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Abstract. The temperature dependence of halogen nuclear quadrupole resonance (NQR) in the se-
ries CH3HgX (X=Cl, Br, I) is measured with special emphasis on the structural phase transitions at
Tc = 162 K, 310 K, and ∼400 K, respectively. In the temperature dependences of NQR frequencies simi-
larities are observed and discussed in relation with the structure and thermal vibrations on both sides of
the phase transition. On the basis of known data a mechanism for the three analogous phase transitions is
proposed. The chlorine spin-lattice relaxation behaviour in CH3HgCl can be explained by a competition of
fast thermal fluctuations of MMX molecules across the high temperature (h.t.) mirror plane and of infre-
quent transitions to the other equivalent fluctuation mode across the orthogonal h.t. mirror plane. Proton
high temperature relaxation is probably dominated by the same slow motion, but at lower temperatures
some other mechanism involving magnetic coupling prevails.

PACS. 64.70.Kb Solid-solid transitions – 61.66.Fn Inorganic compounds – 76.60.Gv Quadrupole resonance

1 Introduction

Ecologists know CH3HgCl (methylmercury(II) chloride,
MMCl) as a troublesome pollutant and as one of the initial
steps in the metabolic chain of Hg poisoning. On the other
hand, MMCl together with its halogen analogs CH3HgBr
(MMBr) and CH3HgI (MMI) form an interesting series of
rather similar, relatively simple compounds. Owing to the
linear molecular shape (disregarding protons) these com-
pounds have a simple scheme of molecular vibrations with
a single torsional mode [1]. They are known to exhibit dif-
ferent structural phase transitions [1,2] in the solid state
and are good paradigms for studying and modelling this
type of phase transitions.

The aim of this research is to throw additional light,
using halogen nuclear quadrupole resonance (NQR), upon
Kirin’s suggestion of an analogous sequence of isostruc-
tural phases at ambient pressure in methylmercury(II)
chloride, bromide, and iodide [2]. This suggestion was
made mainly on the basis of Raman measurements, avail-
able structural data, and space group analysis. The com-
patibility of our NQR frequency and relaxation data with
the refined model of structural and dynamic changes on
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both sides of the orthorhombic-tetragonal phase transition
is here questioned.

At ambient pressure one notices similarities in the
Raman-spectra temperature dependences at the corre-
sponding phase transitions: in MMCl at 162 K, in MMBr
at 310 K, and in MMI at around ∼400 K [2]. The crys-
tal structures of these compounds have been measured
only at room temperature and ambient pressure. Figure 1
shows the tetragonal crystal structure of MMCl (space
group P4/nmm [1–3]) and Figure 2 the orthorhombic
structure of MMI (space group Pmab, in standard no-
tation Pbcm [2]). Room temperature is well above the
structural phase transition in MMCl and well below it
in MMI. The assumption is that the structure in Fig-
ure 2 is isostructural with the low temperature structure
of all three halides, while that in Figure 1 qualitatively
corresponds to the high temperature phases. The phase
transition is supposed to be driven by the softening of
a phonon at the Brillouin-zone boundary. The CH3HgX
molecules translationally move out of the mirror planes
and the unit cell doubles. The structure Pmab may be
represented by superposing the displacement modulation
wave onto the high temperature structure. Its wavelength
is commensurate with the structure. It equals twice the
length of the high temperature unit cell. The crystal struc-
ture of MMBr, proposed in reference [1], slightly deviates
from our scheme (rotational molecular displacements in
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Fig. 1. Two orthogonal views (along (1,1,0) and along
(0,0,1)) of the room temperature crystal structure of CH3HgCl
(P4/nmm).

the low temperature phase), but having been measured
in the vicinity of the transition temperature of 310 K it
might be less reliable for our purpose.

In the following we present our measurements of the
temperature dependence of halogen NQR spectra. The
observed similarities in MMCl, MMBr, and MMI NQR
spectra are interpreted in relation with the proposed al-
most equal temperature activated sequences in the crystal
structure. For MMCl, chlorine NQR relaxation and proton
NMR relaxation measurements are also reported and dis-
cussed. A model of molecular fluctuations is proposed to
explain the NQR temperature dependence and relaxation
in both solid phases.

2 Measurements

According to our knowledge, only the halogen NQR fre-
quencies at 77 K in the three MM halides (Cl, Br, and I)
have been published [4,5]. Microwave determinations of
the chlorine [6,7], bromine, and iodine quadrupole cou-
pling constants (QCC) in the gas phase [8] are also known.

