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35CI NQR measurements revealed two phase transitions at 14.5 K and 70 Ki/iGINHBy
deuteration of the ammonium ions, the respective transition temperature increased to 27 K and
74 K. In the lowest-temperature phase of /NEl4, by the deuteration a remarkable change of

the temperature dependence of @l NQR frequencies was observed. The NQR spin-lattice
relaxation-time minimum, ascribable to the modulation effect of the electric field gradient (EFG)
due to a motion of the ammonium ions, was observed at 7 K and 11 K4ICNFnd NDjICly,
respectively. The activation energy of the ammonium motion and the fluctuation frg¢tiaf

the EFG were determined to be 0.32 kJ Maind 1.3<10~2 for NH,4ICl4, and 0.30 kJ mot*

and 0.8810°2 for ND4ICl4. The experimental result suggests that the inter-ionic interaction
between the ammonium ion and thejl@bmplex anion is weakened by the deuteration. However,
the frequency shift observed in the lowest-temperature phase is much larged @l ,NBan in
NH4ICl,4. This suggests that the lattice distortion in4dNE, is suppressed to a great deal by the
tunneling rotation of Nl ions. The effective inter-ionic interaction responsible for the lattice
distortion, the transition temperature and the enhancement of tunneling asNdmpared with
ND} is discussed for NHCI, as well as for previously reported MAMICI, anda-NH4HgCls.
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1. Introduction It is an advantage of the NQR method applied to
nearby nuclei, as compared with the NMR method

In the ammonium compounds a structural phasgpplied to the NE and NDj; motion, that the relax-
transition is often observed, which seems to be causation mechanism is expected to be the same for the
by the locking of a rotational motion of NHions. NH} and NDj compounds.

When a quantum effect in the reorientational motion SgCI NQR frequencies and spin-lattice relaxation
of the ions is significant, a remarkable increase dimes were measured as functions of temperature for
the transition temperaturé, or even a new phase NH4ICl4, ND4ICl,, anda-ND4HgCls. By combina-
transition is observed by the deuteration [1 - 5].  tion with the reported results fax-NH4HgCls [6],

In order to investigate such a deuteration effect dNH4AUCl, [7], and ND,AUCI, [9], the deuteration
the ammonium motion and phase transition, we hawgifect on the ammonium motion and structural phase
applied NQR measurements on nearby nuclei. whaéfansition in these compounds will be discussed.
the spin-lattice relaxation timé} is determined by
the modulation of the electric field gradient (EFG). Experimental
due to the motion of ammonium ions in crystals, it
is possible to obtain information about the molecular NH4ICl, and NOyICl, were prepared according to
motion of ammonium ions from NQR measurementthe method described in [10, 11]. For the prepara-
[6 - 8]. tion of the deuterated compound, HNC and DO
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Fig. 1. Temperature dependences®al NQR frequencies 0 103 20
of NH4ICl4 and NIXICl4, open and solid symbols, respec- 10K/T

tively.

. Fig. 2. Temperature dependences®a NQR spin-lattice
were used instead of NJ&I and HO. The very de- |gjaxation timesTi of NH4ICl4 and NOyICl,, open and

liquescent golden-yellow crystals obtained from theolid symbols, respectively, in the high-temperature region.
aqueous solution were dried over@? in a vacuum For theTi-data the same symbols for the respective NQR

desiccator for several days in order to remove tH@es are used as in Figure 1. The solid lines are the least-
possible water of crystallization [11] and then sealeffuareS fitting of thé;-data which show an Arrhenius type

! . . mperature dependence.
in a glass tube with a heat-exchange helium gas.
ND4HgCl; was prepared by melting an equimolait 77.3 K, three frequencies:, v», and v; were
mixture of HgCh and NDCl atca. 210°C [6, 12]. observed at 22.522, 22.369, and 22.196 MHz for
Chemical Analysis: Calcd. for NHCl4: NHa, 6.3 %;  NH,4ICl,, and at 22.511, 22.370, and 22.194 MHz
Cl/I' = 4. 0. Found: NH, 6.2 %; CI/l = 4.0. for ND4ICl4. With increasing temperature, andvs

