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The neutron-scattering technique has been used to measure the staggered magnetization of the S = 1/2,
d = 3 antiferromagnet CuC12 20,0 as a function of temperature and magnetic field. The critical exponents

P„P~~ describing the temperature variation of the order parameter in the regions well above and well below

the bicritical point, respectively, were found to be P, = 0.321 +0.01 and P~~
——0.324+0.013. These values

are within experimental error of the theoretically expected value of 0.325 for the d = 3 Ising model. At the
spin-flop transition the staggered magnetization changed 8% in magnitude, the reduction being due to the

anisotropy of the g factor. The magnetic form factor in the spin-flop region 'was found to be the same~ that
previously determined in zero field. In addition, with the applied field tilted in the a-b plane away from the
5 axis, the direction of the staggered magnetization was found to rotate continuously from the 5 to the b
direction as is expected theoretically. The observed range in field over which the rotation takes place,
however, is narrower than the predictions of mean-field theory.

I. INTRODUCTION

Antiferromagnets exhibiting field-induced transi-
tions can roughly be divided into two classes de-
pending on whether the is0tropic or the anisotropic
interactions are predominant. The first class
typically exhibits spin flopping and bicritical
points in the (axial} field-temperature plane. The
second class of materials provides us with exam-
ples of metamagnetie and tricritical behavior.
Although the former class was the first tobe investi-
gated, there are essentially no quantitative experi-
mental studies which provide microscopic infor-
mation on the details of the ordering at the field-
induced transitions in these systems.

HistoricaQy the system in which the phenomenon
of spin flopping predicted by Noel' was first ob-
served' ' is CuCI, 2H, O, which requires only a
modest applied field for its study. This now well
known spin-flop effect may be described briefly
as follows: When the strength of a magnetic field
applied exactly along the easy magnetic axis~ (a
axis) is increased from zero, a spin-reorientation
critical field IIs„ is encountered in which the di-
rection of the moments on the two sublattices
abruptly "flop" from their antiferromagnetic (AF}
configuration (parallel and antiparallel along the
a axis) to a new spin-flopped (SF) configuration
in which the basic antiferromagnetic arrangement
is along the next-easiest (6) magnetic axis. In

addition there is a small induced ferromagnetic
component along the a axis described by the angle

8, shown schematically in Fig. 1. %ith further
fieM increase 8 increases and at sufficiently high
fields (-150 kOe for CuCl, 2H, O}' a second-order
phase boundary to the paramagnetic (P) phase is
approached as 9 approaches 90'. A portion of the
phase diagram for CuCl ~ 2D20 is shown in Fig. 1.
The data points are those obtained in the present
experiments, and are very close to those obtained

by Butterworth and Zidell' for the isomorphic hy-

drated system. %e have not, however, attempted
to make a detailed mapping- of the phase diagram.
%e have chosen to deuterate our sample to avoid
the large incoherent scattering cross sections as-
sociated with hydrogen, and thus improve the qual-

ity of our data.
The nature of the various transitions between the

AF, SF, and P phases is best described in terms
of the vectorial staggered magnetization defined by

M „=-,'((M, ,) —(M, )) . (1)

This order parameter can be conveniently pictured
as one-half the vector' joining the tips of the ar-
rows in Fig. 1. Then for 8&0», M„„ is along a,
while for H &H~„, M~ is along 5, and the boundary
separating these two phases is clearly a line of
first-order phase transitions.

If we now vary the temperature at a fixed H & 0»,
then we approach the AF-P phase boundary as de-
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FIG. 1. Magnetic phase diagram for CuC12 ~ 2D20 in the
H-T plane, showing the antiferromagnetic (AF), spin-
flop (SF), and paramagnetic (p) regions. The intersec-
tion of the first-order spin-flop line with the second-
order X lines is the bicritical point.

picted by path 2. This boundary is a line of sec-
ond-order critical points, with the direction of the
staggered magnetization remaining along a and its
magnitude decreasing continuously to zero with a
powe r-law behavior:

M«~a[T,
~
(H) —T)

Here T„(H) is theAF-Pphase boundary tempera-
ture at field H and P[[ is the critical exponent des-
cribing the temperature variation of the long-
range order parameter along the (unit) vector
direction a. Analogously, for H &Hs„we follow
path 3, and M~„ is given by

