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This neutron-scattering study deals with the behavior of the order parameters M ,"(H,T)
and M (H,T) in CsMnBry - 2D,0. The data provide a first direct test of the extended-
scaling theory near the bicritical point of a spin-flop system.

The (H,T) phase diagram for an antiferromag-
net with weak orthorhombic spin anisotropy con-
tains a bicritical point," where two distinct types
of critical behavior are simultaneously present,
namely an ordering of the magnetic moments pa-
rallel to the easy axis in the antiferromagnetic
(AF) phase, as well as an ordering perpendicular
to it in the spin-flop (SF) phase. As the bicritical
point is approached along either of the two criti-
cal lines separating the AF and SF phases from
the paramagnetic (P) phase, an abrupt crossover
is expected from Ising-like critical behavior
(number of relevant spin components »z =1) to XY -
like bicritical behavior (2 =2).2 The crossover
can be described by a scaling theory first intro-
duced by Riedel and Wegner® and subsequently de-
veloped further by a so-called extended-scaling
hypothesis.? On the basis of this hypothesis,
which may be formulated® * as the postulate that
the Gibbs free energy and its derivatives are gen-
eralized homogeneous functions, the shape of the
phase boundaries can also be predicted.

In the last few years, experimental studies on
a number of spin-flop systems have been under-
taken to verify the extended-scaling hypothesis
and its implications. However, the results so far
do not extend further than an accurate determina-~
tion of the shape of the phase boundaries and a
comparison of these data with the theoretical pre-
dictions.®”” Here we shall report the results of
an extensive scaling analysis of the variation of
the order parameters in the AF and SF phases,
i.e., the components of the staggered magnetiza-
tion parallel (My") and perpendicular (Mq*) to the
easy axis, respectively, near the bicritical point
in CsMnBr,: 2D,0 (CMB). To our knowledge such
a direct experimental verification of the extended-
scaling hypothesis for spin-flop systems has not
been reported earlier.

CMB is a pseudo-one-dimensional (d =1) Heis-
enberg antiferromagnet.®* ° The crystal struc-
ture is orthorhombic with space group Pcca. Be-
low Ty~ 6.30 K the symmetry of the AF ordering
is described by the magnetic space group Pc’c’a’.!°
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The application of a magnetic field H= 26 kOe
along the easy (b) axis brings the system in the
SF state, where the moments are directed approx-
imately parallel to the intermediate (c) axis.!
The neutron-scattering experiments on CMB have
been performed on a double-axis diffractometer
at the Petten high-flux reactor. The disklike sin-
gle crystal of 15X15X4 mm?® was mounted in a
superconducting magnet with H parallel to the
easy axis. In the experiments the scattering vec-
tor k was confined to the a*-c* plane, as in this
plane magnetic and nuclear scattering occurs at
different reciprocal-lattice points. The order pa-
rameters in both the AF phase and the SF phase,
i.e., My"(H,T) and My*(H,T), could be obtained
separately from the intensity of the magnetic re-
flections in the a*-c* plane,'? which were record-
ed at a large number of fixed temperatures as a
function of H. Figure 1(a) shows some typical
results for (My")? and (My")? close to the bicriti-
cal point, which have been used to verify the pre-
dicted scaling relations. Part of the correspond-
ing (H?,T) phase diagram is shown in Fig. 1(b).

The appropriate scaling fields for the analysis
of the behavior close to a bicritical point are the
two ordering (staggered) fields Hst" and Hst*, con-
jugated to the order parameters My" and My, re-
spectively, and two nonordering fields g and t s
which can be expressed in the more familiar var-
iables H? and T."® [See Fig. 1(b).] Now the ex-
tended-scaling hypothesis can be formulated as a
generalized-homogeneous-function postulate for
the Gibbs free energy

GH",Hy*, 8, 1)

. ( H. HS: B
sl fmafe(. O
or for its derivatives, as, for instance,

where we have set Hg"=H,*=0. ¢ and 9 are so-
called scaling functions, each consisting of two
branches, indicated by the subscripts + and - for
t>0andf< 0, respectively. The exponents a,,
By, ¢, Ay, and A, are defined as usual® * and
have bicritical values.

