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PHYSICAL REVIEW B

VOLUME 41, NUMBER 7

Magnetic order of the Cu planes and chains in RBa,Cu;0¢ ,

W-H. Liand J. W. Lynn

Center for Superconductivity Research, Department of Physics, University of Maryland, College Park, Maryland 20742

and National Institute of Standards and Technology, Gaithersburg, Maryland 20899

Z. Fisk
MS-K764, Los Alamos National Laboratory, Los Alamos, New Mexico 87545
(Received 14 August 1989)

Polarized and unpolarized neutron-diffraction measurements have been taken to determine the
magnetic structure of the Cu spins in the RBa,Cu;0¢, system as a function of temperature. Most
of the results have been obtained on two (semiconducting) oxygen-deficient single crystals of compo-
sition NdBa,Cu;O¢, and NdBa,Cu;0g35. On cooling from the paramagnetic state, the Cu-O
“plane” layers first order at a Néel temperature Ty, in a simple antiferromagnetic arrangement of
spins, with Ty, =430 K for x=0.1 and Ty, =230 K for x=0.35, and with a saturated moment of
~0.65up. At alower temperature Ty, the Cu “chain” layer also orders, with Ty,=80 and 10 K for
x=0.1 and 0.35, respectively. Hence both transition temperatures decrease with increasing oxygen
concentration in this range of x, and the qualitative behavior for these two samples is found to be
identical. We have not, however, observed this low-T structure in polycrystalline samples of either
YBa,Cu;0q., or NdBa,Cu;04 ., and some possible explanations for this difference in behavior are
discussed. For the single crystals in the low-T phase the Cu spins in all three copper-oxygen layers
are ordered in a simple antiferromagnetic arrangement, with the magnetic unit cell double the
chemical unit cell along all three crystallographic directions. On the basis of the measured integrat-
ed intensities of over 40 magnetic reflections in both ordered phases, the results can be accounted
for quantitatively with the assumption of a 3d magnetic form factor on the Cu ions, with no need for
a significant moment on any of the oxygen ions. At low T, site-averaged moments of ~0.35u5 and
~0.8up are obtained in the “chain” and the “plane” layers, respectively. The fact that the ordered
moment on the plane layers increases in the low-T phase is direct evidence that two-dimensional
quantum fluctuations play an important role in the plane layers in the high-T ordered phase. The
evolution of the low-T spin structure into the high-T structure involves a noncollinear configuration
in which the spins rotate as a function of temperature in the “plane” layers, while the “chain” layer
becomes thermally disordered. The temperature dependence of the structure indicates that compet-
ing interactions between the layers are important, and this is discussed in detail. Finally, explorato-
ry measurements as a function of applied magnetic field indicate that the magnetic anisotropy in the
tetragonal plane is much smaller than the exchange energies.

I. INTRODUCTION

1 MARCH 1990

The magnetic properties of the high-T, superconduct-
ing oxides have attracted considerable interest in an effort
to understand the origin of their electronic and magnetic
behavior. The initial evidence for magnetic order in
these systems was obtained in La,CuO, by both muon
precession”"? and neutron scattering measurements,® !
and then in #2Ba,Cu;04, , (R represents rare-earth ele-
ment) by a number of groups including Tranquada
et al.,"'~13 Kadowaki et al.,' Burlet et al.,' and in-
dependently by us.'®"! Two types of antiferromagnetic
transitions, involving both the ‘“plane” layers and the
“chain” layers, have been observed. In this paper we
present a detailed study of the magnetic structures in
both ordered phases, and describe how one structure
evolves into the other.

The #ABa,Cu;Oq., compounds?® have a layered
perovskitelike structure in which there are three copper-
oxygen layers of ions stacked along the (unique) tetrago-
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nal ¢ axis is shown in Fig. 1. Two of these layers have ox-
ygen ions between the copper ions in both the a and b
crystallographic directions. These are the so-called plane
layers, and the oxygen in these layers cannot be removed.
The third layer has oxygen ions only along the b axis, and
is thus called the chain layer. The oxygen concentration
can be readily varied in this layer from full occupancy
(x=1) to complete depletion (x=0). Both the magnetic
and superconducting properties are very sensitive to the
oxygen concentration x in the chain layers, and a
schematic phase diagram'>~2?* for this class of materials
is shown in Fig. 2. In the small x regime we have a
tetragonal antiferromagnetic insulator, while at large x
we have an orthorhombic superconductor with a =b and
c¢=~3a. On the other hand, the substitution of the
trivalent rare-earth elements on the Y site has little effect
on the superconducting properties of /#Ba,Cu;O¢. ,, in-
dicating that the rare-earth sublattice is electronically
isolated from the superconducting electrons.

The magnetic properties in the small x regime, where
the materials are tetragonal and semiconducting, have

4098 ©1990 The American Physical Society
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FIG. 1. The crystal structure of #Ba,Cu;0,, with only the
Cu (open circles) and O ions (solid and shaded circles) in the
copper-oxygen layers indicated for clarity. The rare-earth ion is
located between the two plane layers, while the plane and the
chain layers are separated by a BaO layer. The occupancy of
the oxygen sites in the chain layer (shaded circles) can be readily
varied from full occupancy (x=1) to full depletion (x=0).

proved to be very interesting. The Cu plane layers order
antiferromagnetically with a Néel temperature Ty as
high as 500 K as indicated in Fig. 2. This is quite a high
magnetic transition temperature for a nonmetallic sys-
tem. The exchange interactions are also very anisotropic,

Tetragonal Orthorhombic
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X

FIG. 2. Schematic phase diagram for ##Ba,Cu;O¢., as a
function of oxygen concentration x on the chain sites. There
are two antiferromagnetic phases in the small x regime: AFM,
in which only the Cu spins in the plane layers are ordered, and
AFMg, in which the Cu spins in the chain layers are also or-
dered. At large x or at very high temperatures the Cu ions are
paramagnetic (PM).
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with the in-plane interactions greatly exceeding the ener-
gy represented by kTy, while the interplanar interactions
are weak.%?>?®  Thus there are substantial two-
dimensional (2D) correlations which persist well above
Ty. The value of the ordered magnetic moment has also
been found to decrease with increasing x, scaling approxi-
mately as Ty,'>!’ but the paramagnetic moment does not
change substantially, and in fact paramagnetic moments
exist within the superconducting phase.?’~? The per-
sistence of magnetic correlations in the superconducting
phase, and the fact that the superconducting transition
affects the temperature dependence of these fluctuations,
have supported theories?>° based on magnetic pairing of
the superconducting electrons. However, even if magne-
tism is not the origin of the pairing, it is clear that any
comprehensive theory of this class of materials must in-
clude an understanding of the spin degrees of freedom.

