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The magnetic properties of undoped and Li-doped MgCu,0; single crystals have been studied by
magnetic-susceptibility and neutron-diffraction measurements. The pure compound is a semiconductor
with an antiferromagnetic ground state (Ty =95 K). Above Ty, short-range magnetic correlations
within the Cu-O chains of the MgCu,0; structure give rise to a predominantly one-dimensional (1D)
magnetic behavior. This is revealed by the quantitative interpretation of the susceptibility measure-
ments. Below T, the 3D magnetic structure, derived from neutron-diffraction experiments, can be de-
scribed by an essentially collinear model. A small spin canting, however, exists, because adjacent CuOy
octahedra are strongly tilted with respect to each other. The magnetic structure can be decomposed into
two independent magnetic sublattices, which, in the mean-field approximation, are not coupled. The to-
pology is similar to the one producing an infinitely degenerate state in antiferromagnetic fcc lattices.
Doping experiments with Li clearly demonstrate the importance of spin fluctuations and fluctuations of
the local exchange fields for lifting the degeneracy in such a system. A remarkably small amount of Li
(about 2 mole % Li) is sufficient to disturb the magnetic lattice in such a way that the almost collinear
spin arrangement changes into an arrangement where the spins of one sublattice are strongly canted with

1 JANUARY 1994-1

respect to the spins of the other sublattice.

INTRODUCTION

An interesting feature of the high-T, superconducting
CuO systems is the strong magnetic interaction between
the Cu spins. Since the discovery of high-T, supercon-
ductivity,! many studies have been performed with the
objective of understanding the relationship between
magnetism and superconductivity in these systems.?®

The present study is concerned with the magnetic
properties of a simple ternary Cu-O system, MgCu,0;,
which is a semiconductor with E, =~0.94eV. The doping
with Li leads to a strong increase of the electrical conduc-
tivity, which can be described by the Mott variable-
range-hopping law.”® No metallic conductivity or super-
conductivity is observed. The chemical structure (space
group Pmmn; a =3.99 A, b=9.33 A, ¢c=3.18 A) of
MgCu,0; was determined by Drenkhahn and Muiiller-
Buschbaum.’ Figure 1 shows the fourfold chemical unit
cell (the a and b axes are doubled) of MgCu,0,. The Cu
atoms are connected by 180° Cu—O-—Cu bonds to form
Cu-O chains parallel to the a axis. In planes perpendicu-
lar to the a axis, the Cu-atoms are linked by approximate-
ly 90° Cu—O—Cu bonds. The local coordination of each
Cu atom is a strongly elongated O octahedron with four
short equatorial bonds (bondlengths 1.93-2.0 A) and two
long axial bonds (bondlengths 2.54 and 2.77) A (Fig. 2).
Two neighboring Cu-O chains are linked via common O-
O edges of the equatorial planes of the CuOg octahedra to
form Cu-O ribbons. These ribbons are connected by ap-
proximately 90° Cu—O—Cu and O—Mg—O bonds to
form corrugated two-dimensional structural entities
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parallel to a and b. In three dimensions these entities are
interconnected only via the Mg-O (bondlength 2.6 A) and
the long axial Cu-O bonds. A section of such a quasi-
layer is shown in Fig. 2. It can be seen that the long axes
of the CuOg octahedra in neighboring ribbons are oppo-
sitely rotated around the a axis to include an angle
a=138° with the c axis.

Neutron diffraction and susceptibility measurements of
MgCu,0; were performed on powder samples by Zeiske,
Graf, and Dachs.!® The authors reported an onset of 3d
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FIG. 1. The magnetic unit cell of MgCu,0;. The a and b
axes are doubled as compared to the chemical unit cell. All
spins in the upper part of the unit cell belong to the one magnet-
ic sublattice, all spins in the lower part belong to the other sub-
lattice. The spin arrangement for the undoped system is sym-
bolized by the black arrows. In slightly Li-doped samples an
additional phase transition occurs, where the spins of both sub-
lattices are strongly rotated in opposite direction, giving rise to
a large canting angle between the two sublattices. This is shown
by the white arrows.
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FIG. 2. The equatorial planes of the CuOg4 octahedra are
linked via common edges to form ribbons parallel to a. These
ribbons are connected by approximately 90° O—Mg—O and
Cu—O—Cu bonds to a corrugated quasiplane. Adjacent CuOg

