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Ru valence in RuSpGd,_,Ce Cu,0,0+ 5 as measured
by x-ray-absorption near-edge spectroscopy
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We report the results from x-ray-absorption near-edge spectroscopy, electrical resistance, and thermopower
measurements on Ru&d, ,CeCu,0,4, 5. This compound displays the coexistence of superconductivity
and ferromagnetic order. Furthermore, there are systematic changes in the temperature dependence of the
magnetization with increasing Ce concentration. However, we find from our study that the average Ru valence
is 4.95+0.05 irrespective of the Ce concentration. This implies that there is no charge transfer to the RuO
layer with increasing Ce concentration. The nearly constant superconducting transition temperature for 0.6
<x=0.8 indicates that there is also no significant charge transfer to the @laBes even though ¢e is
expected to decrease the hole concentration by 0.1. It is possible that the decrease in the hole concentration is
compensated for by an increase in the oxygen confent
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INTRODUCTION consisting of 38% (Rti") and 62% (R&™).° A similar con-
clusion was reached from a high-temperature susceptibility

It has recently been shown that superconductivity and ferstudy of RuSsRCu,0g.*° This can be contrasted with the
romagnetic order coexist in RuR,_ ,CeCuw,010,5s (R  ferromagnetic superconductor RyBu, Ce)Ch040; 5,
=Gd, Eu) ! where the magnetic ordering temperature is sig-where an x-ray-absorptioiXAS) study indicated that the Ru
nificantly greater than the superconducting transition temvalence is 5.8 Sr,RRuQ; also has a Ru valence of 50
perature. This is particularly interesting because ferromagbut it is antiferromagneti&”
netic order and superconductivity cannot coexist without It is apparent in Fig. 1 that the unit cell of
some form of accommodation, for example, via a spatiaRuSEGd;—,C6CU,010. 5  [based on  that  of

modulation of the respective order parameters or via a spoNPSER; - CeCl010, 5 (Ref. 13 and

taneous vortex phade? It is believed that in the case of Ru

RuSKR, ,CeCuw,0,4, s there exits a spontaneous vortex

phase where the spontaneous magnetization gives rise to a % oM

local magnetic field, which is greater th&y, for tempera-

tures betweefgypandT.. For temperatures less thag,p, St

the spontaneous internal field is greater tfn and hence

the Meissner phase develdps. 0(3)
The hybrid ruthenate cupratesRuSKLRCuU,Og5 and R

RuSKR,_,CeCu,044, 5) are also interesting because they

produce magnetic behavior not observed in other ruthenate 0(4)

compounds containing RyO layers (e.g., SrRu@,

SLRRUQ;). For example, Ru$6dCwOg and R

RuSKLEUCY,Og are predominately antiferromagnetic in the Cu

low-field region and there is evidence of a spin-flop transi-

tion as the magnetic field is increastd.Interestingly, a re- 0(2)

cent powder neutron-diffraction study on Ry$€u,Og re-

vealed low-field antiferromagnetic order with a significant Ru

ferromagnetic componefitHowever, as has been found in
RuSpGdCu0Og and RuS)EUCY,0g, the high-field magnetic
order in RuSyYCu,Og is ferromagnetic. It has recently been
shown from an x-ray-absorption near-edge spectroscopy FIG. 1. Plot of one half of the RuSR, ,CeCu,Oiq: s
(XANES) study that, unlike other ruthenate compounds,unit cell based on the Nb§R, ,CeCu,0i0.s (Ref. 13 and
RuSKLRCuW,0Og has a mixed Ru valence in the Ru@yers  TaSgNb,_,CeCu,049, 5 (Ref. 14 analog.

o(1)
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TaSpNd,_,CeCu,04, 5 (Ref. 14] is different from L e A
RuSKLRCW,Og. In particular, it contains the electron doped K
T’ structure R,_,CgCuQy,), separated by strontium oxide L
and ruthenium oxide layers. Furthermore, unlike
RuSpRCw,0Og, the adjacent Ru© layers in
RuSrGd, ,CeCuw,044, 5 are shifted by &/2,a/2) wherea

is thea,b lattice parameter. It should be noted that the RuO B
octahedra in RuS6dCuy,Oq is known to be rotated by-14°
about thec axis'>® and possibly tilted by~10°® Unfortu-
nately, it is not known if a similar rotation and tilt of the
RuQ; octahedra occurs in Rusgd, ,Ce,Cly,0qp; 5-

