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The four-sublattice structure with small hidden spin canting in antiferromagnetic CuCl, - 2H,0 is con-
firmed to have a canting angle A9=6° £ 1° away from the a axis towards the c¢ axis from the numerical
analysis of the zero-field spectra of the Cu NMR in CuCl,- 2H,0 crystals. The D, component (—0.28 K)
of the vector D in D- (S;xS,) is also obtained. The dependence of the Cu NMR frequencies on the exter-
nal field along the a axis can be reasonably interpreted by taking into account the zero-field Cu NMR
results, together with an abrupt change at the spin-flop transition (6.6 kOe) at 1.5 K.

Since antiferromagnetic spin ordering in CuCl,- 2H,0 was
confirmed by Poulis and Hardeman! using proton NMR, the
compound has been extensively investigated leading to find-
ings of new fundamental evidence concerning the antifer-
romagnetism, i.e., Néel temperature,? spin-flop transition,’?2
antiferromagnetic  resonance  absorption,>  etc. For
CuCl,- 2H,0 the magnetic structure below Ty =4.33 K has
the Cu?* spins coupled antiferromagnetically in the c direc-
tion but ferromagnetically in the a-b plane with the easy
direction (a axis). Neutron diffraction experiments* show
the existence of a weak antiferromagnetic component in the
direction of the c axis, which was predicted by Moriya® in
terms of the antisymmetric superexchange interaction.
However, the magnitude of the canted component has not
yet been determined.

Noting that the Cu hyperfine field® associated with the
Cu?* jon in the octahedral crystal field depends on the
direction of the Cu?* spin with respect to the principal axis
of tetragonal symmetry, we planned to clarify the canted
structure by investigating the Cu NMR of the Cu?* ions in
CuCl, - 2H,0, whose spins couple antiferromagnetically.

The CuCly-2H,0O crystal belongs to an orthorhombic
structure’ in space-group Pbmn with two inequivalent Cu?*
ions at the positions (0,0,0) and (4,%,0). The two oxy-
gens coming from the two water molecules are coordinated
axially to the Cu?* ion completing, together with the 4C1~
ions, an elongated octahedron with roughly tetragonal sym-
metry whose axes are denoted by (X,Y,Z) or (X', Y',Z')
(Fig. 1). The tetragonal symmetry axis (Z or Z') is parallel
to an axis of the C1™ ions, which is inclined in the a -c plane
by a 38° angle from the c axis. ’

The spin-echo method was employed for the Cu NMR
measurements on CuCl,-2H,0 single crystals at 1.5 K.
After improvement of the weak spin-echo intensity by
placing a larger number of single crystals into the resonance
coil, two sets of quadrupole-split Cu NMR, central
transition (++— F4), together with the satellites

(1'3;- i-%), were observed in zero external field (Fig.

32

2). The two sets were assigned from numerical calculations
to arise from two isotopic nuclei, $*Cu and $°Cu, respective-
ly.

The dependence of the Cu NMR frequencies on the
external field was also investigated using a small
CuCl,- 2H,0 crystal (2x2x30 mm?®) at 1.5 K, when an
external field less than 8 kOe was applied along the a axis
(Fig. 3). The twofold degeneracy of the Cu NMR frequen-
cy of Cu’* ions associated with the antiferromagnetic sub-
lattices was removed by applying an external field, i.e., with
increasing external field one branch decreases while the oth-
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FIG. 1. Inequivalent Cu?* ions at the (0,0,0) and (%,%,O) posi-
tions in the orthorhombic unit cell of CuCl,- 2H,0, and their oc-
tahedral environments with roughly tetragonal symmetry. The prin-
cipal axes of the crystal field for the central Cu?* ion are represent-
ed by (X,Y,Z) or (X',Y’,Z'). The local tetragonal axis, Z or Z’,
inclines in the a-c plane by 38° from the c axis.
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FIG. 2. Spin-echo spectra of Cu NMR (/ =%) in single-crystal
CuCl, - 2H,0 observed at 1.5 K in zero external field. The two sets

of resonance absorptions correspond to the quadrupole-split transi-
tions of the %3Cu and the 5Cu nuclei, respectively.

er branch increases.! Though both branches were easily ob-
served for external fields between S and 6.5 kOe, they were
hard to detect at lower fields. The tendency was remarkable
for the increasing branch. After a gradual change of the Cu
NMR frequencies versus the external field Hy up to about
6.5 kOe, all frequencies changed abruptly to low values at
Hy=6.6 kOe. This corresponds to the change of the pre-
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FIG. 3. External field dependence of the quadrupole-split $3Cu
and %Cu NMR frequencies (slashed circles) at 1.5 K in
CuCl,- 2H,0, where the external field was applied along the a axis.
The solid lines represent the NMR frequencies calculated for $3Cu
nuclei and the dotted ones those for $°Cu nuclei using the zero-field
values of (Hy, 6') and vy in the text. The abrupt change of the Cu
NMR frequencies at Hy= 6.6 kOe corresponds to the spin-flop tran-
sition.
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ferred spin axis from the @ axis to the b axis at the critical
field (H.=6.6 kOe), i.e., the spin-flop transition. When
the Cu?* spin S lies parallel to the b axis (S is perpendicular
to the local tetragonal axis), the hyperfine field yields the
minimum value, as will be discussed later. This is the
reason why the Cu NMR frequencies drastically shift to low
values at the spin-flop transition.

