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Charge and spin states of Ru and Cu in magnetic superconductor Ru$&dCu,0Og
studied by NMR

PHYSICAL REVIEW B, VOLUME 63, 18050€R)

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 2p01

Electronic and magnetic properties of RuSdCy,0Og have been investigated by electric resistivity, mag-
netization, and Cu-, Ru-NMR measurements. Magnetic ordgy =133 K) and superconductivity
[Ts(onsety~52 K] have been confirmed. We observed two kinds of Ru-NMR sigftlés hyperfine fields of
10IRu are 590 kOe and 290 k@esuggesting a charge segregation ofPRU(S=3/2) and R4™ (S=1) in the
RuG, layers. The hyperfine field at the Cu site is diminishingly small, indicating magnetic interactions between
CuO, and RuQ layers are weak. Assuming that holes are inherently doped in the [@y€&rs from the (Rti",
RW*)0, layers, the highF, superconductivity can occur under weak magnetic interactions between Ru and
Cu spins in RuSIGACw,Og.

DOI: 10.1103/PhysRevB.63.180509 PACS nunier74.72.Jt, 74.60.Ec, 76.60.Gv

For studies on so-called magnetic superconductors, recemagnetic along the axis in contrast to the conclusion of the
reports on the coexistence of superconductivity and ferroferromagnetic ordering. The ferromagnetic contribution is
magnetic order in RuSRCu,Og (R: rare earth(Rul212  presumed to be a canting component in the antiferromagnetic
are intriguing!~® as the ruthenate class of materials has beemrrangements. A recent band calculatibsupports the low-
the focus of considerable work. SrRy@or example,isad  est energy for an antiferromagnetic arrangement. Thus, the
band metallic ferromagneff(~165 K), while SLRuQ, is  magnetic nature of RuUSRCu,Og is still controversial.
known as an exotic triplet superconductdFs€1.5 K) 2 Magnetic order and superconductivity are believed to be
The structure of RUSRCW,Oq is an analog of YBgCu;O;,  mutually exclusive in general. Therefore, a naive question
with complete replacement of the Cu-O chains by Ru-O lay-arises: how does the superconducting order parameter de
ers. The Ru@ octahedra are connected through apical oxy-velop under the ferromagnetically ordered state with very
gens to two layers of CuQsquare pyramids. The magnetic high Ty,? In order to gain insight into the true origin of the
order of Ru ions in RUSRCW,Og is believed to be associ- coexistence of the magnetism and superconductivity, further
ated with the hybridization of Rudtand oxygen p orbital ~ extended experiments, especially from a microscopic point
in the RuQ planes, while superconductivity could occur in of view, are required. Here, we have carried out nuclear
the CuQ planes, if holes are doped inherently into Cu-O magnetic resonand®MR) measurements on this particular
3d-2p orbitals. In this sense, the valence states of Cu and RRU1212 family in order to shed light on the magnetic and
ions are crucial for understanding the origin of ferromag-electronic properties. We have successfully obseR#&aCu
netism and superconductivity. It is also quite interesting ifand °**®Ru-NMR in the magnetically ordered state of
RuSKLRCW,Oq is a particular ferromagnetic superconductor RuSpGdCu,0g,'* and here discuss the magnetic and
with a high magnetic ordering temperature, as this wouldcharged state of Cu and Ru ions in RuSdCy,Og.
suggest a superconducting order parameter of the Fulde- RuS,LGdCy,0O3 was prepared from the stoichiometric
Ferrell-Larkin-Ovchinnikov typ& or a possible triplet mixtures of RuQ, SrCQ;, Gd,0s, and CuO. The mixtures
superconductivity. An interplay between both the order pa- were pelletized and heated at 960°C for 10 h in air and
rameters through electromagnetic interactions would producg010 °C for 10 h in N atmosphere, following a procedure
an exotic state such as a self-induced vortex sfads,inves-  reported previously.Then, the as-sintered samples were an-
tigated previously for a magnetic superconductor,nealed for a long time in ©atmosphere around 1055°C
Ce,_,Gd,Ru,. ! with several intermediate grindings. X-ray powder diffrac-

