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Neutron-scattering study of the transition from antiferromagnetic
to weak ferromagnetic order in Lazcu04
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Neutron-scattering studies provide direct evidence for a field-driven magnetic transition which

originates from the canting of spins out of the Cu02 planes: At the transition between antiferro-
and ferromagnetic ordering of the canted component of the spins in the layers, the (100) Bragg
peak vanishes while the (201) peak appears. Detailed measurements and analysis suggest that
the phase transition can be described by the mean-field theory of Thio et al. only close to the
Neel temperature.

I. INTRODUCTION

The discovery' of high-temperature superconductivity
in copper oxides has rekindled interest in their magnetic
as well as transport properties. It is now known that the
phase diagrams of La2 —,Sr„Cu04 and YBa2Cu30s+s
contain regions, at very small x or b, with three-
dimensional (3D) antiferromagnetic long-range order. 2

There is growing evidence, ' also, for a region at larger x
or b' of the spin-glass phase predicted by Aharony et al.
That the 3D antiferromagnetism is destroyed in this way
by a very low density of holes is evidence that the excess
holes are strongly coupled to the Cu2+ spins. In addition
to the static spin correlations, in these regions with low
hole density, dynamic, highly inelastic, 2D spin fluctua-
tions have been observed even in the high-T, supercon-
ducting phase, at least for La2-„Sr„Cu04.Although the
length scale gqD of these correlations is drastically reduced
by the addition of holes to the Cu02 layers, with increas-
ing x (b), the moment per Cu ion participating in the spin
correlations remains constant. Any theory of the super-
conductivity must therefore take into account that the sys-
tem is composed of a concentrated, rapidly fluctuating
spin system strongly coupled to the carriers. This is most
straightforward if, as in a variety of models, the magne-
tism itself provides the pairing interaction necessary for
superconductivity.

When it was first discovered that $2n for the instantane-
ous 2D correlations in the paramagnetic phase of

stoichiometric La2Cu04 is -200 A at 300 K, it appeared
that such a large length scale required a new magnetic
state, perhaps the resonating-valence-bond (RVB) state of
Anderson. However, Chakravarty et al. have demon-
strated that the size of $2D is just that expected for the 2D,
spin- —,

' Heisenberg model with a Neel ground state at
T 0 K. Indeed, were it not for quantum renormalization
effects, the correlation length would be macroscopic at
room temperature because of the very large nearest-
neighbor Cu-Cu exchange, JNN-1300 K. This high-
energy scale is a necessary ingredient in magnetic models
for superconductivity.

The largest deviations from the 2D S —,
' Heisenberg

Hamiltonian for La2Cu04 are antisymmetric exchange
terms generated by the small rotation of the CuOs octahe-
dra in the orthorhombic phase. Recent magnetization
measurements9'o reveal that in the Neel state the Cu +

spins do not lie exactly in the Cu02 layers as previously
believed, but are canted out of the layer because of the an-
tisymmetry exchange. The small canting angle, 0=0.003
rad, is a measure of the accuracy with which the system is
described by a simple Heisenberg Hamiltonian. The an-
tisymmetric exchange provides a coupling between the
uniform magnetic moment in the b direction (tetragonal
c), normal to the Cu02 layers, and the staggered moment
in the c direction, in the layers. Thio et al. constructed a
model based on the 2D susceptibility of Chakravarty et
al. together with the antisymmetric exchange. Treating
the interlayer coupling in mean-field theory, they hence
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could account quantitatively for the large ferromagnetic
peak in the susceptibility at the Neel temperature. The
antisymmetric exchange is also the origin of the gap for
excitation of in-plane spin waves. This gap,

"—1 meV, at
first seemed surprisingly large since the symmetry is so
close to tetragonal. However, the value for the antisym-
metric exchange deduced from the measured gap is in

good agreement with that determined both from the cant-
ing angle and from the singular part of the susceptibility
at T~.

The antisymmetric exchange is expected to be impor-
tant in the disordered state as welL The additional holes
created by increasing x (b) are expected to create local
uniform moments. Through the antisymmetric exchange
these give rise to a random staggered field. The random
field may be important in the spin-glass phase and even, as
recently suggested, ' in the superconductivity. For all
these reasons a thorough characterization of the antisym-
metric exchange and its consequences is important.

