PHYSICAL REVIEW B VOLUME 58, NUMBER 5 1 AUGUST 1998-I

Control of magnetism by crystal chemistry in T'-phaseR,Cu, _,Pd, O,
(R=Nd, Sm, Eu, Gd; 0=<x=<0.2
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(Received 23 December 1997

Polycrystalline samples of th&'-phasesR,Cu, ,PdO, (R=Nd, Sm, Eu, Gd; &x=<0.2) have been
characterized by x-ray powder diffractigXRPD) and magnetometry. Doping with diamagnetic Pd induces
orthorhombic symmetry and hence weak ferromagnetism in thexen® (1) and Eu x=0.05) phases, which
are antiferromagnetic for=0.0. The structural distortion is too subtle to be observed directly by XRPD, but
it is shown that the derivativé(c/a)/dx (positive for orthorhombic, ferromagnetic phases and negative for the
tetragonal phasg¢gan be used as a diagnostic. The dopant concentration necessary to induce the transition is
determined by the ratio of ionic radriz/r\,, wherery, is the mean radius of the four coordinate cation
(Pd/Cy. Samples havingg/r,,<1.87 are weak ferromagnets; Ndis too large for this condition to be
satisfied in the composition range studied, wherea' Gsltoo small to stabilize tetragon@l -phases. There
is evidence for re-entrant spin-glass behavior in Pd-fregCHQY. [S0163-182808)06929-X

INTRODUCTION cause the spins to revert to their high-temperature arrange-
ment for T<30 K. The Nd sublattice finally achieves anti-
The magnetic properties of layered copper oxides havéerromagnetic order at 1.7 &**1*The behavior of SBCuQ,

been studied in great detail since the discovery of figh- is somewhat different from that of NGuG,. Although long-
superconductivity in KNiF,-like La,_,BaCuQ,! Interest range ordering of the Cu sublattice occurs at approximately
in the so-calledT’ compound’ R,CuO, (R=Pr, Nd, Sm, the same temperature, there is no high-temperature coupling
and EQ grew when it was discovered that Ce-doped sample§€tween the Cti and Sni* spins:>*® At all temperatures
become superconducting at-24 K34 In contrast to 8<T/K<Ty SmCuQ, adopts the magnetic structure of
La, ,A,CuO, (A=Sr, Ba, the conductivity in the doped Lazpu04 and the 1§m spins ev_entually order anuferromag-
T'-phases id type rather tham type. The observation of netically at 5.95 K:" The behavior of E¥CuQ, is similar to

superconductivity in the Ce-containing samples prompted pat of_thet ?n:hanalog, tW'th thet CU'SU(?Ia.tS]th ordering at
number of investigations into the magnetic properties of thPProximatety N same temperature and wi € same mag-

undoped parent compoun@&,CuO,. The research carried hetic structuré®=2°No magnetic ordering on the lanthanide
ped p po & . sublattice is observed due to the nonmagnetic ground state of
out to date on these oxides has shown that the details of t

o . . . *. The reasons for the differences in the behavior of the
beha\_/lor mvolvmg_theR cation are very sensitive to the Cu sublattice as the nature Bfchanges are not fully under-
c_hemlcal compasition of the sample, whereas the_ Cu SUbIaE'tood, but the apparent dependence of the magnetic proper-
tice always appears to show long-range magnetic order betfes on theR cation becomes even more marked when the
low ~270K.> Nd,CuQ, has an undistorted’ structuré

(space groug4/mmm), built up from xy sheets of vertex- compound GgCuQ, is also considered. The Cu sublattice in

: . : this compound has been reported to order&60 K,?* but
sharing Cu-O square§ig. 1) which are separated aloagy the ordered phase is a weak ferromagnet rather than an anti-
R,O, layers in which theR®* and G~ ions are eight coor- P IS aw g !

: . ) .. ferromagnet. The canting of the Cu spins is inconsistent with
dinate and four coordinate, respectively. The most striking g g P

difference between this structure and that of Thehases
(e.g., KNiF,, La,CuQy) is the reduction in the coordination
number of Cu from 6 to 4. The magnetic interactions involv-
ing the Cu sublattice in N&LuO, have a strong two-
dimensional2D) character, but 3D long-range antiferromag-
netic order is achieved ai, ~260 K despite the fact that the
interlayer interactions are frustrated. A small magnetic mo-
ment is induced on the Nd cations at all temperatures below
Tn, and it has been suggested that their involvement nulli-
fies the magnetic frustration on the €wsublattice, although
the details of the argument are not cléal’ Immediately
below Ty the magnetic structure is the same as that found in R-Cu, Pd.O

La,NiO, (Ref. 11) and PsCuQ,,° but in the temperature Chi e

range 36<T/K<75 a magnetic structure similar to that of  FIG. 1. T’ crystal structure oR,Cuy;_,Pd,0,. Large shaded
La,CuQ, (Ref. 12 is adopted. However, variations in the circles represeri ions, small black circles Cu ions, and large open
relative strengths of the different intercation interactionscircles oxide ions.
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FIG. 2. Observed, calculated, and difference room-temperature x-ray-diffraction patterns,fon,gat, ,O,. Reflection positions are
marked. The inset shows thg 1 4, {1 0 5, {0 0 6, and{2 O O} reflections.