The temperature dependences of the halogen NQR
spectra in commercial powder samples of MMCl, MMBr,
and MMI (MMCl: Strem Chemicals, Newburyport, USA;
MMBr: Alfa Aesar, Karlsruhe, Germany; MMI: two
samples, Alfa Aesar and Strem Chemicals) were mea-
sured using a superregenerative NQR spectrometer [9]

Fig. 2. Two orthogonal views (along (0,1,0) and along (0,0,1))
of the room temperature crystal structure of CH3HgI (Pmab).

(Figs. 3a, b). Chlorine spectra were remeasured afterwards
using the fast Fourier transform technique on a pulse NQR
spectrometer (MATEC). At the same time, the tempera-
ture dependence of the chlorine NQR relaxation times T1

and T2 was obtained between 77 K and 300 K, as shown
in Figure 4 (bromine and iodine NQR frequencies were
outside the range of our pulse spectrometer).

In each compound we found two NQR lines: 35Cl and
37Cl lines in MMCl, 81Br and 79Br lines in MMBr, and
two 127I lines (1/2↔3/2 and 3/2↔5/2) in MMI. In Fig-
ure 3 only 35Cl, 81Br and the lower (1/2↔3/2) 127I reso-
nances are shown. The isotope frequency ratios were as ex-
pected. The temperature dependences of Cl and Br NQR
in the corresponding MM halides clearly confirm the ex-
pected phase transitions at 162 K and 310 K, respectively
(Figs. 3a, b). In MMI with 127I as the only isotope we ob-
tained the expected two single quantum NQR transitions.
Our NQR data in this case reveal no solid-solid phase tran-
sition at ambient pressure below the melting temperature.
The signal-to-noise ratio became too small above 360 K
to continue with measurements of the iodine NQR tem-
perature dependence. The spectral behaviour shows that
the sample remains in the low temperature phase as long
as the NQR signal is detectable.

We measured the 35Cl longitudinal relaxation by ap-
plying the standard method of recording free-induction-
decay (FID) signal recovery after two π/2 pulses of vari-
able separation and careful determination of the reference
unsuppressed FID signal. The transverse relaxation T2 was
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Fig. 3. a) Temperature dependence of the 35Cl NQR line in
MMCl; b) temperature dependences of the 81Br and 127I NQR
(1/2↔3/2) lines in MMBr and MMI. Trendlines are added
as guides for the eyes. Note the departure from the smooth
trendline in a) immediately below Tc.

obtained by measuring the quadrupole-echo signal after a
π/2 − τ − π sequence of variable length.

For comparison, NMR spin-lattice relaxation in a mag-
netic field of 0.75 T was measured in MMCl [9,10]. All the
relaxation results are collected in Figure 4.

3 Results and discussion

3.1 Quadrupole coupling constants

The quadrupole coupling constants of the halogen atoms
in solid MMCl, MMBr, and MMI have relatively low val-
ues - 30 MHz, 240 MHz, and 850 MHz for 35Cl, 81Br,
and 127I, respectively, as estimated assuming η ∼ 0
(QCC � 2νQ for I = 3/2 and QCC � 20

3 νQ(1/2↔3/2) for
I = 5/2 [11]). On the basis of molecular and crystal like-
ness this is probably true although this small η has really
been determined only in the low temperature phase of
the iodide (I = 5/2). The tendency to lowering the QCC
from the “atomic” single p electron values [12] increases
from I to Cl, similarly to the electronegativity of the halo-
gen atoms. One of the unquestionable reasons for the low
quadrupole frequencies is therefore the ionic character of
the Hg-X bond.

 
 

 

  

  

Fig. 4. Temperature dependence of 35Cl pure NQR longitu-
dinal relaxation time T1, the corresponding transversal relax-
ation time T2, and proton spin-lattice relaxation time in an
external magnetic field of 0.75 T.

The molecular QCCs in the gas state calculated from
the microwave data [6,8] lie considerably higher than those
obtained in the solid state. However, the strong ionicity i
of the bond has already been estimated in the gas state
(i(Cl)∼62%, i(Br)∼55% [6]). In the solid phase there is
an additional quadrupole-frequency lowering, called the
crystal-field effect (usually about 5% [12]). It is the conse-
quence of partial participation of the bonding electrons to
intermolecular interactions in addition to intramolecular
bonding. Again, the crystal-field effect is largest in MMCl
(25%).

