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X-ray study on the evolution of thermal motion in the ferroelectric phase of NaNQ
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The crystal structure of NaNOhas been refined in the ferroelectric phase at 338, 378, and 418 K. The
evolution of the thermal motion with increasing temperature has been studied by comparing the anisotropic
displacement parameters, including earlier values at low temperatures. The results support the rotation of NO
around thec axis as the mechanism of polarization reversal. It is strongly suggested that the coupling between
the translational motion along theaxis and the rotational motion of the N@n becomes stronger approach-
ing to T, reducing the effective potential barrier for BM@otation. The location of the rotation center is
estimated to be slightly closer to the N atom. The electron density contribution from a small amount of
disordered atoms has been found.
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. INTRODUCTION ing of the NG ions and is described by an Ising moddlhe
first fundamental question concerning the phase transition is

Sodium nitrite, NaN@, is one of the typical ferroelectrics the mechanism of the polarization reversal. Three basic types
with the SimpleSt CryStal structure. A schematic i”ustrationof po'arization reversa| mode's have been proposed' as
of the structure is shown in Fig. 1. In the ferroelectric phaseghown in Fig. 2;(1) rotation of NG around thec axis, (2)
which is stable below about 436 Korthorhombic,Im2m, rotation of NG around thea axis, and(3) tunneling of the N
Z=2), the structure is expected to have only the solid circleatom through the potential barrier between two oxygen
arrangement in Fig. 1 at 0 K, but with increasing temperaturgytoms? Since then many investigations have been devoted to
the polarization-reversed broken circle arrangement becomggyeal the mechanism of the N@olarization reversal. The
successively larger. The structure undergoes a transition tofajority of the earlier results support theaxis rotation
paraelectric phase at around 437 K, and the ratio between thgodel, i.e., all structure analyses by neufrband x-ray~’
solid and broken circle orientations becomes 1:1. Betweegifraction, x-ray topograph$,neutron time-of-flighf time-
the ferroelectric and paraelectric phase there is a sinusoidgbsolved x-ray diffractiod 2Na nuclear magnetic
incommensurate phase at around 436 K, which is stable onlyjsonancé! “N nuclear quadrupole resonan@elc resistiv-
in a very narrow temperature range, of the order of 1 K. jty differential thermal analysis and lattice constalitsi-

The phase transition of NaNGs classified as a typical ¢roscopic model calculatio, molecular-dynamids:*® and
order-disorder type, where the transition is driven by orderyp initio calculationst’” Some studies, however, support the
a-axis rotation model; i.e., infraréd® and Ramah'?° spec-
troscopy. The second fundamental question is the dynamics
of the polarization reversal. Although an Ising model can be
used formally to describe the solid and broken positions of
NO, in Fig. 1 (as the positiorbeforeandafter the reversal
it does not give much insight into the dynamics on a micro-
scopic level. If we, for example, compare NaN@vith
KH,PO,,! both compounds of order-disorder type, a distinct
difference is recognized; the steric barrier is expected to be
much higher in the former case during reversal of the direc-
tion of polarization (180° rotation of an asymmetric planar

FIG. 1. Crystal structure of NaNQin the ferroelectric phase @ ® ©
projected along the axis. The shaded atoms arexat i%. The FIG. 2. NG, reversal models(a) Rotation about the axis, (b)
solid circle arrangemer(majority par}; the broken circle arrange- rotation about thea axis, and(c) penetration of N through the
ment (minority par). oxygen atoms.
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TABLE |. Data collection.Ng,s is number of reflections ob- TABLE II. Cell parameters.
served and\,¢ is number of reflections used in refinement.
338K 378 K 418 K
338 K 378 K 418 K
Mo Kea; A=0.70930 A

Mo Ka A=0.71073 A a (R) 3.58177) 3.60297) 3.630315)
20max (°) 99 100 90 b (A) 5.58735) 5.60375) 5.633112)
h —7<h=<6 —7<h=<6 —7<h=<6 c (A) 5.38697) 5.38516) 5.377613)
k —11<k<5 —12<k<5 —11<k=<5 Ve (A% 107.80115) 108.72315) 109.973)
| —-11=<I<9 —11=<I<9 —-10<I1=<9
Nobs 1828 1885 1994
\pe 1017 1061 934 perature range. From the new data, in particular at 418 K,

which is close toT., evidence for the existence of a small
fraction of disordered N®could also be detected; no one
molecule in the case of N{p. The polarization reversal is has so far observed such disorder.

therefore possibly assisted by coupling of the lattice vibra- In this paper, we aim t@l) investigate the dynamics of
tion modes. From a structural point of view, a study of thethe polarization reversal of NO(such as the coupling of
evolution of the thermal motion with temperature may giverotational and translational modes and the location of the
important information. Although some structural studiesrotation axig, and to get additional information about the
have been done in the temperature range between room temechanism of the polarization reversal g@glfind evidence
perature and the transition temperatligan the ferroelectric ~ for the existence of small amount of disordered NO
phase»®?! data in a wider temperature range and of better
precision would be preferable when investigating the dynam-
ics of the polarization reversal.

