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The magnetism and superconductivity of Sm ,Gd,Ce,1:CuQ,_; and Gg_,CgCuQ,_; crystals were
investigated. In the S, Gd,Cey 1CUO,_ 5 System, superconductivity is suppressed by Gd substitution, and
temperature-induced magnetic transitions appear at 3, 7, and 135 Kxabdv2 Cu spins have an antiferro-
magnetic(AF) order along thd110] direction among these transitions, and a weak-ferromag(ati® mo-
ment due to a canting of Cu spins appears along[f’lé)] direction atT<3 K and 7 K« T<135 K. The AF
order at 3 KK T<7 K changes into a canted spin configuration via field-induced spin reorientation and induces
the WF moment. The Ne temperaturd ¢, (135 K atx=1.2) and spin-reorientation temperatufgg (7 K at
x=1.2), which are due to the Cu sublattice and are observed at low field intensity, increase with increasing
Sm spins have an antiferromagnetic order along[@td] direction atx=0 below the Nel temperaturd g
(~5K), butTyg, which is observed for low at high field intensity, decreases with increasirand disappears
atx~1. Gd spins have an antiferromagnetic order alond 1] direction for specimens witk>1.4 near 3
K. The change in the geometry of rare-earth and Cu spins resulting from Gd substitution is considered to be the
reason for the suppression of superconductivity.
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[. INTRODUCTION tribution to the suppression of superconductivity through a
magnetic interaction between rare-earth and copper ions. In
The discovery of superconductivity R,_,Ce,CuQ,_ 5 ( order to clarify the reason for the absence of superconduc-

R=Pr, Nd, Sm, or Eusystems aroused considerable atteniVity in the Gd,_,Cg,CuQ, _ ; system, the superconductivity
nd magnetism of the Srgs ,Gd,Ce 1CuO,_s System

tion since these were the or_lly copper oxide_: syste_ms Show"@/ere studied, and a possible contribution of the magnetism
electron-type superconductivityThe parent insulating com- of Gd ions to’the suppression of superconductivity was sug-

pound .RZCU.O“ crystalhzes_ in a tetragonal structur@”’ ested; moreover, the existence of peculiar successive mag-
phasg in which the copper ions are surrounded by & squargetic transitions, which are observed for specimens with high
planar arrangement of oxygen ions. The existence of an ansq content and sensitive to the applied magnetic field, was
tiferromagnetic order in the Cu sublattice has been revealegeported'’'® The absence of superconductivity was also
for R,CuQ, (R=Pr, Nd, Sm, or GH by neutron studied in the Ggl ,Ce,CuQ,_ s system through magnetic
diffraction?=? The antiferromagnetic order of Cu spins in measurement, and the role of an antiferromagnetic order in
the CuQ plane occurs at a temperature between 200 and 30te Cu sublattice was suggestéchowever, the reason for

K. When R®" is replaced with C&", negative carriers are the absence as well as the intrinsic magnetic properties of the
injected into the Cu@ plane to compensate the valence of System seems as yet unclear. Since the magnetic properties
rare-earth sites, and the antiferromagnetic order disappears @ these materials are very sensitive to the intensity of the
accordance with the carrier doping; in addition, supercon@PpPlied magnetic field, intrinsic magnetic properties

- . » : be studied using a very low magnetic field.
ductivity with a transition temperature as high as 24 K ap-Must
pears at a Ce content gf=0.15. On the other hand, the Although the Gd_,Ce,Cu0,; system may be a key mate-

existence of an antiferromagnetic order in the rare-earth sukﬂal for the study, it seems important to study the

lattice was revealed fdR,CuQ, (R=Nd, Sm, or G¢, more- Sy g5 xGtCe 15CUO, - » System using single crystals un-

over, the coexistence of superconductivity and antiferromagd€! @ Wide range of applied magnetic fields for clarifying the

netism of rare-earth ions has been suggebt@d?—16 m"cerplay petween superconductivity and magnetigm in

R,_,Cq,CuO,_; systems seem interesting to study the cor-¥ —type_OX|des. In_the present study, the superconducting and

relation between superconductivity in the Cu sublattice andnagnetic properties of Sygs xGoCe& 1CUG, 5 crystals

antiferromagnetism in the rare-earth sublattice. were investigated and compared with those of
In the T'-type oxides ofR,_,Ce,Cu0,_, (R=Pr, Nd, Gd,-,CqCuQ,- ; crystals.

Sm, Eu, or Gg superconductivity is not observed whBns

Gd. Since the Gd ion has the maximum magnetic moment

(=8ug) among the rare-earth ions iR’ -type oxides, the Single crystals of Sgys Gd,Ce Cu0,_s and

magnetism of the Gd ion seems to make a considerable coi®d,_,Ceg,CuQ,_ s were prepared by the self-flux method us-

Il. EXPERIMENT
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ing excess CuO as a flux. High-puri{99.9% oxide pow- 0] 0.393 1191 B
ders ofR,03 (R=Sm, Gd, CeQ,, and CuO were used as £ ;&
raw materials. The content of the CuO flux was changed in ; 0.391 1.189 ‘;
the range of 70—78 mol %. An appropriatg mixturd:QD3, £ 0389 | 11187 £
Ce(0,, and CuO was charged in a platinum crucible and § - 1 §
heated to 1200—1300 °C in an electric furnace. After being g 0387 1 L185 o
held at that temperature for 5 h, it was cooled to 1000— Soggs Lo v ] g3 €
1120 °C at the rate of 1°C/h, and the furnace was turned off = 00 05 10 15 20 ~
to cool the crucible to room temperature. Crystals were re- E 0392 0328 ¢
moved mechanically from the flux. To induce superconduc- f—; i (b)] £
tivity, specimens of Spys ,Gd,Ce)1:Cu0,_ s were an- § [ ] “g
nealed at 950 °C in flowing argon gas. Oxygen deficiency 2 0391 ¢ 10327 &
was characterized by iodometry and thermogravimetric s ] =
analysis. Oxygen deficiencyé in the specimens of c: i Cu-Cu 1 f
Smy g5 ,Gd,Ce,y 1CUQ,_ s was kept in the range of 0.03— v 0390 —————— 0326 ©
0.04 by controlling the annealing time from 4 to 24 h. 00 05 10 15 20

