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Structural Tuning of Ferromagnetism in a 3D Cuprate Perovskite
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The perovskite SeCuQis unusual for possessing (i) a very smalisite (S€'*) radius, (ii) highly
distorted Cu-O-Cu bond anglesw), and (iii) a ferromagnetic (FM) ground state. Negative
chemical pressure is applied by replacing Se with Te in solid solution, causing a continuous
transformation between the FM state and an antiferromagnetic (AFM) state. This is the first FM-AFM
transformation to be controlled by a single microscopic parameter, the in-plaaiowing a precise
determination of the crossover angle. = 127° + 0.5°) between FM and AFM superexchange.
[S0031-9007(99)08402-1]

PACS numbers: 75.30.Cr, 75.30.Et, 75.30.Kz, 75.50.Ee

The 3d transition metal oxides exhibit a wide variety the identification of the dominant interaction type prohibi-
of cooperative electronic states, among which high- tively difficult. Most other FM-AFM transitions, such as
superconductivity in cuprates [1] and colossal magnetoin the CMR-manganites, involve simultaneously changing
resistance in manganites [2] are perhaps the best knowseveral parameters, e.g., conduction electron density, lat-
examples. A growing interest in these compounds focuseice constant, and disorder, and involve interaction mech-
attention on the microscopic interactions responsible foanisms other than SE. To our knowledge, continuous
the low energy ground states. These interactions, such &sning between FM and AFM states by variation of a
correlation energy, exchange energy, and electron-phonaingle parameter has not been previously demonstrated.
coupling energy form the basis from which microscopic The focus of the present study is on the compound
Hamiltonians for cooperative motion are constructed. ~ SeCuQ, where the extremely small cation‘Sdeads to a

With regard to the superexchange (SE) interaction irhighly distorted perovskite structure and consequently a
particular, the variability of atomic orbital overlap among FM ground state with7, = 25 K [11]. We find that
the 3d ions in different structural configurations can a small lattice perturbation, induced by substituting the
lead to interactions of either sign and widely varyinglarger Té* and Sé*, is sufficient to drive the material
magnitude. The resulting systematics are summarizehto an AFM statd7y = 9 K). This fortuitous structural
by a set of empirical rules which extend the Kramers-condition creates a uniqgue magnetic system and allows the
Anderson model of SE [3,4], i.e., electronic exchange beprecise determination of the value of,o where the SE
tween cations separated by intervening anions. Known asteraction changes sign.
the Anderson-Goodenough-Kanemori (AGK) rules, their Appropriate quantities of high purity SeO, TgGand
main utility is in providing approximate values for SE in- CuO were mixed together in an agate mortar and sealed
teraction signs and strengths [5,6]. For ions with orbitalin a gold capsule. The capsule was heated to°@0fbr
degeneracy, e.g., €, the AGK rules must be modi- 30 min at 5.8 GPa pressure in a tetrahedral anvil press and
fied to take into account orbital-ordering effects [7]. Inthen rapidly cooled to room temperature before releasing
La,CuQy, orbital ordering of the Jahn-Teller (JT) dis- the pressure. All of the peaks in powder x-ray diffraction
torted Cu-O octahedra is uniaxial along thexis—the (XRD) data for Se¢_,Te,CuG; (x = 0.0 to 0.1) could
basal-plane Cu-O-Cu bond angte; .o, is 180 and SE is  be indexed with an orthorhombic unit cell (space group,
antiferromagnetic (AFM) by wave function—orthogonality Prnma) and no additional reflections due to impurities are
relations. However, in LdBa,Cw, 04 [8], and Sp73Cu0, observed. The refined lattice parameters and unit cell
[9], antiferrodistortive ordering of the JT axis leads tovolume showed a systematic decrease with increasing Te
acyo =~ 90°, and a ferromagnetic (FM) interaction. It is substitution, consistent with the significantly smaller octa-
not known precisely how the two ground states, FM anchedral ionic radius for & when compared with Té
AFM, compete at intermediate angles. It generally as{Table I). Small single crystals of the §8e,4,CuC;
sumed that a critical angley, = 135°, separates AFM phase were recovered and used for single-crystal x-ray
and FM ground states [5] but there are no quantitative ediffraction (XRD) refinement at 296 K (Enraf-Nonius
timates, to our knowledge. From an empirical standpointCAD-4 diffractometer, Ref. [12]). Our single crystal
the pyrochlores are the most frequently studied materistructure refinement [13] of $gTey4CuO; showed ex-
als with bond angles in the range = 135°. However, pected systematic variation in cell parameters, bond dis-
these structures are geometrically frustrated and becomances, and bond angles, thus confirming the existence of
spin-glass-like with effectively no disorder [10], making continuous solid solution between SeGuand TeCuQ
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TABLE I. Lattice parameters of $e,Te,CuQ; (refined in the

