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Charge and spin states of Ru and Cu in magnetic superconductor RuSr2GdCu2O8
studied by NMR

Ken-ichi Kumagai, Satomi Takada, and Yuji Furukawa
Division of Physics, Graduate School of Science, Hokkaido University, Kita-ku, Sapporo 060-0810, Japan

~Received 1 November 2000; published 18 April 2001!

Electronic and magnetic properties of RuSr2GdCu2O8 have been investigated by electric resistivity, mag-
netization, and Cu-, Ru-NMR measurements. Magnetic order (TM5133 K) and superconductivity
@Ts(onset);52 K# have been confirmed. We observed two kinds of Ru-NMR signals~the hyperfine fields of
101Ru are 590 kOe and 290 kOe!, suggesting a charge segregation of Ru51 (S53/2) and Ru41 (S51) in the
RuO2 layers. The hyperfine field at the Cu site is diminishingly small, indicating magnetic interactions between
CuO2 and RuO2 layers are weak. Assuming that holes are inherently doped in the CuO2 layers from the (Ru41,
Ru51)O2 layers, the high-Tc superconductivity can occur under weak magnetic interactions between Ru and
Cu spins in RuSr2GdCu2O8.
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For studies on so-called magnetic superconductors, re
reports on the coexistence of superconductivity and fe
magnetic order in RuSr2RCu2O8 (R: rare earth!~Ru1212!
are intriguing,1–6 as the ruthenate class of materials has b
the focus of considerable work. SrRuO3, for example, is a 4d
band metallic ferromagnet (Tc;165 K),7 while Sr2RuO4 is
known as an exotic triplet superconductor (Ts51.5 K).8

The structure of RuSr2RCu2O8 is an analog of YBa2Cu3O7

with complete replacement of the Cu-O chains by Ru-O l
ers. The RuO6 octahedra are connected through apical o
gens to two layers of CuO5 square pyramids. The magnet
order of Ru ions in RuSr2RCu2O8 is believed to be associ
ated with the hybridization of Ru-4d and oxygen 2p orbital
in the RuO2 planes, while superconductivity could occur
the CuO2 planes, if holes are doped inherently into Cu
3d-2p orbitals. In this sense, the valence states of Cu and
ions are crucial for understanding the origin of ferroma
netism and superconductivity. It is also quite interesting
RuSr2RCu2O8 is a particular ferromagnetic superconduc
with a high magnetic ordering temperature, as this wo
suggest a superconducting order parameter of the Fu
Ferrell-Larkin-Ovchinnikov type9 or a possible triplet
superconductivity.4 An interplay between both the order p
rameters through electromagnetic interactions would prod
an exotic state such as a self-induced vortex state,10 as inves-
tigated previously for a magnetic superconduct
Ce12xGdxRu2.11

Concerning the magnetic nature, the ferromagnetism
still puzzling. Though large magnetic moments would be
pected for the ionic state of Ru51 (S53/2) or Ru41 (S
51), an upper limit of the saturated magnetic moments
der applied field are obtained to be;1.05mB by the magne-
tization measurements.2–4 Moreover, a weak ferromagnetism
is observed by the spontaneous magnetization at zero
cooling, and the ferromagnetic component is estimated to
0.28mB .2,3 The Ru moments in the ferromagnetic state
suggested to be perpendicular to thec axis by a mSR
experiment.3 However, the recent neutron diffraction me
surement on RuSr2GdCu2O8 ~Ref. 12! demonstrates that th
magnetic order of the Ru moments (;1.18mB) is antiferro-
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magnetic along thec axis in contrast to the conclusion of th
ferromagnetic ordering. The ferromagnetic contribution
presumed to be a canting component in the antiferromagn
arrangements. A recent band calculation13 supports the low-
est energy for an antiferromagnetic arrangement. Thus,
magnetic nature of RuSr2RCu2O8 is still controversial.

Magnetic order and superconductivity are believed to
mutually exclusive in general. Therefore, a naive quest
arises: how does the superconducting order parameter
velop under the ferromagnetically ordered state with v
high TM? In order to gain insight into the true origin of th
coexistence of the magnetism and superconductivity, furt
extended experiments, especially from a microscopic po
of view, are required. Here, we have carried out nucl
magnetic resonance~NMR! measurements on this particula
Ru1212 family in order to shed light on the magnetic a
electronic properties. We have successfully observed63/65Cu
and 99/101Ru-NMR in the magnetically ordered state
RuSr2GdCu2O8,14 and here discuss the magnetic a
charged state of Cu and Ru ions in RuSr2GdCu2O8.