the symmetry elements of space grddgmmm and it has and is expected to be diamagnetic in fie structure. It is
been established that, at temperatures below(1638, the larger than Ct",?® and we are therefore replacing &
unit cell is enlarged to~ay2X ~ay2Xc, and the space- =1/2 cation with a largeB=0 cation. If the relative size of
group symmetry is reduced ficam??23The principal struc-  the R and Cu sublattices is an important factor in determin-
tural change is a 5.2° rotation of the Cu§yuares around the ing the magnetic properties of the R,CuQ, compounds,

z axis. As a result of the reduction of the symmetry fromthen it might be expected that Pd doping will induce weak
tetragonal to orthorhombic, the interlayer Cu-Cu coupling isferromagnetism in compounds containifycations larger
no longer frustrated. The Gd sublattice is antiferromagnetithan Gd*, provided that the degree of dilution of the Cu
cally ordered below 6.5 K and it has been suggested that sublattice is not too great.

Gd-Gd interactions become competitive with Cu-Gd and
Cu-Cu interactions at- 20 K. The experimental evidence for
this proposd is the observation of a susceptibility maxi-
mum at a temperature which decreases with increasing ap- Polycrystalline sampleR,Cuy, _,Pd O, (R=Nd, Sm, Eu,
plied field, and only corresponds to the ordering temperatur€&d; 0<x<0.2) were prepared by firing stoichiometric, pel-

of the Gd sublattice in the high-field limit. Further evidence letized mixtures of dryR,0;, CuO, and PdQall Johnson

for the existence of the Cu-Gd interactions has been provideMatthey Chemicalsin alumina crucibles. Reactions were
by a numerical analysis of the in-plane magnetization anisotstarted at a temperature of 700 °C, increasing in steps of
ropy in GA,CuQ, single crystal$* Studies of high-pressure 25 °C every two days in order to prevent the loss of Pd. The
T’-phases containing the smaller lanthanid€b, Dy, Ho, = maximum temperature was in all cases between 950 and
Er, Tm, and Y (Ref. 25 have also revealed evidence of 975 °C. X-ray datdCu K «;) were recorded using a Siemens
weak ferromagnetism, and an additional spin-glass compd®5000 diffractometer operating at room temperature in
nent was identified in the susceptibility. Many attempts haveBragg-Brentano geometry over the angular range29/°

been made to elucidate the behavior of this family of com-<120, with a step size of 0.02°. The results of our powder
pounds using a wide variety of experimental technigues. Ondiffraction experiments were analyzed by the Rietveld
strategy®?’ has been to prepare mixed lanthanide com-method® using thecsasprogram packag& The peak shape
pounds, for example Sm,Gd,CuQ,, and to monitor the was described by a pseudo-Voigt function and the back-
magnetic properties as a function of composition. The resultground level was fitted with a shifted Chebyshev function.
of these experimenShave been interpreted in terms of the For each diffraction pattern, a scale factor, a counter ze-
size of the crystal lattice, with the suggestion that the exisropoint, four peak-shape parameters, ten background param-
tence of weak ferromagnetism may be associated with a misters, two unit-cell parameters, one fractional coordinate, and
fit of the R,O, layers and the Cusheets when the ionic four isotropic thermal parameters were refined.

radius of theR cation becomes too small. We describe below Magnetization measurements were performed on a Quan-
a series of experiments designed to study this effect in &um Design MPMS superconducting quantum interference
different way, that is by substituting relatively small concen-device magnetometer in the temperature rangeTEKK
trations of Pd onto the Cu sublattice.?Pchas a strong pref- <300 in magnetic fields of 10, 100 G, and 1 kG. All mea-
erence for square-planar coordination and the structuralurements were taken on warming from the lowest tempera-
chemistry of theT’-phase is therefore compatible with this ture after both zero-field coolin¢ZFC) and cooling in the
doping. The P8" cation has a 42 electron configuration measuring field(FC). Zero-field-cooled and field-cooled