" octahedra are tilted in opposite direction, giving rise to a weak
spin canting in the undoped and doped system. This spin cant-
ing is shown in more detail in the inset.

antiferromagnetic order at Ty =95 K. Experiments per-
formed during the present study showed that doping with
Li decreases the Néel temperature drastically.” To deter-
mine the magnetic structure in more detail than was pos-
sible in the former study on powder samples and to inves-
tigate the influence of Li doping, we have performed sus-
ceptibility measurements and neutron-diffraction mea-
surements on pure and Li doped MgCu,0;, mainly using
single crystals as samples.

I. EXPERIMENT

A. Sample preparation and characterization

The single crystals of MgCu,0; were grown from a KF
flux by slow cooling. A mixture of KF, polycrystalline
MgCu,0; and an additional amount of MgO were heated
up in a platinum crucible to 1310 K. In the case of doped
crystals, Li-doped polycrystalline MgCu,0; and an addi-
tional amount of Li,O were used as starting material.
After 12 h for homogenization, the mixture was cooled
down with a slow rate of 1 K/h. By this method needle-
like single crystals with dimensions up to 7X2X0.3 nm?3
and a good crystallographic quality were obtained. The
Li concentrations of the doped crystals were determined
by chemical analysis to be about 3 mole %. It was not
possible to grow single crystals with a higher Li content,
whereas single-phase powder samples with a Li concen-
tration up to 12 mole % could be prepared.

To obtain single-phase powder samples of pure and Li
doped MgCu,0;, however, an excess of Cu (about 10
mole %) in the starting material was necessary.
Neutron-powder-diffraction measurements and x-ray
studies on single crystals established that the system is
inevitably structurally disordered: in the powder samples
as well as in the single crystals part of the Mg site (10-20
%) is always occupied by Cu atoms. The partial substitu-

tion of Mg by Cu seems to stabilize the MgCu,0; struc-
ture. This observation is highly surprising, since the
Mg®* ion is located at the center of a compressed O oc-
tahedron (Mg—O bonds 4X2.16 and 2X2.01 A). Such a
coordination is very unusual for the Jahn-Teller ion
Cu?*, which normal favors an elongated octahedron. Up
to now, compressed CuQg octahedra were only observed
in a few mixed systems,!! in which the local environment
is imposed by the host lattice. A detailed discussion of
this interesting structural aspect will be given else-
where.!?

B. Magnetic susceptibility measurements

The magnetic susceptibility of undoped and slightly
Li-doped MgCu,0; was measured by a superconducting
quantum interference device (SQUID)-magnetometer on
small single crystals (3—5 mg) between 2 and 360 K. Be-
cause of the small sample volumes a relatively high mag-
netic field of B=1 T was applied to obtain a good resolu-
tion.

The magnetic susceptibilities of MgCu,0; with B||a,
B||b, and B||c are shown in Fig. 3(a). The onset of the 3d
magnetic order at Ty =96x1 K can clearly be seen for
B||b. The susceptibility for B|la and B||c continues to in-
crease with decreasing temperature. It can be concluded,
that the major spin direction of the ordered state should
be parallel to the b axis, which is conformed with the
neutron measurements discussed later. Normally, the an-
tiferromagnetic susceptibility x, should decrease to zero
when lowering the temperature, which is not observed in
the present case. This unusual feature is discussed below.

The Néel temperature reacts very sensitively to doping
with Li. This was demonstrated by doping experiments
on powder samples.7 The critical concentration, above
which a long-range magnetic order cannot be observed
any longer, is about 13 mole % Li. From Rietveld
refinements of neutron powder measurements performed
on doped samples, it can be concluded that approximate-
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FIG. 3. The magnetic susceptibility of undoped (a) and
slightly Li-doped (b) MgCu,0; vs the temperature. The data
above Ty can very well be fitted by a Curie-Weiss law plus a
large constant contribution [x=x,+ C/(T —®)]. These fits are
represented by the solid curves. The dashed curves in (a) show
the continuation of these fits for T < Ty.
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ly one half of the Li ions are located at the Cu positions.
The stoichiometric composition of the doped samples can
be expressed as Mg, _, ,Li, Cu,_, ,0;. In addition to a
simple depression of the magnetic order with increasing
Li contribution, a spin reorientation at low temperature
occurs, which is clearly visible in neutron diffraction and
susceptibility measurements performed on single crystals.
Figure 3(b) shows the x(T) data for a slightly doped crys-
tal (x =0.02). The small amount of Li is sufficient to
change the magnetic susceptibility below Ty. At
Ty,=35 K an anomaly appears, which indicates a transi-
tion to a new magnetic order.