The chemical composition of the crystals was determined Gd content x

by electron-probe microanalysiEPMA) using wavelength FIG. 1. Gd-content dependence @ refined lattice constants

dispersive spectrometers. The crystal structure was charact%r- ; o
. . . . nd(b) interatomic distances of Srgs_,Gd,C uo,_ ;.
ized by x-ray powder diffraction and subsequent refinement (b) S5 xGACe LU0 -5

of the diffraction data using the Rietveld method. The Crys'magnetization measured for specimens of

tallographic directions were determined by the x-ray Laue o
backreflection method. The Ce concentration in the crystalgggifgjxgd’{gggﬁ:g‘g ignsdheorwi mag]r;egglﬂgldtho; gugeer-

was also confirmed using the relation between the lattlceonducting transition temperature decreases as the Gd con-

constants and Ce concentration obtained using polycrysta ent increases, while the paramagnetic contribution increases

line specimens. Magnetization measurements were Pe{ith increasing the content of Gd. This seems to be due to

formed at temperatures from 2 to 300 K using a supercon;,

: : . the paramagnetism of Gd ions. FigurébRshows the tem-
ducting quantum interference devic@QUID) magnetometer L2 .
in applied magnetic fields from 5 Oe to 50 kOe. Electricalper"ﬂure dependence of magnetization measured for speci

S : mens of Sm3Gd, sCe 1:CUG, s under a magnetic field of
resistivity was measured by a dc four-probe method at tem10 kOe applied paraliel to the axis and theab plane of

peratures from 10 to 300 K. Electrical contacts were estab-

lished by attaching gold wire&0 xm) onto theab plane )

the Gd content increases. However, they change their behav- I

ior abovex=1. The nearest interatomic distances of Ru- 05 r

and Cu-Cu show the same Gd-content dependence as those 0.0 \N—c_v__n_v__v_,
of the lattice constants. This suggests that the crystal lattice ’

of Smy gCe& 1£CUQ,_ 5 shrinks uniformly by the Gd substi- 0 1020 30 4050
tution. The decrease in the lattice parameters appears to be Temperature (K)
due to the difference in the size of rare-earth ions. Since the £ . (3 Temperature dependence of magnetization measured
ionic radius(0.111 nm of G&®* is smaller than that0.113 ¢, Smy g5 ,Gd,Ceay1:CUO,_ 5 (x<1) crystals under a magnetic
nm) of SnP'*, the lattice parameters would decrease as th@eid of 5 Oe applied to theb plane.(b) Temperature dependence
Gd content increases following Vegard's law. However, theof magnetization measured for $gaGd, Ce, 1CUO,_ 5 Crystal un-
behavior above=1 deviates from the law, suggesting that ader a magnetic field of 10 kOe applied to thexis andab plane.

change occurs in the crystal lattice. The inset of the figure shows the data for specimens witx 0
Figure Za) shows the temperature dependence of<1.2 at temperatures below 8 K.

using silver paint with subsequent annealing in an argon at-
mosphere at 350 °C for 4 h. @ 1
g 0
lIl. RESULTS AND DISCUSSION g -1 poromoromee™
2
A. Properties of Smy gs_,Gd,Cey 1:-CUO,_ 5 < X (a) H=5Oe
- H Il ab-pl
Through the refinement of the x-ray diffraction data, it ) .a. .p ane
was confirmed that all the crystals of 5 10 15 20 25
Smy g5 G Cey 1:Cu0,_ s (6=0.03—0.04) have a tetrago- Temperature (K)
nal T'-phase structure of space grotfmmm The refined 2.0 D Ho 1010 3
lattice constant$Fig. 1(a)] and interatomic distancd$-ig. - (b) H= ¢ G
1(b)] of Smy g5 ,Gd,Ce, 18CUQ,_ 5 are shown in Fig. 1 as a 2 [ finncans 2
function of the Gd contenx. For specimens with Gd con- 3 H"ab_plane§
tents of O=x=<1.0, the constants andc decrease linearly as ; 10 r
13
-
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18 been observed in the neutron diffraction studiesRe€CuO,

16 [ 1% H=50e : i (R=Nd, Pr, or Sm.>"* This transition(hereafter referred to

14 [ Hlabplane L1 as Tyey shifts to higher temperatures with increasing the
g 12 r ! content of Gd. This behavior is consistent with that observed
3 10 1] for Sm,_,Gd,CuQ,_ 5 (Ref. 21) and seems to be due to the
E 8 Il change in the crystal structure, which has been shown in Fig.
¥ o 1. Since the lattice constants and Cu-Cu distance decrease

4 with increasing content of Gdlyc, would increase by en-

2 K hancement of the magnetic interaction between Cu spins.

0 The transitions at temperatures between 6 and Z@dfeaf-

0 50 100 150 200

ter the peak temperature is referred tolag) shift to higher
Temperature (K) temperatures as the Gd content increases. The shape of the
o thermomagnetic curve depends strongly on the Gd content
Sn::&ixé djggE’gﬁg‘;e&d(ex‘;e;‘.do‘;ngs/sotggign':j'i:zztﬁggrg:?ﬁiﬁg Und the intensity of the applied magnetic field. The behavior
of 5 Oe applied to theb plane. The inset of the figure shows the of magnetization, which is observed for specimens Wlth a Gd
data for specimens witk=1.4, 1.6, and 1.85 at temperatures below CO”“?”‘ ofx>1 at temperatures betwediy, and_TNCl}’ IS
10 K. considered to be due to the weak ferromagnetism in the Cu