Recently we studied the structure at room temper&ture  Single crystals of NaN©were grown from an aqueous
and at 30 K?? New data at 338, 378, and 418 K have now solution around room temperature. A prismatic crystal of di-
been collected. These studies together with that at 120 K bgnensions 0.050.08<0.19 mm with well-developed natu-
Okudaet al?3 give an opportunity to investigate the dynam- ral faces was used as specimen. X-ray intensity measure-
ics of the polarization reversal based on data in a wide temments were made using Mo« radiation A =0.71073 A)

Il. EXPERIMENT

TABLE Ill. Refined parameters and discrepancy factors. Displacement factor is defindd-=byp
{—2m(W?a*?Uy + - - - +2hka*b*U 4+ ---)}. f is occupancy factor, R=3|F2—F2|/SF2, wR
={So AF2-F2)?%3 0 2FY2 respectively.

338 K 378 K 418 K
Na X 0 0 0
y 0.54271) 0.54141) 0.53931)
z 0 0 0
N X 0 0 0
y 0.076G2) 0.07512) 0.07352)
z 0 0 0
o) X 0 0 0
y —0.0443(1) —0.0444(1) —0.0447(1)
z 0.19471) 0.19431) 0.19441)
Na Uy, 0.03272) 0.03822) 0.04443)
U,y 0.02542) 0.02992) 0.03743)
Uss 0.02472) 0.029G2) 0.03442)
N Uy 0.03573) 0.04303) 0.05305)
Uy, 0.02374) 0.02924) 0.03776)
Uas 0.02373) 0.02763) 0.03384)
o) Uy 0.04533) 0.05353) 0.06394)
U,y 0.03283) 0.03913) 0.04815)
Uas 0.02162) 0.02572) 0.03142)
Usys 0.00362) 0.00422) 0.00532)
f 0.992 0.972 0.916
R(F?) 0.0491 0.0528 0.0538
WR(F?) 0.0564 0.0579 0.0679

014101-2



X-RAY STUDY ON THE EVOLUTION OF THERMAL . .. PHYSICAL REVIEW B 63 014101

(=g

(a)
. @
) . O o
1§ O
. | ) <
@ o \ O O 0
(b) © ' (b) (c)
FIG. 3. Residual maps for the disordered model at 41gd0- FIG. 4. Residual maps for the ordered model at 41&#ntri-

tribution from both of the major and the minor part was subtrgcted pution only from the major part was considered and subtractad
(@ b-c plane k=1/2), (b) a-b plane ¢=1/2), and(c) a-b plane  p-c plane k=1/2), (b) a-b plane g= 1/2), and(c) a-b plane(pass-
(passing through D respectively. Contour intervals at 0.1 e A ing through O, respectively. Contour intervals at 0.1 e A (cf.

Fig. 3 as for atom labgl
by an w—26 scanning mode at Uppsala University. A
microfurnacé® was attached to the goniometer head of afaCtOfS respectively, ana(F?) is the standard deviation of
Stoe four-circle diffractometer. The intensities were cor- F including instrumental instability. All reflections were
rected for time variation of the standard reflecti®hg\b- used in the refinement without averaging, although the
sorption correction, based on the size and shape of the specinique reflections were only one octant of the whole recip-
men, was made by numerical integration with linearrocal spacdsome reflections, which had been measured re-
absorption  coefficient w=3.717 cmi! (338 K), peatedly, were averaged
3.686 cm® (378 K), and 3.644 cm! (418 K). The calcu- All atoms were assumed to be spherical and neutral.
lated transmission fact@x was 0.9373X A<0.9605(338 K),  Atomic scattering factors and anomalous scattering factors
0.9378<A<0.9608 (378 K), and 0.9385:A<0.9596(418 were taken frominternational Tables for Crystallography
K). Experimental details of the data collection are listed inVolume C, 1992. Isotropic secondary-extinction correction
Table |, and cell parameters in Table II. All crystallographic with Lorentzian distribution according to Becker and Cop-
calculat|ons including analyses were made using the programens formalisiff was applied.

