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The magnetic properties of (La,R,),Ba,Cu,0;¢ were studied foR=Nd, Sm, Gd, and Eu, of which the
end material, LgBa,Cu,0,q, is known as a rather exceptional ferromagnet among the known copper-oxide
insulators. It was found that the average ionic radius of the elements at the lradsitermines the solubility
limit of R elements. Whem is larger than~1.11 A, the compound has the /Ba,Cu,0;type structure,
while for smallerr, the Y,BaCuQ type structure is formed. The magnetic behavior of the compounds de-
pended on theR element; even a rather small amount of Nd altered the ferromagnetic ground state to an
antiferromagnetic one, with a possible spin-glass state in betweeR=F6m and Gd, the experimental results
suggest a similar change of ferromagnetism to antiferromagnetism, but a ferrimagnetlike behavior was ob-
served for intermediate compositions. On the other hand, ferromagnetism resided up to the solubility limit for
R=Eu. The application of high pressure up to 8.0 GPa hardly affected the magnetisiyBabCa,O, (. This
result, as well as the results of Rietveld analyseR-efibstituted LaBa,Cu,0;,, indicate that the reduction of
ferromagnetism with the increase xnis not attributable to the structural change induced by the substitution,
the chemical pressure effect.

[. INTRODUCTION ference effect, and claimed that this leads to a net FM
interaction®
Copper oxides with the general formulB@gBaCuQ, have Nd,Ba,Cu,O,q (Nd422 is isostructural to La422, but is

two different structural types, depending Brwhich denotes  known to exhibit an AFM ordering at low temperaturés?
Y or one of the rare-earth elementThe first type of struc-  For Py,Ba,Cu,0;, (Pr422, a weak FM behavior was found
ture has an orthorhombic symmetry with space grBugna, ~ at low temperatures, but this was attributed to canted mo-
and this phase, the so-called green phase, is well known asents of Pr and Cu, and the overall order is AE\Hence,
the impurity phase of high-temperature superconductors. Theubstituting a different rare-earth element for La can greatly
other phase is often called the brown phase, and exhibits affect the ferromagnetism in La422. Salinasi&@ez and
tetragonal symmetry with space gro@@/mbm To distin-  Saez-Puche substituted half of the La site of La422 with Nd
guish these two phases, we call the former the 211 phaser Eu, and concluded that the presence of Nih-between
throughout this paper, while the latter, the 422 phase. the superexchange path of Cu ions destroy the FM order,
In 1990, Mizunoet al. found that La422 undergoes a fer- while nonmagnetic EUl" ions have no effect on the magnetic
romagnetic(FM) transition at 5.2 K This is rather unusual interaction**
among the copper oxides, because most of the known insu- In this study, we have substituted La with various rare-
lating cuprates have antiferromagnethM) ground states, earth elements and changed systematically the ratio of La to
and therefore, the ferromagnetism in La422 drew some theR to examine the influence of magnetic moments on the La
oretical interest&? Tasaki has pointed out that the magneticsite to the magnetic behavior. Samples of
paths formed by Cti', La®* and G~ ions along thec-axis ~ (La;_4R,)4BaCw,0;0[(La,R)422] with R=Nd, Sm,
direction may be mapped under some assumptions on @d, and Eu were prepared, and the change in structure and
model lattice that falls into the class of nearly flat-bandmagnetic behavior upon substitution was investigated. Fur-
ferromagnetisni.It has been argued that the Hubbard modelther, because of the possibility that structural distortion in-
with a flat-band may possess a FM ground st&€.In this  duced by foreign atoms, the so-called chemical pressure ef-
connection, it is interesting to note that the band calculatiorfect, may play a role in the observed change of magnetism,
according to a spin-polarized local-density approximation rewe also studied La422 under high pressure up to 8.0 GPa.
vealed a very small dispersion for the bands at the FerniThe substitution of La by a rare-earth ion with magnetic
energy'® Feldkemperet al.,, on the other hand, showed that moments affected seriously the FM state of La422, and vari-
interference between inequivalent superexchange paths camns magnetic behaviors were observed. On the other hand,
alter the magnetic interaction between two magnetic Sitesthe application of high pressure had only weak effect on the
They have argued that the AFM coupling along {081 FM interaction, at least within our experimentally accessible
direction in La422 is substantially reduced due to the intertange.
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=Nd, Sm, Gd, Eu). WhileR=Nd samples are single phased for IIl. RESULTS