sublattice. In general, weak ferromagnetism does not occur

tetragonal crystals. A peak, which resembles the antiferroin magnetic oxides with high crystal symmetry. However, the
magnetic transition, is observed when the magnetic field ifattice constants of Syn,Gd,CgCuQ,_ s change their be-
applied parallel to the axis. In neutron diffraction studies havior at aboutx=1. This change in the lattice constants
for SmCuQ,, it was reported that a long-range antiferro- seems to have a close relation to the behavior of magnetiza-
magnetic order of Sm spins was observed in the directiotion. If the crystal lattice starts to distort at abowut 1, weak
parallel to thec axis at about 6 ¥%2°|n general, an antifer- ferromagnetism may occur through the deterioration of the
romagnetic peak appears in the geometry in which antiferroerystal symmetry. In additiorx=1 is the critical composi-
magnetically coupled moments are parallel to the appliedion at which Gd ions take over the main role from Sm ions.
magnetic field. Therefore, if the observed magnetization isAs mentioned above, in the,CuQ,-type oxides, Sm and Gd
due to rare-earth moments, the antiferromagnetic order afpins have an antiferromagnetic order in the directions par-
rare-earth ions must be parallel to thaxis for crystals with  allel to the ¢ axis andab plane, respectively, below Tg&
high Sm concentration. This is consistent with the result otemperature. Therefore, although rare-earth spins are para-
neutron diffraction studies. The inset of Figb2 shows the magnetic at temperatures aboVgg, it is likely that Gd
temperature dependence of magnetization measured fgpins still remain in theb plane and affect the weak ferro-
specimens with various Gd contents at 10 kOe. The peakagnetism through a magnetic interaction between Cu and
(hereafter the peak temperature is referred td g9, which ~ Gd spins. The decrease in the Bulistance, which has been
is observed for specimens with a Gd content ¢fX0<1, shown in Fig. 1, may enhance the magnetic interaction be-
shifts to lower temperatures as the Gd content increases amdeen the Cu and Gd spins and the weak ferromagnetism.
cannot be observed for specimens with 1 at temperatures When the Gd content exceerls- 1.5, another transition ap-
down to 2 K. This decrease ifiyr seems to be due to the pears at temperatures of 2—5 K. This p¢lagreafter the peak
preferential direction of rare-earth spins. It is accepted thatemperature is referred to a3,y appears to be an antifer-
Sm spins are parallel to theaxis in SmCuQ,, while Gd  romagnetic transition in the Gd sublattice. In the magnetic
spins are parallel to thab plane in GgCu0,.***°Since Gd  susceptibility, neutron diffraction, electron paramagnetic
spins are perpendicular to Sm spins in theresonance(EPR, and specific heat measurements for
Smy g5, GdCey 15CUQ, _ 5 system, the magnetic interaction Gd,CuQy, a peak due to antiferromagnetic transition in the
between Sm and Gd spins must be weaker than that amorigd sublattice has been reported at temperatures between 6
Sm spins. Therefore, Gd substitution will dilute the magneticand 9 K when the magnetic field was applied parallel to the
interaction among Sm spins, afgk due to the Sm spins CuQ, plane(or ab plane.*?1516-22=24Therefore, it is consid-
will then decrease with increasing the content of Gd. ered that, in the Spys_,Gd,Ce, 1:CuQ, _ 5 System, the anti-
Figure 3 shows the temperature dependence of magnefierromagnetic order of Sm spins, which is parallel to the
zation measured for specimens of S§m ,Gd,Ce, 1:CuQ,_s  axis, is suppressed by the Gd substitution and a new antifer-
(x=1) under a magnetic field of 5 Oe applied parallel to theromagnetic order due to Gd spins appears inab@lane as
ab plane. New magnetic transitions appear in the temperaturdne Gd content increases over 1. Details of these transi-
ranges of 2—10 K and 130-170 K. The magnetization obtions atTgg and Tygq Will be given in the next section.
served for specimens with a Gd contentxof 1 at tempera- Figure 4a) shows the temperature dependence of recipro-
tures between 10 and 170 K is considerably larger than thatal susceptibility 1¥ measured for specimens of
expected for Cu ions and behaves like a ferromagnet. Th8m ,:Gd, C&) 1:CUO,_ 5 in theab plane. 1k of theab plane
transition observed at higher temperatu(@80-170 K is  shows a linear temperature dependence and can be fitted by
considered to be an antiferromagnetiéor weak- the Curie-Weiss law given by 1=(T+®)/C, where ®
ferromagnetit transition in the Cu sublattice, which has andC are the asymptotic Curie temperature and Curie con-
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FIG. 4. (a) Temperature dependence of reciprocal susceptibility ~FIG. 5. Ce-content dependence (af tetragonal lattice param-
Xt for Smy ,4Gdy (Cey 15CUO, 5 crystal and(b) Gd-content de-  etersa and ¢ and (b) transition temperature3yc, and Tgg for
pendence of asymptotic Curie temperatieand effective para- specimens of Gd ,Cg,CuQ,_;.
magnetic momenP .

of y=0.15. It is well known that the Ce ion exists as a
stant, respectively®=—4.17 K and C=0.085 were ob- honmagnetc CE ion in the superconducting
tained by fitting the above equation to the data. The fittingR,-,Cg,CuQ,_ s (R=Pr, Nd, and Sm Therefore, it seems
was also done for specimens with various Gd contents. Fighatural to consider that the Ce ion exists as 4'Cien in
ure 4b) shows the asymptotic Curie temperat@@eand the = Gd, ,Ce,CuQ,_s. Since the oxygen deficiency has been
effective paramagnetic momeRt, which is deduced from kept in the range of 0.03-0.04, the valence state of Cu ions
the Curie constant, as a function of Gd contenxt Here ® must be changed by the substitution of*Cdons, and then
is always negative, and its absolute value increases as the @t nonmagnetic Cuion will be introduced. The decrease
content increases. This result suggests that the antiferromagbserved forTyc(y) and Tgg(y) would be due to the va-
netic interaction among rare-earth ions is enhanced by thkence change of Cu ions.

Gd substitution. Since the magnetic moment of the Gd ion is Figure 6 shows the temperature dependence of the mag-
lager than that of the Sm ion, the exchange interaction benetization measured for a crystal of Ga&Ce,1:CuQ,_,
tween rare-earth ions must be enhanced. On the other handghich is the end member of the $g3 ,Gd,Ce) 1CuO, 5

Pqi is considerably large and increases as the Gd conterslystem, under a magnetic field of 10 Oe applied parallel to
increases. It is well known that the magnetic moment of thehe c axis andab plane. The magnetization observed in the
Cu ion is very small irR,CuQ,-type oxides. Therefore, the axis is very small and shows a monotonous decrease with
P observed for Sp_,Gd,Ce,CuQ,_ 5 can be attributed to increasing the temperature. However, when a magnetic field
the magnetic moment of rare-earth ions. The value®gf is applied parallel to thab plane, distinct magnetic transi-
agree well with those calculated by assuming the theoreticdlons are observed at 4, 10, and 160 K, and as shown in the

magnetic moments of 0.84 and 7.94z for Sn?* and inset of the figure, the transitions at 4 and 10 K show a
Gd**, respectively. thermal hysteresis during the heating and cooling processes.
These transitions are hereafter referred to as transifipBs

