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1. Introduction 

In this paper we present the results of a 
study of the thermal depolarization of 
NHICl crystals which had been exposed to 
dry NH, gas or dry HCl gas. These experi- 
ments complement those described in Part I 
(1) which dealt mainly with the effects of 
doping and of polarization temperature on 
the subsequent thermal depolarization 
(TD). There have, to our knowledge, been 
no previous published investigations of the 
effect of HCl on TD in NH,Cl. Kessler and 
co-workers (2, 3) have observed four TD 
bands in the depolarization spectrum of 
NH,Cl; these occur at (1) 185, (2) 215, (4) 
290, and (5) 330K. The first three of these 
are also observed in thermally stimulated 
polarization (TSP) experiments. In the ter- 
minology adopted by Kessler’s group, (3) 
refers to the spontaneous polarization asso- 
ciated with the phase transition at 242SK. 
Our investigations of TD in NH,Cl re- 
corded in Part I were confined to the disor- 
dered CsCl phase at temperatures above 
the phase transition and we observed three 
TD bands in which the maximum depolar- 
ization currents occurred at a (mean) tem- 
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perature T, of (I) 278, (II) 292, and (III) 
3 18K, respectively. Bands II and III we be- 
lieve to be the same as those designated 4 
and 5 by Kessler (2, 3). We also recorded a 
fourth depolarization band, IV, that peaked 
at 350K; this we ascribed to space charge 
rather than to dipole-related polarization. 
Kessler and Ebert (3) observed that their 
band 1 increased considerably, while bands 
2 and 4 decreased or even disappeared un- 
der exposure to NH,. These effects were 
reversed by thorough degassing of the crys- 
tal. Only band 5 was unaffected by NH,. 
Since our observations of the effects of HCl 
and NH, were again confined to tempera- 
tures above the phase transition, the only 
overlap between our work and that of the 
Kessler group (2, 3) refers to the effect of 
NH, on bands 4 and 5. Moreover, their pa- 
per (3) described the effect of NH, only on 
undoped NH,Cl, whereas the present work 
includes experiments on six different kinds 
of NH,Cl crystals. 

2. Experimental 

The necessary experimental details on 
the preparation of the crystals and the de- 
polarization experiments are given in Part I 
(I) or in references cited therein. See espe- 
cially Table I of Ref. (I), which summarizes 
the preparation of the crystals and defines 
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the nomenclature used to describe the crys- 
tals. Particular care was taken to ensure 
that the crystals were thoroughly dried by 
degassing and then heating in helium gas, as 
in a depolarization experiment, and that the 
gases introduced were dried by condensing 
them in a cold trap, such that the partial 
pressures of NH,(g) and HCl(g) were 26 
and 57 Tot-r, respectively. 

3. Results 

3.1. Effect of NH, 

Figure 1 shows the effect of NH3 on the 
TD of an NH,Cl crystal (V) grown from the 
vapor. Prior to exposure to NH, the TD 
spectrum (0) shows the usual three bands, 
I, II, and III, with II the most prominent. 
After exposure to NH3 for 15 hr, flushing 
out the NH,, replacing it by He, and allow- 
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ing the crystal to equilibrate in He for 3 hr, 
the TD spectrum (A) shows that I and II 
have increased considerably. What hap- 
pens to III is not very clear-cut: probably it 
is not much changed, the apparent slight 
increase in depolarization current being due 
to an increased amount of space charge. 
The rather symmetrical appearance of this 
TD curve (A) and the flat region near 315- 
330K indicate the presence of other bands 
which we judge to be the band III initially 
present together with newly introduced 
space charge. Polarization at 250K followed 
by removal of most of the first two bands in 
a preliminary heating (“peak cleaning”) re- 
veals the presence of band III, still mixed 
with II, and the space charge band IV. 
(Compare Fig. 2 of Ref. (I).) Notice that 
the “divide by 10” against the third curve 
(+) means that the currents read from the 
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FIG. 1. Thermal depolarization of a crystal of NH,Cl (V) grown from the vapor after polarization at 
T,. T, = W2K q , before treatment with NH,; A, after exposure to NH, for 15 hr and then equilibrat- 
ing in He for 3 hr. T, = 250K: +, after peak cleaning to remove bands I and II (/lo against this curve 
means that the currents read from the I scale are to be divided by 10). 
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FIG. 2. Thermal depolarization of a crystal of NH,CI (H) grown from acid solution (pH 5.5). T, = 
292K. Cl, after 15 min exposure to NH8 (essentially the same as an untreated crystal); 0, after 5t hr 
exposure to NH,); A, after 4i hr in He. (Below 325K the curve marked by A is the same as that marked 
b-y 0.1 