The understanding of RusgR, _,Cg,Cu,04q, 5 is compli-
cated by a recent study which has shown that the temperatur
where the peak in the zero-field-cooled magnetization data
occurs, Ty, and the magnetization at 10 kG increase with
increasing Ce concentratidhHowever, the superconducting
transition temperature does not significantly change for 0.4
=<x=<0.8 and hence it is not clear what is happening to the
additional carriers introduced by Ce substitution. It is not T P T
known if the systematic changes Ty or the magnetization 0 50 100 150
at 10 kG are correlated with a reduction in the Ru valence. In T (K)
the case of RuS6dCu,Og, it has been found that the sub-
stitution of Dy for Gd or Ba for Sr results in significant FIG. 2. Plot of the resistance against temperature from
changes in the average Ru valence, the superconducting traRuSeGd,_,Ce,C,0y0. 5 With x=0.6 (solid curvg, x=0.8
sition temperature and the magnetic ordlér.is therefore (dashed curve andx=1.0 (dotted curvg normalized to the same
important to perform a study on Ry&d,_,CeCu,0yg, s  resistance at 180 K. Inset: Plot of the room-temperature ther-
with different Ce concentrations to see if the changes in thenopower against Ce concentratitolid circles and left axjsand
magnetic and superconducting order are also correlated witthe superconducting transition temperature against Ce concentration
changes in the Ru valence. (open symbols and right ajis

In this paper, we report a systematic XANES study on
RuSKGd,_,CeCu,0;0; s With 0.6<x=<1.0. We show below BL15B at SRRC in Hsinchu, Taiwan by using a double crys-
that the average Ru valence is near 5.0, indicating that thefi@l Si(111) monochromator. The Rl,,-edge measurements
is no charge transfer to the Ru@yers with increasing Ce were carried out in fluorescence mode at room temperature
concentration. using a modified Lytle detector. The energy calibration was

performed by using the,- andL,-edge features of Mo and
EXPERIMENTAL DETAILS Pd metallic foils. The estimated energy resolution was 0..47
eV at the Ru_;, edge. The background was subtracted using

The RuS;Gd,_,CeCu,0;4, 5 ceramic samples were the programauToBk.!®
made by first decomposing a stoichiometric mix of ByO

R (arb units)

Sr(CGy),, Gd,05, CeG,, and CuO in air at 960°C. The RESULTS AND ANALYSES
powder was pressed into pellets an then sintered at 1010 °C
in flowing N, for 10 h to suppress the growth of SrRylO We present in Fig. 2 the normalized resistance curves for

This process results in gedRuQ@, CeQ,, and CuO. The our RuSsGd,_,CeCu,0,4; s Samples. It is apparent that
pellets were ground, pressed and sintered at 1065 °C for 10d¢nly the x=0.6 andx=0.8 samples are superconducting.
in flowing O,. This was followed by additional grinding and This is consistent with previous studies, which found super-
sintering at 1070 °C for 10 h and 1070 °C for five days. Theconductivity for x in the range 0.4x=<0.8}'"'°and that
samples were air quenched after each sintering step. Theere is no significant change ifi. for Ce concentrations
samples were then oxygen loaded at 100 bars at 600 °C favithin this range’’ The superconducting transition tempera-
12 h, ramped to 350 °C over 24 h and then held at 350 °C fotures are plotted in the inset to Fig(@pen circles and right
72 h. There was no evidence of the main impurity phases imxis). We define the superconducting transition temperature
the x-ray-diffraction spectra. using the same criteria used in previous studies on
The ac susceptibility measurements were made using RuSp,RCu,0g and RuSyR, ,Ce,Cu,04p, s Where the su-
superconducting quantum interference device magnetometperconducting transition temperature is the temperature
and a frequency of 1 kHz with an ac magnetic field of 0.05where the resistance begins to decréd$8&:?> The maxi-
G. Variable temperature four terminal resistance measurenum superconducting transition temperatures are compa-
ments were made in the temperature range of 5-280 K andhble to those found in previous studfes:*®
room-temperature thermopower measurements were made The room-temperature thermopow®1293 K) increases
using the standard differential temperature technique. with increasing Ce concentration as can be seen in the inset
The XANES experiments were performed on beamlineto Fig. 2 (filled circles and left axis These values can be
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FIG. 3. Plot of the zero-field ac susceptibility against tempera-

ture for RuS§Gd,_,CeCu,0;0. 5 With x=0.6 (solid curve, x FIG. 4. Plot of the XANES spectra for
=0.8(dashed curve andx=1.0 (dot-dashed curyeNote that data RUSEGd, ,C8CW,010, 5 With x=0.6, 0.8, and 1.@solid curves,
have not been corrected for demagnetizing effects. Inset: Plot of th&"RUG [dotted curve(Ref. 9], and SyGdRuQ [dashed curve
peak in the zero-field ac susceptibiliy, against Ce concentration. (Ref. 9]. The arrow indicates increasing Ce concentration.