B. Properties of Gd,_,Cg,CuO,_; 40

Figure 5a) shows the Ce-content dependence of tetrago-
nal lattice parametersa and c for specimens of
Gd,_,Cg,CuQ,_ 5. Data for single crystals with a Ce con-
tent of y=<0.15 are shown, together with those for polycrys-
tals with a nominal Ce content gf>0.15. The lattice pa-
rametersa andc are almost constant for specimens with a Ce
content ofy>0.15. This is consistent with the result of Ref. Lo
19. Figure %b) shows the Ce content dependence of the an- 0 BFPE oo s gan oo
tiferromagnetic transition temperaturfgc, and the spin- 0 50 100 150 200
reorientation temperaturBsg, which were determined from
the thermomagnetic curves measured under a magnetic field
of 10 Oe.Tycy andTsg decrease to lower temperatures with  FiG. 6. Temperature dependence of the magnetization measured
increasing the content of Ce, however, they approach a fixegyr Gd, gCe,,:Cu0,_, crystal under a magnetic field of 10 Oe
value in specimens with a Ce contentyof 0.15. These be- applied parallel to the axis andab plane. The inset of the figure
haviors are very similar to that of the lattice constar#nd  shows the data measured in the vicinity of transitiérendB under
suggest that the solubility limit of Ce is found in the vicinity a magnetic field of 5 Oe applied to tfads plane.
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andC, and the phases between these transitions are referred
to as phases I, Il, lll, and IV. TransitioA, which has been
observed for specimens of S ,GdCe 1:CuO,_s (X
=1.6) and characterized byygq, IS an antiferromagnetic :
transition occurring in the Gd sublattice. On the other hand, \' e
transitionsB and C, respectively, correspond to the spin- -
reorientation and the antiferromagnetic transitions, which '
have been characterized Byg and Ty, in the results of the
magnetization measurement for §ga ,Gd,Cey 1CUO,_ 5.
Following the theoretical studies of the magnetism of or-
thochromite and orthoferrite systerftsthe Hamiltonian of
the (Gd,Ce)Cu0Q, system is given byH=Hc,+Hcu-cd
+Hgq, WhereHc,, Hgg, andHey.gq @re the Hamiltonians
of Cu and Gd ions and the interaction between Cu and Gd
ions, respectively. The Hamiltoniak(c, is given by H,
:Hiso+ Hanti+ Hsymm+ Han: WhereHisov Hanti: a-ndrHsymm
are the Hamiltonians of the isotropic exchange interaction
3i+0;S- S, the antisymmetric exchange interaction
3D STX S, and the anisotropic-symmetric exchange
interactions=, ;™ &; - ™ between Cu ions, respectively,
and H,, is the one-ion anisotropy enerdys; +E(S;—S])
of Cu ions. Therefore, the Hamiltoniafic, is further
given by

Hcf;j (3;;S™ S+ Dy - STUX S+ S - S7Y)
+DSIHE(S-S).

At temperatures betweehyc, and Tgg, the easy axis of
magnetization of Cu spins is determined by the one-ion mag-

netic anisotropy of Cu ions, the Cu spins are aligned antifer- (c) yorz=1/4 (@ y#z, ytz#1/2,
romagnetically along thgL10] direction by the isotropic ex- yorz#1/4

change interaction, and a weak-ferromagnetic moment is

induced by the antisymmetric exchange interacti@r FIG. 7. Electron diffraction pattern for th@®01) plane (or ab

Dzyaloshinsky-Moriya interactidfy), which tilts Cu spins to-  Plang of Gdy gCe, ;:CUO, _ 5 crystal. The incident electron beam is
ward the[001] direction(overt canting and spreads them out Parallel to the[001] direction. (@), (b), (c), and(d) show possible
along theab plane(hidden canting However, x-ray diffrac- m0d9IS tha}t explain the orthorhombic lattice distortion observed in
tion studies have revealed that GeCe, ;:CuO, has a tetrag-  the diffraction data.

onal structure of space groug/mmm and weak ferromag-

netism due to the antisymmetric exchange interaction canndtig. 7. Each model has an alternative lattice distortion in the
be expected for crystals with a high symmetry such asCuQ, plane; however, the position of Cu ions is independent
[4/mmm Although the existence and the effect of local dis- of the lattice distortion. Among these mode(ls) most likely
tortion have been proposed to explain the occurrence oéxists in Gd gCay 1:CuQ, crystals. When the middle point
weak ferromagnetism in  GQuO, and related (pointM) of aline between Cu ions is the center of inversion
oxides}#10?127~%%he details of the distortion and magne- symmetry,D is equal to zero. This is the case for tetragonal
tism in Gd, gCe ;sCUQ, still remained unclear. Figure 7 crystals of space groupd/mmm Since the pointM is a
shows the electron diffraction pattern for tf@01) plane(or  center of inversion symmetry, weak ferromagnetism due to
the ab plang of a Gd gCe 1LCUQ, crystal. Small extra the antisymmetric exchange interaction cannot be expected.
spots are observed among clear main spots. This is stroridowever, when a lattice distortion occurs in a tetragonal
evidence of a lattice distortion existing in &6Ce, 1:CuQ,  crystal and the crystal has an orthorhombic structure of space
crystals. The diffraction pattern can be explained by assumgroup Bmah weak ferromagnetism may occur in
ing the orthorhombic space grodgmab A small distortion  Gd, g<Ce&, 1sCUO, since pointM is no longer a center of in-

of the oxygen site in thab plane is considered to deteriorate version symmetry. Therefore, the magnetism observed at
the crystal symmetry. The orthorhombic lattice paramater temperatures betwednyg and Ty, (phase 1l) is considered

(or b*) of space groumabhas a relation o&* =v2a with  to be weak ferromagnetism.

tetragonal lattice parametarof space group4/mmm Pos- Figure 8a) shows the temperature dependence of magne-
sible lattice distortion models that explain the electron dif-tization measured for the same crystal under various mag-
fraction pattern with orthorhombic symmetry are shown innetic fields applied parallel to the axis. In this case, al-
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160 form a weak-ferromagnetic spin configuration, which is the
140 (@ same magnetic structure as that in phase Ill. The decrease in
2 }ég F\ o H I c-axis Tsr(H) is attributed to the expansion of the weak-
3 %0 ferromagnetic phaséphase _II) to Iower_terr_]peratures with
E 60 the assistance of the applied magnetic field. On the other
5 20 hand, paramagnetic Gd spins in phase Il are aligned by an
20 internal magnetic field, which is induced by the formation of
0 a weak-ferromagnetic spin configuration in the Cu sublattice
0 50 100 150 200 through field-induced spin reorientation, and make a great
Temperature (K) contribution to the magnetization. This is why magnetization
25 () 025 in phase Il incrgas_es as the app!ied field increases.
_ 20 | Hl ab-plane 5 020 FA¢ 500 The magnetization observed in tab plane at tempera-
g 2 0.15 100 tures betweefM gz and Ty, iS considerably larger than that
3 15 = 010 | 10 expected for Cu ions. The magnetization is attributed to the
= 10 Mboel? moment of Gd ions. Figureg® and 9b) show the tempera-
§ os | 0 20 40 60 ture depen_denc_e of recipro_cal_ magneti(_: susceptibjity
< 1k T (K) measured in various magnetic fields applied parallel tathe
00 i . plane anct axis, respectively. Thg ~(T) shows linear tem-
0 50 100 150 200 perature dependence at temperatures between 10 and 150 K,

Temperature (K) and the linear part of the curve can be fitted by the Curie-
Weiss law. Figure &) shows the field dependence of effec-
tive magnetic momenP.;, which is calculated from the
Curie constant obtained by the fittinB; decreases consid-
erably at a low magnetic field and approaches the constant

WF (Cu) (©)
Para (Gd)

Tsg and Tygq (K)
S N

XVE(‘S;’ value (=7.9ug) at higher magnetic fields. This value is con-
e sistent with the theoretical value (7,04) for the free Gd
0 1 2 3 ion. From the results shown in Figs. 8 and 9, it is supposed
Applied field (kOe) that, in phase lll, the paramagnetic moments of Gd ions are

o aligned by an internal magnetic field induced by a spontane-
FIG. 8. Temperature dependence of magnetization measured for

Gd, g:Ce 1CUQ,_ s crystal under various magnetic fields applied
parallel to(a) the ¢ axis and(b) theab plane. The inset ofb) shows

the data measured under a magnetic field between 10 and 1 kOe.
(c) shows the field dependence of transition temperatures
Tneg and Tgr.