A pulsed spectrometer based on the Matec gategied out ata. 200 K, whilev, could be detected even
amplifier 515A was used. The resonance frequengy room temperature. At 77.3 K, we have searched for
was determined by plotting the echo height as a fungther resonance frequencies for NOI4 in the fre-
tion of the carrier frequency. The spin-lattice relaxguency range of 20.4 - 24.4 MHz by employing a
ation timeT; was determined by observing the recovsyper-regenerative spectrometer. However, no addi-
ery of the echo height, employing the pulse sequenggnal resonance frequencies could be detected.
T —7—m/2—7 —m Wherer, was setata. 120-  The temperature coefficients of the and s fre-

250us. The sample temperature was controlled using,encies of NHICI, and NDyICl4 showed a discon-
an electronic controller (Ohkura EC-61A and Oxfordinity at around 70 K and 74 K, respectively. Be-

DTC 2 for above 77 K and below 77 K, respectively)qyy this temperaturey, could not be observed. An
and measured with an accuracy6f0.5 K by use  anomalous frequency shift of andv; was observed
of copper versus constantan and gold + 0.07 % iroft 14.5 K in NHICI, and at 27 K in NQICl,. The
versus chrom_el thermocouples above 77 K and belqyy and vs frequencies showed a remarkable isotope
77 K, respectively. effect below 27 K.
Temperature dependences of the spin-lattice relax-
ation timesT; are shown in Figs. 2 and 3; of 14
3.1. Ammonium tetrachloroiodate(l11) andws coincides and shows a rapid decrease with in-
creasing temperature aboga. 150 K, while 77 of
Temperature dependences3®€l NQR frequen- 1, begins to decrease similarly for the first time at
cies of NH,ICl4 and NOICIl4 are shown in Figure 1. aboveca. 250 K. Little anomalies in the temperature

3. Results
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Fig. 3. As Fig. 2, but for the low-temperature region. Thejg 4. Temperature dependences®i@ NQR frequen-
solid curves are the least-squares fitting ofthelata ofvs  ¢jes of the higher-frequency lines etNDsHgCls and a-
with the assumption of the relaxation mechanism by EFfg,HgCl;. The solid curve shows the theoretical curve
modulation. reported by K. Negitat al. [18] for the temperature depen-

.. dence ofa-NH4HgCls.
dependence df; were observed where anomalies in 4rg-s

the temperature dependences of the resonance fre-
quencies occured. On the other hand, at very low 7 250 150 T/K
temperatures &; minimum was observed af. 7 K ' '
in NH4ICl4 and atca. 11 K in ND4ICl4,.

o a-NH,HgCl,
E,/R=10.1x16K |

3.2. Ammonium trichloromercurate(l1)

T,/ ms
[ )
[ ]

The temperature dependences of the NQR fre-
quency andl; of the higher-frequency line ofi-
ND4HgClz and a-NH4HgClz are shown in Fig. 4 10%
and 5, respectively. These results are very similar to e a-ND,HgCl
those ofa-NH4HgCl; reported by Sagisaveatal. [6].
E,/R=11.2x1GK
4. Discussion

4.1. Ammonium tetrachloroiodate(l11)

. i 10—2 1 1 1 1 1

4.1.1. Assignmentofresonance frequencies 4 6 . 8 10
andreorientation of IGl anions 10°K/T

The v, frequency of 22.230 MHz at 299 K for Fig. 5. Temperature dependences®al NQR spin-lattice
elaxation timesTy of the higher-frequency lines af-