dc magnetization in an applied field of 50 G is observed.
compared with those measured in the high-temperature sdherefore we associate it with magnetic ordering in the

perconducting cuprateédTSC’s) where it has been found RuG, layers. We have previously shown thB§ decreases
that there is a good correlation betwe®i293 K) and hole  with increasing oxygen content and heriggobserved in the
concentration on the Cu(planes for most of the HTSCS.  current samples is lower than in the previous samplds.
In particular,S (293 K) is greater than-1 pV/K for under-  can be seen in the inset to Fig. 3 that there is an increase in
doped HTSC'’s and5 (293 K) is less than~1 uV/K for T, with increasing Ce concentration, which will be discussed
overdoped HTSC's. ThusS (293 K) measured in later.
RuSKR;_,CeCu,040, 5 indicates that these compounds are  The invariance ofT, and Tgyp to x for x in the range
underdoped. Based on the correlation betw®€293 K) and  0.6<x=<0.8 is surprising and indicates that there is no sig-
hole concentration found in the HTSC's, we might expectnificant change in the hole concentration on the gplanes.
that thex=0.8 sample should have a lower hole concentraHowever, the increase xfrom 0.6 to 0.8 should result in a
tion and hence & value less than that found in the decrease in the hole concentration of 0.10 per Cplane
=0.6 sample. However, it is apparent in the inset to Fig. 2and, by comparison with other HTSCG%should lead to a
that this is not the case. It may be that there is an additionatapid decrease iff.. It is possible that the decreasing hole
contribution from the Ru@ layers or, like La_,Sr,CuQ,, concentration is being offset by an increaseé.iliVe note that
RuSKR;_,CeCu,040. 5 does not exactly follow the corre- a similar effect is observed in Br,Ca_,Y,CWh,0q, 5
lation betweers (293 K) and hole concentration found in the where T, is nearly independent of hole concentration for 0
HTSC's. =x=0.5 anddincreases by-0.38 wherny is increased from

It can be seen in Fig. 2 that the zero resistance temper@ to 12° Unfortunately, there are no reports of the oxygen
ture T,(0) is significantly less thaifi,. This is also observed content in Ru$iGd,_,CeCu,0;0, 5. We note that an in-
in RuSKLRCW,Og and it is a consequence of the spontaneougrease in the oxygen content in RuSd,_,Ce Cu,0;q, 5 Of
vortex phasé:*“°~#The onset of the diamagnetic transition only 0.10 asx is increased from 0.6 to 0.8 would be suffi-
near Tsyp=24 K for 0.6<x=<0.8 can be seen in the zero- cient to compensate for the additional carriers introduced by
field ac susceptibility data plotted in Fig. 3. We note that,Ce.
unlike similar measurements on RyBuCy,Og, Tgyp iS The assumption that an increasing Ce concentration is
consistently lower than the zero resistance temperatureompensated for by a corresponding increasé oepends
T.(0). This could be due to freezing of the flux lattice oc- on there being no charge transfer to the Ru&yers. How-
curring at a temperature greater thafgyp in ever, it is apparent in Fig. 4 that the Ru valence does not
RuSpGd, ,CeCwO4p; 5- change with increasing Ce concentration. Here we plot the

The ac susceptibility data also display a peakT gtfor L,,-edge XANES spectra from Rufsd, ,CeCu,04q; 5
temperatures greater thag,p. This peak corresponds to the for different Ce concentrations. The XANES spectra can be
temperature where the maximum negative derivative of theinderstood by noting that the octahedral crystal field splits
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' ' ] Cée** ion [ionic radii=0.97 A (Ref. 27] for the larger G&"
1.0Gd:1.0Ce ion [ionic radii=1.053 A (Ref. 27] is not resulting in a sig-
nificant charge transfer to the Cy(planes or the Ru®
planes. However, a similar study of RySid, {Dy, 4Cu,Og
found that the isoelectronic substitution of the smallef Dy
ion [ionic radii=1.027 A (Ref. 27] for the larger Gd* ion
resulted in an increase in the hole concentration on the,CuO
planes and a decrease in the average Ru vafefberefore
- ' azAmentioned above, it is possible that electron doping by
) Ceé*" in RuSKGd,_,Ce,Cu,0,. 5 is being partially com-
1.4Gd:0.6Ce pensated for by a corresponding increase.iffhe location
of the additional oxygen sites is not clear. However,
RuSKGd, ,CeCu,O4p, 5 contains the RuSGACy,Og sub-
structure which is known to be stoichiometfiand hence it
may be that the additional oxygen is located in the GdO
layers.
. ‘ As mentioned earlier, it is apparent in Fig. 3 thgf in-
2835 2840 2845 2850 creases with increasing Ce concentration while, as we have
shown above, there is no corresponding change in the
Ru valence. This is interesting because the isoelectronic