0.8
06 |
04
0.2
0.0

(@)

H H ab-plane

though a small anomaly is observed at about 10 K,
magnetization shows a monotonous decrease as the tempera-
ture is increased. Figurgl® shows the temperature depen-
dence of magnetization measured under various magnetic
fields applied parallel to thab plane. Transitions observed at
low temperatures are affected considerably by the applied
magnetic field. When the field intensity is increased, transi-

0.8
06
04
0.2

1/, (10° emu/cm®) 1/y (103 emu/cma)

tion B (at Tgg), at which the antiferromagnetic spin configu- 0.0
ration in the Cu sublattice is reoriented to form a weak- 0 50 100 150 200
ferromagnetic order, shifts to lower temperatures and Temperature (K)
20
coincides with transitiorA (at Tygg) at an applied field of =3 (©
~2 kOe to form a single peak near 6 K. When a magnetic <] 51 H Il ab-plane
field over 3 kOe is applied, the peak becomes indistinct; § 10 59¢ ~ -
furthermore, magnetization increases monotonously with de- 5 5| TSNH N coaxis
scending the temperature, and a shoulder is observed near 6 - ol v

K. A magnetic phase diagram for a specimen of
Gd, gCe 1CuUO, at low temperature is shown in Fig(c3.

In the phase betweehgg and Tygg, Cu and Gd spins are
considered to exist in an antiferromagnetic and a paramag- FIG. 9. Temperature dependence of reciprocal magnetic suscep-

netic state, respectively. This phase disappears at a magnegiility y ! measured for GghsCe, 16CUO,_ 5 crystal in the various
field above 2 kOe. This seems to be due to a field-induceghagnetic fields applied parallel t@) the ab plane and(b) the ¢

spin reorientation of Cu spins. When the field intensity in-axis, and(c) field dependence of effective magnetic momexgt,
creases, the antiferromagnetically ordered Cu spins, whictvhich is calculated from the Curie constant obtained by fitting the
are very sensitive to the applied magnetic field, reorient tcCurie-Weiss law to the linear portion gf (T).

0 2 4 6 8 10
Magnetic field (kOe)
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ous weak-ferromagneti®/F) moment that is brought on by 800
a canting of antiferromagnetically coupled moments of Cu L (a)
ions. Taking the theoretical considerations by Yamaguchi for 2 600 - HIlab-plane
RMO; (R=rare earth,M=Fe or Cj into account, the H r T=200K
Hamiltonian of the interaction between Cu and Gd ions in € 400
the (Gd,Ce)CuQ, system would be represented by § 200 [
_ 3 u d; N u d u = d 0 d L
HCu-Gd_i;j (J|J§'S?+D|J'SCXS?+SC'31]'SJ'G) 0 10 20 30 40 50
. . . . . . . Magnetic field (kOe)
using the isotropic, the antisymmetric, and the anisotropic- 300
symmetric exchange interactions between Cu and Gd%bns. (b)
Gd spins are aligned antiparallel to the weak-ferromagnetic 2 200 | T
moment through the interactia®; . ;J; S™- 7. This inter- 8
action can be represented in terms of an interaction between = 100
. o . =
an effective magnetic fieltl; and the spin moment of the Gd <
ion, which is given byfE=— aM M gq= —H;Mgq. This ef- -
fective field corresponds to the internal field mentioned 0F
above. When the spin moment of the rare-earth ion increases 0 1 2 3 4 5
as the temperature is lowered, the isotropic exchange inter- Magnetic field (kOe)

. ~ u . .
action E_i#i,‘]iisc ',SJR,IS enhanced, and thlen the effective FIG. 10. (a) Field dependence of magnetization measured for
magnetic fieldH; is mcreaged. The magnitude of the WF,Gdl,BSCQMSCuO‘;,g crystal at 200 K by applying a magnetic field
moment as well as the canting angle depends on the intensify; 4ie| to theab plane and(b) field dependence of magnetization
of the applied magnetic field. When the WF moment is eN+neasured at various temperatures in phase Ill under a magnetic

hanced by the applied magnetic field and Gd moments arfe|d applied parallel to thg100] direction in theab plane.
aligned completely in the direction of internal magnetic field,

the effective momenP.; becomes constant. This must be . . . . .
why large magnetization is observed in thieplane at tem- Curie constant of _Gd, th_e internal field acting on Gd sites,
peratures betweefer and Ty, the magnetization depend- @nd the asymptotic Curie temperature, respectifelge,
ing strongly on the Gd content and the intensity of the apa@s been ignored becauSg, appears to be much larger than
plied magnetic field. Ccu- Hi andMC_u can be determined from thd (H) curves

In order to describe the magnetism of GeCe, ;:Cu0, in mgasured at different temper_atures betw_een 20 ar_1d 130 K
detalil, the field dependence of magnetization was measuré#ing Ed.(1). The extrapolation of the linear portion of
at some characteristic temperatures in phases I, II, lll, and!(H) curves, which are measured at neighboring tempera-
IV. Figure 10a) shows the field dependence of magnetiza-{ures, intersects at a point, indicatiklg=H; andM =Mc,.
tion measured for GahCey 1<CUO, at 200 K in phase IV by Here Hi=—426 Oe andMc,=(4.2<10 °)ug were ob-
applying a magnetic field parallel to tia plane. TheM(H)  tained from theM (H) curves measured at 20 and 50 K. The
curve shows linear and reversible field dependence, suggedtegative sign oH; indicates that the internal field acting on
ing the existence of paramagnetism at temperatures aboVee Gd site is antiparallel to the direction of the applied mag-
Tyey (Or transitionC). This behavior is independent of the Netic field. quggg‘llggu?s are consistent with those reported
field direction. Figure 1) shows magnetization curves for GCuQ,.™=*"**Since paramagnetic Gd moments are
M (H) measured at various temperatures in phase Il under @ligned byH;, significantly large magnetization can be ob-
magnetic field applied parallel to tH&00] direction in the ~Served even in a low applied magnetic field of 10 Oe. Here
ab plane(hereafter direction is represented by the tetragonalii at each temperature can be estimated by neglecting the
symmetry of space group4/mmm). The magnetization Mcuin Eq.(1). In this case, a point where the linear extrapo-
tends to be saturated at a very low magnetic fiekti ( lation of theM(H) curve intersects the abscissa giv¢s.
<200 Oe) and shows linear field dependence at higher mag-he absolute value df; is shown in Fig. 1(a) as a function
netic fields. In addition, a magnetic hysteresis was observe@lf the temperaturetd; shows a remarkable decrease in the
in the M (H) curves. TheM(H) curves in thd110] direction ~ Vicinity of Tyc,. Moreover, itis seen thad; along thec axis
show the same behavior as those in [th@] direction. This IS about one-tenth of that in theb plane. These facts appar-
behavior of theM (H) curves resembles that of weak ferro- ently indicate that the WF moment, which is due to a canting
magnetism. When weak ferromagnetism is established iff Cu moments, exists in thab plane at temperatures be-