The canting of the spins was first revealed ' by an in-
crease of the magnetic moment at a critical field 0, be-
cause of an assumed transition from antiferro- to fer-
romagnetic ordering of the canted component of the spins
in the layers. It was immediately apparent that this tran-
sition required dramatic changes in the antiferromagnetic
structure. We report here elastic neutron scattering ex-
periments which confirm those predicted changes and
therefore provide strong support for the model of Refs. 9
and 10. The measurements of 0, as a function of T are in
agreement with those from magnetization and magne-
toresistance, but are more precise, and therefore provide a
more stringent test of the mean-field description of the
phase boundary.

II. THEORETICAL BACKGROUND

Figure 1(a) shows the structure and spin arrangement
in the ordered state of La2Cu04. The rotation of the
Cu06 octahedra is indicated by open arrows in Fig. 1(a)
and is illustrated (greatly exaggerated) in a projection
along a in Fig. 1(b). Also shown is the canting of the
spins in the zero-field state in which, because of the inter-
layer antiferromagnetic exchange, alternate layers cant in
opposite directions.

The spin configuration of a single Cu02 layer may be
understood by considering the spin Hamiltonian for
nearest-neighbor interactions:
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FIG. 1. Structure and spin configuration in the long-range-

ordered magnetic state of Lg2Cu04. 0 ions are open circles,
Cu + are closed, and La'+ are shaded. In (a) the rotation in

the orthorhombic phase is indicated by open arrows on the oxy-

gen ions surrounding the Cu~+ at (0, —,', —,
' ). In (b), which is a

projection along a, the rotation and the canting of the spins are
exaggerated for clarity.

where

'Jaa 0 0

NN p Jbb Jbc

p Jbc Jcc

Because of the antisymmetric term, "'4 the spins are
canted by an angle 8 in the b direction away from c; 8 is
given by 8 J '/2JNN where JNN 3 (J '+J +J").
The spins lie in the a-c plane because I J I is the smallest
of the diagonal terms in JNN.

The antiferromagnetic interlayer exchange J& causes
successive a-c layers to cant alternatively in the b direc-
tion at zero field, but above H, the canting becomes uni-
form. Because J& is small and (AD is large near TN where
the phase transition is second order, Thio et al. treated the
transition in mean-field theory. They defined staggered
moments M~t and fields h;t for the individual layers
(i 1,2) of canted spins. In the absence of J ', one would
set M; Xjoh; +0(h; )', where ZjD is the staggered sus-
ceptibility of the 2D, spin- —,

' Heisenberg model,
Zjo=( 20/a) /kT, and a is the Cu-Cu distance. From
the M; and h;t they generated symmetric and antisym-
metric combinations which obey the mean-field equations

h~~ =h(+ hj=(z2D'+ J )Mt +g[(IM+t I'+
I
Mt I')Mt~+2(MJ Mt )M~l, (2)

where M ~ =M(+ Mj, and A is weakly T dependent. Differentiating Eq. (2) with respect to Mt~ gives the symmetric
and antisymmetric staggered susce tibilities (X~~ ) '. Below T~, where the nonlinear terms are important, setting h;t 0
and M( =0 in Eq (2) gives A. I M —

I =[J~—(Zjn) 'j, where

'(xjD) '~ J~+3[J~—(zjD) 'J, T~ TN,
t~ )

(zjD) '~J&, T~ Tn .
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Thus, the three-dimensional antisymmetric staggered sus-

ceptibility (X ) diverges at the Neel temperature given by

J~XjD 1.
For nonzero H but lt t 0, Eq. (2) yields

~ )Mt )'-J —(Zj,) -' —3~ (MJ ~

'

-~ [[M t (H =0)
I
'-31M'

I
']

Because of Jh', an external field H in the b direction gen-
erates a staggered field in the c direction hg 2J 'XOH

which yields a moment M$ 2J 'XoHZ+ where Zo is the
uniform susceptibility of the 2D system. Therefore

)Mt (H))2 3)2Jcg(g((2(H —H )