According to (2) the experimental data My"* *(,
7), scaled by |t|®0, should depend on only one sin-
gle variable x =|g|/w|¢|. The constant w is intro-
duced to normalize the variable x to unity at the
paramagnetic phase boundaries, which for a sys-
tem with orthorhombic spin anisotropy are given
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FIG. 1. (a) Typical field dependence of (M,")? (open
circles) and (M,,*)? (closed circles) close to the bicrit-
ical point. The continuation of the curves below their
intersection point is indicated by a dash-dotted line.
The shaded area and the dotted line represent the para-
magnetic phase and the spin-flop line, respectively.

(b) Part of the (H*,T) diagram of CMB with the location
of the & and f scaling axes. The shaded edges enclose
the experimentally determined 25% crossover regions.
For completeness, the crossover regions in the para-
magnetic phase are also sketched.
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by*Z.=twlt|?. This scaling should result in a
collapsing of the data for >0 on a curve 9, "*(x)
and for £<0 on a curve M_""*(xr). As the scaling
function M is expected to be universal,* in the
present n =2 spin-flop system the same scaling
function should apply both to M,"(£,¢) and M ,*
(&,f). In addition it can be shown that the pre-
dicted critical behavior of M."**(&,f) along the
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scaling axes 2=0 and f =0 close to the paramag-
netic phase boundaries implies that 91, "**(x) and
M _"*(x) must display the following asymptotic
behavior:

M, ") xx P’ for x - oo (32)
M. "*(x) =const, forx—0; (3b)
m, ") (x-1)°%, forx-1, (3c)

where B is the usual critical exponent.

In testing the above scaling relation, one can
proceed in two ways. In the first approach one
may vary all the parameters contained in the re-
lation and process the experimental data accord-
ing to (2) in order to find the optimum set of pa-
rameters which produce the expected data col-
lapsing. In that case, one deliberately chooses
to make no use of other available information.

In our case the location and direction of the opti-
mum scaling axes £ and ?, the crossover expo-
nent ¢, and the constant w are coupled through
the experimentally known shape of the critical
phase boundaries g, =+ w|f|¢, as we have shown
in an earlier article.'* Thus a change in, for in-
stance, the location of the bicritical point (#,,T,),
i.e., the origin of the (,f) coordinate system, en-
tails a different set of ¢ and w values in order to
retain the best description of the phase bounda-
ries shown in Fig. 1(b). The divections of the &
and? axes are hardly sensitive for such changes,
as they are fully determined by the symmetry of
the phase diagram. So, as a second method one
may insert this relation between the parameters
as a boundary condition and process the scaling
data accordingly. In our testing procedure we
have used both methods. Although it is difficult
to quantify the criteria used in judging the data
collapsing in the plots, we may state that the re-
sults obtained in both ways are essentially the
same. The parameter set which gives the best
results is

T,=5.255(10) K, H,=26.55(3) kOe,
@ =1.20(3), w =6.63(45)%10° kOe?, (4)
B,=0.34(2).

The estimated accuracy of these values is indi-
cated between parentheses in units of the least
significant digit. Earlier estimates for the first
four values, obtained from the shape of the ex-
perimentally determined critical phase bounda-
ries alone,'* are in good agreement with this set.
In Fig. 2 the experimental data, scaled as M, "*(x)

bicritical

10F
B9 -02814)

20

2 d 2
ist order | 0

l &
\20.326(6)
critical

bicritical
Bl/p -0285@)

= 1 1
10 10 10 10 10 10
X - X¢

FIG. 2. Optimum collapsing of 5000 M," and M *
data points, scaled according to (2) to yield the scaling
functions M" and IM*, which both consist of two branches,
viz.9M, for £>0 and M. for £ <0. x,=1 for M, and x,=0
for .. The parameter set (4) has been used. Solid
lines represent the asymptotic behavior (3a) and (3c).
The shaded edges enclose the 25% crossover regions.