Concerning the magnetic nature, the ferromagnetism ision patterns at room temperature show that the sample is
still puzzling. Though large magnetic moments would be exsingle phase material. The magnetization was measured us-
pected for the ionic state of Rt (S=3/2) or R¥* (S ing a superconducting quantum interference de(&@UID)
=1), an upper limit of the saturated magnetic moments unmagnetometer. The electrical resistivity was measured by a
der applied field are obtained to bel.05ug by the magne- four-probe method. NMR measurement was carried out with
tization measurements? Moreover, a weak ferromagnetism a phase coherent spin echo spectrometer. We observed NMR
is observed by the spontaneous magnetization at zero fieklgnals at zero external fiellZFNMR) and under applied
cooling, and the ferromagnetic component is estimated to bmagnetic field NMR).
0.28ug.2® The Ru moments in the ferromagnetic state are The magnetic transition is clearly observed at 133 K from
suggested to be perpendicular to theaxis by a uSR  atemperature dependence of the magnetization, as shown in
experiment However, the recent neutron diffraction mea- Fig. 1. We could not see any anomalies in the temperature
surement on Ru$GdCwOq (Ref. 12 demonstrates that the dependence of magnetization due to possible magnetic im-
magnetic order of the Ru moments-(.18ug) is antiferro-  purity phases such as &dRuQ (Ty=30 K)!®° and
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RuSLGdCuy,0Og measured atl =3~5 Oe after zero field cooling.

zation (~0.1ug) atH=3 Oe appears below,, suggest-
ing a weak-ferromagnetic nature. The magnetization below
Twu increases with increasing external field and a saturate
ferromagnetic component ef 1.1ug for Ru ions is obtained
atH=7 T. This ordered moment is smaller than those ex-
pected fromS=1 (the low spin stateor S=2 (the high spin
stat¢ of Ru** (4d%) and fromS=23/2 of R’* (4d°).
Diamagnetism due to the Meissner efféathout 50% vol-

RuSr,GdCu,0, I

f=70 MHz
T=18K

Intensity (arb. unit)
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simulation

H (T)

, o FIG. 3. 598%Cu-NMR spectrum of Ru$6dCu,0q as a function
FIG. 1. Temperature dependence of magnetic susceptibility of¢ oyiema field at 1.8 Kin the magnetically ordered stateTrial

simulation spectra with a line broadening of 200 G for b&tgu

and ®°Cu nuclei and the best fitted spectrum with a broadening of
SrRuG, (T.=165 K),7 indicating the good quality of the 5000 G(solid line) are given.
present sample. A ferromagnetic component of the magneti-

expressed by

ume fraction is observed for Ru$6dCy0Og at low tem-

perature, suggesting the bulk nature of superconductivity.

H:HM+HQ,

Also, an electrical resistivity of the present sample showed

evidently the superconducting transition dig (onsej
~52 K [Tg(R=0)~34 K (at zero resistivity], as shown
in Fig. 2. The transition width became broader, angR
=0) decreased largely and then slowly with increasing mageetri
netic field. The inset of Fig. 2 shows the phase diagram foyqfined by ¥
RuSpGdCwOg. The result indicates a quite large upper

critical field (Hc,>10 T) of RuSpGdCuwOg.

Figure 3 shows the NMR spectra of RySdCuy,0Og at 1.8
K. For several resonance frequenc{88—70 MH2, the ob-

ratio of ®¥%%Cu nuclei. We conclude that the observed NMR
pectrum is attributed to the Cu nuclei in the Gu@anes.

he broadened NMR spectrum for the powder sample results
partly from nuclear quadrupole interactiofso-called pow-

der patterip and from magnetic origin in the magnetically
ordered state. In general, the nuclear spin Hamiltonian is

(€Y

where a magnetic Zeeman terkhy,, = — y\fiHgl, and a qua-
drupolar term, Ho=(1/6)hvo[312—1(1+1)+(1/2)n(1%
+12)]. Here,vq is (3/2)e?qQ/1 (21 —

1) andy is an asym-

¢ parameter describing the electric field gradi&@rG)
Vyy)/sz (|V22|2|Vyy|>|vxx|)- HO is a
magnetic field at a polar anglé,with respect to the principle
axis of the EFGYV,(=eq). The maximum principle axis at
the Ru and the Cu sites is determined to bedtsxis from
the calculation of the EFG by a point charge model. With the

served NMR spectrum shifts nearly with the gyromagneticsecond order perturbation calculation for Egj. in the case
of Hy>Hq, the calculated positions for the center

0.008 t RuGdSr,Cu,O,
@ :
Q
c 0.006
N— ..‘
a 1)
0.004 L d 3 magnetic metal
0.002 i :
,-5 20 30 40 |
£ 3 g T (K)
o 3 1 " 1
0 20 40 60 80 100
T (K)

electrical resistivity{for T,(R=0)].

(*1/2— % 1/2) and satellite lines% 3/2— *=1/2) for two Cu
(I=3/2) isotopes are shown in Fig. 3. The observed spec-
trum is fitted with the quadrupole frequencyqy of
~30 MHz for ®3Cu whose value is close to the ones for
83Cu nuclei in the Cu@plane of most HTSC'$! Here, from

the simulation results, the broadening of the spectrum is at
most 5000 G and there exists no sizaiéss than 2 kOe of
the NMR shiff internal fields at the Cu sites.

