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Discrete nature of the orientational glass ordering in Na_,K,CN
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The local orientational ordering of the CNmolecular ions in strongly substitutionally disordered
Na, _,K,CN crystals is investigated vi&’N quadrupole-perturbed NMR line-shape measurements. At low
temperatures these systems represent order-disorder-type three-state orientational glasses withrttee CN
lecular axes oriented essentially along the cubic crystal axes. The temperature dependence of the orientational
glass order parameter is determined and shown to fit nicely to a recently developed three-state random-bond—
random-field model of orientational glassgS0163-182(7)52234-X]

NaCN-KCN solid solutions represent a model system forions of the CN' molecules in the systems under consider-
the study of orientational, or more specifically, quadrupolaration since the local probe, i.e., the electric field gradient
glassy systems. In the NaKK,CN system structural fer- (EFG) at each'N nucleus, is determined for the respective
roelastic phase transitions of the first order from a cubic intanolecule by the intramolecular charge distribution and its
an orthorhombic phase are observed only for compositiongrientation in the crystal. On the other hand the applicability
close to the pure compounds NaCN and KCN which underges this method is severely hampered by several facts*4Ne
an identical sequence of phases with, of course, differenfucleus has a low Larmor frequency, correspondingly a
transition temperatures. Random substitution of Nans in  rather poor NMR sensitivity, and the large EFG*4X in the
NaCN by K" ions and vice versa leads to a suppression 0N~ moleculé® results in a broad distributiortabout 6
phase transitions in a broad region of concentratiog/en  MHz) of NMR frequencies. It is one purpose of this paper to
by x2"'=0.15<x=<0.9=x"9".2=3In this concentration range demonstrate that we were able to overcome these difficulties
glassy ordering takes place and there is no long range ordend determine by*N NMR the detailed nature of the glassy
in the unit cell deformations and orientations of the TN ordering in the Na_,K,CN system. We did this by applying
molecules. Due to the substitutional disorder a random effeca frequency-stepped spin-echo technique resulting in very
tive CN"-CN™ coupling and random local strain fields deter- long measuring time€or one spectrum about several days at
mining the single-particle behavior are presént. 20 K and up to weeks at room temperajurthis disadvan-

Numerous orientational glas€OG) theoretical models tage is not present if ©N nucleus is used as a local probe,
were introduced,®® most of them rather complex, but the however, the samples have to B enriched. Our results
agreement between the experimentally observed behaviglemonstrate the significance of tH8N NMR method. In
and theoretical predictions falls far below the one found inparticular, we show that the freezing process of the Gdns
pseudo-spin-glasses. Recently, however, a fairly simplén substitutionally disordered Na,K,CN crystals has a dis-
model of OG(Refs. 9 and 1pwas introduced, which extends crete character and that the low-temperature orientational
the Ising spin-glass theory with random bonds and randondistribution of the CN' molecular directors in Na ,K,CN
fields™ to a multiple-state cubic OG system. Within this is strongly localized along the three cubic crystallographic
model, molecular orientations are assumed to be restricted txes. The method also allows for a determination of the com-
a set of discrete directions in order to be able to explain thonents of the OG order-parameter matrix.
x-ray,” neutron diffractior,** and NMR (Refs. 13—15 ex- The CN™ molecule is cylindrically symmetric. The same
perimental observations. These measurements revealgsltrue for the EFG tensor at th&N site. The first-order
strong deviations from an isotropic orientational distributionquadrupole perturbedN NMR frequency shift can be writ-
of the CN™ molecules already at room temperature. At lowten ad’
temperatures, however, no conclusions on the degree of the
orientational localization could be drawn due to the strong Avi=v;— v =*3/8K(3cog & —1). @
smearing-out of the diffraction patterns. Th&dtempera-
ture dependence of the diffuse central peak intenéti®%s Here K~4 MHz (Ref. 16 is the quadrupole coupling con-
demonstrated the influence of random local straififla  stant andd; denotes the angle between the direction of the
guadrupole perturbed NMRRef. 13 similarly did not allow  external magnetic fiel@, and the direction of the CNdi-
for the exact determination of the angular distribution func-rector. The head-tail CNordering responsible for the estab-
tion of the CN" dumbbells due to the nonlocal nature of the lishment of the dipolar order cannot be detected by this
23Na probe, which senses at least the six nearest ®Ns.  method due to invariance of the quadrupole coupling with