the whole composition range, a solubility limit exists between

=0.5 and 0.6 foR=Sm and Eu, and betweer=0.4 and 0.5 for Figure 1 shows the dependence of the lattice constants
R=Gd. The dashed lines are guides to eye. of the single-phased samples of (R3422 R

=Nd, Sm, Gd, Eu) prepared in this study. F®#=Nd, the
x-ray diffraction experiments confirmed that the samples are
single-phased over the whole concentration rangeX0
Il. EXPERIMENT <1). On the other hand, when La is substituted Ry
=Sm, Eu, or Gd, th&e=1 samples form the 211 phase, the
(La,R)422 with R=Nd, Sm, Gd, and Eu were prepared so-called green phase, and there exists a solubility limit for
by sintering stoichiometric amounts 0fR,O3 (R the 422 phase. We found that f&=Eu, for instance, the
=La, Nd, Sm, Gd, Eu) and BaCyGt 900 °C for 12 h in samples in the concentration range e£¥<0.5 are single-
air. The reactant was reground and sintered twice in air gphased and have the 422 structure, the brown phase struc-
1000 °C for 12 h. The purity of the samples was checked byure. Samples witx=0.6 or 0.7 are mixtures of the brown
powder x-ray-diffraction measurements. Lattice constant@nd green phases, and for0.8, no reflection peak due to
were calculated from the position of some of the high angldhe brown phase was detected in the x-ray diffraction pattern
peaks using a |east-squares fitting procedure_ We have a|§¥j-thin the experimental Sensitivity. As expected, the lattice
analyzed the detailed structure of some of the samples, usirfgPnstants of the 422 phase obey Vegard's rule and decrease
the Rietveld method. The diffraction data for the Rietveld!inearly with x up to the solubility limit.
analyses were accumulated by Rigaku RINT-2000 using Figure 2 shows the relatlon b_etween the crystal struptur'e
graphite monochromatized Gg, radiation in the 2 range observed in the diffraction experiment and the average ionic

of 10—150°. The scanning step was 0.02°, and the Countinl[gdlus of the elements at the La site. Here, we have used the

time per step was 60 s. The refinement of the structure wa nic radii of theR elements tapulated in the I|teratdr5glt
erformed using the Rietveld refinement programeran.t® Can be seen that the average &z&Rta‘pparent!y dfetermmes
P Th " tibility of th | T the phase of the sample; If the average radius is larger than
€ magnetic susceplibility of the Samples was measureql ; A, the 422 structure is formed, while when smaller than

using a superconducting quantum interference device mag- nq A. the material has the 211 structure.

netometer in the temperature range of 2.0—300 K. The effect Figure 3a) shows the temperature dependence of magne-
of high pressure on La422 was investigated by measuring thg, ation of (La,Nd)422 samples up t&=0.3 at low tempera-
lattice constants and ac-magnetic susceptibility. Powdefyre. The external field for these measurements was 10 Oe.
x-ray diffraction under isotropical high pressure was carriedrpe result of thex=0 sample is in a good agreement with
out up to 6.0 GPa using a diamond-anvil cell and an imagingpe yenort by Mizuncet al:® Magnetization increased diver-
plate. An organic solvent was used as a pressure transmitting, iy helow 5.2 K, and a hysteresis was observed in the
medium, and the pressure was checked by monitoring thigothermal magnetization loop as shown in the inset, indicat-
wavelength of theR, fluorescence of small specimens of jng the formation of a FM ground state. Magnetization at 5.5
ruby. On the other hand, a cubic-anvil cell was used for ther 2 o K is about 0.93ug/f.u., which suggests that almost
ac-magnetization measurements filled with a mixture ofall CL?* spins participate in the magnetic order. The tem-
Fluorinert FC70 and FC77 as a pressure transmitting meperature dependence of the magnetic susceptibility of La422
dium. The temperature was varied in the range of 2.0—300 Kat higher temperature followed well the Curie-Weiss behav-
and the pressures up to 8.0 GPa. ior between 50 and 300 K. A fit that accounts both for the
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FIG. 3. The temperature dependence of magnetic susceptibilit
of (La; _4Nd,),Ba,Cu,0,, samples(a) 0<x<0.3 measured at 10
Oe, and(b) 0.3=x=<1.0 measured at 10000 Oe. The insefdp
shows the isothermal magnetization loop measured onxth®
sample at 2 K. The arrows itb) indicate the cusplike structure,
attributable to an AFM transition.