The Cu NMR frequencies in antiferromagnetic
CuCl;- 2H,0, with or without the external field Hy, can be
evaluated from the calculation of the eigenvalue of the nu-
clear Hamiltonian %, via the following:$

Ho=H+ X, (€))
with
H, = Hyp+ Ho= —yi1-Hy — yk1-Hy= — yi1- H

and
Ho=[eV.Q/41QQI-DNBZ-TU+1) +n(IF-1P)] ,

where #; is the nuclear Zeeman interaction and # the nu-
clear quadrupole interaction. For the case where the total
field H=Hy + Hj acting on the Cu nucleus always lies in
the Z-X plane, one can reasonably simplify the quadrupole
interaction to the case of n=0 in #p. Then, the eigenvalue
equation for (1) can be solved numerically’ under a given
choice of parameters (e;, €g, 8”), where €, =hv, =yi H, €0
=hvo=eV,Q/[21(2I —1)], and 0" =arccos(H:-Z/HZ).
The analysis of the observed Cu NMR frequencies was car-
ried out utilizing the numerical solution.

For the case of Hy=0 the best fit (Table I) between the
observed three-quadrupole-split Cu NMR frequencies and
the calculated ones was obtained using the values

Hy=—109.13 £0.02 kOe ,
"=arccos(Hy-Z/HyZ ) =10.3°+0.5° ,
vo =14.49 £ 0.05 (**Cu) and 13.39 +0.05 (*Cu) MHz .

In the calculation we adopted ®3vg /%y =9Q/%Q =1.08
(Ref. 10) and %y/%5y =%31/65) =0.934 as the nuclear param-
eters for the two isotopic nuclei of copper.

On the other hand, introducing the parameters (Azz,
Axx), parallel to the Z axis and to the X axis, respectively,
as the principal values of the hyperfine tensor 4 for the
Cu®* ion, the corresponding components (Hzz, Hxy) of the
hyperfine field Hy can be expressed with the relation
H;=A4;(S) in the same units. Then, when the Cu?* spin

TABLE I. Observed and calculated values of the quadrupole-split
Cu NMR frequencies for zero external field. The calculation was
carried out in a straightforward fashion, as mentioned in the
text, by using the values Hy= —109.13 kOe, 0’ =arccos(Hy - Z/
HyZ)=10.3°, and vp=eVzzQ/121(21 -1)h]1=14.49 (5Cu),
13.39 (65Cu) MHz.

Transitions (MHz)
1

3 1 1 -1 ~-3
e~ 1y e F3 T F7
63Cu obs. 83.01 +0.20 122.60 + 0.20 165.36 +0.20
calc. 83.01 122.62 165.35
65Cu obs. 94.44 +0.20 131.39£0.20 170.66 +0.20
calc. 94.45 131.36 170.69
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TABLE II. Dimensions of the octahedral environments of the
Cu?* jon and the principal values of the g tensor in CuCl,* 2H,0 in
comparison with those in K,CuCly-2H,0. The principal axes
(X,Y,Z) are those shown in Fig. 1.

CuCl,- 2H,0 K,CuCl, - 2H,0
Octahedron (./i)
OX (Cu-Cl 2.272 2.22°
0Y (Cu-OH,) 1.932 1.85°
0Z (Cu-CD 2.912 2.86°
£ tensor '
8xx 2.102¢ 2.107°
8yy 2.047° 2.047°
827 ' 2.331° 2.339°

2Reference 7. bReference 12. °Reference 13.

makes an angle 6 with the tetragonal axis Z the magnitude
and the direction, defined by an angle 6’, of the hyperfine
field are given by®1!

Hy(0) = (H2; cos?0 + Hi sin?9)V? |

tand’ = (Hyy /Hzz) tan@ . @
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FIG. 4. (a) Angular dependence of the Cu hyperfine field and
the angle 8'=arccos(Hy - Z/HyZ) with respect to 6 in the Z-X
plane for the Cu?* jon in CuCl,-2H,0, where 6 is the angle
between the direction of the Cu?* spin S and the Z axis. In terms
of relation (2) in the text, the values (Hy, 6') were deduced from
the principal values of the hyperfine tensor, (Azz,Axy)
= (—229.0, —25.2) in MHz, obtained by Looyestijn et al. (Ref. 12)
for K,CuCl, - 2H,0 in which the Cu?* ions are quite similarly coor-
dinated by 4Cl~ and 2H,O0 in comparison with those in

CuCly- 2H,0. (b) Cu?™ spin S and the hyperfine field Hy.