system by Lundgrefy. As NaNG, is ferroelectric(with an order parameter less
than one in the temperature region of the present paper,
IIl. ANALYSES AND RESULTS observed structure factors may include some contribution

from a small fraction of disordered molecules. The amount
The structure for each data set was determmed by leasbf contribution is expected to correspond to the order param-
squares refinement with the programpaLs.>’ The quantity  eter(most notably at 418 K Therefore the occupancy factor
minimized wasy?= 3 (F2—F2)?/a%(F2), whereF, andF, f, which represents the ratio of the solid litmajority) ar-
denote the amplitude of the observed and calculated structurangement to the total one in Fig. 1, was taken into account
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© © FIG. 6. Difference maps at 378 Kcf. Fig. 5. (a) b-c plane

FIG. 5. Difference maps at 338 K. These maps are based on tH&=1/2), (b) a-b plane =1/2), and(c) a-b plane (passing
parameters from the disordered model. In the structure factor catrough O, respectively. Contour intervals at 0.1 e A

culations only the majority part of the model was includ&.b-c

plane &=1/2), (b) a-b plane ¢=1/2), and(c) a-b plane(passing ~calculations, only the_ majority part of_ the model was _in-
through O, respectively. Contour intervals at 0.1 e A& cluded. The maps will thus show mainly the contribution

from the minority part of the electron density.

in the least-squares refinemeiatisordered modgl Refine-

ment only including the solid line arrangemefdrdered IV. DISCUSSION
mode) was also performed for comparison. Refinements in-
cluding the occupancy factor as adjustable parameter did not ]
converge. So the occupancy factor was optimized step by N the case of orthorhombic symmetry, the mean-square
step, with initial values estimated from the result of sponta2tomic displacementgu?) are derived from displacement
neous polarizatioR® by means of seeking the values mini- parametersJ;; directly, (u?)=U;; . Three simple models of
mizing x2. The order parametey is represented by the oc- NO, reversal shown in Fig. 2 are expected to satisfy the
cupancy factor p=2f—1. The refined parameters and following conditions’ (1) rotation around thec axis:
discrepancy factors are listed in Table IIl. In order to revealU(N),U33(N)<U1;(N) and U,x(0O), Us3(O)<Uy4(0);

the evidence of the existence of a minor part arrangement?) rotation around the axis: U 13(N), U,5(N)<Uz3(N) and
residual electron-density maps were calculated both for th&J1(O), Us3(O)<U,,(0O); and(3) penetration of N through
disordered(Fig. 3) and for the orderedFig. 4 models re- two O atoms: U;y(N), Us3(N)<U,(N) and Uq;(O),

fined against 418 K data. To show the evolution of the mi-U33(0)<U,,(0O).

nority part in the disordered model with temperature, three Our refined parameters listed in Table Il show the ten-
sets of difference electron-density maps were calculatedlency of (1) at three temperatures, which agrees with the
These maps are all based on the parameters from the disgreceding results in paraelectric phase at 448 K by Komatsu
dered model refined against 338 K défég. 5), 378 K data et al.’ It is thus concluded that the relation amodg for N

(Fig. 6), and 418 K datalFig. 7). In the structure factor and O atoms is the same as in the paraelectric phase. The

A. Reversal of NO, ions
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FIG. 7. Difference maps at 418 Kcf. Fig. 5. (a) b-c plane 0.06
(x=1/2), (b) a-b plane ¢=1/2), and (c) a-b plane (passing © A
through Q, respectively. Contour intervals at 0.1 e A o.,: o
= 0.04 - A
S5 e}
difference between our results and those by Komatsai.’ A 4 o
in the paraelectric phase is the behavior of the Na atom. In O =
our results,Us3(Na), U,y(Na)<U;(Na) at each tempera- 002 o =
. . A
ture while theirs aréJ;3(Na), U 1(Na)<U,,(Na). Uq;(Na) @ o
andU,,(Na) are therefore reversed acrdss 0 = . . . .
U;; for each atom are plotted in Fig. 8, together with th9 0 100 200 300 400 T 500
results of the preceding analyses in the ferroelectric () T K)

phas€?>~?* These graphs illustrate quite clearly that the
above tendency is satisfied at all temperatures and the ten- FIG. 8. Diagonal elements of the displacement paramedgrs
dency becomes stronger nearerTo. This fact proves that Vs temperature(@) Na, (b) N, and(c) O atom, respectively.

the NG, reversal corresponds to rotation about thexis. ) ) . .
axis and the rotational motion around tb@xis of the NQ

ion as well as the coupling between the translational motion
alongb andc axes of the Na ion is stronger approaching