Measurement of the halogen QCC asymmetry param-
eter is not easy in MMCl and MMBr because of the nu-
clear spin of 3/2. However, for the tetragonal phase the
structural symmetry at the halogen site (4-fold axis, mir-
ror plane) requires an asymmetry parameter of 0. As
mentioned above, the asymmetry parameters in the or-
thorhombic phases of MMCl and MMBr probably deviate
from 0 but behave similarly to the one in MMI.

In MMI, the low temperature NQR spectral behaviour
persists up to 360 K and no phase transitions were de-
tected via the iodine NQR. Nevertheless, the NQR mea-
surement in MMI is especially interesting because 127I has
a spin I = 5/2. From the two quadrupole-resonance fre-
quencies and their temperature dependences the temper-
ature dependence of the asymmetry parameter η in the
Pmab phase was obtained. The asymmetry parameter pro-
vides information about the asymmetric environment of
the I nucleus in that phase. The experimental data indi-
cate a rather small, roughly unchanged asymmetry param-
eter between 0.023 and 0.033 in the temperature interval
from 200 K to 360 K.

3.2 Structural aspects

Microwave investigations prove that the MMX molecular
structure [6,8] in the gas phase is qualitatively similar to
that in the solid state crystal structure. The gas molecules
are linear with a covalent –Hg–CH3 bond and a partly
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Fig. 5. Crystal coordinates of some MMX atoms and groups,
Hg+, X− and CH3 in the tetragonal phase in a suitable co-
ordinate system of the orthorhombic crystal group Pmab (in
MMCl a(Hg Cl) = 327 pm, c(Hg-C) = 206 pm, d(Hg-Cl) =
250 pm).

ionic –Hg+–X− bond. In both solid phases at ambient
pressure the MMX molecules are arranged in layers, as al-
ready mentioned. Each linear molecule, orthogonal to the
layer, projects its methyl group into the interlayer space
(Figs. 1, 2, 5). To minimize the electrostatic energy, the
four nearest neighbours of each molecule have antiparallel
directions of their –Hg+–X− electric dipoles. An environ-
ment in which each X− ion is surrounded by 4 neighbour-
ing Hg+ ions, in addition to the one directly bound (above
Tc the site symmetry is C4v), contributes to the increased
ionic character of the –Hg+–X− bond, especially in the
case of Cl. Following Kirin’s suggestion [2], in the high
temperature phase the structures are tetragonal P4/nmm
and each layer contains a square (quasi 2-dimensional)
lattice of orthogonal linear molecules. The thermal mo-
tion of the CH3 groups is rapid and their 3-fold symmetry
incompatible with P4/nmm is time-averaged out. Neglect-
ing the mutual interactions of the CH3 groups, it is to be
expected that within each layer the antiparallel Hg+–X−
electric dipoles form the lowest energy 2-dimensional lat-
tice – the square lattice (unit length a). At lower tem-
peratures, however, it is apparent that the orthorhombic
Pmab structure with a rectangular 2-dimensional lattice
in the layers becomes energetically more stable. The inter-
nal energy terms favouring an orthorhombic arrangement
over a tetragonal one must be connected with the methyl
groups.

The high-temperature-phase methyl interlayer consists
of two displaced square lattices with double unit length
and opposite orientation of the CH3 groups. The CH3 pro-

Fig. 6. Schematic high temperature averaged structure of the
CH3 interlayer with orthogonal CH3 chains (the small circles
do not indicate the protons’ actual positions, which are unde-
fined). For the sake of simplicity, the low temperature Pmab
coordinate system is adopted.

tons are very mobile with undefined positions near the C

atoms along the · · ·

C C
| |

H3 H3 H3

|
C

· · · straight chains, running

between the layers in x and y directions orthogonally to
the molecular axes (see Figs. 1 and 6). For the sake of
simplicity, we adopted the low temperature structure co-
ordinate system (Pmab) in Figure 6.

Nonelectrostatic interactions between the methyl

groups seem to prefer · · ·

C C
| |

H3 H3 H3

|
C

· · · chain folding

which is also better compatible with the 3-fold symme-
try. Below Tc (162 K for Cl, 310 K for Br, 400 K for I),
the whole CH3HgX molecule is laterally displaced out of
the former 4-fold symmetric axis, which leads to a “diago-
nal” interchain nearing and which increases the number of
CH3 first shell neighbours from 4 (straight chains, Fig. 6)
to 6 (folded chains, Fig. 7). It is indicative that relatively
small molecular displacements in the x direction, 25 pm
for MMCl, are required for the distances (CH3 ↔ CH3) of
the first and the second nearest neighbours to equalize (see
Fig. 7). The tendency to displacement can be described by
a semiempirical repulsion correction at the bottom of the
potential well encaging the molecule, just at the crossing
of the two orthogonal mirror planes (Fig. 8).