NH4ICl4 agrees well with the reported value of 22.25’ND HaCk anda-NH.HACH
MHz at 295 K by Kuritaet al. [11]. In the range 4ng- anda-iHangt.
70—200 K three resonance frequencies were olbhate NHICI4-H,O shows three frequencies of 19.98,

served. According to Kuritat al. [11], the monohy- 24.68, and 27.96 MHz at 296 K. The resonance lines

85



86 T. Asaji and T. Ishizaka - Effect of Deuteration on Ammonium Motion and Structural Phase Transition

observed in the present study cannot be consideredtd. Fig. 1) indicate the onset of structural phase tran-
correspond to these values. Hence, itis concluded tisdiions. Since/; andrs change continuously through
there exist three kinds of crystallographically inequivthe phase transition temperature at 70 K (or 74 K
alent chlorines in the NIHCI, crystal above 70 K. in the deuterated compound), this phase transition
Unfortunately there is no structural informatiorseems to be of second ordes. could not be de-

about the present crystal. However, theandvs fre-  tected below this temperature. This may be due to a
quencies which fade out at. 200 K, and the, fre-  steep and large splitting of the resonance frequency
guency which can be detected even at room tempeQﬂOW the transition temperature, although we have
ture, may be assigned to crystallographically inequivot yet succeeded in finding the corresponding fre-
alentICl; anions. This assignment is supported by thguencies. The phase transition at 14.5 K (or 27 K
temperature dependence of theaboveca. 100 K. in the deuterated compound) is also ascribed to be
Above 150 K,r; and v3 have the sam@d}-values Of second order, judging from the order-parameter-
which decrease with increasing temperature followike temperature dependence of the frequencies. The

ing an Arrhenius relation, low-temperature phase transition shows a remarkable
isotope effect. By the deuteration, the phase transi-

jo tion temperaturd, about doubles and beloif the
Ty x exp <ﬁ> : (1) frequency shifts much more, indicating an increase of

the lattice distortion by the deuteration. This isotope

This type of temperature dependencd ofs usually effect will be discussed later on.

ascribed to a sudden jump reorientation _of an atomjgp_ 1.3. Ammonium motion atlow-temperature
group, for example, in this case to a9@orientation

of ICI; anions about the pseudq @xis [13]. Inthis A distinct 73 minimum was observed &g. 7 K
mechanisnil; is proportional to the residence timein NH4ICly4 (cf. Fig. 3). Such a V-shaped bro&d

in a single molecular orientation or the correlatiomminimum is often detected in the temperature depen-
time of the reorientation. Since the residence timetence of the NQRI; due to the modulation of the
of the chlorines within a single I¢I anion are the EFG caused by the motion of a nearby atomic group
same, theli-values of these chlorines should coin{6 - 8]. According to Woessner and Gutowsky [14],
cide. Therefore, the experimental observation of tHbe spin-lattice relaxation rafg * due to the modu-
sameT;-values betweem; andvs strongly suggests lation effect can be expressed as:

that they arise from a single kind of IClanions.

The T3-value of thew, frequency begins to decrease 1 <6qu> 2 <q,>2

rapidly with increasing temperature for the first time T = A

(1 +c§é7’cz) - @

when the sample is heated abaze 250 K. The sec- q

ond kind of IC|, anions to which the, frequency is

. . . 2 7
assigned, starts to perform the same kind of reorieRré.¢“Q¢/h. wq, ¢'/q, andr. denote the quadrupole
tation at a higher temperature. coupling constant, the nuclear quadrupole angular fre-

By fitting (1) to the experimental data in thequencyofchlorine,thefluctuationfraction of the field

high-temperature region, the activation energfs gradient, and the correlation time of the motion in

for the ICl, anionic reorientations are obtained gguestion. In the present case a motion of nearby am-
26 kJ mot-t and 54 kJ mot? for the two kinds of menium ions must be important. If the asymmetry