Gdl.SECQ).lSCUO4= theM(H) curve is represented by tween TSR and TNCU' Figure 1Ib) shows the -Gd'CC)ntent
dependence of H; obtained for specimens of

H;+H Smy g5 «GA,Cey 1CuUO,_ 5 at 50 K by applying a magnetic

M(H)=Mcut Cear g (1) field parallel to thg100] direction.H; appears for specimens

with a Gd content ok>1, while the superconductivity dis-
where M¢,, Cgq, Hi, and ® are the spontaneous weak- appears for these specimens. Although the occurrence of
ferromagnetic moment induced by a canting of Cu spins, theveak ferromagnetism is attributed to the lattice distortion
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600 500

F H Il [110]
[ (a) Gd,gsCeq,5CuO. - (a)
00T e 400 L T=6x HIIOL ZZ 1y (001
40T 7t Ho
€ 300 [ HII[100] 2 300 Vv~ [T mipon
= 200 [ S R
L = 200 £s5t
100 | H Il c-axis H | Hg = |
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600 0 1 2 3 4 5
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FIG. 11. (a) Temperature dependence of internal field esti- Gd content x

mated from the field dependence of magnetization measured for

Gd, g£Ceq 1CUO,_ 5 crystal at various temperaturdb) Gd-content ) .
dependence of internal field; obtained from the magnetization G sCe.15CUO, - ; Crystal at 6 K(in phase 1) by applying a mag-

curves measured for S Gd,Ce,,:CUO,_s crystals in the nNetic field to the[001] (c-axis) direction and[100] and[110] di-
[100] direction at 50 K. rections in theab plane. The inset of the figure shows the high-field
susceptibility measured in tHa00] direction of Gd gCe, 1:CuO,
rystal at various temperatures in phase(tipen circle and 6 K
solid circlg. (b) Gd-content dependence of the critical fieid,
obtained from the magnetization curves measured for
Smy g5 ,Gd,Ce) 1:CuQ,_ 5 crystals in theab plane at 6 K.

FIG. 13. (a) Field dependence of magnetization measured for

that is caused by the Gd substitution, the role of the magneti
interaction between Cu and Gd cannot be disregarded. U
like Sm spins, which are parallel to theaxis and perpen-
dicular to the Cu spins, Gd spins seem to exist in dle
plane, at which weak-ferromagnetic Cu spins exist; thus, the 5q] direction. Magnetization shows anisotropic behavior at
magnetic interaction between Cu and Gd spins is expected ® 5,4 20 K, and the maximum and minimum are observed at
be much stronge.r than tha'g between Cu and Sm spins. Therghg|es that correspond to th&L0) and(100) directions, re-
fore, the magnetic interaction between Cu and Gd may CONgpectively. However, the difference between the maximum
tribute to the occurrence of weak ferromagnetism and thenq minimum is much smallett 8 K than at 20 K. On the
suppression of superconductivity observed for specimens Qfiher hand, there is little angular dependence at 6 K. The
Sy g5 GACey.15CUO, 5 (Xx<1). ~ . M(#6) curve at 20 K can be explained qualitatively assuming
Figure 12 shows the angular dependence of magnetizatiog single magnetic domain. In the domain, antiferromagneti-
measured for GhCe15CU0, at 3, 6, and 20 K, respec- )y coupled Cu spins align parallel to one of tHELO)
tlvely, in phases I, Il, and Ill under a magnetic field of 20 Oe directions, and a slight canting of the spins from (&0
applied parallel to thab plane. Heref is an angle from the  girection induces a spontaneous WF moment in the direction
perpendicular to the Cu spins. Paramagnetic Gd spins are

30 Foo | oo, | %0 | goo. | aligned in the direction of internal magnetic figtj, which
25 | ol §°°°°L°° oo §°°o°§°o°° is induced by the WF moment. Since the magnetic moment
2 2 L S 10 of Cu ions is negligibly smaller than that of Gd ions, mag-
5 L mtep fo0) (i 1 i netization due to Gd spins, which are alignedHby, can be
L T S observed in the magnetization measurement. When the ap-
= R Y SN N SR PSRt plied magnetic field is rotated from tH&10] direction and
2 10 1990009990 qyno0%00g g n08900 b gt N X
- A goes across th®10] direction, the spontaneous WF moment
5 00@006]( lying in the [110] direction switches to thg110] direction,
P T T S R N which is the nearest direction to the applied field. Since the
0 90 180 270 360 switching occurs under an applied field that is much smaller

than the internal magnetic field;, a maximum and mini-

mum of magnetization must be observed when the magnetic
FIG. 12. Angular dependence of magnetization measured fofield of 20 Oe is applied parallel to th¢l10) and (100

Gd, ¢Cq 1<CUQ, crystal at 3, 6, and 20 K, respectively, in phases I, directions, respectively.