At lower temperatures such a shifted conformation
seems to decrease the lattice internal energy beyond the
simultaneous partial increase of electrostatic energy in
the HgX layers. The low temperature structure can be
achieved with molecular shifts in one of two equivalent
orthogonal directions x or y (Fig. 7). The choice is a col-
lective property of the domain thus formed.

In the following we refine Kirin’s assumption of anal-
ogous phase transitions in the MMX family in the sense
that the relevant crystal structures exist only as time aver-
ages of fluctuating low temperature local structures. The
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Fig. 7. Schematic low temperature interlayer averaged struc-
ture with displaced CH3 groups and with changed “diagonal”
interchain distances (two approaching CH3 groups signed by
↔; the small circles do not indicate the protons’ actual posi-
tions).

incomplete crystallographic data [1–3] does not allow to
decide between both possibilities, the formerly suggested
displacive model of phase transitions and the present,
order-disorder type. The mutual relations of the two mod-
els and the crossover between them has been frequently
discussed over the past 10 years [13–21].

The instantaneous local structure presumably com-
prises slight displacement of MMX molecules from the
4-fold axis of the crystal group P4/nmm owing to the in-
compatible 3-fold symmetry of the CH3 groups. The lat-
eral molecular displacements are agitated along the cova-
lent Hg–C bonds by the vivid intermolecular interactions
in the CH3 interlayers which usually remain mobile below
80 K. Our model therefore assumes layers of quadratic
network of 4-fold originally symmetric quadruple poten-
tial wells, like the one shown in Figure 8. After placing
the MMX electric dipoles loosely into the potential wells
their mutual electrostatic interactions affect the combined
potential around each molecule which thus can become
asymmetric. In the high temperature phase the highly ex-
cited molecular fluctuations are symmetric so that the av-
eraged MMX position is along the 4-fold axis. Below Tc,
the molecular movement becomes asymmetric and in time
average it results shifted MMX positions.

These assumptions overcome difficulties in explaining
quadrupole measurements using the displacive model, in
particular the explicit reduction of the temperature coef-
ficient of the halogen NQR line above Tc. Below Tc, after
shifting of the MMX molecule out of the mirror plane, the
NQR frequency and the leading principal value of the EFG
tensor increase considerably. In the displacive model to
obtain zero temperature coefficient above Tc, thermal vi-
brations of the principal direction should just compensate
the increase of the leading instantaneous principal value
when the MMX molecule moves out of the mirror plane. It
is not very probable that such a coincidence would occur
both in MMCl as well as in MMBr.

The measurements of halogen T1 also speak against
the applicability of the displacive model for these com-
pounds. When cooling the sample from the tetragonal

Fig. 8. One-dimensional projection of the monocentric poten-
tial well (only electrostatic forces and ionic short range repul-
sion, ) and postulated CH3 correction ( ).

phase across Tc, the critical slowing down of the displace-
ment modulating phonon at Tc should cause a dip in the
halogen T1 which is not noticed. Instead, the halogen lon-
gitudinal relaxation time slowly and uniformly increases
across Tc.

In our model above Tc, owing to intermolecular cou-
plings the lattice develops dynamic clusters, in which
MMX molecules quickly fluctuate between the two oppo-
site minima on both sides of the central position in one
direction only. After the choice of the low temperature
configuration with straight chains in the x direction (as
in Fig. 7) the two remaining minima along the orthogonal
y axis become less favourable, so the transition to the y
fluctuation occurs relatively rarely, and cooperatively with
the neighbourhood. However, the probabilities of x and y
fluctuations in the crystal are exactly the same. The most
probable mechanism for a fluctuation direction change is
movement of the cluster border. These symmetric fluctu-
ations correspond to the high temperature phase, where
the average positions of the molecules fall into the 4-fold
axes as required by the symmetry group P4/nmm (the
averaged structure is shown in Fig. 6).

According to our model, the X-ray diffraction should
show a spatially averaged instantaneous picture of the
tetragonal phase – slightly split 4-fold symmetrical MMX
positions in the 4 potential minima around the C4v axis.
The latter has not been reported so far but a small unex-
pected effect could have been overlooked.

