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Intermediate phase in the spin-flop system CoBr2 6(0.48D20, 0.52H20}
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In the weakly anisotropic antiferromagnet CoBr2 6(0.48D20, 0.52H20) the reorientation of
the sublattice magnetizations from antiferromagnetic (AF) to spin-flop (SF) ordering has been
studied by neutron scattering and magnetization measurements. Strong evidence has been ob-
tained for the existence of an intermediate phase between the AF and SF phase, which persists

up to a tetracritical point.

In the magnetic phase diagrams of weakly anisotro-
pic antiferromagnets determined thus far, the transi-
tion from the antiferromagnetic (AF) to the spin-flop
(SF) phase, due to an increasing magnetic field ap-
plied along the easy axis of the system, has been re-
ported to be of first order. However, several theoret-
ical calculations, mainly in the molecular-field (MF)
approximation, "indicate that for certain combina-
tions of the inter- and intrasublattice interaction
parameters an intermediate (I) phase may exist
between the AF and SF phases, separated from these
by second-order phase boundaries.

Here we shall report a study on CoBr2
6(0.48D20, 0.52H20), further denoted as CB48, in

which the reorientation of the sublattice magnetiza-
tions from the AF to the SF ordering has been ob-
served by neutron scattering (NS) and magnetization
measurements. It appears that this reorientation ex-
tends over an anomalously wide field range, which
cannot be caused by a first-order spin-flop transition,
but, as we shall show, can be very well accounted for
by the existence of an I phase. To our knowledge
this is the first time that the existence of an I phase
in a one-component spin-flop system is reported.

In the MF approximation the Gibbs free energy of
a two-sublattice antiferromagnet in a magnetic field
can be expressed as'

indicate the hard, intermediate, and easy axes,
respectively. It has been shown' that in antifer-
romagnets with A; )0 for all i, four thermodynami-
cally stable phases can exist in an applied magnetic
field Hy along the easy axis. In addition to the fami-
liar AF, SF, and paramagnetic (P) phases, a stable I
phase can exist between the AF and the SF phase, if
b, (0 (A~ ( A y+ 5, where 5 = Dy —D~. The con-
dition 5 (0 implies that the anisotropy in D would
favor moment alignment along P. The I phase is
characterized by a gradual rotation of the staggered~B
magnetization M„—= M —M from the y axis to the
P axis with increasing H„. Possible sequences of
stable phases with increasing Hy are shown in Fig. 1.

The structure of CoBr2 6[xDtO, (l —x) H20] is
monoclinic (space group C2/m) for x ( 0.55,
whereas for x & 0.55 a transition occurs from this
monoclinic to a triclinic structure (space group P1) at
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where M and M are the sublattice magnetizations,
A; and D; represent the i component of the inter- and
intrasublattice couplings, respectively, and p, is the
magnetic moment of the magnetic ions. u, P, and y

FIG. 1. Sequences of thermodynamically stable solutions
in increasing field Hy, for different combinations of MF
constants at T =0 (taken from Ret. 1). The locations of
CB48(O) and CoBr2 6H20( ~ ) are indicated.
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low temperatures. "The symmetry of the AF order-
ing, taking place below TN = 3.1 K for all x, is
described by the magnetic space group Ct,2'/n~' for
x (0.55. The easy y axis is located in the ac mirror
plane for symmetry reasons and makes an angle of 8'
with the c axis towards the c' axis. ' For x & 0.55 the
magnetic space group is Pq, 1, and the easy axis is ro-
tated out of the ac plane. In the monoclinic com-
pounds, the application of a magnetic field H~
& 7.5 kOe (at T =0) parallel to the y axis brings the
system in the SF phase, ~here the moments are
directed approximately along the intermediate P axis
(i.e., the monoclinic b axis).6

The CB48 sample used in the NS experiment was a
large single crystal of 2 x 1.5 x 0.5 cm, shaped rough-
ly ellipsoidal to reduce inhomogeneities in the demag-
netizing field. For the magnetization measurements
small crystals were selected from the same batch. In
order to check on the crystallography of the samples,
another part of the batch was used to record a
neutron-diffraction pounder diagram at 4.2 K. From
the standard profile analysis the anticipated C2/m
structure was confirmed and the deuterium fraction
was determined as x -0.483(8).