I1, and Ill under a magnetic field of 20 Oe applied parallel to dhe Figure 13a) shows the field dependence of magnetization

plane. measured for Ggg=Ce, 1:CuQ, at 6 K in phase Il by apply-

0 (degree)
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700 magnetic field, and jumps are observed at 1.8 and 2.7 kOe,
600 + T=3K respectively, in th¢110] and[100] directions. Moreover, the
= 500 | M (H) curve changes its slope before and after the jumps. On
g 200 [ the other hand, th#(H) curve in thel001] direction shows
° - linear field dependence up to 50 kOe. The behavior of the
Eg 300 ¢ o [100] M(H) curves is explained qualitatively by a model in which
< 200 ¢ e [T10] Cu, spins align antiferromagnetically in the axis parallel to
100 —o-[001] the [1_10] direction, inducing a spontaneous WF moment in
o o L the [110] direction, while Gd spins align antiferromagneti-
0 1 2 3 4 5 cally in the axis parallel to th€110] direction. The weak-
Magnetic field (kOe) ferromagnetic spin configuration in the Cu sublattice is the

same as that of phase lll. In this case, the field dependence of
FIG. 14. Field dependence of magnetization measured fomagnetization is given by

Gd, g:Ce 1:CUQ, crystal at 3 K(in phase ] by applying a magnetic
field to the[100], [110], and[001] directions. M(H)=Mc,+ (xcut XaaH, 2

ing a magnetic field to thED01] (=c axis), [100], and[ 110] whereM ¢, xcu,» and xgq are the spontaneous WF moment
directions in theab plane. TheM(H) curve in the[001] due to Cu spins and the antiferromagnetic susceptibility of
direction shows a linear field dependence, while those in th€u and Gd sublattices, respectively. The initial increase in
[100] and [110] directions change their slope at. the M(H) curve is attributed to théMc,, and a single-
=0.5kOe andH,,=1.8kOe. This seems to be a field- domain structure is attained in this process. When a magnetic
induced magnetic phase transition that begins near 0.5 kold H with an intensity below 1.8 kOe is applied to the
and finishes at about 1.8 kOe. The magnetic susceptibility110] direction, a WF moment due to canting Cu spins
measured in th§100] (or [110]) direction above and below aligns in the[110] direction. On the other hand, antiferro-
1.8 kOe is xpgh=9.66<10"° emu/cni and xi,=11.48  magnetic Gd spins align in the axis parallel to {HL0]

% 10-2 emulen, respectively. The inset of the figure shows direction with a slight tilting of an antiferromagnetic compo-
the temperature dependence of magnetic susceptibility meggpnt \which is antiparallel to the applied field, frdm10]
sured in thg 100] direction at temperatures in phase lIl. I.t IS towards the direction of the applied field. In this case,
seen that thegy at 6 K agrees well with the extrapolation (Xcu + Xaq) Must be used instead of&,+ xcd) in E. (2).

ﬁz tlher)f(T)h curvgf measured .abovi_ 10 K. Th(fargfore,. LIS Sinceye,, seems to be larger thayiy , the contribution of
Ikely that the antiterromagnetic configuration of Cu spins m)égm would be dominant in this field range. The magnetiza-

phase Il, changes into the same canted spin arrangement . . — L .
that in phase IIl at magnetic fields betweliép, andH.,. On tion jump observed in the110] direction at 1.8 kOe is con-

the other hand, Gd spins appear to be paramagnetic in pha§l§jered to be a flop (.Jf antifer_romagnetic Gd spins f_rom a
[l at magnetic fields below ;. This is clear from the result parallel to a perpendicular spin arrangement regarding the
shown in Fig. 12, in whicﬁ no angular dependence is Ob_direction of the applied field. In this case, the critical fielg
served 86 K und’er a field of 20 Oe. However, when the for spin flopping of antiferromagnetically coupled Gd spins

canted spin configuration of Cu ions is established at mag'—S given by

netic fields aboveH.,, paramagnetic Gd spins align in the

direction ofH;, which is induced by the WF moment, and H = A /L 3
contribute to the magnetization of the specimen. Figuf®)13 ¢ XGdl — Xadl'

shows the Gd-content dependence of the critical fléld

obtained for specimens of Sm:_Gd,Ce, 1:CUO, s at 6 K. whereK is the anisotropy constant angyy, and xgq are

Here H,, increases monotonously abowe-1, suggesting perpendicular and par_allel r_nagnetic sus_ceptibi!ities, respec-
that the antiferromagnetic configuration of Cu spins in phas&Vely. In the geometry in which a magnetic field is applied to
Il becomes more stable to the applied field by the Gd substithe [110] direction, the field-dependent term in E@) is
tution. The magnetic interaction between Cu and Gd spingiven by (xcu +xeq )H at magnetic fields above 1.8 kOe.
seems to stabilize the antiferromagnetic spin configuration of herefore, since Xga — xcq) IS obtained by subtracting
Cu ions and suppress the field-induced spin-reorientatiofiXcu + Xca) from (xcuw + xca ), the anisotropy constait
transition from an antiferromagnetic to a weak-ferromagnetican be estimated using Eq.3). Here K=6.05
state. X 10° erg/cn? was obtained by usingd.=1.8 kOe, fcu
Figure 14 shows the field dependence of magnetizationt xgq) = 6.49X 10 % emu/ent, and (ycy + xoa ) =1.02
measured for GgheCey, 1:CUO, at 3 K inphase | by applying X 10° emu/cni. On the other hand, a magnetization jump is

a magnetic field to th¢100], [TlO], and [001] directions. observgd a.t 2.7 kOg when a magnetip field is applied_ to the
The magnetization in thg100] and [110] directions rises [100Q] direction. In this geometry, the field component in the

remarkably as the applied field increases and tends to t{eTlp] direction causes the spin flopping, and the component
saturated at about 200 Oe. However, the magnetizatiof$ 9iven byH;;0=H cos6, whered is the angle betweeH
shows a linear field dependence with a further increase in thand the[110] direction. Whend= 7/4 rad andH=2.7 kOe
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TABLE I. Irreducible representations and vector components of
the base vectors for Cuéd sites.

T, T, V
H—-» N H—>» N / a3
Irreducible Vector components Gd A Cu3 Gd A

representations N WE 0] e CwE (0]
[100] [100]
[010] 1010)

[001] oot} Cu4

T=20K/low field o7 Cud high field

X y z
ry(+ + +) A G C 110} ¢y 1110] "Gz
Lo(+ = +) F c G T=6K low ficld|I** ) highfia |7 cus
I‘3(* + *) C F A r Cu2 r
1 Gda 3
Fy(— — +) G A F Ha H—s Cus
N Cu3 Gd ‘ u.
o7 | [i10] ‘ 7N WF [110]
were usedH 0= 1.9 kOe was deduced. This value is con- Cus o1 Tea\ (100
sistent with the critical fieldH. (=1.8 kOg for the spin fi10] 1010] ot
flopping observed in th¢110] direction. Moreover, this S—— oy Hithficd 001 Gy
model is consistent with the angular dependence observed in r, "o L/
theM () at 3 K (Fig. 12). Since the ground state of &dis H—> e H— fus
83,,, and, consequently, large one-ion magnetic anisotropy U s Cu3 Cul_gpe ”
\WF Gd [110] y WF [110]

