
component of the antiferromagnetically or-
dered magnetic moments of Ru*® ions even
small magnetic field (from Earth or
cryostat) causes the weak ferromagnetic (ac-
tually component ferrimagnetic) state. This
ferromagnetic ordering in the perpendicular
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Fig. 4. Effect of a weak magnetic field on
superconductivity in intergranular medium.

components of magnetization results in re-
duction of resistance by reducing the mag-
netic scattering of the conduction electrons.
Apparently, this process of establishing of
ferromagnetic order in ruthenocuprate sam-
ples determines the temperature behavior of
the resistance in the temperature range be-
tween T, and T, and explains the violation
of the VRH Mott’s low.

The influence of external magnetic field
on the superconducting transition in the
granulated ruthenocuprates is shown by ex-
ample of the sample Eu_A (as prepared) in
Fig. 4. The Figure shows that application of
the weak magnetic field H = 0.01 T doesn’t
change the superconducting transition
within the granules because the upper criti-
cal field in ruthenocuprates is very high
(Hgs = 28 + 80 T [4]) and thanks to the fer-
romagnetic component of the internal mag-
netic field the superconducting material in
granules is already in the mixed state. But
this small magnetic field easily destroys the
weak superconductivity in disordered inter-
granular environment.

4. Conclusions

Thus, by studying the temperature and
magnetic field dependences of resistance for
ceramic samples of europium ruthenocu-
prate Rusrz(EU1_5CGO_5)CU2010_5 we investi-
gated the influence of annealing in high
pressure oxygen atmosphere on supercon-
ducting transition temperatures both inside
granules and in disordered intergranule
media. The studied samples showed the tem-
perature and magnetic field behavior perti-
nent to the granular superconducting sys-
tem. It was shown that oxygenation rose the
superconducting transition temperatures
both inside the granules and in the disor-
dered intergranular environment. Stronger
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shift of the superconducting transition tem-
perature for the intergranular medium com-
pared with the intragranular one indicates
that the penetration of oxygen into the sam-
ple during annealing occurs along the grain
boundaries. The rate of oxygen diffusion is
only slightly dependent on pressure. It was
shown that the temperature behavior of the
samples’ resistance above the temperature
of magnetic transition T,, = 1835 K matches
the Mott’s formula for variable range hop-
ping in three-dimensional case. However, in
the intermediate temperature range (T, <
T <T,), when the ferromagnetic order in
the sample has already been established,
and superconductivity has not yet occurred,
there are deviations from the Mott’s law,
apparently related to the fact that the ap-
pearance of the weak ferromagnetic order
and structural relaxation in the crystal lat-
tice lead to reduction in the charge carriers
scattering.
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