At lower temperatures the spins on the Cu chain sites
have also been observed to order antiferromagnetical-
ly.!%16=19 The spin configuration within the chain layers
is a simple antiparallel arrangement of nearest neighbors
just as it is for the plane layers, while the configuration
along the c axis turns out to be a simple + —+ — + — se-
quence at low temperatures. This additional ordering
causes an interplanar competition between the plane and
the chain layers, and results in a rich behavior of the
magnetic structure as a function of temperature. The
magnetic structures in the high-7 and low-T phases have
been briefly discussed previously.'®" ! In this paper we
present a complete study of the temperature dependence
of the magnetic ordering of Cu spins in NdBa,Cu;0q ,,
and discuss in detail how the magnetic structure evolves
from its low-temperature to its high-temperature ordered
phase. Our spin structure of the Cu ions is refined based
on more than 40 independent single-crystal reflections
obtained at several temperatures.

II. EXPERIMENTAL DETAILS

All of the neutron scattering experiments were carried
out at the National Institute of Standards and Technolo-
gy (formerly the National Bureau of Standards) Research
Reactor. Unpolarized diffraction data were collected us-
ing a pyrolytic graphite PG(002) monochromator and PG
filter, with an incident energy of either 14.8 or 28.3 meV,
at the BT-9 triple-axis spectrometer. A four-circle
goniometer was employed to orient the crystal. Angular
collimations before and after the monochromator and
analyzer (when used) were 40’ (full width at half max-
imum, FWHM) in all cases. Polarized-neutron measure-
ments were performed at the BT-2 triple-axis polarized-
beam spectrometer, with an incident energy of 13.5 meV.
The incident beam was monochromated and polarized by
a vertically magnetized focusing Heusler (111) alloy, and
the polarization of the scattered neutrons was analyzed
by a supermirror. A PG filter was employed to suppress
higher-order wavelengths, and vertical guide fields were
employed along the neutron path to prevent depolariza-
tion of the beam. Angular collimations were 60’ before
the monochromator and 40’ elsewhere. All of the sam-
ples investigated were sealed in aluminum containers
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filled with helium exchange gas to facilitate thermal con-
duction at low temperatures. A standard gas-flow cryo-
stat or Displex refrigerator was used for the low-
temperature measurements, while a vacuum furnace was
employed for the measurements above room temperature.
Finally, low-temperature field-dependent measurements
were taken in a split-coil superconducting magnet, with a
vertical field capability of 7 T.

Measurements were made on four different samples
with different oxygen concentrations. Two samples were
polycrystalline, with compositions YBa,Cu;0¢,; and
NdBa,Cu;0q o3, and weighing ~9 g each. The other two
samples were single crystals, one with composition
NdBa,Cu;0q¢ ;5 and weighing 9.5 mg, and a second one
with composition NdBa,Cu;O; and weighing 45 mg.
The powder samples were prepared by the usual solid-
state reaction technique as described elsewhere.’! The
single-crystal samples were grown by slowly cooling from
1220°C a Ba-rich flux of the oxides, with a small amount
of PbO added to the melt.

The oxygen concentrations for the powder samples
were determined by thermogravimetric analysis, and that
for the two single crystals were determined by Ruther-
ford backscattering (RBS) techniques. These results for
the oxygen concentration agree quite well with the values
expected based on their measured Néel temperatures
Ty,?** in fact the measured Néel temperatures provide
the best determination of the oxide concentration. The
RBS measurements as well as scanning electron micro-
scope (SEM) measurements on the single crystals re-
vealed a ratio of Nd:Ba:Cu of 1:2:3 within experimental
error, indicating that there is no significant substitution
of the rare earth onto the Ba site for these single-crystal
samples. We have no indication of any Pb incorporated
into the 1:2:3 matrix, but the RBS and SEM measure-
ments cannot rule out the possibility that a small amount
of Pb has substituted for the large cations in this system.

To analyze the observed magnetic intensities we must
compare them with model calculations. The integrated
inggnsity for a magnetic Bragg reflection can be written
as

I,=CLQ, (1)

where C is an instrumental constant that can be readily
determined by the measured nuclear Bragg intensities,
and L is an angular factor that depends on the type of
scan performed to obtain the integrated intensity of the
reflection.” Q) contains the magnetic structure factor and
the orientation factor, and is given by

Q=3 ((8,5— K, Kp)Fy(K,a)F§(K,B))p , (2)

a,B
where a and S stand for x,y,z, and 8,4 is t,pe Kronecker
delta function. K is the scattering vector, K, is the com-
ponent of the unit vector of K along a, and the { ) is
an average over all possible domains. The magnetic

structure factor is a vector quantity, and its component
along a is given by

Fy(K,a)= 3 (u) f;(K)e e ™", 3)
j
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where (u}’) is the thermal average of the a component of
the moment on the magnetic ion located at the jth site at
the position vector r;, W; is the Debye-Waller factor for
the jth atom, and the sum extends over all magnetic
atoms in the unit cell. f(K) is the magnetic form factor,
which is the Fourier transform of the atomic magnetiza-
tion density. A detailed comparison of a model calcula-
tion for the integrated intensities of the magnetic Bragg
reflections can then quantitatively test the model used.
We remark that Eq. (2) can often be written in a
simplified form if the magnetic structure is collinear, but
this is not always the case for the materials presently un-
der investigation.