nonsubstituted sample€ 0), but the ZFC magnetization of
the pure sample below the Curie poifitd) behaved differ-
ently from that of moderately Nd-substituted samples. For
the latter samples, the ZFC magnetization curve exhibited a
Curie-Weiss behavior and a temperature independent term glisp belowT -, and showed a tendency of approaching zero
susceptibility revealed 1.72 per C* ion for the effective  at T=0. This behavior suggests the possibility of a spin-
magnetic momentp), which is again in a good agreement glass formation with a phase transition temperature lower
with the value reported by Mizunet al,, pes=1.66ug.>The  than Tc. Although, the dc magnetization alone is not con-
value of p is close to the magnetic moment of €uwith  clusive evidence for the spin glass, it would be worth point-
quenched orbitalspe¢=1.73ug, indicating that the mag- ing out that the published data of some pyrochlore oxides,
netic moments of La422 come from €uions. which were concluded to be reentrant spin glaséé%are

As can be seen from Fig.(@®, the magnetization at 2 K very similar to the magnetization data of moderately (0.1
rapidly decreases with substituting La by Nd upxte0.3. In <x=<0.3) Nd-substituted samples shown here. For %he
Fig. 3(b) is shown the temperature dependence of suscepti=0 sample, on the other hand, magnetization belgwis
bility of samples withx=0.3 with an expanded scale. The only weakly dependent on temperature for both ZFC and FC
applied field for these measurements was 10000 Oe. Th@easurements and differs from the expected behavior for a
temperature dependence of susceptibility shown in Rigl, 3 spin glass. Hence, the temperature hysteresis ofxth@
is far from a FM behavior and exhibits a cusplike structure asample can be well understood by the spontaneous magneti-
indicated by the arrows, which can be ascribed to an AFMzation of the FM state.
transition. Hence, these results indicate that the magnetism Figure 4 displays the temperature dependence of magne-
of La422 changes from a FM to an AFM state at around tization measured at 10 Oe for al=0.3 samples with vari-
=0.3 when Nd substitutes La. ous R elements measured by the FC mode. RerEu, the

We shall also comment on the splitting of the zero-field-FM transition is quite obvious. On the other hand, substitu-
cooling (ZFC) and field-cooling(FC) magnetization data of tion of Sm or Gd for La made the transition rather dull, and
some of the Nd-substituted samples as shown in K&@. 81 the susceptibility 82 K decreased substantially. This sug-
fact, such a thermal history effect is also obvious for thegests the weakening of the FM interaction. However, the
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The results plotted in Fig. 5 imply that the magnetic in-

FIG. 5. A plot of Curie and Nel temperatures of teraction between Cu changes from FM to AFM when Nd or
(La; _4R,)4Ba,Cw,0;0 (R=Nd, Sm, Eu, Gd) samples as a func- Sm is substituted for La. Spontaneous magnetization was
tion of x. While substitution of Nd, Sm or Gd affects seriously the observed up to the solubility limit foR=Gd, but the satu-
FM state of La422, the Eu substitution has a much less influenceration moment suffered a large reduction. On the other hand,

the FM interaction is only weakly affected by Eu substitu-

isothermal magnetization loops of thB=Sm and Gd tion. Both trivalent La and Eu have nonmagnetic ground
samples still exhibited small hysteresis. states, and at sufficiently low temperature, where only the