ordinate for this curve are to be divided by 
10. The conclusions to be drawn from the 
data presented in Fig. 1 are (a) that NH, 
treatment of an NH,Cl(V) crystal increases 
the number of centers responsible for the 
278-K band I and also the number of cen- 
ters responsible for band II; and (b) that 
even after NH, treatment there exists a 
small band III, although it is not clear-cut 
as to whether this has been affected by the 
NH,. 

Figure 2 shows the effect of NH, on a 
crystal of pure NH,Cl grown from slightly 
acid solution. After 15 min exposure to NH, 
the TD curve (Cl), after polarization at 
292K, shows one peak, as in the untreated 
crystal (compare curve a of Fig. 3 in Ref. 

(I )). We know that this curve, peaking at 
310K, contains mainly band III along with 
some II, while there is also some space 
charge polarization, band IV. Exposure to 
NH, for a further 53 hr (0) results in a con- 
siderable reduction in III along with an in- 
crease in space charge, IV. After removal 
of the NH, and 43 hr in He, band III has 
recovered completely but the space charge 
IV introduced by the NH, remains. (This 
curve is marked by A where it differs no- 
ticeably from that marked by Cl; below 
325K the curves superimpose.) The conclu- 
sions to be drawn from this experiment are 
that in N&Cl H crystals the centers re- 
sponsible for band III are removed rather 
slowly in NH, and reform in about the same 
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FIG. 3. Thermal depolarization of a crystal of NH,CL (NH) grown from an acid solution (pH 5.5) 
containing Nice. TP = 292K. 0, before exposure to NHs; 0, after 3& hr in NHs; A, after 61 hr in He. 

time period when the NH, atmosphere is number of III centers present in Ni2+-doped 
replaced by He. crystal. 

The TD spectrum of NH,Cl grown from a Figure 4 shows the TD of a crystal (CH) 
slightly acid solution containing NiCl, grown from a slightly acid solution contain- 
(crystals NH) shows only band III (0 in ing CrOq- ions. After polarization at 292K 
Fig. 3). After 3 hr exposure to NH3 the such crystals display the three bands, I, 
band is reduced by 25% (0). The NH, was II, and III. (Compare the curve marked by 
then replaced by He. The next spectrum 0, which refers to the untreated crystal, 
(A) after ti hr shows that the NH, already with Fig. 5a of Ref. (I), for example.) Ex- 
in the crystal continues to diffuse and to posure to NH, for 3 hr removes III (see the 
remove the centers responsible for III. This curve marked by (0) in Fig. 4) and in- 
experiment yields the same result as NH, creases the space charge release (IV). After 
treatment of H crystals, namely, that NH3 7 hr in He (A) IV has returned to its original 
attacks the III centers, but there seems to amount and I and II are lower. After 12 hr 
be a difference in the response of the two pumping (+) I and II have recovered com- 
crystals to He gas following NH, treatment. pletely and III is 60% recovered. This be- 
Whereas the H crystal recovered its former havior is again slightly different from that of 
state, in the Ni2+-doped crystal III centers H and NH crystals. In all three types of 
continued to be removed. This difference crystals showing band III, this band is re- 
may be due to the Ni2+ doping or it may be moved by NH,; in an H crystal it recovered 
connected in some way with the larger on standing in He, in the CH crystal it re- 
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covered only on pumping off the NH,, 
while in the NH crystal it continued to de- 
crease on standing in He. These variations 
may be connected with the type of doping, 
and hence with the cation and anion va- 
cancy concentrations, or they may be re- 
lated to the number of III centers present in 
the three crystals (which also depends on 
the type of doping). 