Polarized neutrons have also been used to verify that
the observed temperature-dependent Bragg reflections are
magnetic in origin. The technique to isolate the magnetic
response using polarized neutrons has been described in
detail in the literature.?* The basic principle employed is
that when a magnetic field B within the sample is parallel
to the scattering vector Q, all of the magnetic scattering
is associated with a reversal of the neutron spin (spin-flip
scattering), while for BLQ, the spin-flip and non-spin-flip
scattering are equally probable. The nuclear scattering,
on the other hand, is independent of the orientation of B
and Q. The spectrometer was set up so that polarized
neutrons were incident upon the sample. A supermirror
was then used to reflect only those neutrons that un-
derwent a spin reversal in the sample, with the applied
magnetic field first parallel and then perpendicular to the
scattering vector. A subtraction of the observed intensi-
ties between the B||Q and BLQ configurations leaves only
the magnetic component, with the background and
nuclear-spin incoherent scattering contributions cancel-
ing.

III. RESULTS

Before proceeding to the details of the scattering exper-
iments and the magnetic structures, we give an overview
of the magnetic behavior observed. The spins in all three
layers turn out to be coupled antiferromagnetically
within the tetragonal layers in both the low-T and high-T
phases. Hence the magnetic unit cell is double the chemi-
cal unit cell along both directions in the tetragonal plane,
requiring that the first two Miller indices h and k for the
magnetic reflections be half integral if the usual conven-
tion of indexing the magnetic reflections on the basis of
the chemical unit cell is used. For the unit cell along the
¢ direction, there are two types of ordering which have
been observed. At low temperatures both the chain lay-
ers and the plane layers are ordered with an antiferro-
magnetic sequence along the c axis like (+—+ —+ —

-++ ). This yields a magnetic unit cell double the chemi-

cal one along the c-axis direction as well, and thus the
third Miller index / will also be half integral. We will
refer to these peaks as “half-integral peaks.”

The strongest magnetic Bragg reflection in the low-T
phase turns out to be the (1 § 3) reflection, shown in Fig.
3(a), which was obtained from the x=0.1 crystal at
T=10 K. The results of the polarized beam measure-
ments made on this particular peak are shown in Fig.
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FIG. 3. The (1 1 2) Bragg reflection from the x=0.1 crystal at T=10 K is shown. (a) The unpolarized beam result. (b) The polar-
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ized beam result, where the difference of the observed intensities between the B||Q and BLQ configurations is plotted. The data
demonstrate that the scattering is magnetic in origin. The solid curves are a least-squares fit to a Gaussian (resolution) function. (c)
The basic spin structure for the Cu moments at low 7. There is a substantial moment on the Cu ions in the oxygen deficient chain

layer (small circles).

3(b). Even though the Cu moments are quite small, the
crystal is sufficiently large to obtain an excellent signal-
to-noise ratio. The spin-flip scattering intensity with
BLQ configuration was half that with B||Q configuration,
and the polarized-beam measurements clearly establish
that the half-integral peaks are indeed wholly magnetic in
origin. In addition, the relative intensities between spin-
flip magnetic ({1 2) and non-spin-flip nuclear (001)
reflections are consistent with the data obtained using un-
polarized neutrons. A subtraction between the data ob-
tained with the B||Q and BL1Q configurations for the nu-
clear (006) and (110) reflections also yielded zero net in-
tensity, as expected if there is no ferromagnetic com-
ponent. The basic spin structure for the low-T phase is
shown in Fig. 3(c), which consists of a collinear arrange-
ment of spins with the spin direction in the tetragonal
plane.

In the high-T ordered phase, on the other hand, the
chain moments are thermally disordered, while the plane
moments reorient themselves into a new antiferromagnet-
ic configuration, and we have an ordering sequence like
(+0—+0— - - ) along the c axis. In this case the mag-
netic and chemical unit cells are the same in this direc-
tion, and / will be an integral. We refer to these peaks as
the “whole-integral peaks.” Two typical magnetic Bragg
reflections for this high-T phase that were obtained from

the x=0.1 crystal at T=100 K are shown in Figs. 4(a)
and 4(b). The results of the polarized-beam measure-
ments made on the powder sample of YBa,Cu;04 3 at
T=200 K for the (3 ;1) reflection have been shown in
Fig. 1(a) in our previous report,!® indicating that the
whole-integral peaks are also magnetic in origin. Figure
4(c) shows the basic spin structure for the high-T phase.

The temperature dependence of the strongest of these
two types of peaks is shown in Figs. 5 and 6 for the
x=0.35 and x=0.1 crystals, respectively. The overall be-
havior for the two samples is identical, except that their
magnetic transition temperatures Ty; and Ty, are of
course different due to their different oxygen contents.
No hysteresis was observed in the warming and cooling
cycles for any of these magnetic phase transitions.

There are several points to note about these magnetic
intensities and their associated order parameters.

(1) In the high-T phase the scattering seems to flatten,
or saturate, with decreasing temperature [Figs. 5(a) and
6(a)], indicating that the ordered moment in the plane
layers has reached its maximum value. Indeed, in the
powder samples that have been studied and in which no
chain ordering is observed, no significant increase in in-
tensity at low temperatures has been observed.

(2) The decrease in the intensity of the (J 1 2) peak at
low T is accompanied by the development of intensity at
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FIG. 4. Two typical magnetic Bragg reflections in the high-T phase. Shown are the (3 1 1) and (4 1 2) reflections from the x=0.1
crystal at T=100 K. The basic spin structure for the Cu moment at high T is shown in (c). The Cu moments in the oxygen-deficient

planes (small circles) are thermally disordered.

the (41 2) peak position. Both changes mark the onset
of the “low-T phase” at Ty,.

(3) The (1 12) intensities appear to extrapolate to zero
at T=0, indicating that the ground-state magnetic struc-
ture (for the Cu spins®) includes only half-integral-type
peaks.

(4) The intensity of the (] 1 2) peak is substantially
larger than the maximum intensity of the (1 12) peak.
Indeed our analysis shows that in addition to the order-
ing of the chain spins, the ordered moment of the plane
spins also increases in this low-T phase.

(5) The temperature dependence of the magnetic inten-
sities indicates that Ty,~430 K and Ty,~80 K for the
x=0.1 crystal, and Ty;=230 K and Ty,~10 K for the
x=0.35 crystal.