C. Neutron-diffraction measurements

The measurement on the undoped single crystal
(volume = 7X2X0.3 mm?) were performed on the triple
axis spectrometer E1 at the Hahn-Meitner Institut in
Berlin, and the measurement on the doped single crystal
(the volume is 7X1X0.3 mm?®) on the triple axis spec-
trometer TAS1 at the Risg National Laboratory. Be-
cause of the small crystal size and the low magnetic mo-
ment of Cu’" the signal to noise ratio had to be opti-
mized carefully. In both cases the samples were mea-
sured in the elastic mode of the triple axis spectrometers
gsing a coarse collimation. The wavelength used was 2.4
A and the monochromator and analyzer crystals were py-
rolitic graphite (PG). A PG filter was used for suppress-
ing higher-order-wavelength contaminations. The sam-
ples were cooled in closed-cycle displex He cryostats.

In the investigated undoped crystal the onset of the
magnetic order occurs at T =95+1 K. A series of mag-
netic Bragg reflections were measured at the lowest possi-
ble temperature (8.5 K). In a second experiment the da-
taset was completed by measuring the two very weak
reflections (1/2,3/2,0) and (3/2,3/2,0). To increase
the diffracting volume in this case, three crystals were
mounted on a special sample holder, which allowed a pre-
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FIG. 4. The neutron peak intensity at the position
(1/2,11/2,0) vs the temperature. Above Ty, =35+ 1 K a mag-
netic reflection cannot be observed (the dotted line represents
the background). Below this temperature the onset of the spin
canting between both magneticc sublattices leads to a strong in-
crease of the diffracted intensity.

cise mutual orientation of three crystals. The integrated
intensities of the observed reflections are listed in Table I.
The magnetic superstructure reflections are commensu-
rate and indicate a magnetic unit cell, where the a and b
axes of the chemical unit cell are doubled, but not the ¢
axis.

The susceptibility measurements on slightly doped sin-
gle crystals point to a second magnetic phase transition at
Ty,=35%1 K. To study the changes in the magnetic
structure of Li-doped MgCu,03, neutron-diffraction ex-
periments were performed on TASI1 in Risg on a single
crystal with the composition Mg goLiy 1;Cuy 9035 A
series of magnetic reflections was measured at 7=16 K
(T <Ty,) and at T=52 K (T, <T <Ty,). The data are

TABLE I. Comparison between observed and calculated intensities for the undoped single crystal
MgCu,0; at T=8.5 K (1yq=0.32£0.02u5). The small but significant intensities found for the
reflections (1/2,3/2,0) and (3/2,3/2,0) indicate a slight spin canting of 0 =7%1° [angle between the
direction of the magnetic moment and the b axis within the (100) plane]. The indices refer to the chem-

ical unit cell.

I(calc)

H K L I(obs) o=T o=0
1/2 172 0 487.0+21.0 426.2 430.2
1/2 3/2 0 6.2%1.8 6.3 0.12
172 5/2 0 31.3+4.3 32.9 32.3
172 1/2 0 14.0+3.5 13.1 12.8
3/2 1/2 0 153.0+9.5 125.5 126.8
3/2 3/2 0 2.7+0.8 23 0.09
3/2 5/2 0 47.0+4.6 55.9 56.2
3/2 1/2 0 25.5+3.1 36.1 36.4
1/2 172 1 131.5+8.5 147.6 149.7
172 5/2 1 65.0%+7.5 58.5 59.2
1/2 1/2 1 31.846.0 35.7 36.1