cannot be expected, the antiferromagnetic order in the Gd .
sublattice would be considerably affected by the applied . [100]
magnetic field and the magnetism in the Cu sublattice. oo a2 | Y i o | OO
The magnetic structure in GgCe, 1:CuQ, crystals can
be estimated by taking the crystal symmetry into account. FIG. 15. Possible spin configurations in the various magnetic
When the four basis vectors &=S,+S,+S;+S,, G=S,  phases of GggCe, ;CuQ, crystal.
—$t5-S, C=5+5-5-5;, and A=5,-5-§
+S, are considered for the Cuéd sites ofBmah irreduc- phase transition between antiferromagndtic and weak-
ible representations of these vectors are obtained followinderromagneticl’; phases appears to be a first-order phase
Bertaut’s representation theotyThe irreducible representa- transition. The isotropic exchange interaction between Cu
tions of the basis vectors for Cué¥ sites are shown in Table and Gd ions is thought to play a key role in the spin reori-
I. Since the components of basis vectors in the same reprentation atTgg. When the spin moment of the Gd ion in-
sentation can be coupled, a canted spin structure is attainecteases at low temperature and then the isotropic exchange
In these representations, antiferromagnetically coupled subnteraction Ei;&jTJiijC”-Sde (or the interaction energy be-
lattice moments must be parallel to 0] direction inI'y,  tween Cu spins ani;) is enhanced and exceeds the anisot-
I's, andI'; and parallel to th¢001] direction inI',, and a  yopy energy of Cu ions at a specific temperatut€Tgg), the
spontaneous WF moment can be observed along1th@l,  cu spins undergo a spontaneous spin reorientation similar to
[110], and[001] directions inl",, I'5, andl',, respectively. that observed in the orthoferrites and orthochromites. Since
According to the results of magnetic measurements mensd®* is an S-state ion, the anisotropy energy of the Gd ion
tioned above, Cu-sublattice moments are always parallel tgives little contribution to the spin reorientation. It is impor-
the [110] direction regardless of the different magnetic tant to the occurrence of the spin reorientation that the ex-

phases, and a WF moment is parallel to ftid0] direction  change coefficientd anda be comparable to the anisotropy

in phases | and Ill. Therefore, among the representations, constant. This type of spin reorientation was observed for
is consistent with the magnetism in phases | and Ill, Bpd DyFe0;.%* DyFeO; shows a spin-reorientation transition

is consistent with the magnetism of phase Il at a low magfrom the low-temperature antiferromagnetic to the high-
netic field. Possible spin configurations in these magnetitemperature weak-ferromagnetic spin configuration at about
phases are shown in Fig. 15. Antiferromagnetically coupled0 K, and the magnetization shows a sharp increase. In the
sublattice moments of Gd are parallel to ﬂﬁo] direction  antiferromagnetic phase, no ferromagnetism is associated
at a low magnetic field at 3 K in phase | and paramagnetic awith the spin configuration of Pé spins, and the spin mo-

6 and 20 K, respectively, in phase Il and Ill. However, whenment of Dy*" has therefore been considered to be paramag-
a magnetic field with high intensity is applied to t[]ElO] netic. The abrupf(first-orde) spin reorientation hzis been
direction, the antiferromagnetic sublattice moments of Gdconsidered to be due to the isotropic interact®n ;J;; S

flop and become parallel to tHa10] direction in phase I, -S’ between the F€ and Dy** sublattices®

and the spin configuration of Cu ions in phase Il transforms
from I'y to I'; through a field-induced spin-reorientation
transition, inducing a spontaneous WF moment of Cu spins
along the[110] direction. In the thermomagnetic curve  The magnetic properties of S Gd,Cey1CUO,_ 5
shown in the inset of Fig. 6, a thermal hysteresis was oband Gg_,CgCuQ,_; systems were investigated, and the
served at transitions A and B. Since the thermal hysteresis isterplay between superconductivity and magnetism was
a typical characteristic of the first-order phase transition, thestudied.  All  the transitions observed in the

[100)

IV. CONCLUSION
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FIG. 16. Magnetic phase diagram for  the

Smy g5 «Gd Ce 15:CUQ, system at temperatures below 180 K. Tran-

sition temperatures were determined under applied magnetic fieldshanges

of 5 Oe and 10 kO€T ., Tnyrs Tneus Thed, @ndTgg are the super-
conducting transition temperature, théaleemperature in the Sm,
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reorientation transition between antiferromagnépbase 1)
and weak-ferromagnetiphase Il) spin configurations in the
Cu sublattice. The reorientation temperatiig;, which is
observed at very low field intensity, shifts to higher tempera-
tures with increasing. On the other hand, the transition at 3
K is an antiferromagnetic transition in the Gd sublattice. The
transition, which is characterized by &leéemperaturél ygq
and is observed far> 1.5, shifts to higher temperatures with
increasing Gd content. With the formation of an antiferro-
magnetic order in the Gd sublattice, Cu spins reorient from
an antiferromagnetic T=Tygy t0 a weak-ferromagnetic
(T<=Tyncy configuration. Peaks dfygq and Tgg are sensi-
tive to the magnetic field: they merge at about 2 kOe and
disappear at a magnetic field of about 10 kOe.

The results of this study suggest that Gd substitution
the magnetic structure of host material
Sm, ¢£Cq 1:CuQ, and suppresses superconductivity. The
suppression of the superconductivity is attributed to the ge-

Cu, and Gd sublattices, and the spin-reorientation temperature, rgmetry of rare-earth and Cu spins. In SgCe, ;-CuQ,, an-
spectively. S_C, WE, AF, and Pa_ra represent supercpnducting, Wealﬁferromagnetically coupled Sm spins are parallel to the
ferromagnetic, antiferromagnetic, and paramagnetic states, respegi01] direction and perpendicular to the Cu spins, which

tively, and (Cu) and (R) represent Cu and rare-earth sublattice
respectively.

Smy g5 ,Gd,Ceq 1LCUO, system are summarized in Fig. 16

'couple antiferromagnetically in thab plane, while, in

Gd; gL 1:CuQ,, both Gd and Cu spins are parallel to the
ab plane. Since the exchange interaction between rare-earth
and Cu spins in the same plane must be stronger than that of

as a function of Gd content. A superconducting transition isay perpendicular spin configuration, the fluctuation of Cu

observed for specimens with a Gd content efX0<1.1. Sm
spins have an antiferromagnetic order along[0@l] direc-
tion below Nel temperaturd g (~5 K for x=0), which is
observed for specimens @i 1 at high field intensity. The
Tnr @s well as the superconducting transition temperalyre

decreases with increasing Gd content and disappears for
specimens ok>1.1. Successive magnetic transitions appear

spins must be suppressed by the interaction, and the super-

conductivity of Sm gCe, 1Cu0, would thus be suppressed

by the Gd substitution.
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