In contrast to the spin-glass-like behavior in Nd- ground state is populated, no magnetic moment is present on
substituted samples, no tendency of approaching zef at the L&Eu) site of (La,Eu422. Therefore, the results shown
=0 was observed for the ZFC magnetization wiRaSm  in Fig. 5 are consistent with the report by SalinasxGees
and Gd. Instead, we observed a ferrimagnetlike behavior foand Sa&z-Puche, who studied a=0.5 Eu-substituted
these samples. Figure(B} shows the temperature depen- sample, and concluded that the magnetic ground state is a
dence of the inverse susceptibiliZFC) of the x=0.3  ferromagnet’
samples oR=Sm and Gd measured at 10 000 Oe. The high- Substitution of a foreign element usually introduces a
temperature region follows well the Curie-Weiss behavior structural stress into the crystal, the so-called chemical pres-
However, the inverse susceptibility is a convex curve neagure effect. It is well known that the exchange interaction
the transition temperature, and the extrapolation of the highmay alter when the bond lengths or bond angles between the
temperature region intercepts the temperature axis at a negaagnetic moments are varied. Therefore, the observed
tive value, which is an expected behavior for a ferrimagnetchange in magnetism with substitution may have been
Hence, the frustration introduced by the substitution of Smcaused to some extent by the chemical pressure effect. To
or Gd for La seems to lead to a ferrimagnet ground stat€heck this possibility, we have studied the magnetic behavior

rather than a spin-glass order. of La422 at high pressures. Figure 6 shows the real part of
the ac susceptibility measured under pressure up to the 8.0
IV. DISCUSSION GPa. The signal is normalized to the value at 10 K. Obvi-

ously, the application of high pressure has only a small effect
Figure 5 is a plot of Curie and & temperatures deter- on the FM phase transition.

mined from the magnetization measurements as a function of Figure 7 plots the Curie and Metemperatures against the
the amount of substitutior. Curie temperature was deter- c-axis length for La422 under high pressure and for the
mined as the temperature above which no hysteresis wasngle-phasedR-substituted samples. The application of high
observed in the magnetization loop, whilé\iéemperature pressure reduced the lattice constants of La422 linearly, and
was determined by the position of the cusplike structure irthe c-axis length at about 3.0 GPa was almost the same as
the susceptibility data, similar to those indicated by the arthat of Nd422 at ambient pressure. Nevertheless, the Curie
rows in Fig. 3b). As mentioned above, we have also ob-temperature of La422 was almost the same up to 6.0 GPa. A
served a spin-glass-like behavior beldw for moderately  further increase of pressure to 8.0 GPa reduicedbut only
Nd-substituted samples. This is quite conceivable, sincéy 0.4 K. Hence, the FM interaction in La422 is quite robust
(La,Nd)422 may be considered as a random mixture of aagainst high pressure, even the interion distance along the
ferromagnet and an antiferromagnet, with frustrated mage-axis direction is shorter than that of AFM Nd422 when the
netic interactions. However, because our present data are nptessure exceeds about 3.0 GPa. As a result, we conclude
sufficient to unambiguously conclude whether the magneti¢hat the structural distortion due to substitution has only a
state is a spin glass or not, this possibility is not included inweak, if any, effect on the FM interaction.
Fig. 5. Similarly, the possibilities of ferrimagnetism in the  Figure 8 shows the relation between lattice constants
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samples as a function of theaxis length. The data of stoichio-

metric La422 under high pressure is also plotted. All the samplez) In qonclusion, we have St”‘?"ed the Ch_ange of magnetic
included in this figure are single-phased with the 422 structure, th@€haviors of La422 upon substituting La with Nd, Sm, Gd or
tetragonal brown phase. Eu. We investigated also the high-pressure effect on the FM