EXPERIMENT
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TABLE |I. Room-temperature unit-cell parameters of
R,Cu;_,Pd.O, with R=Nd, Sm, Eu, and Gd; €x<0.2. ry, is 3.085 — '\'\.\1\.
the concentration-weighted mean radius of the four-coordinate cat-
ion. 3.080 —
X rR/fm a(A) c(A) V (A3 3.075 -4 —@— Nd
—0— Sm
Nd,Cu, _,Pd.0, s 3.070 4 =% Eu
0.00 1.946  3.94348) 12.17121)  189.2493) S v Gd
0.05 1934  3.94586) 12.17482)  189.5697) 3.065 —
0.10 1.922 3.948 60) 12.17833) 189.8789)
0.15 1.910 3.951 68) 12.1835%4) 190.25%1) 3.060 —
0.20 1.899 3.954 63) 12.188%4) 190.631)
3.055 -
Sm,Cuy; _,Pd,0,4
0.00 1.893  3.91528) 11.97663)  183.541) 3.050
0.025 1.887 3.916 &8) 11.97892) 183.7567) | | | | |
0.05 1.881  3.91718) 11.97932)  183.8098) 0.00 0.05 0.10 0.15 0.20
0.075 1.876  3.919028) 11.985%3)  184.1G1) Pd content
0.10 1870  3.92258)  11.99483)  184.561) FIG. 3. c/a at room temperature as a function of palladium
0.15 1.859 3.92506) 12.01614)  185.121) content forR,Cu,_,Pd O, with R=Nd, Sm, Eu, Gd, and €x
0.20 1.848 3.928 17) 12.03443) 185.6989) =<0.20.
Eu,Cuy, _,PdO, distributi - e .
istribution of Cu and Pd, since no indication of a possible
8'82 1'228 g'ggg -'(g) ﬁ'gggl? 121'26?6) ordering between Cu and Pd was observed. The final agree-
0'10 1-847 3'909 -’(B) 11‘94953) 182.62 ; ment indices were in all cases low%<1.2; 5.5< Rwp/%
0'15 1-836 3'913 ig; 11'972;3; 183.361)) <9. The observed and calculated diffraction patterns for
0'20 1'825 3'917 29) 11'99654) 184'0&1) Sm,Cuy sPdy 50, are shown in Fig. 2. T_he in'set shows an
' ' ' ' . enlargement of a selected area of the diffraction patterns: the
Gd,Cy_Pd.O, full width at half maximum,A26, of the peaks in this region
0.00 1.847 3.896 §5) 11.89142) 180.5487) is about 0.087° and is close to the instrumental resolution of
0.05 1.836  3.89928) 11.91064)  181.091) the diffractometer used. The x-ray data on this sample are
0.10 1.825 3.9032) 11.92045)  181.742) typical of all the samples studied, and provide a general in-
0.15 1.814 3.906(1) 11.04564)  182.261) dication of sample quality. The unit-cell parameters and the
0.20 1.803 3.909(2) 11.06088)  182.783) cell volumes determined by the profile analysis are given in

(cooled in 2 kG hysteresis loops in the range2<H/kG

<2 were recorded for selected compounds and, where a

Table 1. In this table we also provide the ratig/ry, in
R,MO, calculated according to Shann&h;r,, is the
concentration-weighted mean radius of the four-coordinate
[g_ation. Thec/a ratio is plotted in Figs. 3 and 4 as function of

propriate, FC magnetization measurements were made over
larger temperature ranges and in larger magnetic fields. Wi
estimate that the uncertainty in the applied magnetic fields is
abou 5 G forH=100 G and abaul G for H=10 G.

RESULTS

We prepared samples with the general formula
R,Cu_«PdO, [R=Nd, Sm, Eu, Gd;x=0, 0.025 (Sm g
only), 0.05, 0.075Sm only, 0.10, 0.15, 0.2D Some of the
samples prepared.e., R=Nd: x=0.05, 0.15, andR=Sm;
x=0.029 were used only to provide additional data for our
study of the composition dependence of the unit-cell param:
eters; they were not investigated by magnetometry. The P«
content of selected samples was determined by inductivel
coupled plasma atomic emission analysis and was alway
found to be in agreement with the nominal value.

Crystallographic characterization

The refinements of the structures of all compounds under F|G. 4. c/a at room temperature as a function of the lanthanide

3.085 | —H—x=0.00
~—&— x=0.05
som| RO
3.075 ——x=0.20
3.070 4 @Gd Eu Sm Nd
3.065 -
3.060 <
3.055 —
3.050

] I I
1.06 1.08 110
Lanthanide ion radius (A)

investigation proceeded smoothly in the space groupadius for R,Cy_,PdO, with R=Nd, Sm, Eu, Gd and €x
[4/mmm Our compounds were modeled using a randoms=0.20.
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100 = 80— x=0.20 Sm,Cu,_,Pd,0,
— g / X =0.15
& 80 + o> 60 - x=0.10
= £
g %7 o 40— X = 0.075
g 40 Nd,Cu,_,Pd,0, e X =0.00 & x = 0.05
I I 20—
204 O x=0.00 = —
0 ‘. | I + x=0.20 0 _| | T : : : : .
' ! ! ' 0 40 80 120 160
0 50 100 150 200 250 300 T(K)

T(K)
o FIG. 6. FC molar susceptibility of Sj@u,_,Pd0, 0=<x
FIG. 5. Inverse molar susceptibilitf-C) of Nd,Cu, _,Pd,O, x <0.20 measured in a field of 100 G
=0.0, 0.2 measured in a field of 1 kG. ' '