3.2. Effect of HCI 

The effect of HCl(g) on the TD of NH,Cl 
grown from an alkaline solution containing 
excess NH, (A crystals) is shown in Fig. 5. 
In such crystals bands I and II are the most 
prominent. Compare the curve marked by 
0 in Fig. 5 with Fig. 4a of Ref. (I). After 5 
hr exposure to HCl(0) bands I and II are 
reduced and III appears unaltered. After 48 

hr in He (A) bands I and II have recovered. 
(The apparent difference between the 
results of the first and the third experiments 
can be traced to an approximately constant 
difference along the low-temperature side 
of the curves. This could perhaps be traced 
to a slight increase, of the order of lo%, in 
the number of I centers but is more likely 
due to the slowly decaying polarization cur- 
rent that frequently persisted during the 
cooling of the crystals and was sometimes 
present even after removing the field.) 

Crystals of NH,Cl grown from alkaline 
solution containing NP ions also display 
prominent bands I and II (see 0 in Fig. 6). 
It is a little problematical to decide whether 
the flat region near 320K is due to a contri- 
bution from band III or to the small current 
referred to above, which is not connected 
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FIG. 4. Thermal depolarization of a crystal of NH,CI (CH) grown from acid solution (pH 5.5) 
containing CrOq- ions. T, = 292K. 0, untreated crystal, showing the presence of three bands I (T, = 
278K), II (T, = 292K), and III (T, = 318K). 0, after exposure to NI-& for 34 hr; A, after 7 hr in He; 
after 12 hr in vacuum. 
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FIG. 5. Thermal depolarization of a crystal of NHICl (A) grown from an alkaline solution (PH 
= 292K. 0, untreated crystal; 0, after exposure to HCI for 5 hr; A, after 48 hr in He. 
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with the randomization of dipoles, so that 
the base line for this curve should really be 
around 0.8 x lo-l2 A. The depolarization 
current would then change sign about 
320K; negative space charge currents are, 
however, not uncommon in these crystals. 
Exposure to HCl for 5 hr effects a big re- 
duction in bands I and II as shown by the 
curve marked by (0) (Fig. 6). There is now 
a small positive space charge current. 

4. Discussion 

The results obtained in the experiments 
described in Section 3 may be summarized 
as follows. (i) Bands I and II increase on 
exposure to NHs (V crystals) and decrease 
on exposure to HCl (A and NA crystals). 

On standing in He they recover (A crys- 
tals). (ii) Band III decreases on exposure to 
NH, (H, CH, and NH crystals). On pump- 
ing it recovers (CH crystals), but the behav- 
ior on standing in He after treatment with 
NH3 shows some variation: in NH crystals 
III continued to decrease, whereas in H 
crystals it recovered. 

These results are in keeping with the be- 
havior of the untreated crystals which is re- 
ported in Ref. (I). There we recorded that 
bands I are favored in vapor-grown crystals 
(V) and by alkaline conditions during crys- 
tal growth (A, NA). They also occur under 
acid conditions when CrOq- ions are also 
present. The latter introduce anion vacan- 
cies which are good traps for the proton 
holes-that is, NH, molecules replacing 



THERMAL DEPOLARIZATION IN NH,Cl, II 405 

NH$ ions on normal cation sites and there- 
fore designated by [NH&-that are intro- 
duced by the presence of NH, during crys- 
tal growth. Thus we believe that the centers 
reponsible for the depolarization band II 
are proton holes trapped at anion vacan- 
cies, 

WH,I, 0,. (1) 
This center is clearly a dipole which can 
orient either by anion vacancy jumps in the 
anion sublattice or by proton-hole jumps in 
the cation sublattice. In the vapor-grown 
crystals (V) we expect that adsorption of 
NH, and its subsequent diffusion into the 
crystal will enhance band II, as is indeed 
observed. 

The behavior of band I is hard to charac- 
terize. It is smaller than II and is over- 
lapped by II to a considerable extent. In- 
deed it is only seen clearly after polar- 
ization at low temperatures (-250K)-see, 

for example, Figs. 4 and 5 on Ref. (I). Nev- 
ertheless, Fig. 1 shows band I increasing on 
exposure to N&. Thus I may be due to the 
same kind of centers as II but situated near 
the surface or near dislocations. The lower 
activation energy for the randomization of I 
centers and its appearance always along 
with II are in accord with this hypothesis. 