state of La422. While the substitution of Nd, Sm, or Gd for
and ¢ determined by the Rietveld analyses of thela drastically altered the magnetic state and a variety of
R-substituted samples. The relation between the lattice corhagnetic behavior was observed, the substitution by Eu,
stants of La422 under high pressure, which was determine@hich is nonmagnetic in the trivalent state, led to only a
by the least-square fittings to the peak positions of the difSmall change in the Curie temperature. Further, the applica-
fraction data, is also plotted in the figure. The dashed line irfion of & high pressure up to 8.0 GPa barely affected the FM
Fig. 8 indicates how the lattice constants should vary wherder in La422. These results indicate that the nonexistence
the deformation of the sample is isotropic. Obviously, theOf a magnetic ion at thg La site Is crumally Important for_ the
application of high pressure leads to a stronger contractioh ™ State in La422, wh|Ie_the strl_JcturaI_ d|_stort|on has virtu-
along thec-axis direction, whileR substitution contracts the aIIy. no effect on the FM interaction, within the present ex-
sample faster along thaaxis direction. Very interestingly, perimentally accessed range.

the plot indicates that all data measured Risubstituted
La422 falls on a single line irrespective of the magnetic state.
On the other hand, the ratio between the lattice constants We are grateful to Professor N. Mand Dr. N. Takeshita
alters in a different way when La422 is subjected to highof the University of Tokyo, and Professor Y. Yamada of
pressure. Ferromagnetism was observed in both Eushimane University for the use of the high pressure facility.
substituted samples and pure La422 under high pressurghis work was partly supported by the New Energy and In-
Therefore, the result shown in Fig. 8 is another support thatlustrial Technology Development OrganizatiGEDO) as
structural changes have only weak, if any, effect to the mag€ollaborative Research and Development of Fundamental
netism of La422. Technologies for Superconductivity Applications.

ACKNOWLEDGMENTS

1C. Michel, L. Er-Rahko, and B. Raveau, J. Solid State Cha®n. 8H. Tasaki, Phys. Rev. Let69, 1608(1992.

161(1982). 9A. Mielke and H. Tasaki, Cpmmun. Math. Phyi&8 341(1993;
2C. Michel and R. Raveau, J. Solid State ChenuB8, 73 cond-mat/9305026unpublished

(1982. 10y, Eyert, K.-H. Hak, and P. S. Riseborough, Europhys. L8tt,
3F. Mizuno, H. Masuda, I. Hirabayashi, S. Tanaka, M. Hasegawa11I 3\8/5899'(5)' MNP 4 B. V. Mill. Ph Lett57

and U. Mizutani, NaturéLondon 345, 788 (1990. '306¢ fg”gj‘;"' - N. Popova, and B. V. Mill, Phys. Lett57A,

4H. Tasaki, Prog. Theor. Phy89, 489(1998; cond-mat/9712219
(unpublished (1993.

®S. Feldkemper, W. Weber, J. Schulenburg, and J. Richter, Physsg S®z-Puche, S. R. Herrera, and J. L. Maeiz, J. Alloys
Rev. B52, 313(1995. Compd.269, 57 (1998.

5A. Mielke, J. Phys. A24, L73 (1991). 1A, Salinas-Sachez and R. S=-Puche, Solid State loni68-65

"A. Mielke, J. Phys. A24, 3311(1991). 927 (1993.

12|, v. Golosovsky, P. Bni, and P. Fischer, Phys. Lett. 282 161



9560 HIROSHI NOZAKI et al. PRB 62

15F_ 1zumi, Nippon Kessyo Gakkaisi7, 23 (1985 (J. Crystallogr. Subramanian, Phys. Rev. 48, 3387(199)).
Soc. Jpn., in Japanese 183, E. Greedan, N. P. Raju, A. Maignan, Ch. Simon, J. S. Pedersen,
5R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr,  A. M. Niraimathi, E. Gmelin, and M. A. Subramanian, Phys.
Theor. Gen. Crystallogi32, 751(1976. Rev. B54, 7189(1996.

173, N. Reimers, J. E. Greedan, R. K. Kremer, E. Gmelin, and M. A.