M«~ b[T~(H) —T) (3)

where M«remains along the (unit) vector S.
For each of these second-order X lines only a

single component of the order parameter shows a
critical divergence as the phase boundary is ap-
proached. This is because the divergent critical
fluctuations occur only in the components of the
staggered magnetization which have nonvanishing
values in the ordered phase. An exception to this
occurs at the bicritical point, ' which is the inter-
section of thy SF-P and AF-P lines. Here two
components have divergent fluctuations simultan-
eously. Elsewhere M„„ is restricted to a unique

p, =p, =p„. , =0.325 . (4)

Qur initial interest was thus concerned with using
the neturon-scattering technique to examine the
validity of (4) for both transitions.

The situation is much more complicated when the
applied field is not directed along the easy axis.
Generally a first-order phase transition to the
flopped state is noI expected theoretically, the
vector M„ instead undergoing a continuous rota-
tion from the vicinity of a to the vicinity of b as
the field strength is increased. "'" For a first-
order SF transition, the angle g between the easy
axis and the (projection in the a-b plane of the )
field H must be smaller than a critical value" g,
of the order of a few tenths of a degree. For

~ g ~

& g„M~ rotates continuously, a curve of ro-
tation angle versus field strength becoming in-
finitely steep as (g~-g, . The corresponding
critical lines" in the temperature-field space'
correspond to the edges of the "shelf" of first-
order flop transitions. "

The angular orientational behavior of M„~ in the
vicinity of the SF transition is thus also of funda-
mental interest. Since the neutron-scattering
cross section is sensitive to the orientation of the
magnetic moments, this behavior is directly mea-
surable. We report here a rather preliminary ex-
periment of this kind; a proper study obviously
would require an extremely homogeneous field and
narrow sample mosaic spread. Since these condi-
tions were not met, we confined our studies of the
angular behavior to the case of substantial applied
-field misalignment. By the same token, in study-
ing theSF-P and AF-P critical behaviors for the
case of H nominally along a, we avoided the region
around the bicritical point where precise align-
ment is important. Thus we did not attempt to
study the bicritical behavior, and in particular to
examine the effect of crossover from n = 1 to n = 2
at the bicritical point. This crossover will be
particularly interesting to observe but would re-
quire, in addition to the conditions just mentioned,
temperature control better than was available to
us. Such studies will be relegated to the future
and the present work should thus be regarded as
a first step toward a study of the spin-flop and
related transitions using a microscopic probe.

axis and therefore the dimensionality n of the order
parameter is one. In addition, on the basis of
universality' one would expect the exponents P[~ and

P~ to be field independent along their respective A.

lines. With the spatial dimensionality d =3, we
thus expect (for H x Hs„) both transitions to be des-
cribed by three-dimensional Ising exponents,
V1z. 7
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H. EXPER1MENTAL TECHNIQUES

A. Structure and cross section
M„=~g. Il,a((S', }-(S',}), H&e,„,
M„, g, ilscos8bI(5„„) I, H&P„, ,

(9a)

(9b)

I(T)~
If (r) I' IM,„I'(1- 7', sin'y),

where qb is the angle between M~~ and 8, and

.= ~ F =(~f5)((~f5)"(If.} ]- ".
if Hll a, this simplifies to

( If( )I' IM„„I', If e,„; M„ IIa

) If(~)I' IM„ I' Te&e,„; M.„II%,
(8)

where v~ is the component of the unit vector 7
along the c axis. Here the staggered magnetiza-
tion' is related to the atomic magnetic moments
by

The crystal structure" of copper chloride dideu-
terate (and its hydrated isomorph) is orthorhom-
blc wltll space gl'ollp D21, (Pl7171tl). Tile lllaglletlc
Cu" ions occupy the centered positions in the u-b
faces and the corner positions of the unit cell. In
the zero-field ordered magnetic state the mo-
ments in each a-5 plane are oriented parallel to each
other, while the moments in adjacent a-5 planes are
antiparallel to each other. "Thus the magnetic unit
cell is twice the chemical unit cell along the c axis, and
'tile 111aglletlc-I'eclpl'ocal-lattice poslbons (hq kq I)q

referred to the chemical unit cell,"occur ath+0
even integer, h, 0 integers, / half integer. In
addition to this basic spin conf lgul ation there is a
small antiferromagnetic canting of the moments"
out of the a-h plane caused by the antisymmetric
exchange interaction, "but here we are not con-
cerned with this component and therefore have
not included it in the discussion or the analysis.