R,,=100( Sw[I(obs)—1I(calc)]*/[ Swl(obs)?])'/? 16.2 21.7

GOF,;=100( Sw[I(obs)—I(calc)]*/(Ny— N, ) 2.3 3.08
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TABLE II. Comparison between observed and calculated intensities for the slightly Li-doped single
Crystal Mgo'ggLiO.ozculAggol at T=52 K ( TN2< T< TNl) and at T=16 K ( T < TNZ)‘ The data are
scaled by the averaged ratio of the nuclear intensities of the undoped crystal to the nuclear intensities of
the doped crystal to be the same scale as the data in Table I. The data of Tables I and II are, therefore,
comparable. The magnetic structure above Ty, is identical to the magnetic structure of the undoped
system. Below Ty, the spin directions of both sublattices enclose an angle +y with the b axis (canting
angle = 2y). The integrated intensities calculated for two models are given: a spin turn in the (100)
plane (y,) and a spin turn in the (001) plane (y.). The magnetic moment was determined to be
Bora=0.324+0.02up.
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T=52 K T=16 K
I (calc)

H K L I (obs) I (calc) I (obs) Ya=32° Ye=30°
172 1/2 0 278.2+12.3 242.6 381.1£11.8 342.8 3235
—1/2 172 0 240.6+11.2 242.6 345.3£13.5 342.8 3235
172 5/2 0 14.9+4.6 18.8 56.4+4.0 56.2 58.5
—1/2 5/2 0 18.8 59.2+5.3 56.2 58.5
172 7/2 0 4.1£2.1 7.5 36.7%£3.7 34.1 36.5
172 7/2 0 4.9+3.7 7.5 45.1+5.0 34.1 36.5
1/2 11/2 0 0.7£1.8 1.3 18.9+3.8 10.9 12.0
3/2 1/2 0 66.9+6.7 71.5 95.8+6.9 96.6 90.4
372 5/2 0 21.8+4.4 31.8 34.3+4.0 48.8 46.8
—3/2 5/2 0 31.8 29.6+4.1 48.8 46.8
372 7/2 0 12.2+3.4 20.6 25.3+£3.7 354 34.5
172 —1/2 -1 75.0+10.3 83.8 79.6%9.5 86.6 137.2
Ry, 14.3 15.4 19.7
GOFy, 3.0 3.5 4.1

listed in Table II. At low temperature the intensities of
magnetic reflections with large k indices are strongly in-
creased in comparison with the measurement at 7=52
K. The intensity versus temperature scans of the mag-
netic reflections [e.g., the (1/2,11/2,0) reflection in Fig.
4] show that the intensity starts to increase at Ty,=35
K, where the second anomaly had been found in the mag-
netic susceptibility of the doped crystal.

II. DISCUSSION

A. The magnetic susceptibility
of undoped and Li-doped MgCu,0;

The magnetic susceptibility of undoped and Li-doped
MgCu,0; is different only below T, where a second
magnetic phase transition occurs in the doped crystals.
The spin arrangement of this new magnetic phase will be
discussed in Sec. IIC. Above the Néel temperature the
X(T) curves in Figs. 3(a) and 3(b) can very well be fitted
by a Curie-Weiss law plus a large constant term. The
effective paramagnetic moment p g=guz[S(S +1)]1% is
determined in both cases to be 0.30+0.03 py. This is
much less than the theoretical prediction of 1.73 up for a
spin-{ system. The magnetic susceptibility can con-
sistently be explained by assuming a nearly 1d antiferro-
magnetic behavior above T. This assumption is plausi-
ble considering the Cu-O chains in the structure with
180° Cu—O bonds. As predicted by the Goodenough-
Kanamori rules'®!* the 180° Cu—O—Cu bond along the
chains allows a strong antiferromagnetic coupling of the
spins, whereas the approximately 90° Cu—O—Cu bond

between the chains should only lead to weak ferromag-
netic interactions. The 180° Cu—O bondlength in
MgCu,0; (2.00 A) is slightly larger than the correspond-
ing value in La,CuO, (1.91 A).I® Using the power law
|J| < (bondlength) " with n =11,. . .,12 (Ref. 16) and the
value |J|/kz=1300 K for La,CuO, (Ref. 17) an intra-
chain coupling constant of about |J|/kz =770 K can be
estimated for MgCu,0;.