space groupPnma). l{\l{\llk
x o (A) b A) ¢ &) }{ }{ }{
0.0 5.970(3) 7.331(4) 5.290(3) oo —o s —o o
0.2 5.971(3) 7.320(5) 5.361(3) NN N
0.4 5.973(4) 7.311(4) 5.444(3)

05 5.976(3) 7.301(5) 5.475(4)

0.6 5.979(4) 7.286(5) 5.542(4)

0.8 5.980(3) 7.275(5) 5.601(4)

1.0 5.983(3) 7.269(4) 5.649(3)

phases. We have also determined the bond angles and
bond distances for $e,Te,CuQ; from powder diffrac-

tion data using the structural model obtained from single @ ®)
crystal structure refinements for = 0, 0.4, and 1.0 FIG. 1. (A) Projection of the crystal structure of orthorhombic
(Tables I and 11). MCuQO; (M = SeTe) showing the octahedral arrangement

Both SeCu@ and TeCuQ adopt a distorted perovskite alongac plane and along direction. The O1 and O2 atoms
(ABO;) structure, in which thed** cations occupy the are marked. The arrangement results in a Cu-O-Cu angles in

. . . the range~120°-130° (see text). (B) Projection of the ideal
larger A cation sites and Cu at the B sites. The ¢pic perovskite structure showing T8@-O-M interactions in

structure is composed of corner-shared goCGtahedra to gl directions.

form a three dimensional network, amdcations reside

in the cavities of this network. In an ideal perovskite o

structure, theA cation is in 12-fold coordination. In ~ The d-c magnetization of the Se.Te,CuG; was
SeCuQ and TeCu@, the small size and strong covalent measured in a commermal_ magnetometer in applied flelds
character of SE and Té* pulls in 3 out of 12 oxygens, ©Of 0.1 and 1 T. The specific heat was measured using a
giving rise toAOs groups and an unusually large tilt of Standard semiadiabatic heat-pulse technique.

the CuQ octahedra (Fig. 1). In the case of ideal cubic !N Fig. 2 is shown the magnetizationy/, versus
perovskite structure th#-O-M angle is 180 as there is temperature for the compounds ;SgTe,CuGs. The

no tilt in BOy octahedral network (Fig. 1). The tilting * = 0 end member displays a saturation moment of
of an octahedron is commonly observed in orthorhombic
GdFeQ-type perovskites resulting inf-O-M angles in
the range 150-18C°. However, in SeCu@®and TeCu@,

the angle is in the range 120130, which is smaller
than those in any of thdBO; perovskites. The above
anomalously large deviation from an ideal perovskite is
clearly due to S& and Té" both having a nonbonded
s-electron pair. In addition to the above tilting of
octahedra, the CufQoctahedra also show large distortion
with Cu-O distances varying from 1.9-2.6 A and is due
to theJT effectin Cd* (d°) (Fig. 1).

08 ——F——F——————

M (15/Cu)

TABLE Il. Bond distances for Se, Te,CuG;.