The behavior of bands I and II on expo- 
sure to HCl are also just what we expected 
from the models, for HCl will react with a 
trapped proton hole to form the normal ba- 
sis, NH: and Cl- ions: 

[NH,], Cl, + HCl = NH: Cl-. (2) 

The recovery of these centers on pumping 
off the HCl from the crystal shows that re- 
action (2) is reversible. The mechanism is 
undoubtedly similar to that proposed long 
ago by Herrington and Staveley (4) to ac- 
count for the conductivity of NH,Cl. Pro- 
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FIG. 6. Thermal depolarization of a crystal of NH,Cl (NA) grown from an alkaline solution (pH 8) 
containing Ni*+. T, = 292 K. 0, untreated crystal; 0, after exposure to HCI for 5 hr. 
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ton transfer from [NK], to [Cl-l, forms the 
molecular defect [NH,],[HCl],. The [HCl], 
is then mobile in the anion sublattice be- 
cause of the mobility of the trapped pro- 
tons, 

[HCl],[Cl-1, = [Cl-],[HCl],. (3) 

At the surface HCl molecules escape, leav- 
ing behind anion vacancies, which diffuse 
into the crystal and eventually trap the mo- 
bile proton holes. We know that anion va- 
cancies are mobile in NH,Cl from the dBu- 
sion experiments of Heneisen and Laskar 
(5). Since both the reduction in band II on 
exposure to HCl and its recovery on pump- 
ing are quite slow processes at room tem- 
perature, this is a feasible mechanism. 
Moreover, both processes occur on about 
the same time scale, suggesting that HCl(g) 
diffuses down grain boundaries and disloca- 
tions as HCl molecules, and then into the 
crystal as protons in the anion sublattice. 
Once the protons annihilate the proton 
holes, 

[HCll,[NH&O, = [Cl-l,[N~l,O,, (4) 

the anion vacancies liberated diffuse to dis- 
locations and annihilate the cation vacan- 
cies produced when the HCl enters the lat- 
tice, 

HCl(g) = q JHCl],. (5) 

Equations (4) and (5) thus supply the de- 
tailed mechanism of process (2). 

The other main experimental result con- 
cerns band III. Its decrease on exposure to 
NH, is also consistent with the model pro- 
posed in the previous paper (I). The pres- 
ence of band III is favored by acid condi- 
tions during crystal growth and by the 
presence of cation vacancies (from Ni2+ im- 
purity, for example). We therefore pro- 
posed that the centers responsible for band 
III consist of protons trapped in the anion 
sublattice at cation vacancies, 

q ,[HCU,. (6) 

Thus the annihilation of III centers by NH, 
is just the conjugate process to the removal 
of II centers by HCl. NH,(g) enters the 
crystal by diffusing down boundaries and 
dislocations and is then incorporated in the 
lattice as proton holes and anion vacancies, 
[NH,], and 0,. The proton holes diffuse 
rapidly into the crystal and annihilate III 
centers by 

q ,lHCll,lNH,I, = d,[Cl-IzJNHtl,. 

The cation vacancies released diffuse away 
and are annihilated at dislocations by the 
diffusing anion vacancies that are formed 
when NH, enters the lattice, thus preserv- 
ing the Schottky equilibrium. 

Thus it appears that the models proposed 
for the three centers responsible for the TD 
of NH,Cl above the transition temperature 
are consistent with the observations re- 
corded in this paper on the effect of NH, 
and HCl on TD in NH4Cl. 

Acknowledgments 

This research was supported by the Natural Sci- 
ences and Engineering Research Council of Canada. 
W.L.N. is grateful to the University of Malaysia for 
leave of absence. We thank Dr. Chitra Vempati for 
generating from the raw data the plots of depolariza- 
tion current versus temperature. 

References 

I. WEE LAM NG AND P. W. M. JACOBS, J. Solid St&e 
Chem. 44, 388 (1982). 

2. P. BERTEIT, A. KESSLER, AND T. LIST, Z. Phys. B 
24, 15 (1976). 

3. A. KESSLER AND K. EBERT, Z. Phys. B 34, l(1979). 
4. T. M. HERRINGTON AND L. A. K. STAVELEY, J. 

Phys. Chem. Solids 25, 921 (1964). 
5. J. D. HENEISEN AND A. L. LASKAR, Phys. Lett. A 

49, 369 (1974). 