Equation (4) should hold only when the transition is con-

tinuous. At high fields, that is, low T, the fluctuations in

M $ are expected to make transition first order at a tricrit-
ical point. ts

We turn next to the consequences for neutron scattering
of this antiferromagnetic-to-ferromagnetic transition.
The uniform moment (-10 'ps) is much too small to be
directly detected by neutron scattering. However, the
transition in the ordering of the canted layers is accom-
plished by a fundamental change in the magnetic struc-
ture that is easily observed. The Bragg scattering cross
section is given by

2 -g(I —G.')—&S (G,r))'b(~), (5)8Af8EI, ' N

where G is a magnetic reciprocal-lattice vector, and the
magnetic structure factor is

S(q, r) -ge'~ "S(R,r) . (6)
R

It is because the structure factor depends on the spin
directions that we can detect the transition driven by the
very small uniform moment in each layer. The spin
configuration in Fig. 1 is for H 0; according to our pre-
diction, at fields above H, the spins in the middle layer
should be rotated by 180'. That is, the spins in the ortho-
rhombic unit cell at (0,0,0)(Sllc) and (2,0, 2 )(II —c)
are unchanged at H, but those at (0, —,', —,

' )(llc) and

( —,', —,',0)(ll —c) for H (H, change sign above H, .
Whether the interlayer moment is uniform (M$) or

staggered (M-) is determined by the relative directions
of the nearest-interlayer-neighbor spins, those at ( &,0, —,

' )
and ( —,', —,',0), for instance. The in-plane component of
the structure factor may be written

gc ~ (Mt )c(1 ix(h+1)) + (Mj ) ceixk(eixl eixh)

where
~
(Mit)'~ [ (Mj)'~ but the relative signs change

at H, . Thus, for scattering with wave vector ha*+le
the h odd, I even Bragg intensity is proportional to
[(Mit)' —(Mj)'~ which is ~Mt (H)

~
to one part in

—10 . Similarly, the lt even, l odd intensity is proportion-
al to ) M$ (H)

~
. Consequently, Eq. (4) gives the

theoretical dependence of the Bragg intensity on 0 and
predicts that H, is proportional to the zero-field Bragg in-

tensity, [Mt (H 0)] divided by (X$) .

400
CG

500-

o 200—

100—
~

CD

C: 0
1000

T=SO

(201

0

800-

c 00

—400—
~ 200-

0
5

I

5
Magnetic field (T)

I

6

FIG. 2. Magnetic field dependence of the structure factor.
The Bragg intensity at (l00) decreases with H (lower panel),
and that at (201) increases with H (upper panel) because of the
transition from antiferromagnetic ordering of the canted corn-
ponent of the spins, depicted in Fig. 1, to ferromagnetic order-
ing.

III. RESULTS

The experiments were carried out at the Brookhaven
High Flux Beam Reactor using the H4M triple-axis spec-
trometer. The neutron energy was fixed at 14.7 meV and
collimators were 20'-40'-20'-80'. The La2Cu04 crystal,
the same one studied in Ref. 9, was mounted in a He cry-
ostat with b vertical, along the field direction of a split-coil
superconducting magnet (H ~ 6 T). The scattering was
measured in the a -c* plane. In this plane the nuclear
structure factor which, in contrast with the magnetic one,
contains equal phase factors at all sites, vanishes for it+I
odd.

Figure 2 shows the intensity of the (100) and (201)
Bra g peaks, proportional to

~
Mt (H)

~
and

~M (H) ~, respectively, as functions of magnetic field
at 80 K. At about 4.8 T the peak with h odd and l even
disappears and that with h even and l odd appears. There
can, therefore, be little doubt that the canted spin ar-
rangement depicted in Fig. 1(b) is accurate. The hys-
teresis obvious in Fig. 2 was also seen in measurements of
magnetization M(H) and magnetoresistance R(H) at
low temperature where the transition is expected to be
first order.

Figure 3 shows the (100) intensity versus the square of
the magnetic field for several temperatures. It is apparent
that the linear dependence on H predicted by Eq. (4) is a
good description of the data only for the two temperatures
within 15 K of TN 234 K.