RuSr2GdCu2O8 was prepared from the stoichiometr
mixtures of RuO2, SrCO3, Gd2O3, and CuO. The mixtures
were pelletized and heated at 960 °C for 10 h in air a
1010 °C for 10 h in N2 atmosphere, following a procedur
reported previously.3 Then, the as-sintered samples were a
nealed for a long time in O2 atmosphere around 1055 °
with several intermediate grindings. X-ray powder diffra
tion patterns at room temperature show that the sampl
single phase material. The magnetization was measured
ing a superconducting quantum interference device~SQUID!
magnetometer. The electrical resistivity was measured b
four-probe method. NMR measurement was carried out w
a phase coherent spin echo spectrometer. We observed N
signals at zero external field~ZFNMR! and under applied
magnetic field~NMR!.

The magnetic transition is clearly observed at 133 K fro
a temperature dependence of the magnetization, as show
Fig. 1. We could not see any anomalies in the tempera
dependence of magnetization due to possible magnetic
purity phases such as Sr2GdRuO6 (TN530 K),15 and
©2001 The American Physical Society09-1
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SrRuO3 (Tc5165 K),7 indicating the good quality of the
present sample. A ferromagnetic component of the magn
zation (;0.1mB) at H53 Oe appears belowTM , suggest-
ing a weak-ferromagnetic nature. The magnetization be
TM increases with increasing external field and a satura
ferromagnetic component of;1.1mB for Ru ions is obtained
at H57 T. This ordered moment is smaller than those
pected fromS51 ~the low spin state! or S52 ~the high spin
state! of Ru41 (4d4) and fromS53/2 of Ru51 (4d3).

Diamagnetism due to the Meissner effect~about 50% vol-
ume fraction! is observed for RuSr2GdCu2O8 at low tem-
perature, suggesting the bulk nature of superconductiv
Also, an electrical resistivity of the present sample show
evidently the superconducting transition atTS ~onset!
;52 K @TS(R50);34 K ~at zero resistivity!#, as shown
in Fig. 2. The transition width became broader, andTS(R
50) decreased largely and then slowly with increasing m
netic field. The inset of Fig. 2 shows the phase diagram
RuSr2GdCu2O8. The result indicates a quite large upp
critical field (HC2@10 T) of RuSr2GdCu2O8.

Figure 3 shows the NMR spectra of RuSr2GdCu2O8 at 1.8
K. For several resonance frequencies~30–70 MHz!, the ob-
served NMR spectrum shifts nearly with the gyromagne

FIG. 1. Temperature dependence of magnetic susceptibilit
RuSr2GdCu2O8 measured atH53;5 Oe after zero field cooling

FIG. 2. Temperature dependence of the electrical resistivity
RuSr2GdCu2O8. The inset is the phase diagram obtained from
electrical resistivity@for Tc(R50)].
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ratio of 63/65Cu nuclei. We conclude that the observed NM
spectrum is attributed to the Cu nuclei in the CuO2 planes.
The broadened NMR spectrum for the powder sample res
partly from nuclear quadrupole interactions~so-called pow-
der pattern! and from magnetic origin in the magnetical
ordered state. In general, the nuclear spin Hamiltonian
expressed by16

H5HM1HQ , ~1!

where a magnetic Zeeman term,HM52gN\H0I , and a qua-
drupolar term, HQ5(1/6)\nQ@3I z

22I (I 11)1(1/2)h(I 1
2

1I 2
2 )#. Here,nQ is (3/2)e2qQ/I (2I 21) andh is an asym-

metric parameter describing the electric field gradient~EFG!
defined by (Vxx2Vyy)/Vzz (uVzzu>uVyyu>uVxxu). H0 is a
magnetic field at a polar angle,u with respect to the principle
axis of the EFG,Vzz(5eq). The maximum principle axis a
the Ru and the Cu sites is determined to be thec axis from
the calculation of the EFG by a point charge model. With t
second order perturbation calculation for Eq.~1! in the case
of HM@HQ , the calculated positions for the cent
(61/2↔71/2) and satellite lines (63/2↔61/2) for two Cu
(I 53/2) isotopes are shown in Fig. 3. The observed sp
trum is fitted with the quadrupole frequencynQ of
;30 MHz for 63Cu whose value is close to the ones f
63Cu nuclei in the CuO2 plane of most HTSC’s.17 Here, from
the simulation results, the broadening of the spectrum is
most 5000 G and there exists no sizable~less than 2 kOe of
the NMR shift! internal fields at the Cu sites.