Cu-0(2)(R) Cu-0(2)(A) Cu-01(A)

x (+0.005) (+0.004) (+0.004)

0.02 2521 1.919 2.090

0.2 2.534 1.922 2.088 T (K)

0.42 2.545 1.930 2.083

0.5 2.553 1.932 2.074 FIG. 2. Magnetization as a function of temperatureHat=
0.6 2.570 1.934 2.068 1 T for Sg_,Te,CuO; for various x values. This shows
0.8 2.596 1.933 2.062 the continuous decrease M, as Te is substituted for Se.
1.0 2610 1.937 2.060 The inset shows the inverse susceptibility,y, for several

- - of the samples, showing a continuous evolution in the Weiss

rom single-crystal structure refinement. temperature from FM-like fox = 0 to AFM-like for x = 1.
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Mg, (2K,1T) = 0.7up per Cu ion, similar to that pendence of(T)/T is shown for the end members,=
reported earlier [10]. Since the dependencelqf; on  0and 1. Forx = 0 there is a sharp lambda-type anomaly
x appears from Fig. 2 to be continuous, it is reasonablevhose peak locates the FM transitich, = 25 K. For
to infer that the mechanism for moment reduction isnonzeroH, the peak broadens and shifts up in tempera-
already present to a small degree in the= 0 sample, ture, typical for a ferromagnet. In contrast, the peak
and we discuss this mechanism below. In the insefor x = 1 is not only at a lower temperature, but shifts
of Fig. 2 is showny '(T) for several samples. Con- down in a field, consistent with AFM ordering. In addi-
current with the decrease W, is a sign change of tion, this peak is significantly smaller in magnitude than
the Weiss constantgy, defined by the usual mean- for x = 0. A nonmagnetic isomorph is unavailable at
field expression for the high-temperature susceptibilitypresent, so we estimate the lattice contributiod’t@)/ T,
x !'=C/(T — 6y), whereC is the Curie constant. It by anAT? contribution whered is a constant determined
is clear that, while the slope remains roughly constanby assuming that all the specific heat at 40 K, the upper
(~1.8up/Cu) for different x, 6y, as determined from a bound of the present measurement, is due to lattice vi-
fit to the high-temperaturé7” > 100 K) behavior goes brations. Integrating the difference between this term and
continuously through zero. In the mean-field approxi-the measured’(T)/T (see Fig. 3 inset), we find a value
mation, Oy = (1/3)S(S + 1)zJ, where S is the spin of of 5.7 J/moleK, close to the total entropy for= 1/2.
the magnetic ion,z; the number of nearest neighbors, Thus, although/,,, does not reach its full value, th@/T
andJ the exchange constant for the magnetic interactiomata are consistent with all the spins being involved in the
H=1J)S;-S;. SinceS and z are independent of FM phase transition at 25 K. Performing the same pro-
x, the variation offy, with x implies that the effective cedure forx = 0 and adjustingd to account for the mass
J value changes sign in the vicinity of = 0.5. We  difference between Se and Te, we find for the entropy
emphasize, however, that this is an average value aip to 40 K only3.1 J/moleK. Moreover, less thaih/3
J—Dbelow we address the effects of randomness of thef this entropy is lost in the critical region, below 15 K.
magnetic interactions for nonintegrel The small entropy loss belofy implies that a substantial
In Fig. 3 is shown the specific heat divided by tempera-amount of short range order existsTat Ty in TeCuQ,
ture,C(T)/T for several samples. The magnetic field de-a result also suggested by the broad high-temperature peak
in C/T as shown in the inset of Fig. 3.
In most of the intermediate-samples a sharp anomaly
0.8 ————r——1————1————1— in C(T) was not observed—instead, a broad short-range-
order peak between 5 and 15 K. The absence of sharp
] long-range-ordering anomalies, as seen forihe 0 and
SeCuO, 1 systems is consistent with a spin-glass-like state. A
——H=0 spin-glass state at each intermediates also implied by
low-field magnetization studies which show hysteresis
between zero-field-cooled and field-cooled values.
Together, these results strongly suggest that the
intermediatex samples have spin-glass ground states,
which in turn implies the existence of quenched site
disorder. The most likely source of this disorder is a
random strain field on thd-cation sites, influencing the
magnetism through the variation of local valuesagf,o.
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02 ] It is likely that the FM-AFM transition is second order
-0 because ther = 0 sample shows an intermedialé,,,
= 4T 1 despite there being no quenched disorder.
H=8T In order to extract a critical angle for change of inter-