Pd content and lanthanide ionic radfsiespectively. The Wﬁ. shhaII ul'_se a _numbeir of .che.lracterl_stlc.temperatlTrﬁis
error bars are smaller than the markers. The individual unityv Ich are isted in Table I, mdlcat(_ad in Fig. 7, and will be
: .. defined below. The compounds wi#=0.10 show a clear
cell parameters and the cell volume increase smoothly withy ~ . :
increasing Pd content and increasing lanthanide ionic radiu aX|murr|1 in boﬁt(h Z>F0C1%nd FC CUIVES ?‘6 }E(Tl) l()jut for d
as might be expected. However tbka ratio decreases with arger values o (/. : | ), a ml?lmum IS observed aroun
increasing Pd content for Nd, but increases for Eu and GOI. Is temperature. Simultaneously, a new maximum appears
The c/a ratio of the Sm-containing compounds shows al the FC data at a temperature of between 12 and 17 K in
L _ 100 G (T5). In the case ok=0.15 this maximum is broad,
minimum atx~0.1, whererg/ry =187, the same value as whereas forx=0.20 the peak is somewhat sharper. The
calculated for EsCuQ,. Furthermore, thee/a ratio of the aximum EC mé netization increases markedl wi'th i
Nd-containing compounds is about 1% larger than those ofraxim 9 . aly wi
the other compounds, which have very simitdia ratios, creasing Pd content, es_peC|aIIy prO.lS. The !nflect|or_1
especially forx=0.1. point in the F_C datg'(3) is determined by the minimum in
dx/dT andT, is defined as the temperature above which the
hysteresis between ZFC and FC data is not detectable in a
Magnetometry field of 100 G. Similar characteristic temperatures in the Eu

The inverse molar magnetic susceptibilitgdefined and Gd containing compounds will be labeled in an analo-

throughout this paper dd4/M) of Nd,Cu,_,Pd.O, (x=0.0,  gous fashion, althougfi is not always lower thaii,. Fig-

0.2, FQ as measured in a field of 1 kG, is depicted in Fig. 5.ure 8 shows hysteresis loops for §bu, P, ;04 at 5, 8, 30,

The ZFC and FC data overlie for these compounds and also

for Nd,Cuy oPd 104 (not shown and no field dependence 80 -

was observed between these data and those measured in f T, Sm,Cuq gPd; 20,4
field of 100 G. The data on NGuQ, are in excellent agree- 60 — Tif

ment with those reported earli&h!® We shall assume that

the C#" cations are antiferromagnetically coupled and do 40 -
not contribute to the paramagnetic susceptibility, and that the
temperature dependence seen in Fig. 5 is therefore due onl
to the N&* cations. Fitting the high-temperature regioh (
=150 K) to the Curie-Weiss law then results in an effective
moment of 3.83, 3.83, and 3.8Q/Nd*" for x=0.0,0.1,and o
0.2 respectively. These values are in excellent agreememl
with values reported earliéf:*® The Weiss temperature is in

all cases~ —75 K, indicating the presence of some antifer-
romagnetic coupling. Below-50 K the susceptibilities are
higher than expected on the basis of the Curie-Weiss model,
an observation which is in agreement with the data presentec
by Seamart?

The FC susceptibility of SpCuy, ,PdQ, (x=0.0, 0.05,
0.075, 0.10, 0.15, 0)2 measured in a field of 100 G, is
plotted in Fig. 6, and in Fig7 a comparison between the
low-temperature ZFC and FC data of g, _,PdQ, (x
=0.0, 0.2 is presented. Once again, the data on the compo-
sition x=0.0 are in good agreement with those published
previously.17 In general, the data in Figs. 6 and 7 show more FIG. 7. Low-temperature molar  susceptibility — of
features than those collected on the Nd analogs and, in ordgin,Cuy, _,Pd,0, for x=0.00 (bottom) andx=0.20 (top) measured
to facilitate a comparison between the various compositionsn a field of 100 G.
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TABLE II. Signature temperature&) for SmCu, _,Pd O, as 0.30
measured in a field of 100 G.T,, are defined in the text and in Fig. 0.25 — <020 Eu,Cu,_,Pd,O,
7. T4, T, measured ta- 0.3 K. = =
o]
£ 0.20 x=0.15
X T T T T -
1 2 3 4 mg 0.15 —
0.0 6 200 =
0.05 6 180 % 0109 .. x = 0.05
0.075 6 117 138 0.05 —
0.10 6 112 127 0.00
0.15 5 17 92 107 ] I I I I ] |
0.20 5 125 57 62 0 50 100 150 200 250 300

T(K)

. . FIG. 9. FC molar susceptibilty of BECuy,_,PdO, 0<x
70, and 200 K. On cooling from 200 to 70Ke., T>Ty) @  —( 0 measured in a field ofploo é BOU - PdO,

clear departure from linear behavior is observed and on cool-
ing to 30 K, hysteresis becomes a dominant feature. How;

: . : the origin, and there is no difference between ZR®t
ever, the center of the hysteresis loop is not displaced fron%howr) and FC hysteresis loops. At 8 Ke., T<T, in small

fields), the remanant magnetization is very similar to that
6 Sm.Cu..Pd..O observed at 30 K, but the loop only closes at much higher
2-T08 o2 fields: ~1800 G (8 K) vs ~800 G (30 K). At the lowest