The intensity of the magnetic Bragg peaks is
given by

1(r)~ If(~) I' g e"'l(~x(M, x~)) (5a, )
Rg

= If (7) I' g e"'I(NI,.'}
R.

whe~e f (T) is the atomic magnetic form factor, T

is a unit vector in the direction of the magnetic
reciprocal lattice vector 7', M; is the magnetic
moment at the site j, and the sum is over all posi-
tions B~ of the magnetic ions in the magnetic unit
cell. M, is defined in going from Eq. (5a} to (5b)
and is the projection of the vector M& on the plane
perpendicular to r. For the magnetic structure"
of CuC1, ~ 2D,O Eq. (5b) reduces to

I(~)- lf(T) I' IM".~ I'. (Sc)

Under the conditions of our experiment, in which
M~„was in the c-5 plane and 7. restricted to the
(0, k, I ) scattering plane, we have finally

where (9}is the thermal average of the spin at
temperature T and field P, g, and g, are the
spectroscopic splitting factors appropriate for the
a and 5 axes, respectively, and 8 is the angle be-
tween the moment and the 5 axis in the flopped
phase as shown in Fig. 1. It is clear that in the SF
phase the intensity is proportional only to the
component of the moments along the 5 axis, that
is, to the staggered magnetization. The compo-
nents parallel to a give rise to new independent
magnetic-reciprocal-lattice points which occur at
the same (II, 0, I ) as the nuclear peaks (analogous
to a ferromagnet). They are of no interest in the
present study.

Equations (6), (8), and (9) have been used to inter-
pret all of our data. The important point is that
the observed Bragg intensities at these magnetic-
reciprocal-lattice points are directly related to
the staggered magnetization. For example, in the
particular case of the AF-SF transition (path 1}
the intensity at each reciprocal-lattice point must
satisfy

sF I st g sF (1 (lO)
IM„, AF

which yields directly the field dependence of M&~.
In the more general case of HI not parallel to a
the temperature and field dependence of these in-
tensities can be. used to obtain not only the magni-
tude of M„~, but its direction as well.

B. Data collection

The single crystal of CuC1, 2D,O used for the
present measurements was the same crystal used
by Umebayashi et a~."in their study of the spin
density. Some deterioration of the surface of the
crystal had occurred, so the volume of the crystal
was reduced to -25 mm'. The crystal was sealed
in an Al container with a helium atmosphere and
then mounted in a coM-finger ljquid-helium cryo-
stat. The required temperatures were attained by
pumping on the helium bath until the temperature
of the sample was just below the desired value,
and then controlling the temperature at the set
point with an electrical heater. The temperature
was measured with a calibrated Ge sensor imbed-
ded in the pedestal near the sample and then was
controlled by an ac bridge and servo control ar-
rangement. The control was better than 0.3 mK
over a 30-min period and better than 1 mK over a
24-h period. For the case when the magnetic field
was applied, the magnetoresistance of the Ge sen-
sor was taken into account by comparing the read-
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ing with a calibrated GaAs sensor, and also by di-
rectly observing the change in the resistance of the
Ge sensor over a short period of time when the
field was turned on and off. At the fields used this
changed the apparent temperature from the H =0
value by - 7 mK. More importantly, the change in
the slope of the resistance vs temperature curve
near the phase transition, which would affect the
value of the critical exponents obtained from the
data, was small.

A conventional iron-core magnet was used to pro-
duce the external magnetic field. To provide a
vertical field, an axial hole was drilled in the top
pole piece to allow entry of the cryostat tail sec-
tion. The cryostat itself was mounted on top of the
magnet and was constructed so as to allow the tilts of
the cryostat and magnet to be independently adjusted
in arangeof +4'. Thus the crystalcouldbe alignedso
that the (0, k, I) scatteringplane was maintained while
the magnetic field was adjusted with respect to the a
axis. Qf course, the holeinthepolepieceproduced
a considerable inhomogeneity in the magnetic field,
of the order of 30 Qe at -8kQe both horizontally and
vertica'lly. This is not significant for the mea-
surements of the critical exponents in the present
case, but would preclude any measurements in
the vicinity of the bicritical point. The time stabil-
ity of the current supply was better than 1 part in
105

The experiments were performed at the Brook-
haven high flux beam reactor. Initially a two-axis
crystal spectrometer was used to measure the
integrated Bragg intensities of several reflections
as a function of temperature. These measure-
ments served primarily to establish that the mag-
netic reflections of interest were free of extinction
effects" and also of multiple and parasitic Bragg
reflections. The incident wavelength in all our
measurements was chosen to be 2.35 A so that
pyrolytic'graphite filters could be used to elimi-
nate (better than 10 reduction) higher-order
wavelengths in the incident beam.