(6) The intensity for the (] 1 2) peaks decreases quickly
with increasing 7, and gives an extrapolated transition
temperature as given in (5). However, there is substantial
“rounding” to the transition for both crystals as shown in
the figures. For example, at 100 K in the x=0.1 crystal
there is still a sharp peak at the (§ ; 3) position, although
it has very weak intensity. This rounding is due either to
a distribution of transition temperatures or to an induced
moment on the chain sites caused by a coupling to the
(ordered) plane sites.

(7) Measurements'* made on a single crystal of
YBa,Cu,0q , show Ty, ~400 K and Ty,~40 K. These
results indicate that both Ty, and Ty, decrease with in-
creasing x in this range of x.

Since the half-integral and whole-integral Bragg
reflections correspond to separate Fourier components,
they can be treated separately. We may then solve the
components of the spin structure for the two types of
reflections separately, and then superpose them (vectori-
ally) to obtain the resultant spin structure. We note that
the resulting spin structure may be noncollinear. In gen-
eral the angle between these two components of a spin
structure cannot be obtained uniquely from the intensity
data. However, if we make the physically reasonable as-
sumption that the magnitude of the moments on the two
plane layers are the same, then the angle between the two
components of the spin structure must be 90° in order to
have half-integral and whole-integral peaks completely
disappear at high and low temperatures, respectively, and
to have these two types of reflections coexist at inter-
mediate temperatures. In addition, a qualitative survey
of the observed intensities shows that the spins must lie in
the tetragonal plane. There are therefore three adjustable
spin parameters that belong to the two vector spins M.
and M, where the subscripts “C” and “P” refer to the
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moments of the chain and the plane layers, respectively.
One parameter is M, the magnitude of the chain mo-
ment, and the other two parameters are the components
M,, and Mp,, which are parallel and perpendicular, re-
spectively, to the moment direction on the chain layers.
We find that at the lowest temperature only M¢ and Mp,

NdBaLu{Js 35 (a)
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FIG. 5. Temperature dependence of the (net) magnetic inten-
sities for the NdBa,Cu;0q 35 crystal. The onset of magnetic or-
der for this oxygen concentration is Ty, =230 K as revealed by
the intensity of the (1 1 2) peak shown in (a). The sharp down-
turn in the (4 1 2) intensity at low temperatures is accompanied
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by new Bragg peaks at positions such as (5 5 ) as shown in (b),

indicating that the spins are undergoing a change in structure.
Ty, for this oxygen concentration is =10 K. Also shown in
part (b) is the (1 1 2) intensity on an expanded temperature
scale so that it can be directly compared with the (1 1 2) inten-

. 222
sity.
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are needed to explain the intensities of the half-integral
peaks, so that Mp =0, while in the high-temperature
phase Mc=Mp =0 and only Mp, is needed to explain
the intensities of the whole-integral peaks. At intermedi-
ate temperatures we have both kinds of peaks, and hence
all three parameters are needed. This results in a noncol-
linear structure. It should also be noted that the direc-
tion of M in the tetragonal plane cannot be determined
from our measurements, since the different domains of
the crystals were found to be equally populated, and the
information on this direction is lost when a domain aver-
age is taken.

A. High-temperature ordered phase

In the high-temperature ordered phase, when
Ty, <T < Ty, only whole-integral reflections are ob-
served. Some typical whole-integral reflections of the
(4 2 D) type taken on the NdBa,Cu;0q , crystal at 7=110
K are shown in Fig. 7: Reflections of the (3 1/) type
from the NdBa,Cu;0q ;5 crystal at T=78 K have already

NdBa,Cu,0, ,
2000 . ; .
(1/2,1/2,2) ]
(a)
(@p]
49
- i
— 1000} § LS 1
Q A
O s Y
g a
lf N
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0 250 500
7500f ' Mg
%o, (172, 1/2,3/2)}
. ]
35 ° (b)
) 5000f
[ ]
—
- .
()
O 2500} ° ]
i ]
[ ]
o,
0 ®oos000000e
0 100 200

Temperature (K)

FIG. 6. Temperature dependence of the observed intensities
(magnetic Bragg peak plus background) for the NdBa,Cu;Oq ;
crystal. Here the downturn of the (1 12) peak begins at much
higher temperature. The (] 12) intensity at low T is very
small, while the ({1 %) peak dominates the low-T scattering.
At this oxygen concentration T, ~430 K and Ty,~80 K.
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FIG. 7. Several antiferromagnetic whole-integral peaks with
hF*k, obtained on the x=0.1 crystal at T=110 K. The half-
integral reflections are unobservable at this temperature, and
the solid curves are a least-squares fit to a Gaussian (resolution)
function.

been given in Fig. 2 of our previous report.!® These data
were obtained by rotating the crystal through the Bragg
peak with the detector set at the Bragg angle. The ob-
served magnetic integrated intensities for the x=0.1 crys-
tal at 7=110 K and for the x=0.35 crystal at T=80 K
are listed in Tables I and II, respectively. The spin struc-
ture that we deduce from our data is that the Cu spins in
the chain layers are disordered, presumably due to the
weaker coupling caused by the reduced amount of oxygen
in these layers. The magnetic structure of the plane lay-
ers consists of a simple (collinear) antiferromagnetic ar-
rangement of spins both within the planes, and along the
tetragonal ¢ axis as shown in Fig. 4(c). The specific spin
configurations in each layer are depicted in Fig. 8(a).
Within each plane layer we have a collinear
+Mjp,;, —M;, arrangement along both directions, while
along the c axis we have the (collinear) +Mp,0, —Mp,
arrangement. It is important to note in Fig. 8 that we
have chosen M, to be along the a axis for clarity, but in
fact this choice is arbitrary, and we do not know the
specific direction of M, within the plane. This spin ar-
rangement gives rise to whole-integral Bragg reflections
only, with the / index integral, since there are two plane
layers in the chemical unit cell.