The typical susceptibility of 1d S =1 system has a very
broad maximum around the characteristic temperature

1,~1.28|J|/ky and a constant value for T—0."® The
observed paramagnetic increase of y(7) with decreasing
temperature can be explained by the presence of 3.5
mole % Cu’* ions with a full paramagnetic spin-1 mo-
ment. Since the MgCu,O; structure is intrinsically disor-
dered, as was discussed before, a certain amount of Cu?™*
ions is inevitably occupying Mg sites. These may only be
weakly coupled to the regular magnetic structure and
could, thus, act as paramagnetic impurities. Paramagnet-
ic behavior may also be caused by finite-size chain effects,
if the magnetic system does not consist of ideally 1d
infinite chains.'® We conjecture, that both effects, finite
chains and Cu?" ions on the Mg site, combine to give the
observed Curie-Weiss-type contribution to the suscepti-
bility above Ty. Below Ty the paramagnetism from both
these defects compensates the otherwise expected de-
crease of y(B||b) and masks the constant intrinsic suscep-
tibility y(B||a) and (B ||c).

Before comparing the constant term fitted to the mea-
sured susceptibility with the value expected for a quasi-
uniform 1d susceptibility below room temperature one
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has to correct for the diamagnetic and the Van Vleck sus-
ceptibility, which also give constant contributions:

=Xt xSy WV (a=x,p,2) . (1)

The value for the diamagnetic susceptibility can be calcu-
lated from the single ion diamagnetism to be —0.08

m3/mole.'® The expressnon for the Van Vleck susceptibili-
ty can be written as:?

[{n|L, ¥ 1>

E,—E, v a: @

Xaa—z—— Bz

n

N/V, puy, and L, denote the number of spins per volume,
the permeability, and the component of the orbital angu-
lar momentum, I\I/g ) represents the electronic ground
state with the energy E, and |n ) are exited states of en-
ergy E,. The wave function of the singly occupied d or-
bital of a Cu®*" ion in a Jahn-Teller distorted environ-
ment is given by?!

|ll/g > =sin%ld3gz¥r2 > +COS%ld§2772>
with (3)
- dy.—d
tan¢:\/3_..&§_~_n—_ .

&, m, and { are the principal axes of the CuOg octahedra
(¢ is parallel to the long axis, and £ and 7 lie in the equa-
torial plane of the distorted octahedron). Using Eq. (3)
with the experimentally determined Cu—O bond lengths
d,=2.00 A, d,=1.93 A, and d;=2.65 A, the matrix
elements of the Van Vleck susceptlblhty can be evaluated.
For finally calculating the Van Vleck susceptibility, a uni-
form value of 9000 cm ! for the energy separation
E, —E, due to the crystal field and a covalency factor of
k.., =0.8 correcting for covalency effects in the Cu—O
bonds have been assumed. Both values are typical for
Cu’” ions in Jahn-Teller distorted octahedral environ-
ments.?!

The magnetic susceptibility for a 1d antiferromagnetic
isotropic Heisenberg system was theoretically derived by
Bonner and Fisher.!® For a very large coupling constant
(|J1kg >>300 K) the susceptibility below room tempera-
ture can be approximated by an uniform value. Using
Ref. 18 and assuming |J|/kz =770 K, the following con-
tribution to the susceptibility of MgCu,0; can be es-
timated:

x4 (MgCu,0,, T < 300K)
~x14(MgCu,0;, T=300K)
~6.95X107 %2 m?3/mole . 4)

8. denotes the gyromagnetic ratio. The g factors can be
calculated from the relation g,,=2(1—Ak2 A,,). Tak-
ing the free ion LS coupling of A=—2830 cm ™ !,* the fol-
lowing values are derived: g,,=2.14, g,, =2.25, and

.z —2.34. Using these g values, 1d magnetic susceptibili-
ties are calculated, which are in a good agreement with
the values obtained by substracting the diamagnetic and

TABLE III. The different contributions to the quasi constant
term X, of the magnetic susceptibility of MgCu,0; (T > Ty).
For details see text.

(X 107% m3/mole) Blla B||b Bllc
X% (calc) —0.08 —0.08 —0.08
x"" (calc) 0.11£0.02 0.19+0.03 0.26+0.03
x' (calc) 0.3240.03 0.35+0.03 0.38+0.03

x'? (expt) =xit—y%—x"" 0.38+0.03 0.3740.03 0.40+0.03

Van Vleck susceptibilities from the measured constant
contribution. The values are listed in Table III.