=M 4" *(Z,)/|t|®> with use of the parameter set
(4), are presented as a function of x —x., with x,
=1 for M, and x, =0 for AM_.

In addition to the apparent data collapsing in
Fig. 2, there is a striking symmetry between the
Mg" and Mg* data, as expected for an# =2 spin-
flop system. The data are plotted on a double-
logarithmic scale in order to display the asymp-
totic behavior in the critical and bicritical re-
gions. The predicted behavior (3) appears to be
satisfied indeed. Although the difference between
the asymptotic slopes is only small, even the
crossover from the critical behavior (3¢) to the
bicritical (3a) is observed, as is shown by the
straight lines in the plot. Least-squares fits of
the single-power laws (3a) to the data withx —x,
= 30 yield the slopes (B,/¢).=0.281(4) and (B,/%¥),
=0.285(3) for M™* and M", respectively. Of
course, these results may not be considered as
independent estimates for 8,/¢, since the expo-
nents B, and ¢ separately have been used in the
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scaling procedure. However, these values dem-
onstrate that the asymptotic behavior for x — «

is described correctly by the exponent B,/¢ =0.34/
1.20=0.283, in agreement with (3a). Least-
squares fits of (3¢) to the data of M, "* with » -X,
< 1.4 yield the exponents 8, =0.321(4) and B,
=0.326(6). These values are completely consis-
tent with the values B =0.321(6) and 8, =0.326(7),
which were determined in an independent way
from the same data set.'* With the asymptotic
slopes indicated by @, and @,, one can define 25%
crossover regions as those regions where the lo-
cal slope deviates more than |oz2 ~a,|/4 from eith-
er o, or ¢,. These 25% crossover regions, cen-
tered around ¥ —x,~ 5 for M, and x —x.~ 0.7 for
M., are indicated both in Fig. 2 and in Fig. 1(b).

The values (4) of the bicritical exponents ¢ and
B, obtained from the scaling procedure are in
good agreement with the theoretical predictions
for ann =2 spin-flop system, viz. ¢ =1.175(15)
(Ref. 4) and B, =0.346(1), being the B value for a
d =3 XY system.’® The values for 8, and 8, may
be compared with the theoretical predictions for
ad =3 Ising system, viz. 8 =0.311(7), an average
value obtained from series expansions,'® or 8
=0.325(1), the most recent estimate from € ex-
pansions.’” Especially the latter estimate com-
pares very well with the experimental results.

A final comment is needed with regard to the ac-
curate alignment of the magnetic field along the
easy axis, which according to Rohrer and Gerber®
is essential for a correct determination of bicri-
tical exponents. In the _Present experiment the
misalignment angle of H in the b-c (easy-inter-
mediate) plane (¥=0.5) exceeds the critical angle
Yo(T =0)= 0.08°, which corresponds to the maxi-
mum width of the first-order spin-flop “shelf.”®
One may wonder why this misalignment does not
affect the results of the present analysis, where-
as it has a pronounced influence on the observed
variation of My" and M. close to the spin-flop
transition'? and on the shape of the phase dia-
gram.' In our opinion, this difference is related
to the fact that in the logarithmic presentation of
JN in Fig. 2, the asymptotic bicritical behavior
close to the £ =0 axis is emphasized, which ap-
pears to be hardly sensitive to ¢. In contrast,
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also the alternative scaling function 9" *(/|z[/ )
=My""*/|21®¥? can be constructed, in which the
behavior close to the £ =0 axis is stressed. Al-
though again good data collapsing is found with
the same parameter set (4), the expected asymp-
totic behavior of M for =0 is not observed. A
more extensive report of the experiment and
analyses will be published elsewhere.

We are grateful to Dr. M. E. Fisher for his
comments.
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