The temperature dependence of the whole-integral
peaks has already been shown in Figs. 5(a) and 6(a). In
this phase the magnetic intensity is directly proportional
to the square of M , which is the sublattice magnetiza-
tion. The maximum intensity occurs at about 100 K for
the x=0.1 crystal, and corresponds to a moment of
0.6410.06u;. We quote the value here that we obtained
from our powder data, since extinction effects for the nu-
clear peaks rendered the single-crystal moment values
less reliable. This moment value is in good agreement
with values obtained by others. "% 13
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TABLE I. Observed and calculated magnetic intensities for
the single crystal of NdBa,Cu;O4, with Ty;=~430 K and
Ty,~80 K. Data were obtained using neutrons of E,=14.8
meV. At T =110 K, the half-integral reflections show no inten-
sities. The Cu spins in the chain layers are disordered. In the
calculation Mc=0.00up, Mp;=0.00u5, and Mp =0.64pp were
used. At T=100 K, the scattering is still dominated by the
whole-integral peaks. The moments on the chain layers start to
develop. In the calculation Mc=0.09u5, Mp;=0.21ug, and
Mp,=0.63up were used. At T=20 K, the half-integral intensi-
ties dominate the scattering. In the calculation M =0.32up,
Mp=0.78up, and Mp =0.28u, were used. At T=10 K, we
have Mc=0.34up, Mp;=0.80up, and Mp =0.15u.

(hkl) I Lo
T=110 K
(31D 16.08+1.27 15.78
(333) <11 0.00
(332 26.64+1.56 27.71
(313 <11 0.00
(335 24.70+2.06 29.93
(334 <1.1 0.00
;30 <1.1 0.00
313 <11 0.00
(33 1) 11.80+1.26 11.23
(332) 20.08+1.92 18.14
(133 <1.1 0.00
($33) 3.61+2.01 3.15
(33D <11 0.00
(334 6.13+1.66 4.73
(+3%) <1.1 0.00
(135 16.36+1.92 17.25
(34 <11 0.00
T=100 K
(311 15.93+1.02 15.02
(313 4.18+0.39 4.17
(332) 25.89+1.83 26.38
(333) 0.93+0.35 0.93
(333 4.46+0.36 4.53
(§14) 8.08+1.13 7.16
(315) 29.26+1.51 28.47
(336 11.58+0.89 12.34
(332) 8.66+1.93 11.85
T=20 K
331 73.51+2.81 75.73
(332 4.86+1.62 7.03
(330 <11 0.00
339 1.79+1.18 1.73
($3n 3.17£1.34 2.85
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TABLE 1. (Continued).

(hkD) T ops Tear
T=20 K
(132 4.82+1.72 4.60
133 10.44+1.82 11.44
($33) <11 0.80
33D <1.1 0.97
($34) <11 1.20
133 40.85+1.58 38.81
(£15) 4.3411.14 4.38
CERS 18.01+2.28 17.12
T=10 K

(113 2.4740.30 2.38
(31D 1.87+0.53 1.21
313 82.80+3.20 81.86
(112 1.93+0.51 2.12
(333 19.34+1.14 18.51
(+13) <0.7 0.36
CEEY 1.35+0.45 1.67
(119 <0.7 0.58
($15) 2.30+0.77 2.29
(139 28.45+1.35 31.31
(436 0.99+0.37 0.99
339 1.58+0.45 1.38
(331 <0.7 0.64
(333 39.14+3.17 39.38
(232 1.29+0.61 0.95
113 6.05+1.89 7.95
(233 <0.7 0.15

B. Ground state

With a further decrease in temperature, a second phase
transition at Ty, occurs as shown in Figs. 5 and 6. New
peaks appear at positions with / half integral, which im-
plies that the magnetic unit cell has now doubled along
the ¢ axis as well as in the tetragonal plane. Accom-
panied by the increase in the intensities of these half-
integral peaks is a decrease in the whole-integral peaks,
and in fact these intensities appear to extrapolate to zero
at T=0. We therefore assume that the ground-state spin
configuration of the system corresponds to Bragg
reflections in which all three Miller’s indices are half in-
tegers. The spin structure we have determined is shown
in Fig. 3(c), in which both the plane and the chain layers
carry ordered Cu moments, with a simple collinear anti-
ferromagnetic + — + — + — arrangement along all three
crystallographic directions. The spin arrangements are
shown in more detail in Fig. 8(b), where we have a col-
linear stacking of —Mp, +Mc,—Mp,+Mp, —Mc,
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+M,, along the ¢ axis, and a collinear arrangement of

+Mp;, —Mp, and +M¢, —M( along both directions in

the tetragonal plane and the chain layers, respectively.
The values of the ordered moments that we obtained at

TABLE II. Observed and calculated magnetic intensities for
the single crystal of NdBa,Cu;O¢ ;s with Ty;=230 K and
Ty,~10 K. At T=80 K, only the whole-integral peaks were
observed at this temperature. M:=0.0up, Mp;=0.0up, and
Mp,=0.64u 5 were used in the calculation. Data were obtained
using neutrons of E; =28.3 meV. At T=5 K, both half-integral
and whole-integral peaks were observed. M =0.23upg,
Mp =0.14u5, and Mp =0.23up were used. Data were ob-
tained using neutrons of E; =14.8 meV.

(hkI) ) . Leae
T=80 K
(001) <15 0.00
(003) <15 0.00
(310 <15 0.00
(331D 11.25+1.42 9.95
;12 16.39+2.08 17.33
(333 2.49+1.74 2.93
(114 4.96+1.84 4.53
(315 15.58+2.59 17.42
(346 7.32+2.08 7.15
(537 <L5 0.12
(418 6.761+2.29 6.02
(319 6.27+1.40 5.82
(3310 <15 0.43
(230 <15 0.00
330 4.11£1.95 4.59
(332) 2.30+1.39 6.74
(333 <15 1.04
(114 <15 1.54
(335) 5.62+2.65 5.99
(226 2.95+1.38 2.92
(337 <L5 0.06
(338) 3.40+1.42 3.18
(339 2.57+1.40 3.15
(331 <1.5 1.52
(332 <15 2.24
($33) <15 0.36
T=5K
4D 2.59+0.43 2.48
313 5.0310.50 5.15
(132) 4.42+0.53 4.35
(119 4.5610.83 4.69
23n 1.5140.86 1.31
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low temperatures are Mp =0.8110.08u5 for the plane
layers and M-=0.35+0.06u for the chain layers, with
M, =0, since the spin configuration is collinear. Note
that the value of the ordered moment in the planes is now
substantially larger than the maximum moment obtained
when only the plane moments are ordered, above Ty,.