When cooling the system across the solid-solid phase
transition the model proposes that the fast symmetric
molecular fluctuations between the two minima of the po-
tential well do change. The intermolecular couplings start
favouring one of the lower two potential minima, and this
lowers its energy level, increases its occupation probabil-
ity, and also prevents a change of fluctuation direction. In
short, below the solid-solid transition the previously mo-
bile fluctuation-direction domain boundaries freeze and at
the same time the fluctuations become asymmetric. Fig-
ure 9 elucidates our model of the symmetric fluctuations
and moving cluster border above Tc (a) and the asymmet-
ric fluctuations with frozen domain wall (b).

The critical temperatures in the MMX series at am-
bient pressure are shown in Table 1. The sequence of de-
creasing melting points from Cl to I is qualitatively con-
sistent with the expected decreasing depth of the poten-
tial well and the decreasing electronegativity of the halo-
gen atom in the same sense. The solid-solid transition
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Fig. 9. Schematic illustration of the fluctuations in HgX layer
(� HgX, ◦ XHg): a) symmetric fluctuations and fluid cluster
border between two areas with orthogonal directions of fluc-
tuations above Tc; b) frozen domain wall and partly polarized
sublattices with fast asymmetric fluctuations below Tc.

Table 1. Melting points and solid-solid phase transition tem-
peratures Tc in the MMX series.

Melting point [K] Tc [K]
MMCl 443 162
MMBr 434 310
MMI 416 ∼400

temperatures Tc, however, increase from Cl to I. These
are the temperatures below which each molecular displace-
ment begins to adapt to the neighbouring displacements.
This influence therefore increases from Cl to I.

A recently published article on extended Raman inves-
tigations in MM halides [22] reports additional changes in
the Raman spectra attributed to CH3 interactions, which
deserve further attention.

3.3 NQR and the structural phase transition

Using the above model we shall derive the Cl NQR tem-
perature dependence in MMCl. Let the MMCl molecule

fluctuate between the two sites located symmetrically at
ux and −ux on both sides of the high temperature mirror
plane. The fluctuation is fast on the NQR frequency scale
also below Tc. It is asymmetric so that one side is favoured.
We assume temperature independence of the fluctuation
amplitude. This is acceptable in the first approximation
because it only means a constant distance between the
opposite minima of the potential well. However, the occu-
pation probability and fluctuation rate change with tem-
perature. Above Tc the occupation probabilities of the two
opposite minima equalize. The fluctuation rate increases.
Besides, another motion gradually enters, namely infre-
quent transitions to the orthogonal fluctuation mode be-
tween the displacements uy and −uy. After the transi-
tion, the fast fluctuations in the y direction are equiva-
lent to those in the x direction. The relaxation measure-
ments show that these transitions probably occur rarely
compared to the NQR frequency (Sect. 3.4). An analo-
gous model could be applied to MMBr and MMI; however,
there the relaxation data are lacking for support and com-
parison.

We assume that the molecular shift ±ux from the mir-
ror plane is accompanied by an inclination from that plane
by a small angle ±θ, and similarly in the case of the or-
thogonal shift ±uy. Also assuming the molecular asymme-
try parameter η = 0 and a locking of the tensor principal
axis to the molecular long axis, we obtain the modified
electric field gradient (EFG) tensor at ±ux:

V±ux �

VZZ0(3

2θ2 − 1
2 ) 0 ± 3

2VZZ0θ
0 − 1

2VZZ0 0
± 3

2VZZ0θ 0 VZZ0(1 − 3
2θ2)


 .

(1)
Here, VZZ0 means the largest principal value of the static
EFG tensor.

Above Tc, owing to fast symmetric fluctuations be-
tween the two values, the effective averaged EFG tensor
becomes diagonal:

〈V±ux〉 �

VZZ0(3

2θ2 − 1
2 ) 0 0

0 − 1
2VZZ0 0

0 0 VZZ0(1 − 3
2θ2)


 .

(2)
The orthogonal fluctuating mode (±uy) results in al-

most the same averaged EFG tensor with permuted el-
ements Vxx and Vyy. If the transitions between the two
modes are rare compared to the NQR frequency, the NQR
spectrum will be a superposition of the contributions of
both averaged tensors. However, the differences between
the two cannot be resolved without the Zeeman perturbed
NQR in a single crystal. Axial asymmetry of the EFG ten-
sor in the high temperature phase could be easily experi-
mentally proved only in MMI, but there the iodine NQR
signal already disappeared in the low temperature phase.