The two parameters (Azz,4xx) of the hyperfine tensor for
the Cu?* ion surrounded octahedrally by 4 CI~ and 2 H,0
have been obtained for K,CuCls-2H,0 by Looyestijn,
Klaassen, and Poulis.!> For both CuCly:-2H,0 (Ref. 13)
and K,;CuCly-2H,0 the same octahedral environments
around the Cu’* ion are realized, and the principal values
of the & tensor for the Cu?* also have nearly the same mag-
nitude, as shown in Table II. We can, therefore, adopt the
same hyperfine field parameter for Cu nuclei in
CuCl;- 2H,0 as for those in K,CuCls- 2H,0, provided that
the spin reduction and the supertransferred hyperfine field
are neglected:!?

(Hzz,Hxx) = (—202.6 kOe, —22.3 kOe) . 3)

Then, the hyperfine field Hy(#) and the angle 6’ expected
for Cu?* ions in CuCl,- 2H,0 can be calculated according to
relation (2). These are shown with respect to the angle
9 =arccos(S-Z/SZ) in Fig. 4. The observed values

(Hy, 0') = (—109.13 kOe, 10.3°)
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FIG. 5. (a) Antiferromagnetic structure of CuCl,-2H,0 in the
four-sublattice model where all spins are in the a -c plane. The cant-
ing angle A9 was determined to be 6 +1° in the present investiga-
tions. There is a mutual correspondence between the local tetra-
gonal axes (Z,Z') and the canting directions + A away from the a
axis. The black circles represent Cu?* ions at the position (0,0,0)
and the shaded circles ions at (%,—;,0) in the orthorhombic unit

cell. (b) Configuration of the hyperfine field Hy (i) corresponding
to the Cu?* spin'S;. The angle 8’ between Hy and the tetragonal
axis was determined to be 10.3° in the present Cu NMR measure-
ments. Hy and 0’ are common in magnitude throughout the sub-
lattices.
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for the Cu nuclei in CuCl,- 2H,0 agree well with the case
9=58° in Fig. 4. Within the experimental accuracy, there-
fore, the canting angle A9 in §=52°+ A8 can be deduced to
be 6° + 1°. The present result can be understood as follows:
the antiferromagnetic sublattices in CuCl, - 2H,0 cant each
other by 6° in the a-c plane away from the a axis, taking
into account the qualitative result of spin canting in the a-c
plane determined through neutron diffraction measure-
ments.* The four-sublattice structure deduced is illustrated
in Fig. 5(a), together with the local tetragonal axes Z and
Z’. In this configuration, though S makes one of four kinds
of directions with respect to the a axis in the crystal, the an-
gle 6 between Z and S is common in magnitude, since there
is a mutual correspondence between the directions of S and
the local tetragonal axes. The existence of the common 6
for all spins in CuCly- 2H,O crystal at Hy=0 implies a
unique value of (Hy, ') for the Cu nuclei, as has indeed
been observed. The resulting configuration of the hyperfine
field vector Hy in CuCl,- 2H,0 is illustrated in Fig. 5(b).
For the case of the applied field along the a axis the
values of the Cu NMR frequencies calculated using both the
zero-field values of (Hy, 8") and those of vy are depicted in
Fig. 3 as solid lines for %Cu and dotted ones for **Cu,
which agree well with the observed points. With the appli-
cation of Hy along the a axis, the total fields H=Hy + Hp
acting on the Cu nuclei associated with the S; sublattice and
those associated with the S, sublattice in Fig. 5 are both not
only symmetric with respect to the @ axis but also equal in
magnitude. Similar relations hold for the total fields acting
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on Cu nuclei associated with the S; and the S, sublattices in
Fig. 5. With increasing H, therefore, the frequency of the
Cu nucleus subjected to the former effective field is expect-
ed to increase while that subjected to the latter is expected
to decrease, or vice versa. This is the reason why, in pres-
ence of Hy along the a axis of magnitude less than 6.6 kOe,
the Cu NMR frequency splits into two branches, as shown
in Fig. 3.

Since the highest symmetry element between the Cu?*
ions at (0,0,0) and those at (4,7, 0) is a twofold rotation
axis perpendicular to the line joining the ions, the vector D,
representing the antisymmetric superexchange interaction
D-(S;%x8,), is restricted to the a-b plane, ie., D
= (D,,Dp,0), where the effect of D, can be considered
negligible'* because the spin cant caused by D, is an order
of magnitude smaller than that caused by D,. In this case,
the magnitude of D, can be evaluated from the relation
tan(2A6) = |Dy|/2J’ as 0.28 K, adopting the ferromagnetic
superexchange interaction J'=0.67 K (Ref. 15) between the
next nearest-neighbor Cu?* ions in the a-b plane. The
canted component of the Cu?* spin amounts to nearly 10%
of the a component, which is consistent with Moriya’s es-
timation.’ :
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