(a) HT (b) GS
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@

. - el T el T
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Mp"t."é :ﬁ, P
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FIG. 8. A sequence of six layers of Cu spins is shown. At all
temperatures, when there are ordered moments on the Cu ions,
the spins have a simple antiferromagnetic arrangement of
nearest neighbors along both directions in the tetragonal planes
as shown, with the spin direction in the tetragonal plane. Mc is
the moment on the chain layers, My and Mp, are the moments
on the plane layers that are || and 1, respectively, to M¢. In the
high-temperature ordered phase, Mc =Mjp; =0, only the plane
layers are ordered, and the spin structure is collinear as shown
in (a), and the (+ —) sequence along the c axis is the same as
shown in Fig. 4(c). At T=0, Mp; =0, Mc~0.43Mp, and the
spin structure is again collinear as shown in (b), with the (+ —)
the same as that shown in Fig. 3(c). The spin configuration at
intermediate temperatures is a (vector) superposition of (a) and
(b), which yields a noncollinear structure as shown in (c). As
the temperature is raised from 7=0, the values for Mp; and M,
decrease while that for Mp, increases as the spins in the plane
layers rotate. The specific direction of M within the tetragonal
plane cannot be determined from our measurements, and we
have simply chosen it to be along one of the axes for clarity.

2
=
—
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We remark that in some samples no chain ordering has
been observed, i.e., Ty,—0, and then the increased plane
moment is not observed. The reduced value of the Cu
moment in the planes has been interpreted as resulting
from the large spin fluctuations originating from the 2D
behavior of the planes, and the increased moment we ob-
serve when the chains order adds further credence to this
interpretation.

C. Intermediate temperatures

The exchange interactions between layers are shown
schematically in Fig. 9. In the high-T phase, when the
chains are thermally disordered, the planes are coupled
antiferromagnetically, and hence we take J,1 <0 and
J,2<0, where J,, is the interaction between adjacent
planes, and J,, is the interaction between planes which is
mediated through the chain layer. Note that J, is really
a next-nearest-neighbor interaction, and hence we can as-
sume that J, is a weaker interaction than J,;. Of course,
the exchange interactions within the CuO, layers are also
antiferromagnetic, and are much stronger than any of
these interactions between layers.

When the chain moments order, we must introduce
another exchange interaction JPC, which is the (nearest-
neighbor) interaction between adjacent chain and plane
layers. Note that J,, and J,. cannot be satisfied simul-
taneously, and hence we have a situation of competing in-
teractions. The observed ground-state configuration then
establishes that J, is stronger than J,,.

The result of these competing interactions is that the
spin structure becomes noncollinear. Just below Ty, the
moments on the chains point in a direction perpendicular
to the moments in the planes. As the temperature is
lowered, M increases in magnitude, and the moments on
the planes rotate toward the direction of M. and finally
become antiparallel to M in the ground-state

configuration.

HT s

1 + +
________ J _

2 e ) Ype = ¥

o VYp + _

. e ) VJpz +

+ +

FIG. 9. Schematic of the exchange interactions along the ¢
axis. J,, is the direct interaction between plane layers, and J,, is
the interaction between plane layers that is mediated through
the (thermally disordered) chain layers. J,, is the direct interac-
tion between the chain and plane layers when the chains are or-
dered. All three interactions are antiferromagnetic.
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D. Quantitative analysis

In the intermediate temperature regime, where 0<T
< Ty,, both whole-integral and half-integral peaks are
observed, and the spin configuration is noncollinear as
shown in Fig. 8(c). Figure 10 shows examples of both the
(31 1) and (] §1/2) Bragg reflections observed at 7= 100
K from the x=0.1 crystal. Note that the y scale for the
whole-integral reflections is twice that for the half-
integral reflections, and the whole-integral reflections ob-
viously dominate the scattering at this temperature. At
low temperature, on the other hand, the reverse is true
and the half-integral reflections dominate. Some typical
data are shown in Fig. 11. In particular, note that a ratio
of 4:2:1 for the integrated intensities of the (L1 3) and
+ 3 3) reflections is observed, which is an important key
for us to obtain the spin structure at low temperatures.
The observed magnetic integrated intensities for the
x=0.1 crystal at three different temperatures are listed in
the second, third, and fourth parts of Table I, while those
for the x=0.35 crystal at T=5 K are listed in the second
part.of Table II.

As the temperature is decreased, Mp, decreases, while
both M and M, increase. The spin structure along the
¢ axis is then the superposition of two orthogonal col-
linear stackings of +Mp,,0, —Mp,, +Mp,,0,—Mp, and
—Mp, +Mc, —Mp, +Mp;, =M, +Mp. These stack-
ings are indicated in Figs. 8(a) and 8(b) by the & and ©.
The resultant noncollinear structure is shown in Fig. 8(c).

NdBaLu{g 4
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Along both directions in the tetragonal planes, the struc-
ture remains a collinear arrangement of +M,, —M) and
+M_, —M¢ in the plane and chain layers, respectively.

It turns out that the relative intensities between the
half-integral reflections do not depend on the value of
Mp,, which allows us to determine the best value for
M /Mp, by using all of the observed half-integral inten-
sities. Once M /Mp, is known, Mp, /Mp, can then be
determined by using the observed relative intensities be-
tween the half-integral and whole-integral peaks. Finally,
the value of Mp, is obtained by detailed comparisons'® of
the whole-integral intensities with the nuclear intensities.
The values for M, Mp), and Mp, thus obtained for the
x=0.1 and x=0.35 crystals at various temperatures are
listed in Tables I and II, respectively, where comparisons
of the observed and calculated magnetic Bragg intensities
are also shown. The agreement between the data and the
model calculation is quite good. In the calculation, mag-
netic form factors measured*® for Cu?* in ferromagnetic
K,CuF, were used, the angular (Lorentz) factors for a
single crystal were considered, and the calculated intensi-
ties were averaged over all possible domains.