ICl, anions fromT} of 1 andvs, andT} of vy, re- parameter) of the EFG is small,
spectively (Figure 2). It was revealed that the deuter-

ation of ammonium ions has a negligible influence on _e2Q 1+ 2\ 2 _eQ 3
the activation energy of the anionic reorientation. “Q= o 3 =~ op ®)
4.1.2. Phase transitions then

The anomalies in the temperature dependences of 2
the resonance frequencies observed at 14.5 K and -1 _ }wz <Q_> Tc (4)
70 K in NH4ICly4, and at 27 K and 74 K in NRICl4 ! 37Q (1 +wér§
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is obtained. Although non-disregardable valueg sf to a great deal by the tunneling rotation of the NH
0.12-0.36 are reported for the |[Canionsin the crys- ions.

tal [15], (4) was applied in the following discussion

sincen?/3 < 1. 4.2. Ammonium trichloromercurate(l1)

Assuming that a reorientational motion of ammo-
nium ions about the axis through the nitrogen atom is The temperature dependences of #iél NQR
responsib|e for thé”l minimum, and the Correspond_frequenC|eS and Spln-lattlce relaxation timesooef

ing correlation time obeys an Arrhenius relation ~ NHsHgCls have been ascribed by Sagisaetaal.
[6] to the motion of the ammonium ions. They as-

I sumed a 9%reorientational motion about the, S
rc:roexp<—a>7 (5) symmetry axis of the NH ion as a cause of
RT the EFG fluctuation. The activation energy for the
- - . 90°-reorientation ina-NH4HgCl; is reported to be
the low-temperaturd’y minimum of v dipicted in g 4 3 mot1 (11.3< 12 K) [6]. Almost the same val-
Fig. 3 ( open and solid circles for N}Cl, and | |oq of 9.3 kJ mol? (11.2¢1% K) and 8.4 kJ mot?
ND4ICl4, respectively ) was least-square-fitted byy 1, 102 K) were obtained for the same motion in
use of (4). In the calculationsg = wg/2r was set a-ND4HgCl; and a-NH4HgCls, respectively, from
to be 22.34 MHz and 21.90 MHz for Ni#tCls and e analysis of thef} data of Fig. 5 with the as-

ND4ICls, respectively, in the temperature r"’?ngeWherﬁjmption that the relaxation mechanism is due to the
theT}, minimum was observed. The activation enerd¥EG modulation. Erom the marked change intHe

f]?"?;{ it/iet:m;?g'tﬂ?;mgmq’h?ﬁ;&UZ:%%?;QE?NMR spin-lattice relaxation at 55 K, a phase transi-
0 tion was ascribed to the ordering of the Niéns in
Iq:’/q O,Ihth?ttEFG V\ller? t(_:hosgntﬁs tfitting p?ramEtera-NHlegCIg [6]. Matsuoet al. detgrmined %\Ihe transi-
rom the fitting calculations in the temperature rangg, emperatures of-NHzHgCls anda-ND4HgCls
of 100< 1035{? 5200’?’3‘ =0.32kJ mgfl (39K), {0 be 54.97 K and 58.3 K, respectively, by heat ca-
0= 4.2x107s, and_q /a = 4'3 X 10~* were ob- pacity measurements [16, 17]. In order to explain the
taln_ed f_or the ammonium motion in l\lhlfCI4. Forthe  5nomalous temperature dependence of the NQR fre-
mOt'onlquD“ICI“’,Ea =0.30kJ mgf (36 K), 0= guency shown in Fig. 4, a model has been proposed
4.6<10” s, andy' /q = 0.88 x 10~ were obtained 1, \ ‘Nakamuraet al. in which the reorientational
for 50< 10°/T" <180. jumping time of NH;, ions was taken into account
If the potential curve for the motion of NPequals  [18 - 22]. The theoretical curve reported for the tem-

that of NHZ, the activation energy for the reorienta'perature dependence afNH4HgCl; is depicted by
tion is expected to increase by the deuteration due #osolid curve in Figure 4.