To increase instrumental resolution and at the
same time discriminate against inelastic scatter-
ing processes, a triple-axis spectrometer was
used to measure the magnetic Bragg intensities.
This yielded a signal-to-noise ratio at low tem-
peratures (-2. 0 K) of 800:1 for the strongest
magnetic Bragg peak t the (0, 0, 2)]. This was 10
times better than with the two-axis spectrometer,
a very important improvement for studying the be-
havior near the ordering temperature. In addition,
the triple-axis technique helps discriminate
against the magnetic critical scattering, which is
the factor in the present experiment which limits
how close to the transition the order parameter
can be reliably determined. In order to improve

on the present data, accurate measurements of the
critical scattering would have to be made. Inthe re-
sults presently reported the measurements of the
order parameter were limited to 4 mK of the trans-
ition temperature due to both the critical scatter-
ing and the temperature resolution.

III. RESULTS AND INTERPRETATION

A. Spin-flop transition
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FIG. 2. Intensity of the (0, 2, ~) magnetic peak as a
function of applied magnetic field, showing the intensity
change at the spin-flop transition. The curves labeled
0', 2 and 4' tilt refer to the angle of the magnetic field
with respect to the crystallographic z axis. The solid
curves through those data are guides to the eye. The
dashed curve is the result of the molecular field calcula-
tions as discussed in the text.

In Fig. 2 we plot the intensity of the (0,2, —,) mag-
netic reflection as a function of the applied field
strength. This has been done for field directions
corresponding to misalignments in the a-b plane of
/=0; 2', and 4'from the easy axis." In each case
the intensity decreases by a factor of 0.60+0.03
in going from the AF to the flopped state. Since
1 r', =-0.725, we find from Eq. (10) that

fM„„fsF/f M„ f2„=0.83+0.04 .
This result was confirmed for the (0, 0, —,') reflec-
tion: In this case, where T~=0, the intensity de-
creasemf by a factor of 0.85. In attributing these
reductions to a drop in fM~~ f', we are assuming
that the magnetic form factor is unaffected by the
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field. To check this, we measured a series of
peaks, finding that the intensities in the SF state
were consistent with Eq. (6) using the form factor
determined in zero field, "there being a constant
reduction with respect to the AF intensities at all
reflections. Thus there is no substantial change in
the magnetic form factor due to the spin-flop trans-
ition, as has already been noted. '4 Consequently the
intensity changes must be due to a change in (Q„,J,
and in comparing Eq. (Qa) to (eb), this change
could be attributed to a change in (8},g, or the
angle 8. At first thought one might assign this re-
sult to 0. But this would require 8 to be 23, with
a corresponding a,-axis moment of 0.40 ps jion just
above the SF line. This is very much larger than
expected on the basis of an upper critical field' of
-150 kOe, from which mean-fieldtheory wouldpre-
dict e = sin '(6.7/150) = 2.6 . The calculated re-
duction in (M„~~', which is only second order in

0, would then be 0.998. This is c1,early at variance
with our data. Here we are assuming, as we think
is surely true at these temperatures, that the in-
dividual sublattice spins are essentially saturated.
Then the observed intensity ratio must be due to
the anisotropy of the g factor. Indeed Van den Han-
del et al."found from susceptibility measurements
that the saturated moments along the a and 6 axes
were 1.10 Bnd 1.01'~ pex spin, respectively. This
would give an intensity ratio of 0.84, in good agree-
ment with our observations.