The relative intensities between the half-integral
reflections depend on the relative moment of the Cu ions
on the chain and plane layers, i.e., they depend on
Mc/Mp,. We observed a much stronger (13
reflection than other reflections like (11 2) and (3 33),
and a relative moment of M /Mp =~0.43 is deduced from
our data taken on the x=0.1 crystal at 7=10 K. The

T=100K
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FIG. 10. These data were obtained on the x=0.1 crystal at 7=100 K, where both half-integral and whole-integral peaks have
nonzero intensities. Note that the intensity scale for the whole-integral peaks is twice that for the half-integral peaks.
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FIG. 11. Several half-integral peaks obtained with the x=0.1 crystal at low temperatures.
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FIG. 12. Temperature dependence of the ordered moment on
the Cu ions for the x=0.1 crystal. At low temperatures, the
moment on the chain layers is about 40% of that on the plane
layers. As T— Ty,, M drops to zero, and only the spins on the
Cu in the plane layers remain ordered. The solid curves are a
guide to the eye.

values of the ordered moments that we obtained at low
temperatures are then Mp =(0.8110.08)up for the plane
layers and M=(0.3510.06)u  for the chain layers. The
temperature dependence of the moments on the Cu ions
for the x=0.1 crystal is shown in Fig. 12. The relatively
large moment observed in the chain layers is somewhat
surprising. As the temperature is raised, the thermal agi-
tation randomizes these spins, resulting in a reduction of
the average moments: Both M. and M, decrease with
increasing temperature, with M decreasing faster than
Mp does. As the temperature reaches Ty,, M drops to
zero signifying that the Cu spins in the chain layers be-
come completely disordered, while a moment as high as
0.65p still remains on the Cu ions in the plane layers.

IV. MAGNETIC-FIELD DEPENDENCE

A few exploratory measurements were made on the
field dependence of the magnetic Bragg intensities to
determine the qualitative effect of an applied field on the
magnetic system. The data were restricted to low tem-
peratures (5 K), and were taken in a superconducting
magnet with a field range from zero to 7 T. The crystal
was mounted in the (hhl) scattering plane, with the field
applied vertically, that is, in the [#%0] direction. Hence
the field was applied in the (easy) tetragonal plane.

For an antiferromagnet in an applied field we can ex-
pect two basic kinds of behavior, depending on the rela-
tive strengths of the anisotropy and exchange.’’ Consid-
er the situation where B is applied along the spin axis. If
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the anisotropy dominates, then we will have a metamag-
netic transition at a certain critical field B,,, where the
sublattice that opposes the field suddenly changes direc-
tion by 180° and all the spins become parallel. This costs
the full exchange energy of the system, but costs no an-
isotropy energy. If, on the other hand, the exchange en-
ergy dominates, which is surely the case in these oxide
systems where the intraplanar exchange energies are
huge, then we will have a spin-flop (SF) transition at a
critical field Bgg, where the spins maintain their basic an-
tiparallel arrangement but both sublattices rotate by
~90° so that the spins are essentially perpendicular to B.
There is also a small canting of the spins in the direction
of B, which yields a small (induced) ferromagnetic com-
ponent. Then, with further increase of field the spins will
cant further to become better aligned with B. At
sufficiently high B, when the dipolar energies dominate
the energetics, again the spins will all become parallel. In
the present case, however, where the exchange energies
are very large, such fields will not be experimentally ac-
cessible. Finally, with tetragonal symmetry we will need
to consider the case where B is applied perpendicular to
the initial (B=0) spin direction. This is the same as the
spin-flip case just discussed, with B > Bgg.

The peak intensities versus field were measured at 5 K
for the (12) and ({1 3) antiferromagnetic peaks, as
well as for several nuclear peaks where we checked for an
induced ferromagnetic component. No ferromagnetic
component was observed at any field, indicating that the
dipolar energies are indeed small compared to the ex-
change energies as already discussed. The intensities of
the antiferromagnet peaks, on the other hand, are quite
sensitive to B as shown in Fig. 13, where a decrease of the
net intensity of ~20% is observed up to 6 T. A similar
decrease was observed for the (] 12) peak, although at
this low temperature the even-integer peaks have quite
small intensities and hence the statistics are not nearly as
good.

The data of Fig. 13 can be interpreted in a straightfor-
ward way assuming that the exchange energies dominate.
At 5 K we are in the low-temperature phase, where all
the Cu layers are ordered in a collinear spin arrangement
as shown in Fig. 8(b). In this case Eq. (2) can be written
in the usual form3?

iK-r. 2 A
Q=3 () f(Kee™ " | (1—GFR2) )
j

where we have neglected the Debye-Waller factor at
these low temperatures. The term of interest here is the
so-called orientation factor {(1—(7-M)?), where M is a
unit vector which defines the spin axis, and ( ---)
denotes an average over all possible domain config-
urations. If we assume, for example, that the (110)
direction is the easy axis for the system, then for domains
where M is along [hA0] the spins will rotate so that they
are in the [hhO] direction, and hence in the scattering
plane. The orientation factor will then decrease from its
maximum value of 1, to 1, and hence the observed inten-
sity will decrease. For domains where the spin direction
is already in the [hhO] direction, the orientation factor
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FIG. 13. The magnetic field dependence of the (% —;— %) peak
intensity from the x=0.1 crystal at T=10 K. The magnetic

field was applied in the tetragonal plane.

will already be | and will not change significantly. Hence
the total intensity decrease®® in the vicinity of the spin-
flop®® transition could be as large as a factor of 2. The
substantial intensity decrease that is observed indicates
that the anisotropy in the tetragonal plane is comparable
to the dipolar energies produced by the field, and hence
the anisotropy must be very small compared to the ex-
change energies.

V. DISCUSSION

The intensities of the ~40 independent magnetic
reflections that we observed on the single crystals of
NdBa,Cu;0q¢ ; and NdBa,Cu;0Oq 35 are well explained by
the assumption of a 3d magnetic form factor on the Cu
ions with no need for a significant moment on any of the
oxygen ions. Polarized beam measurements on
YBa,Cu;0q ; also have revealed no evidence of a magnet-
ic moment on the oxygen ions.?> However, it is the oxy-
gen ions that mediate the strong exchange interactions
within the Cu-O layers, and produce the 2D like electron
correlations which are the genesis of the very high three-
dimensional magnetic ordering temperature, and perhaps
the high superconducting transition temperature as well.
However, even if magnetism is not directly associated
with the superconducting state, it is quite clear that the
Cu layers are intimately involved in both the magnetism
and superconductivity, and the oxygen plays a determina-
tive role in the system.