‘ temperature measuréfl K) the center of the hysteresis loop
2 / is clearly shifted, and the loop does not close in the experi-
0 Vi mental field range. Displaced hysteresis logpst shown
2 - T = 200K were also observed for=0.05, 0.10 at 5 K. As our initial
4 measurements on S, Pd, ,O, indicated a field depen-
\T—70K dence forT,, we measured the FC magnetization of this
-6 — = . .
sample in the temperature ranged4.B/K=< 15, and the field
54 1.30K range 10 G:H<50kG. ForH=<100 G, T, is constant at a
10 — value of 12.5 K; with increasing field it decreases until it
reaches a minimum of 5.5 K iH=5 kG.
5 The FC magnetization of the compounds,Ey, _,Pd O,
0 as measured in a field of 100 G is presented as a function of

temperature in Fig. 9. The europium containing compounds
provide a useful comparison with the samarium and gado-
linium compounds because of the nonmagnetic ground state
of EW*". Our data on EyCuQ, are in agreement with the
data provided in Ref. 18, but are significantly different from
those reported in Ref. 14. The compounds@&y _,Pd O,

with x=0.05 show an inflection in the magnetization analo-
gous to that seen at; in the Pd-rich samarium compounds.

T=8K
On increased doping with Pz decreaseéTable ), while
5 the maximum magnetization reaches a similar value for all
compositions withx=0.05 and this value is approximately
10+ an order of magnitude larger than measured fos(HID,.

10 <

M (emu / mol)
e
|

-15 - Below T, hysteresis is observed in a field of 100 G for all
15 o compositions studied. This is exemplified for the Pd-doped
10 — T=5K samples by the FC hysteresis loops ob€uw, Pd, 10,4 (Fig.
5 TABLE lll. T3 andT, (K) for R,Cuy,_,Pd.O, in a field of 100
0 G.
-5 4
Sm Eu Gd
-10 —f
I ] I I 0.00 200 190 310 200
-1000 -500 0 500 1000 g5 180 240 160 235 200
H (G) 0.10 112 127 175 60 180 125
0.15 92 107 120 85 125 85
FIG. 8. Central portion oM:H for SmCu, Pd,0, at 5, 8, 30, 0.20 57 62 55 60 75 75

70, and 200 K after cooling from 300 Kiia 2 kGfield.
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2.5
20 o Eu,CuggPdy 10,4 Gd,Cu,_,Pd,0,
204
10 — TE)
0 = = 15—
\ £
-10 — T =225K = 1.0
0 T = 150K z
g 20 N 0.5 —
2 30— T=50K 0.0

| | | l | | |
250 300 350

FIG. 11. FC molar susceptibility of G@u,_,Pd 0O, 0=<x
<0.20, measured in a field of 100 G.

-30 —

Gd,Cuy P 10,4 (Fig. 12 show a linear field dependence at
300 K; a field dependence with a limited amount of hyster-
200 400 esis at 175 K3<T/K<T,), and an increased hysteresis at
lower temperaturel8 K), rather similar to the behavior of
Euw,Cuy P 10,4 On further cooling(to 5 K) the center of

(e
—< N
o O O
[ |
o_
()]
(@]
-
(o]
(]
-
()]
40
e
Q
(o]

-400 -200

I
@O

j Eu,CuO, T = 40K the hysteresis loop moves away from the origin.
T 2 DISCUSSION
E ° 7
g 0 7 Crystallographic characterisation
2 2 T = 300K The results described above show that up to 20% of the
= CW* cations in theT’ compoundsR,CuQ, can be replaced
4 by the larger P& cation. Although we were able to refine all
6 - our x-ray data using the tetragonal space grbdmmm a
! ' | I previous single-crystal neutron-diffraction sté@éias shown
-400 -200 H (()G) 200 400 that G4CuO, is reduced to orthorhombic symmetry at room

temperature by the rotation of the Cu®quares within the

FIG. 10. Central portion of:H for Eu,Cuy JPdh 10, at 50, 150, structure. It is_ not surprising that our anglysis of x-ray
and 225 K (top) and EyCuQ, at 300 and 40 K(bottom after powder-diffraction data did not reveal the displacements of
cooling from 300 K i a 2 kGfield. the weakly scatterering oxide ions, but it does raise doubts

about our space-group assignment in a number of other

10). A linear M:H relationship is observed at temperaturescases, although neutron diffraction has confirmed the undis-
higher than 225 K T>Ts). On cooling belowT; (to 150  torted structure of both N€uQ, and SmCuQ,.%*> In
K), the function becomes sigmoidal with a small amount ofview of these uncertainties, we have examined our data in
hysteresis apparent. Only at 50 K, that is bel®w, does order to identify any indirect evidence of structural distor-
hysteresis centered around the origin become a dominaiion. It has previously been assuniethat distortion occurs
feature. In contrast to the Pd-doped samples, the center of thighen the radius oR is lower than a critical value, but, in
hysteresis loop recorded at 40 K for JBuQ, is displaced view of the nature of the solid solutions we are dealing with,
from the origin(Fig. 10. we prefer to consider our data in terms of the radius ratio