the increase of the moment of inertia or the decrease
of the zero-point energy of the rotational vibratiom, 3, Ammonium Motions and Inter-ionic Interactions
Indeed, this was the case for the previously reported
NH4AUCl4 crystal [9]. Inthe present compound, how-  The inter-ionic interaction in the ammonium com-
ever, £, was almost the same for the jidnd NO;  pounds is expected to depend on the rotational state of
reorientation. This suggests that the inter-ionic intethe ammonium ions. That s, the effective interactions
action between the ammoniumion and thejl@hion  petween the ammonium ions and the complex anions
is affected by the deuteration. or among the complex anions via the ammonium ions
From theT; analysis, the inter-ionic interaction inwill be different depending on whether the ammo-
NH4ICl, is expected to be weakened by the deutenium ions are rotating or not. Ldtdenote an effective
ation. On the other hand, the lattice distortion belownteraction for the lattice distortion associated with a
the low-temperature transition point is expected to b&ructural phase transition of a fictitious lattice, where
enhanced by the deuteration, because the frequertlyhydrogen-atoms of the ammonium ion are quan-
shift is much larger in NQICl4 than in NHICl;.  tum mechanically localized at the stable positions.
These two expectations, which seem at first glan@ecording to a two-state approximation [18 - 22], the
to be inconsistent with each other, lead to the idemveraged effective interaction J > for the lattice
that the lattice distortion in NEICl, is suppressed distortion will be given as follows:
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_n(l-a)J (6) This means thata quantum mechanical delocalization
T+T by tunneling is highly enhanced in NKCI, as com-
pared with in NDICl4, as expected from the smaller
Here, the transient tlmﬁ is the time for which the shift of the NQR frequencies observed be|@w|n
ammonium ion exists in a transient state from ongpjte of the larger inter-ionic interaction. The remark-
orientationto another, the residence timesthetime aple decrease df. of NH4ICl, as compared with
which it spends in a single orientation in a potentia\p,ICl, can be ascribed to the enhancement of tun-
well. The parameted: is introduced in order to take neling motion of NH ions.
into account a quantum mechanical delocalization by Then, how does a tunneling motion of Nidns af-
tunneling. ] o ~ fectthe phase transition temperature in the previously
In the molecular field approximation of the 'S'”greported case of NIAUCI, [7, 9] The transition tem-
m_odel [23], the phase transition temperatdieis perature shifts by 5 K from 28.5 K in NfAuCl, to
given by 33.5 K in ND;AuCly,. The3°Cl NQR spin-lattice re-
~ laxation caused by the modulation of the EFG due to
i<J> (7) the motion of nearby ammonium ions was observed
k in the high-temperature phase of each compound.

with % the Boltzmann constant and the number The activation energies of the ammonium motion,

of interactions. Then, we have the following relatiorf’a(H)/ R and Ex(D)/R, were determined to be 96 K
for the ratio of the transition temperaturggH) and and 217 K, respectively. For the ammonium tetra-

<J>

T+(D) of normal and deuterated salts: c_hloroaurate(lll), the assumption of th_e same poten-
tial curve for the NH and NDj reorientations resulted
TcH) < J>4 _Q—ap)dy 1+@/7)o in quite reasonable values of parameters such like the

T.D) <J>p (l—ap)lo 1+(m/mn (8) moment of inertia of Ni and the number of potential
wells. Hence,Jp = Jy can be assumed for NIAuCl,
In (8), the subscripts H and D denote parameters afid ND1AuCl,. From (9),
normal and deuterated salts.