We observed NMR signals under zero applied fie
~ZFNMR! in a wide frequency range of 30;150 MHz for
RuSr2GdCu2O8. The ZFNMR spectra consist of three di
tinct components, namely, signals at 30 MHz, the bro
spectra around 40 and 80 MHz, and signals with a se
well-separated peaks between 110 and 150 MHz, as sh
in Fig. 4. First, we would like to point out that the signals
30 MHz are assigned to be the Cu-NQR in accordance w
the NMR result.

of

f
e

FIG. 3. 63/65Cu-NMR spectrum of RuSr2GdCu2O8 as a function
of external field at 1.8 K~in the magnetically ordered state.!. Trial
simulation spectra with a line broadening of 200 G for both63Cu
and 65Cu nuclei and the best fitted spectrum with a broadening
5000 G~solid line! are given.
9-2
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Next, we assign the signals between 110 and 150 MH
the 99/101Ru (I 55/2) signals. With the second order pertu
bation calculation for Eq.~1! in the case ofHM@HQ , the
resonance positions for Ru nuclei are well fitted with t
following parameters: internal field,Hint ;2590 kOe,nQ
517 MHz for 101Ru and 2.6 MHz for99Ru, u585° and
h;0. The calculated resonance positions for99Ru and
101Ru are shown by arrows in Fig. 4. As theVzz of EFG at
the Ru sits along thec axis from a point charge model wit
structural data,5 we conclude that the Ru moments are alm
perpendicular to thec axis. This conclusion is inconsisten
with that from the recent neutron scattering study.12

The negative value ofHint of Ru, which was confirmed
by an external-field dependence of the peak positions, is
dicative of a dominant contribution from a core polarizatio
The internal field is given byHint5Ah f^S&, whereAh f is a
hyperfine coupling constant and^S& is a spin of Ru. From a
reasonable value ofAh f;2300 kOe/mB for the core polar-
ization of 4d electrons,18 the value of̂ S& is estimated to be
1.97mB , which is larger than the value of 1mB expected for
the low spin state (S51/2) of the Ru51(t2g

3 ), but is smaller
than that for the high spin state (S53/2) of Ru51, and the
low spin state (S51) of Ru41.

In order to identify the valence state of the Ru ions,
observed ZFNMR of Sr2GdRuO6 which is considered as
reference compound with Ru51.15 In a family of antiferro-
magnetic insulatorM2RRuO6 (M5Ca, Ba, Sr, andR5Y,
La!, ferromagnetic sheets are coupled antiferromagnetic
along @100# with the spins lying in the basal planes. Th
ordered moments are calculated to be 1.9mB for Sr2YRuO6
per Ru51 ions. ~The spin state isS53/2.)15 Ru-ZFNMR
signals in Sr2GdRuO6 are observed at 118.7~132.9! MHz for
99Ru (101Ru), as shown in Fig. 5. The hyperfine field fo
Ru51 is obtained to be2606 kOe. Therefore, we may con
clude the signals around 110–150 MHz for RuSr2GdCu2O8
are assigned as the ZFNMR of Ru51 with the high spin state
of S53/2. The low spin state ofS51/2 for Ru51 is ruled
out.

The pulse conditions for the ZFNMR signals for99/101Ru

FIG. 4. ZFNMR spectra as a function of frequency f
RuSr2GdCu2O8. All the data were measured at 1.4 K. Intensities a
corrected by thef 2 relation. The arrows in the range of 110–15
MHz show the resonance positions for99Ru and 101Ru obtained
from the second-order perturbation calculations with largeHint and
small e2qQ interactions~see text!.
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are quite different from those for63/65Cu-NMR signals under
magnetic field. The enhancement factor for the ZFNMR s
nals is roughly estimated to be 200. This indicates very sm
magnetic anisotropy for the magnetically ordered Ru m
ments. We would like to emphasize the fact that no prefer
orientation of loose powder particles was achieved, e
when high field~9.4 T! was applied. This may be due to th
rotation of the Ru moments with the applied field directi
because of extremely small magnetic anisotropy energy. T
is one of the peculiar aspects of the magnetism
RuSr2GdCu2O8. Note that the recent neutron diffractio
study12 supports the present conclusion of an extrem
small magnetic anisotropy.

We consider the signals around 40–80 MHz. The sp
trum is broad but seems to have two separated peaks.
peak positions correspond to the difference of the gyrom
netic ratio of 99Ru and 101Ru (101gN /99g51.12). Consider-
ing the relatively large enhancement of NMR signals,
may conclude that the signals around 40–80 MHz are a
ciated with Ru nuclei in the presence of a large internal fie
The overall profile is fitted with a large magnetic field pe
turbed by a small quadrupole interaction, just similar to t
case of the signals around 100–150 MHz. We determine
hyperfine field of Hh f;2290 kOe andnQ;2 MHz for
101Ru. The hyperfine field is nearly a half of that of the oth
Ru sites, implying that the spin state of this Ru site isS51,
which is expected for the electron configuration of the lo
spin state oft2g

4 for Ru41. Because of the largely liftedt2g

and eg levels of Ru ions, the high spin state ofS52 for
Ru41 is not realized. In fact, this conclusion should be su
ported firmly, as we observed ZFNMR signals at the sa
frequency range around 60–70 MHz for the reference co
pound SrRuO3 ~Ref. 18! ~metallic ferromagnet TN
5165 K) with low spin state of Ru41, as shown in Fig. 5.