We observed NMR signals under zero applied field
(ZFNMR) in a wide frequency range of 30150 MHz for
RuSKLGdCy,0Og. The ZFNMR spectra consist of three dis-
tinct components, namely, signals at 30 MHz, the broad
spectra around 40 and 80 MHz, and signals with a set of
well-separated peaks between 110 and 150 MHz, as shown

FIG. 2. Temperature dependence of the electrical resistivity ofn Fig. 4. First, we would like to point out that the signals at
RuSLGdCwOg. The inset is the phase diagram obtained from the30 MHz are assigned to be the Cu-NQR in accordance with

the NMR result.
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FIG. 4. ZFNMR spectra as a function of frequency for

RuSpGdC0g. All the data were measured at 1.4 K. Intensities are |G, 5. Ru-ZFNMR spectra of $8dRuQ, (insulating antifer-
corrected by the? relation. The arrows in the range of 110-150 romagnet with R&") and SrRu@ (metallic ferromagnet with
MHz show the resonance positions f8fRu and **Ru obtained  Ry¢+).

from the second-order perturbation calculations with lafige and

small e? interactions(see text
99 are quite different from those fd¥’**Cu-NMR signals under

Next, we assign the signals between 110 and 150 MHz tenagnetic field. The enhancement factor for the ZFNMR sig-
the %91%Ru (1=5/2) signals. With the second order pertur- nals is roughly estimated to be 200. This indicates very small
bation calculation for Eq(1) in the case oHy>Hq, the  magnetic anisotropy for the magnetically ordered Ru mo-
resonance positions for Ru nuclei are well fitted with thements. We would like to emphasize the fact that no preferred
following parameters: internal field;,; ~—590 kOe,vq  orientation of loose powder particles was achieved, even
=17 MHz for )Ru and 2.6 MHz for®®Ru, §=85° and  when high field(9.4 T) was applied. This may be due to the
n~0. The calculated resonance positions f%Ru and rotation of the Ru moments with the applied field direction
10IRu are shown by arrows in Fig. 4. As tNg, of EFG at  because of extremely small magnetic anisotropy energy. This
the Ru sits along the axis from a point charge model with is one of the peculiar aspects of the magnetism of
structural datd,we conclude that the Ru moments are almostRuS,GdCw,0g. Note that the recent neutron diffraction
perpendicular to the axis. This conclusion is inconsistent study*? supports the present conclusion of an extremely
with that from the recent neutron scattering stdly. small magnetic anisotropy.

The negative value offf;,; of Ru, which was confirmed We consider the signals around 40—-80 MHz. The spec-
by an external-field dependence of the peak positions, is inttum is broad but seems to have two separated peaks. The
dicative of a dominant contribution from a core polarization. peak positions correspond to the difference of the gyromag-
The internal field is given by,;,,=A,«(S), whereA; is a  netic ratio of Ru and *’Ru (**ty, /%9y=1.12). Consider-
hyperfine coupling constant af®) is a spin of Ru. From a ing the relatively large enhancement of NMR signals, we
reasonable value d&,;~—300 kOejug for the core polar- may conclude that the signals around 40—-80 MHz are asso-
ization of 4d electrons- the value of(S) is estimated to be ciated with Ru nuclei in the presence of a large internal field.
1.97ug, which is larger than the value ofud; expected for The overall profile is fitted with a large magnetic field per-
the low spin state $=1/2) of the RG+(tgg), but is smaller turbed by a small quadrupole interaction, just similar to the
than that for the high spin stat&€3/2) of R", and the case of the signals around 100-150 MHz. We determine the
low spin state $=1) of RU*". hyperfine field ofHu;~—290 kOe andvy~2 MHz for

In order to identify the valence state of the Ru ions, we '*Ru. The hyperfine field is nearly a half of that of the other
observed ZFNMR of SGdRuQ which is considered as a Ru sites, implying that the spin state of this Ru sit&is1,
reference compound with Ru¥®In a family of antiferro- ~ which is expected for the electron configuration of the low
magnetic insulatoM,RRuQ; (M=Ca, Ba, Sr, andR=Y, spin state oit‘z‘g for Ru**. Because of the largely lifteth
La), ferromagnetic sheets are coupled antiferromagneticalland ey levels of Ru ions, the high spin state 82 for
along [100] with the spins lying in the basal planes. The Ru** is not realized. In fact, this conclusion should be sup-
ordered moments are calculated to beud Jor Sr,YRUQ;  ported firmly, as we observed ZFNMR signals at the same
per R®" ions. (The spin state isS=3/2.)*® Ru-ZFNMR  frequency range around 60—-70 MHz for the reference com-
signals in S§GdRuQ, are observed at 118(132.9 MHz for ~ pound SrRu@ (Ref. 18 (metallic ferromagnet Ty
%Ru (*™Ru), as shown in Fig. 5. The hyperfine field for =165 K) with low spin state of RiI", as shown in Fig. 5.
RW" is obtained to be-606 kOe. Therefore, we may con- From the present NMR results, we conclude that there
clude the signals around 110—150 MHz for RySIC,Og  exists two kinds of Ru-ZFNMR signals, namely one is’Ru
are assigned as the ZFNMR of Ruwith the high spin state Wwith S=3/2 (Hp;=—590 kOe) and the other is Rl with
of S=3/2. The low spin state 08=1/2 for R\" is ruled S=1 (Hp=—290 kOe). Thus, the segregation of the
out. charge state of RU and Rd" is realized in