Putting a Boltzmann factor exp{s/RT) for the (1-ap) =088, (13)
ratio of /7., (8) becomes (1— ap)
or
Te(H) _ (1 — an)Ju 1+ exp(Ey(D)/R1¢(D)) )
T(D) ~ (1—ap)Jo 1+exp(Ea(H)/RTe(H)) on =0.12+0880p (14)

E, is the activation energy of the ammonium motioris obtained, which suggests less importance of the
which is responsible for the phase transition. For th@nneling effect as compared with NIT1 4.
low-temperature phase transition in ammonium tetra- The larger the activation enerds, the less impor-
chloroiodate(lll), Es(H)/R = 39 K, T¢(H) = 14.5 K, tant is the tunneling effect. This tendency is clearer
EA(D)/R = 36 K, T(D) = 27 K were obtained. Using if the data fora-NH4HgCls anda-ND4HgCls which

these values in (9), we have have T¢(H) = 55 K, Ey(H)/R = 11.3x1(? K, and
T¢(D) = 58 K, Eo(D)/R = 11.2<1(? K, respectively,
A—an)dn _ s (10) are analized in a similar way. From (9),
(- ap)J/o
In the case of NRICl4, the inter-ionic interaction M = 0,95@ <095 (15)
is expected to be weakened by deuteration, that is, (1 —ap) Jn
Jo/Jy < 1. Therefore, or
_ ay > 0.05 +095ap (16)
% = 0.45? < 045, (11)
—
or P H is obtained for a-NH4HgQClz; and a-ND4HgCls.

A similar analysis by employing the reported val-
ay > 0.55 + 045ap. (12) ues for NHCI and ND,CI [24], Tc(H) = 242.8 K,
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Ea(H)/R = 21.6x10? K, and T(D) = 248.9 K, (i) In the lowest-temperature phase of N8I, a

Ea(D)/IR = 17.8x1(? K, results in remarkable change of the temperature dependence of
the®>CINQR frequencies was observed upon deutera-
ay > 0.025 + Q975p. A7) ton.
In the order of NHICl; < NH,AUCl, < a- (i) An NQR spin-lattice relaxation-time mini-

NH4HgCl; < NH4Cl the activation energf./R in-  MuMm, ascribable to the modulation effect of the EFG

creases as 39 K. 96 K. Bix 12K and 21.6<12K. due to ammonium motion, was observed& and
while the lower-limit of the tunneling parametary, 11 K In NH“IC.:"‘ a}”d ND4ICl, respectlvely_. .
decreases as 0.55, 0.12, 0.05, and 0.025. Although(V) The activationenergy of the ammonium motion
the type of the ammonium motion which causes th§nOI the fluctuation fraction’/q of the EFG were
EFG fluctuations in NHICl, remains unknown, it etern:lned fjo be O'IC:’Z deTdi a:jn%Slg X 118_3 Ior
might be a small angle reorientation because of tﬂ}l.‘H“ICI“’ and 0.30 kJ mat* an X or

very low activation energy for the motion. Across th&VD4lCla. . L L

low-temperature phase transition temperafiiehe (v) The inter-ionic mteractlon is expected to be
number of NQR lines does not change in NEl, weakened by the deuteration. However, the frequency
in contrast to NHAUCI, [9]. This means that the Shift observed at the lowest-temperature phase is
ordering of the ammonium ions belo® does not Much larger in NQICI, than in NHICls. This sug-

cause crystallographically inequivalent chlorines i§€Sts that the lattice distortion in NKCl, is sup-
NH,4ICl,. The ammonium motion in NKCI, should pressed to a great deal by the tunneling rotation of

: : o NH? ions.
satisfy this condition. 4
fy (vi) In the order of NHICl; < NH4AuUCl; < a-
5. Conclusions NH4HgCl; < NH4CI the activation energ¥,/R for

an ammonium motion increases as 39K, 96 K3k
(i) NH4ICl, and NDyICl,4 undergo two phase tran- 107 K, and 21.6<10? K, while the lower-limit of the
sitions at 14.5 K and 70 K, and at 27 K and 74 Ktunneling parametery decreases as 0.55, 0.12, 0.05,
respectively. and 0.025.
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