The most interesting feature of the thermal behavior is arhis also implies that the coupling between the thermal mo-
characteristic increase &f,, with temperature. The evolu- tions of the NQ and Na ions is correspondingly stronger.
tion of U,, with temperature for N and O atoms is closer to Cooperative motion between N@nd Na may help to re-
that of Uz thanU 4, far below T, (quantitatively for N and  duce the effective potential barrier for NQotation. This
qualitatively for Q. However, it gets closer to that &f;; as  interpretation is consistent with the conclusion from micro-
temperature approach@s. A similar tendency can be rec- scopic models by Ehrhardt and MicHél,Kremer and
ognized for the Na atom as well. This seems to indicate thaSiems!® and Alfredssort/ Kremer and Sient§ state that
the coupling between the translational motion along bbhe “the angular dependence of an effective local Ngoup

B. Rotation-translation coupling
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potential varies strongly with restriction imposed on the co-sidual maps assuming complete ordeig. 4), but on the
ordinates of the surrounding atonia ions in this cage  other hand no meaningful peak can be detected in the re-
increasing the number of relaxing variables leads, e.g., to aidual density mapg=ig. 3), if the minor part of Na and N©
decrease of the flip activation energy from 0.04 eV to 0.0lis also taken account in the refinement. The residual peak
ev.” reported by Kayet al® was not found in the present paper.
Order parameters calculated from occupancy factors were
C. Location of rotation center 0.984, 0,944, and 0.804 at 338, 378, and 418 K, respectively.
The other unsolved problem is the location of the rotatio he \_/alues pf spontaneous polarizafﬂ)?? estimated from
center in the polarization reversal. In a model by Klein angthe pictures in the literature give the estimated order param-
McDonald?5 the line joining the tWo oxygen atoms is as- eters, 0.97, 0.92, and 0.80 from Ref. 29, and 0.97: 0.96, and
’ 0.88 from Ref. 30 at 338, 378, and 418 K, respectively. Our

sumed to be the rotation center. On the other hand, in a . -
. . . ’ alculated values are in good agreement with the above es-
model by Ehrhardt and Michéf, the middle point between timated values in both Re%. 29 ar?d Ref. 30, except for 418 K

two sodium atoms in the paraelectric phase is taken as tr"f‘l_;‘om Ref. 30. This disagreement did not change even when
center of rotation. The center-of-mass of the N@n is as-

X - " we used the value at 418 K from Ref. 30 as a starting point
sumed in the model by Kremer and Sietighe position of in the refinement.

the rotation center in these early works thus varies consider-
ably.

The present results offer one suggestion about the location V. SUMMARY
of the center of rotation. Assuming the hi@bn as .a.r'g'd The displacement parameters of ferroelectric NaN@e
molecule, we can deduce the rotation center by dividing the . . .
spacing between N and the O-O line in the ratio of the s uarénvesngated In a wide temperature range befow. The
r(?ots O%U (N) andUy,(O). We estimated the Iocationqof order-disorder nature is also examined using the results ob-

11 N . tained. The present paper reveals the following points:
the rotation center using all the data at six temperatures. NO (1) The rotation of the N@ion around thec axis is con-
definite temperature dependence is found. As an average Pf

" . iIrmed as the mechanism of polarization reversal.
all the data we got 0.52), a position slightly closer to the N . ;
atom (0 at the O-O line and 1 at N (2) It is strongly suggested that the coupling between

translational motion along the axis and rotational motion
around thec axis of the NQ ion, and the coupling between
translational motion along thk and c axes of the Na ion
Structural evidence of imperfect order in the ferroelectricbecomes stronger approachifg. Cooperative motion be-
phase has not been found in earlier investigations althougtween NQ and Na may help to reduce the effective potential
NaNG, is considered to exhibit a typical order-disorder tran-barrier for NG rotation.
sition and some efforts have been made to firfdTihis may (3) The location of the rotation center is estimated from
be partly due to that the spontaneous polarization steeplys3(N) andU345(O) to be 0.52, as an average of all our data,
increases belowl, and is almost completely saturated ata position slightly close to the N atom.
room temperaturé>>® partly due to the fact that the data  (4) Evidence of imperfect order in the ferroelectric phase
with good precision are needed to reveal such a smalas been found.
amount of disorder.
From Figs. 5-7, we can clearly see that the electron den-
sity of the minor part of the Na and NQon (position of
shaded circlesincreases with increasing temperature. It may The authors thank Mr. Hilding Karlsson for collaboration
be noteworthy that some residual peaks are seen in the rex the data collection.

D. Evidence of imperfect order
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