The principal results of this paper are a detailed under-
standing of the nature of the magnetic structures and or-
dering which involve the Cu plane and chain layers. The
essential difference between the low-T and high-T spin
structures is of course the moment M. on the chain lay-
ers, which develops below Ty,. The conventional
viewpoint for the #Ba,Cu;O¢, , class of materials was
that the Cu valence in the plane layers is 2+ with an as-
sociated magnetic moment, while the chain layers only
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contain nonmagnetic Cu* at x =0. The incorporation of
oxygen into the chain layers then creates some Cu®t,
with an average moment on the chains that is very small.
This picture was supported by the results of Kadowaki,
et al.,'* who reported a very small chain moment. How-
ever, they did not measure the half-integral and whole-
integral peaks very far below Ty,, and they obtained a
very limited set of Bragg intensities. Hence they did not
realize that the structure is noncollinear in this tempera-
ture range, and analyzed their data employing an in-
correct spin structure. The small chain moment they
quote is not indicative of the full ordered moment.*’ The
unexpectedly large value of M- which we have observed
on the Cu chain layers demonstrates that the Cu™ state is
not an appropriate description of the electronic
configuration of the chain layers in these materials:
There must be strong hybridization of the (band) elec-
tronic wave functions within all three Cu layers, and this
hybridization is at the origin of the strong electron corre-
lations.

In the present #Ba,Cu;O¢,, system, however, the
chain ordering has only been observed in some samples
and not in others. A central question to address then, is
what physical properties control the magnetic moment
and ordering on the chain ions, in addition to the average
oxygen concentration x. In particular, is the chain order-
ing a general phenomenon for all the ZBa,Cu;0¢, , ma-
terials, or it is specific to NdBa,Cu;0¢, ,? In this regard
it is important to note that the chain ordering is quite
sensitive to changes of the electronic structure, either by
chemical substitution directly on the chain sites, or else-
where in the system. The case of Co substitution has
been studied in some detail.*"*> The Co substitutes pref-
erentially on the Cu chain sites, and indeed increasing the
Co concentration is found to strongly enhance the chain-
ordering temperature 7Ty, until the chains order at the
same temperature as the planes. Another example of
electronic alteration of the system is provided by Nd sub-
stitution on the Ba site. Nd has a relatively large ionic
radius, and under some sample preparation conditions
can  substitute onto the Ba site, yielding
NdBa,_,Nd,Cu;O¢,,. This changes the electronic
configuration of the system, and can affect both the mag-
netic and superconducting properties.* In fact, recently
Moudden, et al.'* have reported measurements
on a single crystal of nominal composition
NdBa,Cu;0Oq¢, ,, where they found that the planes and
chains order at the same temperature of 385 K. This be-
havior is quite similar to the situation of Co substitution,
and we attribute the high chain-ordering temperature to
the electronic changes caused by Nd substituted on the
Ba site. Hence the magnetic properties of the chains ap-
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pear to be strongly influenced by substitutions on either
the Cu chain sites or the Ba sites.

The measurements which bare most directly on this
point are those of Kadowaki et al.,'* where they ob-
served Ty, =400 K and Ty,=40 K on a single crystal of
YBa,Cu;0¢. . These values fall just between our values
of (430, 80) and (230, 10) for Ty, and Ty,, respectively.
In addition, the temperature dependence of the half-
integral and whole-integral peaks for our samples is iden-
tical to their data where they overlap.* Hence we con-
clude that the chain ordering is a general phenomenon
for this system, and is not specific to Z=Nd. In the case
of the single crystal studied by Moudden et al.," the
sample was prepared by a different growth technique
than our crystals, and we think it is likely that the high
chain-ordering temperature in their case is indeed due to
an occupancy of Nd on the Ba site. We note that the
RBS measurements on our own samples revealed no
significant Nd on the Ba site.

The final question to address is why the chain ordering
is observed in some samples, and not in others. In partic-
ular, it has been observed in ‘“‘as-grown’ single crystals,
but has not been observed in pure (i.e., not with Co sub-
stitution) powders. In single crystals where the oxygen is
driven in and out, on the other hand, only suggestions of
chain ordering have been observed.!* We speculate that
this chain-ordering behavior is being controlled not only
by the oxygen concentration, but also by atomic ordering
of the oxygen in the chains.* In powders which are
quenched relatively quickly, the oxygen occupancy in the
b-axis sites is likely random, while in single crystals
which are grown slowly there may be a substantial
amount of preferred occupancy.*’ Indeed oxygen order-
ing is believed to be responsible for the “plateau” near
x ~2Z in the superconducting T,. We also note that Co
substitution on the chains may enhance this oxygen or-
dering, which would help explain the enhanced chain or-
dering in that case. It is very difficult, however, to ob-
serve this chain order in bulk samples, and it is clear that
a systematic investigation of the chain ordering as a func-
tion of oxygen concentration and atomic ordering will be
needed to determine if this speculation has any basis in
reality.
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FIG. 1. The crystal structure of # Ba,Cu,0, with only the
Cu (open circles) and O ions (solid and shaded circles) in the
copper-oxygen layers indicated for clarity. The rare-earth ion is
located between the two plane layers, while the plane and the
chain layers are separated by a BaO layer. The occupancy of
the oxygen sites in the chain layer (shaded circles) can be readily
varied from full occupancy (x=1) to full depletion (x=0).
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FIG. 2. Schematic phase diagram for #Ba,Cu;O4., as a
function of oxygen concentration x on the chain sites. There
are two antiferromagnetic phases in the small x regime: AFM,
in which only the Cu spins in the plane layers are ordered, and
AFM¢, in which the Cu spins in the chain layers are also or-
dered. At large x or at very high temperatures the Cu ions are
paramagnetic (PM).