If θ is temperature independent the quadrupole fre-
quency above Tc is constant, which is in accordance
with the unusually low experimental temperature coeffi-
cients for Cl and Br (relative values ∼ 5 × 10−6/K and
∼ 3 × 10−5/K, respectively; the relative slope changes at



J. Pirnat et al.: NQR study of phase transitions in CH3HgX (X=Cl, Br, I) 345

Tc are 24 : 1 and 4.5 : 1 ):

νQ(T ≥ Tc) = νQ(Tc) = ν0

(
1 − 3

2
θ2

)
. (3)

Here, ν0 is the NQR frequency of a static molecule and
for an estimate of its magnitude we can assume that the
asymmetry parameter η is negligibly small, which will be
justified in the following.

Below Tc we assume that the transitions between the
two orthogonal modes die out. Our quadrupole probe still
senses the average EFG between the two remaining op-
posite sites across the mirror plane, except that the av-
erage is now weighted with the occupation probabilities
1+S

2 and 1−S
2 :

〈V(T < Tc)〉 =
(1 + S)

2
Vux +

(1 − S)
2

V−ux . (4)

where S is the so-called order parameter, equal to 0 at Tc

and growing towards 1 with decreasing temperature.
Combining equation (1) and equation (4) we obtain

〈V(T < Tc)〉 =
VZZ0(3

2θ2 − 1
2 ) 0 3

2VZZ0θS
0 − 1

2VZZ0 0
3
2VZZ0θS 0 VZZ0(1 − 3

2θ2)


 . (5)

Diagonalizing this tensor the largest principal value can
be approximated as

VZZ � VZZ0

(
1 − 3

2
θ2 +

3
2
θ2S2

)
. (6)

This is valid in both solid phases, with S = 0 above Tc.
The NQR frequency can be expressed as

νQ � νQ(Tc) +
3
2
ν0θ

2S2 , (7)

where ν0 is the NQR frequency of a “static” molecule.
For an estimate of θ2 from equation (7) we extrapolate
ν0 � ν(0 K) = 14820 kHz and take νQ(Tc) = 14602 kHz,
resulting in

θ2 � 2
3
· ν0 − νQ(Tc)

ν0
=

145
14820

; θ � 60. (8)

We stress that this tilt angle actually corresponds to
the fluctuation of the principal direction of the EFG ten-
sor. The working hypothesis was that the EFG principal
axis is locked to the molecular axis. However, those two
directions can easily deviate by some degrees owing to
the influences of neighbouring polar molecules and even
more owing to electronic redistributions [12]. The molec-
ular fluctuation could take only a part of the calculated
EFG tilt angle θ. Consequently, by smaller molecular dis-
placement and longer fluctuation cycle ((τ+− + τ−+), see
Sect. 3.4) the required energy for molecular oscillator exci-
tation is lower than expected at first. In the following sec-
tion it will be clear that with the order parameter S = 0.9

Fig. 10. Temperature dependence of the order parameter in
MMCl and in MMBr.

(it corresponds to T ∼ 80 K) we obtain the fast fluctua-
tion cycle time of about 10τf (τf is the correlation time
determined in Section 3.4 from Cl T1, approximately equal
to the less probable molecular occupation time). Assum-
ing that the quickly rotating and interacting CH3 groups,
covalently bound to HgX groups, enhance fluctuations of
the latter, it is obvious that our model can be applied to
MMCl, MMBr, and MMI.

With the above model, the EFG tensor asymmetry pa-
rameter η takes the largest value at T ≥ Tc. Below Tc it
gradually decreases with increasing S. However, above Tc

the symmetry group P4/nmm requires the time-averaged
asymmetry of the EFG tensor equal to 0. But above Tc

the transitions between the orthogonal fluctuation modes
are so slow at the NQR time scale, that NQR measures
the superposition of the NQR spectra of the two corre-
sponding asymmetric tensors. In times much longer than
(νQ)−1 those two average to an axially symmetric tensor.
Below Tc, where the domains of the fluctuation direction
become static, the capability of the NQR detection of the
EFG asymmetry parameter in principle remains the same.

The experimental estimate of η was possible only in
the low temperature phase of MMI, where η = 0.028 ±
0.005. This can be compared to the maximum asymmetry
parameter in MMCl estimated from equations (2) and (8):
η ∼ 3

2θ2 ∼ 0.01.
Below Tc the temperature dependence of the order pa-

rameter can be expressed from equations (7) and (3) as:

S(T < Tc) =

√
νQ(T ) − νQ(Tc)

ν0 − νQ(Tc)
. (9)

The diagrams of S calculated from the experimental data
for MMCl and MMBr are shown in Figure 10.