T + + + +
FIG. 5. Plot of the XANES spectra for Ruf, ,Ce,Cu,04¢; s substitution of B& for s¢ or Dy3 for QOG In
(solid curves with x=1.0 (a) andx=0.6 (b). Also plotted is a fitto ~RUSEGACOg results in a change in the magnetic order and

the data using the SrRu@nd SsGdRUQ, XANES spectradotted  the Ru valencé.In the absence of systematic structural data,
curves as described in the text. we suggest that the increasiiig is due to structural changes

as well as a change in tleaxis exchange energy. We note
. . . that systematic changes in the magnetic ordering temperature
the _Ru Zis| stgtes |_r1tot2g _and €y levels. The inclusion _of are al);o observed ing&XC@RuQ ?Nhich has be%n clgssi-
additional spin-orbit splitting and a weak tetragonal distor-fieq 45 a handwidth-controlled Mott-Hubbard systemhere
tion results in the splitting of théyq level into three levels e ferromagnetic ordering temperature systematically de-
and theey level into two levels: Thus the lower energy creases with increasing Ca concentrafidf A computa-
peak corresponds to g2tz tranS|t|on_a_1nd2éhe higher en- tional study has shown that the situation is more complicated
ergy peak corresponds to 2 transition: _ because the increasing Ry©ctahedral distortions with in-
The average Ru valence can be obtained by comparingreasing Ca concentration lead to a narrowing oftsiydand
the RuS;Gd,_CgCWw050. 5 XANES spectra with that pt the appearance of pseudogaps for high Ca concentrations
from SrRuQ (Ru**) (Ref. 9 and S;GdRUQ; (RU") (Ref.  |eads to broadening of thigy, band® These competing ef-
9) which are also plotted in Fig. 4. A previous XANES study fects eventually lead to a ferromagnetically correlated metal
of RuSpGdCuQ found that the XANES spectra could be for high Ca concentrations where the increasing Ro€ta-
fitted to a linear combination of the SIRYQRU'") and  hegral distortions are driven by the decrease in the ionic radii
SLGdRUQ (RW’") XANES spectrd. As mentioned above, of c22* when compared with 3¢ . % It is therefore possible
in the case of Ru§GdCuQ it was found that XANES that the changes ifi, observed in Ru$6d, ,CeCu,050. 5
spectra could be fitted to 38% Ruand 62% R2" and  are due to similar competing effects as well as possible

of Dy on the Gd site or Ba on the Sr sitddowever, it is layers.

apparent in Fig. 4 that the XANES spectra from
RuSpGd, ,CeCuw,04q; 5 is independent of the Ce concen-

Normalized Absorption

Energy (eV)

tration for 0.6=x<1.0 and the Ru valence is close to 5. This

. . . CONCLUSION

is clearer in Fig. 5 where we plot the XANES spectra from

RuSKpGd,_,CeCuy,04. s With x=1.0 [Fig. 5a@] and x In conclusion, we find that the XANES spectra from

=0.6[Fig. 5b)]. Also plotted is a linear combination of 5% RuSKGd, ,CeCu,044, s can be decomposed into 8% %
of the SrRu@ (Ru*") and 95% of the SGdRuQ (R®P")  Rw' and 5-5% RU" irrespective of the Ce concentration.
XANES spectradotted curves We find that the average Ru This is consistent with there being no charge transfer to the
valence is 0.9%0.05 and independent of the Ce concentra-RuO, layers. Furthermore, there is no significant charge
tion. transfer to the Cu@ planes for 0.6-x<0.8. This can be

A previous study found that the Ru valence is near 5 forcontrasted with the isoelectronic substitution of Ba for Sr or
x=0.5"Thus it is apparent that there is no change in the RiDy for Gd in RuSsGdCw,Og Where there is charge transfer
valence over a large Ce concentration range, spanring to the CuQ planes and significant changes in the average Ru
=0.5-1, even though the superconducting transition temvalence. We speculate that the electrons introduced by Ce in
perature is essentially constant ferin the range 0.5x RuSpGd, ,CeCu,0O4, s are compensated for by an in-
=<0.8Y This indicates that the substitution of the smallercrease in the oxygen content.
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