The NS experiment on the phase transition of
CB48 was performed on a double-axis diffractometer
at the Petten research reactor. The sample was fixed
with the b axis vertical in a liquid-helium bath cryo-
stat, which was mounted on a conventional magnet
with H horizontal (inhomogeneity over the sample
(0.5'I/O). Special care was taken to achieve an accu-
rate horizontal alignment of the easy-hard (ac)
plane, by maximizing tQe intensities of several sets of
Bragg reflections in presence of 10' vertical collima-
tion in front of and behind the sample. From this
procedure and possible imperfections in the construc-
tion of the diffractometer, the alignment of H with

respect to the ac plane was estimated to be correct
within '7', which is comparable with the 8' full width

at half maximum mosaic spread of the crystal.
Within the ac plane optimum orientation of H along
the y axis could be obtained, by rotating H with

respect to the sample. The magnetization measure-
ments were performed in a standard Foner magne-
tometer, in which the crystals could be oriented
within approximately 0.5' with respect to H.

In NS experiments, the variation in the order
parameters of the AF phase (i.e., M„' =—M~() and of
the SF phase (i.e., M~ ~ M~t) can be derived from
the intensity variations of the magnetic Bragg reflec-
tions. In the experiment on CB48 we have recorded

the peak intensity of the (10—, ) reflection at several

temperatures with increasing H„. A typical example
at T (& TN is shown in Fig. 2. In the AF phase
(H ( Hth) the intensity hardly exceeds the back-
ground, since the angle between the y direction and

the reciprocal-lattice vector (10—, ) is only 3.2'.' In
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3FIG. 2. Field scan of the peak intensity of the (10
z ) re-

flection compared with the theoretical prediction for a
broadened first-order transition: I cg:sin~((H), where ((H)
is calculated from Eq. (2) for two values of the misalign-
ment angle p.

the SF phase (H ) Hts) the intensity / ~ (M~)'
does not vary very much up to the rnaxirnum applied
field of 15 kOe, which is much lower than the satura-
tion field H, = 54 kOe (at T =0). Between H~A and
H~s a linear increase in intensity is observed. If the
transition is of first order, a linear increase results
from the formation of domains. ' However, the max-
imum field range for such a transition can be c'alculat-
ed' as AH, „=4mX~HsF. With X~ taken from Ref. 5
and the spin-flop field HsF =8 kOe we find for CB48
the value hH, „=160 Oe. The anomalously broad
transition range 4H = H~s —HtA =1500 Oe was con-
firmed by the observed variation of the magnetiza-
tion M„at T =1.2 K, shown in Fig. 3{a). With the
misalignment estimated as P & 0.5', M~ varies largely
linearly in the range Hts —Ht+ =1800 Oe.

Frequently, such a broadened transition is due to a
misalignment between H and the easy-hard plane. If
the misalignment angle P exceeds a critical angle

P, ( T), corresponding to the edge of the first-order
spin-flop shelf, ' one will observe a gradual rotation
of M„ towards the intermediate axis over a broad-
ened field range. If P && p, this rotation can be
described by the MF expression"

tan(2(+2&) = sin2&/( cos2& —H'/HsF ) (2)
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HqO and DqO in the sample, as HsF is strongly x
dependent for x «0.55. We consider this explana-
tion as extremely unlikely, since it requires local con-
centrations up to x =0.65, which would induce local
deviations of the easy axis up to =20' out of the ac
plane. ' This, however, would lead to clearly observ-
able magnetic scattering at H =0 in the (10—, ) reflec-

tion, in contradistinction to our observations. More-
over, such a distribution Hse(x) would not explain
the linearity of the data in Figs. 2 and 3(a).