The pulse conditions for the ZFNMR signals f8¥'“Ru  RuSpGdCwyOg. The ratio of signal intensity, thus the num-

180509-3



RAPID COMMUNICATIONS

KEN-ICHI KUMAGAI, SATOMI TAKADA, AND YUJI FURUKAWA PHYSICAL REVIEW B 63 180509R)

ber of nuclei in each state may be comparable, though experiment$21°The itinerant nature of the Ru site would be
guantitative evaluation for the relative intensity between theexpected in a band structure calculatidmt present, a firm
two Ru sites is rather difficult giving the present experimen-conclusion on the real magnetic structure in this particular
tal uncertainty. Assuming an equal number ofRuand Ru compound is not settled.

RU* ions, the mixed valence state of (Ry R\"*)0O, lay- Finally, we mention preliminary results of the nuclear
ers gives a formal valence of Cu of 2.25, which is just cor-SPin lattice relaxation timeT;. We gbserved characteristic
responding to an optimum hole number for most of the high{émperature dependences T T for Cu-NMR and

T, cuprates. Charge transfer between Ga@d RuQ layers Rw'-NMR) below the superconducting transition tempera-

o i ; ture under external fields where dominant contributions from
is highly expected for the superconducting REICy,Og. ,
In the limit of only R, there are no doped holes i?] the Magnetic Gd moments are strongly suppressed. The results

f the dynamical properties indicate that spin fluctuations in
system, and thus both the Cy@nd the Ru®@ planes are 0 ) g
expected to be insulating and antiferromagnetically orderecpoth the Cu a_nc_j W_eak-ferromagnetlc Ru sites are affec_ted by
as observed in the Ci dyo-y> band and in thagg con- Superconductivity in Ru$6GdCu,0g. Needless to say, with-

figuraton of Ry as found in SGARuQ, ™ In the omer Zor BRI B8 SRR I S O D et
limit of only Ru**, the valence of Cu is expected to be 2.5, g

) L ““'spin fluctuations in the CuQlayers and the RuPlayers.
which would be overdqped fpr supercpnductlvny. Accordlng.l_hat is a task to be done in the near futtite.
to x-ray and neutron diffraction experimefitthe RuQ oc-

. . . In summary, the present NMR results reveal two kinds of
tahedra are confirmed to be tilted around thaxis by 14°. . .
The distortion of the atomic positions would produce a su—Ru moments in RUSGACL0,, suggesting the charge seg

perstructure in the basal planes, and then charge transfer bréegatlon and a possible charge ordering of RyS=3/2)

a Lt @ S
tween CuQ and RuQ planes is expected. Therefore, the it 1 (5 %) 11 faneued vpRrine 1o 2 e 0
segregation of the charge state of*Ruand R3™ is highly pietely 9 y

expected in RuSGACLO,. The ionic configuration of ordered state. Thus, the Ru spins in the Ril&yers must be

: i L antiferromagnetic in nature. However, the NMRe exis-
Ru_“ and Rd IS fayorable for superconductivity from a tence of large enhancements of sighaed the magnetiza-
point of hole doping into Cu@layers.

. ; , tion (small spontaneous Ru momentesults suggest the
As described already, the internal fiejthe transferred weak-ferromagnetic nature of the ordered state. These imply
hyperfine f'e.ld from the Ru momentat the Cu site is very . that a ferrimagnetic spin structure is plausible in
sfmall even in the ordered state. The_ transferred hyperf'.nﬁuSrzGdCL;zOS. The real magnetic structure should be clari-
field from the o_rdered Ru moments Is canceled out. Th'%ied by further studies such as a neutron scattering experi-
suggests an antiferromagnetic spin-alignneand weak in-

: ; ; +
teractions between the Ry@nd CuQ layers. This magnetic ment. With possible charge segregation td"Rand Ry,

situation is favorable for superconductivity, because of th the introduction of carriers into the CyGayers from the
P Y RU*", RwP')0O, layers occurs and is responsible for the

lack of pair breaking effects by strong exchange interactions;. . o :
One may imagine that the magnetically ordered state Witsnlsggﬁciugegm%uctlvny i the magnetically ordered
8 .

weak ferromagnetism in RugedCu,Og results from a fer-
rimagnetic structure of the Ru moments $&3/2 andS This work was supported in part by a grant-in-aid for
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