We next consider the shape and width of the ex-
perimental curves of Fig. 2. In no case was an
abrupt jump in intensity detected. This is not
surprising in view of the very narrow angular
width (g, -0.1') expected theoretically for the shelf
of first-order spin-flop transitions. For the mag-
net we used, the (axial} inhomogeneity in the field
strength over the sample was -30 Oe, and the di-
rectional inhomogeneity over the size of the sample
was +0.3'. Hence the experimental curves must
be a composite of differing curves, most of which
do not even exhibit a. first-order discontinuity ~ In
this light the experimental curve for the nominally
aligned case (g= 0') is quite understandable.

Despite this we ean actually draw a rather in-
teresting conclusion from the curve corresponding
to the data taken with the substantial misalignment
of /=4 . This curve is actually appreciably nar-
yo~er than we would infex from the mean-field
theory of Refs. 11 and 12. Our reasoning here is
as follows: In the mean-field theory (at T =O'K)
the angular width g, of the spin-flop transition is
determined by the intrasublattice (-K,) (a bplane)-
anisotropy energy, while the spin-flop field is de-
termined by the sum (K, -K,) of the infersubEattice
and intrasublatti ce anisotropies. Adopting the re-
sults of Refs. 11 and 12 for the S=-,' case, we find

When this condition is satisfied we find by follow-
ing the numerical free-energy minimization pro-
cedures outlined in Ref. 12 that the way in which
the vector M~~ rotates from near a to near 5 as
the field strength is increased is essentiaDy inde-
pendent of the ratio of the inter- and intrasub-
lattice anisotropies for a given value of the flop
field. Moreover, when (13) holds, the mean-field
description of the turning of M~„reduces essenti-
ally to the expression

sin2$
tan[2(y+y)j = (14)

Here g is the misalignment of the field in the a-h
plane from the easy axis (taken, say, in the clock-
wise sense) while P is the corresponding misalign-
ment of M~„(taken, then in the counterclockwise
sense). The simple expression (14}has a long
history" "going all the way back to Noel. ' It is
interesting to note that its derivation contained ap-
proximations that prevented the essential physics
of the SF shelf-edge transitions from appearing.
This physics does appear in the corxect mean-field
description"' "and as Rohrer" has recently
shown, in nature. Equation (14) is nonetheless the es-
sential mean-field result when P» g,.

Thus, using either the numerical mean-fieM
techniques of Refs. 11 and 12, or Eq. (14), (suit-
ably modified" for the slight g-factor anisotropy}
we computed the intensity of the (0, 2, &) reflection
for g =4.0' as a function of H. This could be done
unambiguously since the known value of the flop
field is the only parameter which substantially
affects the calculation. The result is indicated in
Fig. 2 by the dashed curve. This is considerably
A remade~ than the corresponding experimental
curveq R 1 esu18 which ls sux'ely not Rn artifact
of the field inhomogeneity.

B. SF-P and AF-P transitions

The curves of Fig. 2 showed that the width of the
continuous spin-flop "transition" is a rather sen-
sitive measure of the field alignment. We are thus
confident that the nominal a-axis position was cor-
rect to within +-,' '. Although this alignment would
be far too crude for studying the bieritical behav-
ior, it shouM be more than adequate for studying

IISF(T = 0) (-K2)
Pc

II~F~ (T =0) K, —K2

This gives g, =0.11' assuming that ~K, ) is com-
parable with (K, -K, (. Thus for /=4; we are
well outside the region of the first-order shelf of
spin-flop transitions, i.e.,

(13)
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the SF-P transition at a field well above the bi-
critical field, EI~= 8.5 kOe. Thus for the mea-
surements along path 3 we chose to work at H
=12.0 kOe. For this separation from the bicritical
fiejd mean-field calculations showed no trace of
the effect of a possible —,

"misalignment on the
computed Bragg intensities.

W'e first describe our method of analysis for this
SF-P case. Our results for the intensity of the
(0, 0, —,') magnetic reflection at H =12 koe are
shown in Fig. 3 from just below T =2'K, the low-
est temperature studied, up through the critical
region. The expanded scale on the right-hand side
accentuates the data near the transition temperature.
Recall that the Bragg intensity is proportional to
~IZ~~ ~', which should decrease continuously to
zero, (remaining concave-down if P& —,'). The
small rounding near the transition is due to mag-
netic critical scatte ring. A temperature-inde-
pendent background is also evident.