The FC susceptibilities of G&u, _,Pd O, measured ina rg/ry (Table ). Given that SpCuQ, and GgCuQ, are,
field of 100 G are presented in Fig. 11. All the Gd-containingrespectively, tetragonal and orthorhombic, we can assume
compounds show an inflection in the measured susceptibithat the critical radius ratio lies in the range 1.84%/r
ity, similar to that observed &, in the Sm samples, and the <1.893. Furthermore, Raman spectroscdfyas indicated
appearance of hysteresis beldy. The values foif; andT,  that EyCuQ, is very close to the edge of the tetragonal
for the Gd-containing compounds are listed in Table IlI. Thestability field, and we therefore expect the critical radius ratio
transition atT5 has been linked to the appearance of a weako be ~1.87. We thus expect, in the light of the results
ferromagnetic(WFM) state’*2:3! However, the transition presented above, that $8u, Pch 10, also lies on the edge
temperature we observe for GO, (T3~310 K) is signifi- ~ of the stability field. The replacement of €u with
cantly higher than those reported before 260 K). The P& decreases the ratios/ry, that is, the effective size
presence of a WFM state in our sample at 300 K was conef R is decreased and the degree of distortion is expected
firmed by the nonlinear field dependence of the magnetizato increase. It has also been observed that, as a consequence
tion. The values ofT; and T, decrease on increasing the of the rotation of the Cu@ squares(Fig. 1), the ratio
amount of Pd substitution. The FC hysteresis loops orof the unit-cell parametersi/a, is enhanced in the ortho-
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40 Gd.Cu..Pd..O contribution from the N@&' cations. The magnetic phase
2~7097 F0.1-4 transitions affecting the Cii sublattice, which have been
20 - seen only in neutron-diffraction experiments on undoped
samples, are invisible in the susceptibilities of all our
0 \ samples. We are, however, able to make two useful com-
T =\300K ments on the basis of these data. First, there is no evidence of
20 - weak ferromagnetism in the measured temperature range for
T=175K any level of Pd doping, and secondly, the Nd sublattice does
-40 — not order above 5 K. The former point is consistent with our
400 suggestion that the Nd-containing compounds retain the te-
T=18K tragonalT’ structure for all levels of Pd doping. The second
= 200 may be due to the relatively large unit-cell parametarsd
£ hence interatomic distanges this system. Both of these
S o observations are independent of our assumption that the Cu
= sublattice is antiferromagnetically ordered and does not con-
e 500 tribute to the paramagnetic susceptibility. The marked de-
=7 pendence of the N temperature of the Cu sublattice on Pd
400 concentration foR=Sm, Eu, Gd,(to be discussed belgw
suggests that the Cu spins may be paramagnetic in our Nd
400 — T 5K samples at high temperature, and that the agreement between
- the observed and calculated effective magnetic moments
200 / may be due to the fact that the contribution from the*Nd
cations is large enough to render that from?Cinsignifi-
0 cant.
The lack of change in the susceptibility of the Nd com-
-200 — pounds on doping is in marked contrast to the behavior of the
compounds containing smaller rare earths. The magnetic be-
-400 — havior of Sm}CuQ, can be interpreted in terms of an antifer-
| | I I romagnetic Cu sublattice and a Sm sublattice which orders
-400 -200 y ?G) 200 400 antiferromagnetically at ;=6 K. The latter transition is ap-

parent in our datéFig. 6), although the former is not and we

FIG. 12. Central portion oM:H for Gd,Cu Pdh 0, at 5, 18, must again base our interpretation on previous neutron stud-

225, and 300 K after cooling from 300 K ia 2 kGfield. ies. On doping with Pd, very little change in susceptibility is
' apparent forx<0.075, with the Nel temperature of the Cu

sublattice remaining invisible and the antiferromagnetic tran-
sition on the Sm lattice being retained. However, a small
susceptibility enhancement is apparent -ai40 K for x
=0.10, and more marked enhancements are present for
=0.15 and 0.20, albeit with lower onset temperatifre4 30
and 90 K, respective)y We believe that these features are
associated with a weakly ferromagnetic ordering of thé'Cu

rhombic phases of G&u0,?® and also in
(Nd;_,Th,); g<Cey 1:Cu0,. 3 We would therefore expect an
increase in Pd contenk] to cause an enhancementodé in
orthorhombic samples oR,Cuy, _,Pd.O,, and we hypoth-
esize that compositions havimg/r,,>1.87 andd(c/a)/dx
<0 are tetragonal, but that those having/r,<1.87 and
d(cla)/9x>0 are orthorhombic. Consideration of existing

data on GgCuQ, and the data in Table | and Figs. 3 and 4CNaéi?rt](ShTQrea);u?gC;‘rSz:ﬁ:Le(;nF;irgtz:)enssemldg?]clgvc\)/?;h??jri]ut-he
then leads us to conclude that all our Nd-containing sample P 4 q

are tetragonal, but that an orthorhombic distortion is intro-ﬁon of the Cu sublattice by diamagnetic d The weak