0.0

action sign, FM-AFM, we first recognize there are two
distinct bonding types in $&e)CuQ; due to antiferrodis-
T (K) tortive ordering of the/T elongation axis (Fig. 1, These
FIG. 3. Specific heat divided by temperatur€,/T, for are labeled Cu-O1-Cu along the axis and Cu—OZ—_Cu
SeCuQ and TeCuQ at different values of applied field. Also in the ac plane. Because théT axis is closer to lying
shown are data on a few intermediatesamples. The shift in the ac plane than along thé axis, the bonding pat-
of entropy to high and low temperatures for SeGuénd tern resembles that of LBa,Cu, O, although the angles
TeCuQ is behavior characteristic of FM and AFM transitions, are far away from 90 Since SeCu@is nearly fully

respectively. The inset show€ /T with an approximate . .
lattice contribution subtracted for the end members. Thd M. POth angle types are on the FM side of their respec-

broad high-temperature feature for TeGusiggests substantial tive critical values. Also, both because,o: ~ 122°,
short-range order exists above the Neel transition. which is significantly less tharc,o, for either Se or Te
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teraction is expected to change sign and we have succeeded
in accessing a sign change in the average exchange inter-
action by Te substitution. To our knowledge, this is the
first realization of the ability to vary thigZ/-O-M angle
continuously through the critical value leaving thé
cation and anion unchanged, in any perovskite structure.
We wish to acknowledge fruitful discussions with
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all change of25 K) (180° — 127°)/3° = 440 K which is
on the order of transition temperatures found in cuprates
with 180° bonds. Thus, we identify(Mg,; = 0.5up) as
the concentration where the wave function—orthogonality
rules are marginalized to find. = 127.5° = 0.5° for the
transition between FM and AFM bonding. Note that this
angle is significantly less than that usually assumed as the
crossover angle, 135

Finally, we can understand the shortfall in the magni-
tude of M, for x = 0 from the full C#" moment of
1 wp as a result of the competition between AFM and
FM tendencies. When the respective nearest-neighbor ex-
change processes cancel each other, as they might at inter-
mediate Cu-O-Cu bond angles, longer-range interactions
become important. In such a situation spin canting can
occur, providing a mechanism for a continuous crossover
in ground state properties between AFM and FM end
points. If so, this spin canting can exist not only for inter-
mediatex, but for x = 0 and should be observable with
neutron diffraction.

In conclusion, we have shown that the Cu-O-Cu bond
angle in SeCu®is close to the critical angle where the in-

Marshall, A.w. Sleight, and G.H. Kwei, Scien@g3 81
(1996).

3] Data for the single-crystal, x-ray structure determina-

tion were collected with an Enraf-Nonius CAD4 x-ray
diffractometer equipped with a monochromatic Mow
source. Orthorhombic cell parameters for both samples
were indexed from twenty-five diffraction maxima. In-
tensity data sets were then collected using purscans
over a full sphere of reflections. The structures were re-
fined in space groupnma (No. 62) by full-matrix least-
squares refinement. Biweights were used in the final
refinement wherer,, = [>.(|Fol — |F. )%/ > w|F,|*]'/?
with w proportional to[s2(I) + 0.000972]7'/2. The fi-

nal R factors are 0.029 and 0.025 for (3&ey4CuO;
and TeCug@), respectively. The final positional parameters
for Se ¢ Tey4CuQ; are (Se, Te)x = 0.0216(5), y = 0.25,

z = 0.0324(5); Cu, x = 0.0, y = 0.0, z = 0.50; O(1);
O(1), x = 0.0607(6); y = 0.25; z = 0.333(1); O(2),x =
0.1986(10); y = 0.0657(9); z = —0.095(1). We have re-
refined the structure of TeCyQo obtain more accurate
bond distances and bond angles given in Ref. [12]. Fur-
ther details on the structure determination of these phases
will be published elsewhere.
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