B. The magnetic structure of undoped MgCu,O;

The model of the magnetic structure shown in Fig. 1
(black arrows) was derived by applying the Goodenough-
Kanamori exchange rules'>!* (antiferromagnetic cou-
pling along the 180° and ferromagnetic coupling along
the 90° Cu—O—Cu bond). The intensities calculated for
this model are in good agreement with the measured
data, if one assumes that the spin direction is parallel to
the b axis (Table I). For all calculations the isotropic ap-
proximation of the ionic Cu?" form factor was used.?’
Major discrepancies exist only for the reflections
(1/2,3/2,0) and (3/2,3/2,0), which should be almost
extinguished for the collinear model, whereas small inten-
sities have been found in the experiment.

These deviations point to a slight spin canting, which
can be understood as a result of the large tilt angle be-
tween the long axes of adjacent CuO¢ octahedra. Various
reasons for the occurrence of a spin canting are discussed
in literature.?* In the MgCu,0O; system two mechanisms
have to be regarded: the antisymmetric exchange cou-
pling?® (Dzialoshinski-Moriya interaction) and the in-
teraction of differently oriented anisotropic g tensors.?

Symmetry restrictions determine the orientation of the
Dzialoshinski-Moriya interaction vector D.”* The Cu po-
sitions with oppositely rotated CuOg octahedra are not
related by an inversion symmetry but by a mirror plane
parallel to (010) and a twofold rotation axis parallel to c.
It follows that D must lie in direction of the a axis, and
the ground-state energy is minimized by a spin canting in
the (100) plane. The resulting canting angle o between
the spin direction and the b axis can be estimated from
the expression tano ~(g —2)/g (Ref. 25) to be 0=3.7°
using g, =g, =2. 14.

Silvera, Thornley, and Tinkham?® show that a strong
spin canting can also occur by an interaction between two
spins with differently oriented anisotropic g tensors. If
the two g tensors are oppositely rotated by an angle o
around an axis parallel to the a axis, the canting angle
can be calculated by the relations:

g
~£tan¢5

n

tang,, =

with

2 «tan2a
tan2¢, = — —g—"—gzi—z— . (5)
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The principle axes g, &, §; of the g tensor are oriented
parallel to the local axes of the CuOg octahedra. ®,,
denotes the angle between the 7 axis and the magnetic
moment (see Fig. 2). With the estimated g values of
MgCu,0; (g§z2.14, g,,zZ. 10, g;z2.47) and a=38" a
canting angle of |o|=|a—®,|~4.5° can be calculated
from Eqgs. (5).

Both mechanisms, thus, give rise to a small spin com-
ponent parallel to the ¢ axis in MgCu,0;. These ¢ com-
ponents form an antiferromagnetic array with a
configurational symmetry different from that of the basic
magnetic structure spanned by the major spin com-
ponents (see inset of Fig. 2). The two strongest reflections
of a magnetic structure formed only by the ¢ components
would be (1/2,3/2,0) and (3/2,3/2,0), whereas these
are almost extinguished in the basic collinear model. Ob-
serving these reflections is very indicative, therefore, that
the predicted spin canting exists. The best fit to the data
is achieved for an angle 0 =7%1° (Table I), which has the
same order of magnitude as the values estimated by the
two mechanisms discussed.

The ordered magnetic moment was determined to be
Horg=0.32£0.02 pp by scaling the intensity of the mag-
netic reflections with the intensity of the nuclear
reflections. This value is much less than the 1.1 ug
(g,, =2.25) expected for a completely ordered S = Néel
state. Zero-point quantum fluctuations and covalency
effects can lead to a reduction of the ordered magnetic
moment.?’ The theoretical calculation for the reduction
due to quantum fluctuations can be performed applying
the linear-spin-wave theory. In the special case of low di-
mensional S=1/2 systems an additional kinematical
correction is necessary.?®?° Simplifying the structure of
MgCu,0; as a quadratic arrangement of antiferromag-
netic chains, the Néel temperature is given by
Ty=2.07XS(S+1)|JJ'|'? and the ratio |J/J'|~160
can be estimated.® This leads to a quantum reduction of
AS,,;=0.26 and to an ordered magnetic moment of
Hord,reduced —0-54 pp for the simplified MgCu,0; struc-
ture. A further reduction of about 20% —possibly due to
covalency effects?’ —is necessary to obtain the measured
value.