. ferromagnetic component is allowed by the reduction in
duced into the room-temperature structure  of . . . . 0
SMCU PO, within the composition range 0.0% 'Sl'ﬁrgTzeenaryg;lgtlﬁ?eicthj)on'gggnallzi\t/gev:/gtrr:%ﬁg?rﬁie%% Pidn.s ec-
<0.1, into ByCu, P40, within the range 8:x<0.05, ;. th% data in gi 6, and are all somewhat hi r¥er thF;n
and that it is present throughout the range3<0.2 for 9- 5, 9

GdCuy PO, We shall show below that this grouping is tr;f?eTeor:SesitsrlZ\tgoiigniir:/?éugfstgé rllaslft(ijv:arll Ttitc;l:dl It.rf;lrrr]];istions
consistent with our magnetic data, in that these supposed bserved in these diiordered materials; ugin our data it is
orthorhombic phases, and no others, show weak ferroma mpossible to identify precisely the ter’n era?ure at which
netism below the ordering temperature of the Cu sublatticel. P uly precisely mp )

. .. _Jong-range magnetic ordering is established. Hysteresis be-
The assumption that no further structural phase transition

occur below room temperature is consistent with our inter—tSWeen FC and ZFC susceptibilities is apparent at low tem-

pretation of the magnetic data, although it is not proven peratures_(§T4)_ in all the Sm containing_compounds. This is
' " not surprising in the case of those which are weakly ferro-

magnetic, and in the case of those having»3<0.10 it
could be explained by invoking the presence of frozen de-
Substitution of Cu by Pd in NLuQ, has very little effect  coupled spins on the diluted Cu sublattice. However, this
on the measured magnetic susceptibiliiig. 5), thus em- does not explain why a very small amount of hysteresis is
phasizing the extent to which the data are dominated by thapparent below 50 K in undoped $8uQ, (Fig. 7). For all

Magnetometry
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the tetragonal samples €{x<<0.1), the hysteresis may be a tions is consistent with the absence of such behavior when
consequence of frustration on the Cu sublattice of the undisR=Eu, that is a cation with a diamagnetic ground state. The
torted unit cell. We shall return to this point below. The hysteresis loops plotted in Fig. 10 for fu, Pch 0, are
behavior of the Pd-doped samples at temperatures lower th&ymmetrical about the origin, and they are therefore consis-
40 K is complex and, fox>0.1, it bears a strong resem- tent with the presence of weak ferromagnetism; there is no
blance to that of orthorhombic GAuO,. Increasing the Pd e_v;dence of fruspratlon or spm-gla;s behavior in this compo-
content converts the maximum & K into a minimum, but ~ Sition. The maximum net magnetic moment increases with
creates a broader maximum®4. However, the value of, Iid content in }Qe range<0x<0.1, taking a value, fox
is field dependent, and for fields in excess of 5 K, ;%15;(0{0%10 . Mlkaé;er;orrt?]uladum_t in 1>08 f,lmc(;ea;smg
=6 K. We believe that the maximum &b, which becomes do ) . /?]‘.3 n | - urther b?plt?g)( : )h eadsio a di
more pronounced with increasing Pd content, is not a tru‘ﬁje_crease In this value, presumably because the magnetic di-
" . i tion of the four-coordinate sublattice outweighs the effect
phase transition, but is a consequence of the magnetic m

fthe S . lioni th th . %t the crystallographic distortion which permits the weak
ments of the Sm cations aligning with the net magnetic MOotg romagnetism. The low-temperature behavior of undoped

ment of the Cu suplattice. This is consistent with the ObViOU%UZCuQ is noteworthy. The observation of a displaced hys-
nature of the maximum &, for x>0.1, when weak ferro- teresis loop having a significant width indicates that a spin-
magnetism is clearly present, although it is impossible tqy|ass-like state is present in the Pd-free tetragonal phase at
identify T, in the samplex=0.1, which is a weak ferromag- 40 K, and, in view of the nonmagnetic nature of the*Eu
net with a smaller net moment. We suggest that the degree @tion, it must be associated with the Cu sublattice, as tenta-
alignment increases with the strength of the field, but thatively proposed above for the caseRE Sm, x<<0.10. This
alignment is opposed by the tendency of the Sm sublattice tieads us to suggest that the frustration on thé&'Qublattice
show short-range antiferromagnetic order when the tempergan lead to re-entrant spin-glass behavior in tetragonal
ture is only slightly higher than the TeetemperatureT;) of  T'-phases, although further experimental work is needed in
that sublattice. Consequently, in a relatively high field theorder to validate this hypothesis.