From the present NMR results, we conclude that th
exists two kinds of Ru-ZFNMR signals, namely one is Ru51

with S53/2 (Hh f52590 kOe) and the other is Ru41 with
S51 (Hh f52290 kOe). Thus, the segregation of th
charge state of Ru51 and Ru41 is realized in
RuSr2GdCu2O8. The ratio of signal intensity, thus the num

FIG. 5. Ru-ZFNMR spectra of Sr2GdRuO6 ~insulating antifer-
romagnet with Ru51) and SrRuO3 ~metallic ferromagnet with
Ru41).
9-3
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ber of nuclei in each state may be comparable, thoug
quantitative evaluation for the relative intensity between
two Ru sites is rather difficult giving the present experime
tal uncertainty. Assuming an equal number of Ru41 and
Ru51 ions, the mixed valence state of (Ru41, Ru51)O2 lay-
ers gives a formal valence of Cu of 2.25, which is just c
responding to an optimum hole number for most of the hi
Tc cuprates. Charge transfer between CuO2 and RuO2 layers
is highly expected for the superconducting RuSr2GdCu2O8.

In the limit of only Ru51, there are no doped holes in th
system, and thus both the CuO2 and the RuO2 planes are
expected to be insulating and antiferromagnetically orde
as observed in the Cu21 dx22y2 band and in thet2g

3 con-
figuration of Ru51 as found in Sr2GdRuO6.15 In the other
limit of only Ru41, the valence of Cu is expected to be 2
which would be overdoped for superconductivity. Accordi
to x-ray and neutron diffraction experiments,8 the RuO6 oc-
tahedra are confirmed to be tilted around thec axis by 14°.
The distortion of the atomic positions would produce a
perstructure in the basal planes, and then charge transfe
tween CuO2 and RuO2 planes is expected. Therefore, th
segregation of the charge state of Ru41 and Ru51 is highly
expected in RuSr2GdCu2O8. The ionic configuration of
Ru41 and Ru51 is favorable for superconductivity from
point of hole doping into CuO2 layers.

As described already, the internal field~the transferred
hyperfine field from the Ru moments! at the Cu site is very
small even in the ordered state. The transferred hyper
field from the ordered Ru moments is canceled out. T
suggests an antiferromagnetic spin-alignment12 and weak in-
teractions between the RuO2 and CuO2 layers. This magnetic
situation is favorable for superconductivity, because of
lack of pair breaking effects by strong exchange interactio
One may imagine that the magnetically ordered state w
weak ferromagnetism in RuSr2GdCu2O8 results from a fer-
rimagnetic structure of the Ru moments ofS53/2 and S
51. However, any type of two components for the R
moments is not reported from neutron scatter
18050
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experiments.12,19The itinerant nature of the Ru site would b
expected in a band structure calculation.13 At present, a firm
conclusion on the real magnetic structure in this particu
Ru compound is not settled.

Finally, we mention preliminary results of the nucle
spin lattice relaxation time,T1. We observed characteristi
temperature dependences (1/T1}T3 for Cu-NMR and
Ru51-NMR! below the superconducting transition tempe
ture under external fields where dominant contributions fr
magnetic Gd moments are strongly suppressed. The re
of the dynamical properties indicate that spin fluctuations
both the Cu and weak-ferromagnetic Ru sites are affected
superconductivity in RuSr2GdCu2O8. Needless to say, with
out magnetic rare earth ions (RuSr2YCu2O8 is a suitable
candidate!, we can obtain intrinsic information on magnet
spin fluctuations in the CuO2 layers and the RuO2 layers.
That is a task to be done in the near future.20

In summary, the present NMR results reveal two kinds
Ru moments in RuSr2GdCu2O8, suggesting the charge seg
regation and a possible charge ordering of Ru51 (S53/2)
and Ru41 (S51). The transferred hyperfine field at the C
site is almost completely canceled out in the magnetica
ordered state. Thus, the Ru spins in the RuO2 layers must be
antiferromagnetic in nature. However, the NMR~the exis-
tence of large enhancements of signals! and the magnetiza
tion ~small spontaneous Ru moments! results suggest the
weak-ferromagnetic nature of the ordered state. These im
that a ferrimagnetic spin structure is plausible
RuSr2GdCu2O8. The real magnetic structure should be cla
fied by further studies such as a neutron scattering exp
ment. With possible charge segregation to Ru41 and Ru51,
the introduction of carriers into the CuO2 layers from the
(Ru41, Ru51)O2 layers occurs and is responsible for th
high-Tc superconductivity in the magnetically ordere
RuSr2RCu2O8 family.
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