C. The magnetic structure of Li-doped MgCu,0;

At T=52 K the neutron measurements on the Li-
doped single-crystal Mg o9Lig ,Cu; 9903 are in good
agreement with the nearly collinear magnetic model de-
rived for the undoped system (see Table II). Below
Ty,=35 K; however, a strong increase of the intensity
for magnetic reflections with large k indices occurs. This
can be explained by the formation of a new magnetic
structure, where the spins of the two magnetic sublattices
are rotated by a large angle either in the same direction
or in opposite directions. When averaging over the possi-
ble magnetic domains, both spin configurations give the
same intensity distribution. It will be discussed in the fol-
lowing, however, that the magnetic structure is correctly
described by that configuration, where the spins of one
sublattice are oppositely rotated to the spins of the other

sublattice.

The spin reorientation leading to the new magnetic
phase can be understood on the basis of a general princi-
ple: “ordering due to disorder”.’!' 73 Many highly sym-
metric spin systems with competing exchange interac-
tions have a degenerate magnetic ground state. These
systems can be divided into different antiferromagnetic
subsystems, which, in the mean-field approximation, are
not coupled to each other. In the case of MgCu,0; one
finds two independent subsystems (e.g., the four upper Cu
atoms in Fig. 1 belong to the one and the four lower Cu
atoms to the other subsystem). The degeneracy arises be-
cause the local exchange fields induced by the spins of the
one subsystem just cancel at the spin positions of the oth-
er subsystem. In absence of any anisotropy, the relative
orientation of the spin direction between the two subsys-
tems is not fixed. Recent theories predict that this degen-
eracy is lifted by spin fluctuations, like thermal and quan-
tum fluctuations, and by fluctuations of the local ex-
change field because of nonmagnetic impurities.’! ™%
The detailed theoretical discussion shows, that thermal
spin fluctuations and quantum fluctuations favor a col-
linear spin arrangement of both magnetic sublattices and
the fluctuations of the local exchange field, e.g., by dilut-
ing the magnetic system with unmagnetic ions, favor an
anticollinear arrangement (i.e., canting angle 2y =90°).
The canting in such a dilute magnetic system is not only
a local effect in the environment of the unmagnetic im-
purity. It must be regarded as a new ground state of the
whole system.

In general, Cu-O systems exhibit only a weak anisotro-
py because of the absence of the single-ion anisotropy in a
spin-} system. The spin direction is mainly fixed by the
weak dipole-dipole interaction and the anisotropic ex-
change interaction. For such systems with weak anisot-
ropy the effects of spin or exchange field fluctuations are
very important for the magnetic ground state. This is
demonstrated by doping the system MgCu,O; with un-
magnetic Li* ions. At higher temperature a collinear ar-
rangement of the spins is stabilized by thermal spin fluc-
tuations (like in the undoped system). When lowering the
temperature the magnitude of the thermal spin fluctua-
tions decreases. At Ty, =35 K the fluctuations of the ex-
change field due to the unmagnetic dilution of the mag-
netic lattice compensate the stabilizing effect of the
thermal fluctuations, and below this temperature the new
ground state is a strongly canted spin arrangement of
both magnetic sublattices.

The best agreement between I(obs) and I(calc) was ob-
tained for a canting angle of ¥y =130° between the b axis
and the spin direction. The magnetic moment was deter-
mined to be p,,4=0.321+0.02 up, and, thus, has the same
value as in the undoped crystal. The data measured at 16
K are compatible with two models, one where the spins
are rotated in the (001) plane and another, where the
spins are rotated in the (100) plane. A comparison be-
tween the experimental intensities and the intensities cal-
culated for these two models is given in Table II, where
the angle between the spin direction and the b axis is
denoted by y. and y,, respectively, for the two cases.
The model describing a spin rotation in the (100) plane



316 M. WINKELMANN, H. A. GRAF, AND N. H. ANDERSEN 49

(y,) is slightly favored by a somewhat better fit and R
value.