In the critical region the magnitude of the stag-
gered magnetization can be written

where the subscripts
~ ( and i refer, respectively,

to the AF-P and SF-P cases. We anticipate that
the square of this relation will describe the Bragg
component of the observed intensity; the critical

I I I l I I I I) I I I l I I 11[ I I I I llll-

O

0 j
5mK

0.005 0.0l
I 111l

0.05 O. l

T —T
0.5 l.0

FIG. 4. Intensity vs reduced temperature data for
H= 0 and II=12 kOe. The solid curves are the least-
squares fits to the data as discussed in the text. 7'z
refers to the critical temperature at the field H.

scattering component consists of a weak superim-
posed peak which is roughly symmetric about the
transition temperature. Then, since P&-,', the ob-
served curve should in px'inciple have an infinite
slope at the transition temperature and only there.
Since the critical scattering was small, we fixst
neglected it, except that we deleted the data points
which appeared to be affected. We then least-
squares fitted the observed intensity, corrected
for background, to

„=l.„, ,„„(0)a',[(T,—T)/T, ]"

30 X 103

E
Al

x
C)

20 X 10'-
CV

Cl

10 X 103—

CUCl2 . 2DI20

H =l2 ko

—3000

—2OOO

—IOOO

allowing 8 ~, P ~, and T ~ to vary independently.
As a check on the transition temperature, we lo-
cated the point of maximum slope of the raw in-
tensity versus temperatuxe curve. This transition
temperature agreed to within the statistical un-
certainty with the value found in the least-squares
fit.

An exactly analogous technique was employed to
analyze the case of the AF-P transition. We did
this in zero field (path 2 with H =0). The raw data
(not shown} are very similar to those of Fig. 3.
The data and the fitted functions for both cases are
shown in Fig. 4. The results of the fits are

P, =0.321~0.01, 7,=4.196+0.004

for the SF-P transition at H =12 kOe, and

Pl] =0.324 +0.013, Tll =4.225 +0.01
2.0 3.0

T (K)

4 8 Q

FIG. 3. Intensity of the (0, 0, ~) reflection as a func-
tion of temperature. The applied field is 12 kOe, so H
&Hs F. M is the incident-neutron-beam monitor.

for the AF-P transition at II =0. The quoted er-
rors are considered to represent three standard
deviations. The (nonuniversal) amplitude B was
1.4+0.1 in both cases, the rather large error be-
ing due to the uncertainties in I,b, (0), which was
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estimated by extrapolating the raw data to T =o.
Because of the critical scattering and other ex-

perimental difficulties discussed in Sec. II, our
results are limited to reduced temperatures
t = (Tg ~ T )/T, ~ ~ greater than 2 X 10 ', the range
of the least-square fits being 2~10 '&t &1.4X10 '
for the SF-P data and 5&&10 '&t&2.2&&10 ' for the
AF-P. For the latter case our results are in good
agreement with the NMR results of Ref. 2, although
we found no evidence for the exponent crossover
which had been inferred by one of us (P.H. ) from
the NMR data" closer to the transition.

IV. CONCLUSIONS

The d =3 Ising-like character expected theoreti-
cally at the spin-Qop to paramagnetic phase transi-
tion in the orthorhombic antiferromagnet
CuCl, ~ 2D, O has been confirmed experimentally by
using neutron scattering to probe the temperature
dependence of the transverse staggered magnetiza-
tion at a fixed field well above the bicritical
field. Our measurements were carried out
for reduced temperatures above 2 X10 '. The
longitudinal staggered magnetization is observed
to have a very similar behavior near the anti-
ferromagnetic to paramagnetic transition in zero
field. The neutron-scattering technique can also

be used as a quantitative probe of the behavior of
the direction o f the staggered magnetization. This
has been done near the spin-flop line, but with the
applied field deliberately misaligned in the easy-
semieasy plane by an amount large compared to
the estimated angular width of the shelf of first-
order spin-flop transitions. In this case, as one
would expect on the basis of mean-field theory,
the staggered magnetization is observed to rotate
continuously as the field strength is increased
through the Qop value. However, on the basis of
measurements made at -0.7 T„, the field span
over which this rotation occurs is narrower than
that predicted by mean-field theory. The magni-
tude of the staggered magnetization decreases by
about Po in going from the antiferromagnetic to
the flopped configurations. This may be accounted
for quantitatively by the anisotropy of the g factor.
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