From data like those in Figs. 2 and 3 we measured H,
for T (230 K. However, closer to Tv, H, varies too rap-
idly with T for an accurate determination in this way. We
therefore determined this part of the phase boundary by
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FIG. 3. Field dependence of the (100) Bragg peak at various

temperatures. The linear dependence on H predicted by Eq.
(4) is observed only for the two temperatures within 15 K of the
Neel temperature. Even at 80 and 5 K (not shown) the transi-
tion is broad, despite the evident hysteresis indicating that it is
first order.
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FIG. 5. Comparison of H„measured as described in the text,
with [Mt (H 0)/XJ]2. The latter is in arbitrary units. If the
two quantities were normalized at 220 K instead of -205 K
they would coincide within —15 K of TN.

measuring the (100) intensity versus T at fixed magnetic
field. Figure 4 shows the resulting phase boundary be-
tween the antiferro- and ferromagnetic arrangement of
the canted spins. Also shown are measurements of H,
from the magnetization M(H) and magnetoresistance
R(H) for the same sample (Ref. 9). The Bragg intensity
in Ref. 9 was for a different, but identically grown crystal,
but the data agree well with those ]&resented in Fig. 4.

We have plotted H, and I M (H 0)
~

divided by
(X+t) in Fig. 4, for comparison with the prediction of Eq.
(4); Z$ was computed using Eq. (3) with (2n(T) from
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FIG. 4. Boundary between antiferro- and ferromagnetic or-
dering of the canted components of the Cu + spins. Values of
H, obtained from the (100) Bragg peak in this experiment are
in good agreement with those from magnetoresistance R(H)
and magnetization M(H) in Ref. 9. [Mt—(H =0)/Z$] is plot-
ted in arbitrary units and normalized to the other data at -205
K.

Chakravarty et al. ' Over this wide temperature range,
with the quantities normalized at about 200 K, the agree-
ment seems quite reasonable. However, when one exam-
ines the region close to Tiv, as in Fig. 5, one sees that the
critical field rises much more steeply with decreasing T
than does the Bragg peak intensity divided by X+t. One
could, alternatively, normalize the quantities at 220 K
which would give agreement with Eq. (4) within —15 K
of TN but not lower T.

IU. DISCUSSION AND CONCLUSIONS

Figure 2 provides dramatic confirmation for the pre-
dicted change in the magnetic structure resulting from the
coupling between the 2D canting of the spins. This in turn
verifies the importance of the antisymmetric exchange in
La2Cu04 as inferred previously from magnetization mea-
surements. ' It was shown in Ref. 9 that mean-field
theory gives a quantitative explanation of the ferromag-
netic peak in the susceptibility at T~. However, whereas
some of the behavior predicted by the theory is observed
in the present experiment, Figs. 3 and 5 suggest dis-
crepancies.

The most straightforward interpretation of these results
is that the mean-field theory holds only within —15 K of
Ty. In this re ion I Mt (H)

~
is proportional to

H, H2 and [M (H=O)/—X$] is proportional to H, .
This is not in conflict with the susceptibility measurements
since the low-temperature part of the ferromagnetic peak
has a width of only —10 K. In retrospect, this narrow
range of mean-field behavior is not surprising. In a sys-
tem like La2Cu04, which is so well described by the
Heisenberg model, spin-wave excitations are expected to
alter significantly the shape of the low-temperature phase
boundary.

It would be interesting to determine precisely the loca-
tion of the tricritical point. However, examination of
Figs. 2 and 3 shows that this is impossible for the crystal
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studied here. Even at 80 and 5 K (not shown), where the
hysteresis is appreciable and the transition appears there-
fore to be first order, the transition is nonetheless unex-
pectedly broad (-0.4 T). The origin of this broadening
may be the random staggered field induced by the holes.
Consequently, it is not possible to te)1 whether the transi-
tion, at 150 K for example, is first order but broadened by
the random fields or second order. The random field prob-
ably contributes to the rounding of the transition seen in

the ~Mt-(H O, T)
~

data, especially in Fig. 5. This
may be an additional source of the disparity between the
latter and H, (T).
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