CONCLUSIONS

MgCu,0; is a weakly canted antiferromagnet with a
Néel temperature of 95 K. The magnetic structure is
consistent with the Goodenough-Kanamori superex-
change rules. Two mechanisms are responsible for the
slight deviation from the collinear arrangement in the un-
doped and also in the doped MgCu,0;: the antisym-
metric exchange interaction (Dzialoshinski-Moriya) and
the differently oriented anisotropic g tensors of the spins
in oppositely tilted CuOg4 octahedra. Both mechanisms
give rise to a canting angle in the same order of magni-
tude as the experimentally determined value. The effect
of the differently oriented g tensors may be predominant
in the case of MgCu,0;, because of the large tilting angle
a of the CuOg¢ octahedra.

The magnetic system can be separated into two mag-
netic subsystems, which are decoupled in the mean-field
approximation. To understand the coupling mechanism
between these subsystems one has to consider spin fluc-
tuations, like thermal and quantum fluctuations and fluc-
tuations of the local exchange field due to defects in the
magnetic lattice. The thermal fluctuations (and the quan-
tum fluctuations) stabilize a collinear arrangement be-
tween the spins of both subsystems. On the other hand,
the fluctuations of the exchange field, e.g., caused by dop-
ing with nonmagnetic impurities, favor a strongly canted
spin arrangement. The two magnetic phases in slightly
Li-doped MgCu,0; demonstrate clearly, how these spin
fluctuations and the fluctuations of the exchange field can
determine the ground state of the whole system. The
second magnetic phase transition in slightly doped

MgCu,0; can be interpreted as a crossover from an al-
most collinear structure stabilized by thermal fluctua-
tions at “high” temperatures to a strongly canted ar-
rangement of the spins of the two subsystems below
Ty,=35 K. At low temperature the magnitude of the
thermal fluctuations is lowered, thus the fluctuations of
the exchange field due to the Li doping compensate the
stabilizing effect for the collinear order and can induce
the spin canting between the two sublattices.

It is remarkable, that a very low Li concentration of
about 2 mole % —replacing approximately 0.5 at. % of
the Cu atoms on the Cu site— is sufficient to destabilize
the collinear order. The simple structural effect of substi-
tuting 0.5 at. % of the magnetic Cu®" ions by Li™ is cer-
tainly not the main reason for the magnetic phase transi-
tion. A more effective disturbance of the magnetic lattice
is the producing of electronic holes localized at the O
atoms by Li* doping. These localized electronic holes
are also responsible for the observed variable-range-
hopping conductivity.” The influence of localized and
delocalized electronic holes on the magnetic state of the
system La, ,Sr,CuO, and La,Cu,_,Li, O, (Ref. 34) was
theoretically discussed by Aharony et al.> As in the case
of Li-doped La,CuQ, the spins of the holes (i.e., of the
O~ ions) in Mg,_, ,,Li, Cu,__ ,,O4 should couple strong-
ly ferromagnetically to the surrounding Cu?” spins. This
breaks up the antiferromagnetic order between the Cu**
spins within the Cu-O chains. The magnetic frustration
due to this effect is responsible for the drastic depression
of the Néel state. In addition, the ferromagnetic clusters
around the holes produce strong fluctuations of the local
exchange fields at the positions of the surrounding Cu
atoms. These ferromagnetic clusters and the diluting of
the magnetic lattice combine to change drastically the
ground state at low temperature to the strongly canted
spin arrangement.
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FIG. 1. The magnetic unit cell of MgCu,0;. The a and b
axes are doubled as compared to the chemical unit cell. All
spins in the upper part of the unit cell belong to the one magnet-
ic sublattice, all spins in the lower part belong to the other sub-
lattice. The spin arrangement for the undoped system is sym-
bolized by the black arrows. In slightly Li-doped samples an
additional phase transition occurs, where the spins of both sub-
lattices are strongly rotated in opposite direction, giving rise to
a large canting angle between the two sublattices. This is shown
by the white arrows.
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FIG. 2. The equatorial planes of the CuQg octahedra are
linked via common edges to form ribbons parallel to a. These
ribbons are connected by approximately 90° O—Mg—O and
Cu—O—=Cu bonds to a corrugated quasiplane. Adjacent CuQOyq
octahedra are tilted in opposite direction, giving rise to a weak
spin canting in the undoped and doped system. This spin cant-
ing is shown in more detail in the inset.