In view of the arguments given above, it is clear
that the experimental data do not permit an interpre-
tation in terms of a usual spin-flop transition. On the
other hand, all available evidence points towards the
existence of an I phase between H&A and Hts in
CB48. Additional indications supporting this proposi-
tion are:

(i) The field range H[A —Hts =1.5 kOe becomes
quite acceptable. When the experimental values
HtA=7. 35 kOe and Hts=8. 95 kOe at T-1.743 K
(Fig. 2), and H, (1 743 K) =.47.5 kOe (taken from
Ref. 6) are inserted in the theoretical expressions'

4

10
H (kOe)

12

p H)„= [(A „—A p+ 6) (A „+A p+ 5) ]'lt

@His-(A, +Ap —a)

x [(A„—Ap+5)/(A„+Ap+5)]'",

(3)

FIG. 3. Magnetization M vs H at T =1.2 K in the com-
pounds (a) CB48, (b) CoBr~ 6H~O, with H aligned along

the y axis as well as possible (p & 0.5') and misaligned by
6', (c) CoC1~. 6H~O.

where ( is the angle between M„and the y axis. The
effect of incorrect field alignment may be illustrated

by magnetization measurements performed at
T -1.2 K on the genuine spin-flop system CoBrq
6HtO, for which P, ( T =1.2 K) =0.7' [see Fig.

3(b)]. The minimum width of the transition is only
400 Oe, which is compatible with the expected
AH, „=160Oe for a first-order AF-SF transition
and a misalignment P =0.5'. An intentional
misorientation Q =6' leads to a transition width
hH =2 kOe, as shown in Fig. 3(b).

Obviously, the results in Figs. 2 and 3(a) cannot be
explained in terms of such a broadened spin-flop
transition, because in both experiments the field
misalignment (P &0.25 and &0.5') is much smaller
than the value (Q = 5' and =5.6') which must be
assumed in Eq. (2) to account for the observed tran-
sition range (IH =1.5 and 1.8 kOe).

An alternative explanation for the anomalous width
of the transition would be a spread in the spin-flop
transition due to an inhomogeneous distribution of

we obtain Ap/A„=0. 77, 5/A„= —0.17, and A„
-4.14 K. These values may be compared with the
reported values't for CoBrt 6HtO: A p/A „=0.95,
D„/A „=—0.10, and A „=4.80 K. In the diagram of
Fig. 1, the locations of both CB48 and CoBrq 6H~O
are indicated, assuming the same anisotropy in D and
A in the latter compound.

(ii) In the I phase, the MF theory' predicts indeed
a linear increase with H„of the (10—) intensity

3

(I ~ M,', sin'g) and the magnetization (M~
~ ~M

~ sin)sing, where 8 is the angle between M
and M„), in agreement with our observations [Figs.
2 and 3(a)].

There are indications that the existence of the I
phase in CB48 may be related to the crystallographic
instability of the system, which is a consequence of
the proximity of the monoclinic-triclinic (m -t) transi-
tion at x =0.55 for low T.' In magnetization mea-
surements on CoC1~ 6HqO the observed AF-SF tran-
sition is also unusually broad [see Fig. 3(c)], while
the m -t transition in the partly deuterated system
CoCl& 6[xDtO(1 —x)HtO] takes place at x =0.035
for low T. ' This observation of a broad transition in
a pure system gives additional confidence that the ob-
served effects in CB48 are of macroscopic origin and
not due to an inhomogeneous distribution of DqO
and HqO.
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In conclusion it may be stated that the available ex-
perimental evidence is not compatible with the usual
first-order spin-flop transition, but is in complete
agreement with the existence of an I phase. NS
results collected at a series of temperatures, show
that this phase persists up to the tetracritical point

T, -2.82(2) K, H, =9.2(2) koe. It should be em-
phasized that in the present I phase the order param-
eters are coupled, in contrast to the I phase with
decoupled order parameters observed in mixed mag-
netic compounds with competing spin anisotro-
pies. ' ' More detailed investigations are in progress.
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