In MMCl the variations of the slope νQ vs. T and of the
order parameter immediately below Tc are rather strong
but an abrupt step is not obvious, though not excluded
because of insufficient temperature stabilization (±1K).
In MMBr the frequency and order parameter steps at Tc

are quite pronounced with relative sizes 0.06 and 0.04,



346 The European Physical Journal B

respectively. If the transition is of the 1st order as indi-
cated by the Raman data [1], one would expect an abrupt
step at Tc.

3.4 Relaxation in MMCl

The temperature dependence of the 35Cl longitudinal re-
laxation time T1 steadily decreases with increasing tem-
perature with no abrupt irregularities at Tc = 162 K
within experimental error, whereas in T2 some variations
are noticeable in this temperature region which may be as-
cribed to noise only (Fig. 4). For comparison, the results
of measurements of proton NMR relaxation in an external
magnetic field of 0.75 T in the temperature region around
Tc (150 K to 380 K) are also given in Figure 4 [10].

Looking at quadrupole longitudinal, transverse, and
NMR spin-lattice relaxations of chlorine and protons, re-
spectively, in the usual log T1,2 vs. 1/T plot (Fig. 4), we
notice at first a rough similarity – in all cases the slope of
the variation of T1,2 increases with increasing temperature
above Tc. The slope increase seems to be continuous in all
cases. It occurs in the ∼50 K interval just above Tc in the
case of Cl T2, maybe a few K higher in the case of Cl T1,
and the highest (about 90 K higher, namely near ∼250 K)
in the case of the proton T1.

Let us consider first the Cl spin lattice relaxation
in MMCl in the light of the model so far discussed. In
the quadrupole system, where the nondiagonal elements
± 3

2VZZθ of the EFG tensor quickly fluctuate between the
two values with probabilities (1+S)

2 and (1−S)
2 with an

inverse correlation time τ−1
f = (τ+−)−1 + (τ−+)−1, the

following expression for the relaxation rate can be de-
rived [23]:

1
T1

= 12(1 + S)(1 − S)
(πeQ

h

)2

· 9
4
V 2

ZZθ2 τf

1 + (ωQτf )2
.

(10)
where ωQ = 2πνQ. Equation (10) can be rewritten taking
Equation (7) into account:

1
T1

= 12π2(1 − S2)ν0(ν0θ
2)

τf

1 + (ωQτf )2
. (11)

From this we obtain an estimate for the temperature
dependence of the correlation time τf . This corresponds to
the rapid fluctuations between the two symmetric molec-
ular displacements from the mirror plane which dominate
the Cl relaxation below Tc, and also slightly above it,
where the order parameter becomes 0 but the transitions
to orthogonal fluctuations (±ux ↔ ±uy) are still negligi-
ble:

τf

1 + (ωQτf )2
� τf � [12π2(1 − S2)(ν0θ)2T1]−1 . (12)

Some ten K above Tc the temperature dependence of
the chlorine T1 gradually increases its slope (Fig. 4). In our
model, above Tc the previously frozen boundaries between
the domains with orthogonal fluctuation modes become

more and more mobile and the slow transitions between
the orthogonal fluctuation modes provide a new efficient
relaxation mechanism. There are two contributions to the
Cl spin-lattice relaxation rate now: the one from the fast
fluctuations in a constant direction and a new one from
the rarely changing direction of equally fast fluctuations:

1
T1

=
( 1

T1

)
fast

+
( 1

T1

)
slow

. (13)

We presume that it is the slow process which causes
the slope change in the T1 temperature dependence. Some
ten K above it becomes the dominant contribution to Cl
spin-lattice relaxation. In the temperature interval from
Tc to the slope change, the two comparable contributions
cannot be separated and the two correlation times τf and
τs cannot be derived from T1 independently.

Above Tc the quadrupole probe senses the averaged
EFG tensor (Eq. (5), S = 0)

〈V±ux〉 �

VZZ0(3

2θ2 − 1
2 ) 0 0

0 − 1
2VZZ0 0

0 0 VZZ0(1 − 3
2θ2)


 ,

(14)
which temporarily changes to a tensor with equal diagonal
values except that the elements Vxx and Vyy are permuted.
The relaxation rate caused by such slow transitions can be
written [24]:

( 1
T1

)
slow

=
1
3

(πeQ

h

)2

(δVxx − δVyy)2
τs

1 + (ωQτs)2

= 3π2ν2
0θ4 τs

1 + (ωQτs)2
. (15)

Here τs means the correlation time for the high temper-
ature relaxation mechanism – fluctuation-direction tran-
sitions. This correlation time can be estimated assuming
that ωQτs � 1:

τs

1 + (ωQτs)2
� 1

(ω2
Qτs)

=
[
3
2
ω2

Qθ4(T1)slow

]−1

;

τs � 3
2
(T1)slowθ4. (16)

Figure 11 shows the temperature dependences of the
two correlation times obtained from the experimental data
using the proposed model. The correlation time for the fast
fluctuations of molecules across the potential mirror plane
seems to be almost temperature independent below Tc.
This is acceptable if we note that in the case of different
contributions τ+− and τ−+, τf is approximately equal to
the shorter life-time.