Sm-Cu alignment is established immediately at the tempera- The last series of compounds to discuss s
ture at which long-range ordering of the Sm spins is lostGd,Cy,_,PdO,, the end memberx=0.0) of which is
(T,=T,), whereas in a lower field the short-range Sm-Smknow 2 to be orthorhombic at room temperature. Our data
interactions prevent the maximum magnetization beingndicate a somewhat higher magnetic ordering temperature
achieved until a slightly higher temperaturé,&T,). The (310 K) than has been reported previousty260 K) for this
origin of the increase in susceptibility which occurs below 6S0Mposition. We believe that this discrepancy is due to the
K in the more heavily doped samples is not clear, althougtf*Perimental procedure used to measure the variation of
the displaced hysteresis loop recorded for,Sm Pd, 0, at  Magnetization — with  temperature. ~ The —data  on
5 K (Fig. 8 suggests that a degree of spin frustration isC%CU1-xPdO, (x=0.0,0.05) shown in Fig. 11 were col-

present in this temperature region. The other hysteresis looggcted after field cooling from 350 K. Our preliminary stud-
drawn in Fig. 8 are consistent with a description in which at'€S, in which the GgCuG, was cooled from 300 K, showed

200 K the Sm and Cu spins are all paramagnetic. At 70 K& transition temperature close to the literature value; we be-
nonlinear M:H behavior is apparent, and in the range glieve that unwitting failure to warm the sample above the

<T/K<30 the sample shows hysteresis behavior charactefcurie temperature has previously lead to an incorrect result.
istic of a weak ferromagnet. A hysteresis loop taken at 350 K showed a linear dependence

The description of SaCu, Pd.0, given above is con- of M:H, whereas nonlinearity was apparent at 300 K. The
sistent with data collected on Eou, ,PdO, in that the trends established _by f[he comparison of sgmples containing
latter can be interpreted as showing the onset of ordering o m and Eu are m_amtameq by the Gd-containing phases. The
the Cu sublattice, with a weak ferromagnetic component, arther reduction in the ratiog/ry ensures weak ferromag-
temperatures which decrease from 260 K for0.05 to netism in all compositions, with the ordering temperature of
~190 K for x=0.20. Once again, these temperatures, estithe _Cu sublatti(_:e visiblyFig. 1) decreasing as the degree of
mated by inspection are higher than (Table Ill). The dilution by Pd increases. The complex low-temperature be-
smaller size of E¥ compared to SAT results in the ortho- havior resembles that seen in the Sm system but not in the

rhombic phase being adopted at relatively low dopant IevelaEu system, thus providing further evidence that it involves

conveniently rendering visible the ordering of the Cu sublat—'hter""ctlons between the ordered Cu sublattice and paramag-

tice for all samples other than=0.0. We believe that al- netiq lanthanide cations. Hovyeve_r, the relative size O.f the
though the latter composition may lie very close to the sta/Maximum atT, decrease; .W'th( in the case of Gd, in
bility limit of the tetragonal phase, the contrast between th ontrast to _the composition erendence ob;ervgd for
data forx=0.0 andx=0.05 provides convincing evidence =S_m. The illustrative hysteresis loops shown n F'g' 12.
that the end member does adopt an undistoftedtructure. confirm the presence.of a spon_tan(.aous magneuzatlon n
The increase in the magnetic ordering temperature on mO\EdZCUO-QPq)-lo“'. There is some indication of.a d!splacement
ing from Sm to Eu at constant Pd content can be ascribed o) thg hysteresis loop collected at 5 K, .Wh'Ch IS bfalow the
the decrease in interatomic distances which results from thgrdermg temperature. of the Gd sublaitice, but it is not as
reduction in unit-cell volume. However, this explanation ig- marked as that sedfrig. 8 in the case of SpCuy Ph 0.
nores the increase in the rotation of the GuEguares that
would be expected to accompany the change from Sm to Eu.
The proposal that the complex behavior observed below 30 We have presented evidence which supports previous
K for R=Sm is a consequence of magnetic Cu-Sm interacelaims that weak ferromagnetism is observed incuprates

CONCLUSIONS
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which have undergone a phase transition to orthorhombigd®*, which are too large for this strategy to be successful
symmetry. We have shown that the occurence of such a trafwithin the composition range studied. The low-temperature
sition does not depend on the chemical character of the lammagnetic behavior of these compounds is complex, and in-
thanide(or lanthanidekin the sample, nor simply on the size yolves bothR-R andR-Cu interactions. There is evidence to

of the lanthanide cation, but on the ratio of the mean size ouggest that a re-entrant spin glass forms on the Cu sublattice
the lanthanide to the mean size of the transition-metal catiosf tetragonalT’ structures, for example EQuO,, at low
occupying the four-coordinate site. The critical value oftemperatures. We have also seen behavior suggestive of the
rr/rw below which the orthorhombic phase is stable haspresence of a spin-glass componen&& in orthorhombic

been shown to lie close to 1.87. It is possible to introducesm-containing samples. The origin of this latter behavior is
weak ferromagnetism intd’ systems which contain only not clear.

one relatively large lanthanide, for example mby con-

trolling chemically the size of the transition-metal site, that
is, ferromagnetism can be induced in an antiferromagnetic
cuprate by substituting a diamagnetic cation on the Cu sub- We are grateful to EPSRC for financial support, and to A.
lattice. However, there are some lanthanides, for exampl@. Tomlinson and P. H. Munns for experimental assistance.
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