The long correlation time for the slow fluctuation-
direction transitions, dominating the high temperature
T1, is obviously thermally activated (activation energy
Ea ∼ 0.29 kJ/mole). The room temperature T1 measure-
ment seems to indicate the vicinity of a T1 minimum,
but further measurements to confirm that assumption are
missing because the NQR signal disappears in noise.
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Fig. 11. Temperature dependence of the short and long corre-
lation times, corresponding to the low temperature fast molec-
ular fluctuations and high temperature slow transitions of fluc-
tuation directions. In the shaded region both contributions to
T1 are comparable and the two correlation times cannot be
determined.

To test whether the proton T1 in a magnetic field of
0.75 T is dominated by the same mechanism as the Cl
T1, we can compare the measured T1 ratio with the one
estimated using the golden rule of time dependent pertur-
bation theory [25]. Around room temperature the domi-
nating motion with fluctuating terms ∆ωH and ∆ωCl is
relatively slow and T1(Cl)

T1(H) ∼ [∆ωH
ωH

ωCl
∆ωCl

]2 ∼ 10−5 to 10−6

which is fulfilled. Also the corresponding temperature
coefficients approach each other at high temperatures.
Therefore, above ∼280 K we expect the same dominant
relaxation mechanism for the two nuclei, i.e. slow transi-
tions between the fluctuation directions.

If the fast relaxing mechanism is to be the same for the
two relaxations, below Tc the ratio of the Cl and proton T1

should be the same as the squared ratio of the absolute
fluctuating terms [ ∆ωH

∆ωCl
]2 ∼ 10−5 which is not the case.

The proton T1 is about 3 orders of magnitude shorter than
expected, which means that protons sense some additional
more efficient relaxing mechanism. A probable candidate
for this which should simultaneously have only a small
influence on Cl relaxation is presumably connected with
the fast rotations of the CH3 groups in the interlayer.

4 Summary

– The three methylmercury halides MMX (X=Cl,Br,I)
have analogous molecular structures. The correspond-
ing crystal structures are layered, with similar molec-
ular arrangements, with stronger, long range electro-
static Hg+ Cl− interactions and with weaker forces
and fast thermal motion expected in the nonpolar CH3

interlayers. Temperature dependences of halogen NQR
frequencies below Tc in MMCl, MMBr and MMI are
qualitatively similar, which also holds true for MMCl
and MMBr above Tc. The NQR signal for MMI disap-
pears before the phase transition.

– The above features, together with the Raman mea-
surements, support the assumption of similarities in
the lattice dynamics of methylmercury halides, which
play the principal role in averaging their halogen EFG
tensors.

– The proposed model of the changing nature of compet-
itive fast and slow fluctuations of the MMX molecules
across the two orthogonal high temperature mirror
planes is a refinement of Kirin’s suggestion of the struc-
tural behaviour of MMX analogues. It qualitatively ex-
plains the small NQR temperature coefficient above Tc

and determines the connection between the tempera-
ture dependence of NQR below Tc and the order pa-
rameter causing a preferred occupation on one side of
the previous mirror plane. A possible stimulus agitat-
ing the relatively heavy HgX groups are the covalently
bound, easily activated and mutually interacting CH3

groups in the interlayers.
– The small asymmetry parameter measured in the or-

thorhombic crystal structure of MMI is qualitatively
consistent with the calculated low temperature value
of MMCl, resulting from our model.

– The model also explains the gentle slope in Cl spin-
lattice relaxation below Tc and slightly above it by
fast fluctuations across the potential mirror plane, and
the steep region above Tc by slow transitions between
the orthogonal fluctuation directions. The latter, a
strongly thermally activated relaxation mechanism, is
probably also effective in proton high temperature re-
laxation, whereas the low temperature proton relax-
ation should probably be ascribed to some motion con-
nected with CH3 rotation.

We are much obliged to Mr. V. Žagar, Jožef Stefan Institute,
Ljubljana, for the measurements of the proton NMR relax-
ation.
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