On the contrary*N (I=1) NMR in principle constitutes respect to the 180° flips of the CNgroups. Relation(1)

a powerful tool for investigating the distributions of orienta- describes the “rigid-lattice” frequency shift, i.e., the shift at
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low temperatures where the cyanide reorientational dynam==3>_,7(Q) can be constructed which do. It is straightfor-
ics is slow on the NMR time scale ¢&) . In this case ward to show that there are three basic possible arrangements
each cyanide is found during the experiment to be apparentiith s=3, 4, and 6 with the CN directors aligned along
frozen in the solid anglél{)=d cosdde with the probabil-  ith the three cubic crystallographic axes, the four body di-
ity ;(€2)d€) where;((2) denotes the probability distribu- agonals, or along the six face diagonals, respectively. The
tion function of orientational states, accessible toithecya-  resylting CN probability distributions and theoretical
nide. Because of the substitutional disorder the Single"rigid-lattice” 1IN NMR spectra for different crystal orien-
particle distribution functiony;(Q2) generally does not i, iqns are shown in Figs.(l)—1(d).

possess cubic symmetry. The average symmetry of the sys- The “N NMR spectra of NaK N and N N
tem, however, is cubic and this applies also to the average, e crystals groF\)/vn from thaégrr;)éllgt)cwere megglmgﬁ T

distribution (Q) =1/NZ,¢;(Q2) of the mixed system. The . _ )

shape of this distribution is mirrored into the “rigid-lattice” SF‘p‘?rCOT‘d”C“{Lg magnet %_?1‘674 MHz. Measuring the

NMR line shapeF,(A») through the relatiorF (A v)dA » distribution of **N resonance lines by the frequency-stepped

—(Q)dQ. Due tg the=+ sign in Eq.(1) F (A’I'}) is sym- spin-echo technique mentioned, the frequency was varied in

metric_ with respect toAv=0. An e'ventugl deviation of smallfstr(]aps from, to V'-]:L 35 (';/IHZI'dAt er?ch stepl ;Ehﬁ inten-
o . . sity of the Fourier-transformed solid echo signal following a

Fa(Av) from the powder-pattem line shapiéig. 1(a] 90°-7-90° pulse sequence was measured and plotted ver-

proves the isotropy o#({}) to be broken. ; )
In order to describe the local orientational state of the> > f_requ_ency. Only a harrow slice of approximately ZO.kHZ
CN™ molecule one usually expresség(Q) as a linear su- was irradiated by setting the pulse lengths correspondingly.

perposition of the functions from an orthonormal basis set. In_ 120 us was taken to be much smaller thigpin order to

a most general case of a “continuous” OG a full set Ofreduce the possibility of intensity modulations due to

spherical harmonics is need&#owever, if there are only a ggqlgev?/g)s/_gsgcel?ggljtez.ufgrﬁ Sm:g :ﬁ:g‘%‘izl E:e?’i?r?;;?on
few allowed orientations for each CNmolecule, then the 9 y 9

T . L .__frequency.
expansion in terms of spherical harmonics is inappropriate Spectra detected in the=0.19 andx=0.43 samples at

since a large number of terms would have to be included in_ ° . ; .
order to reproduce distributions with sharp maxima aroun%l)_ 20 K and at an orientatiof001]IB, are presented in

preferential directions. In such a case Gaussian-like localize ?le HZI(?’a) "li:r?d 2b). Tt_}i flrsgtsgmgle wa? alsolmeastu:]etilhat
distributions are more appropriate. Denoting the tilt and azi B, [Fig. 2c)]. The obtained spectra only matc €

muth angles of a given preferential axisin the laboratory theoretical predictions for thQZS arrangemenjrig. 1(b)].
frame asé,, and ¢, , respectively, one can write the corre- Peaks atA’Wl_'GS M_HZ in Figs. Ba)_and Zb)_ that corre-
sponding localized distribution as spond to cyamd(_es with~ /2 are s_IlghtIy shifted tovyard_s
higher frequencies due to the higher-order contributions
which have to be taken into account in addition to the shift in
. (2a) Eq. (1). Moreover, a tiny peak was detectedfat~3 MHz
in Fig. 2(c) which can only arise from cyanides aligned along
face diagonals of the cubic unit cell. Apart from this rather
small discrepancy, the results clearly show that at Bw
2(0,,, by Q) =sing, S b, + o)sind +cosd, cosd.  (2b)  CN__molecules are predominantly aligned along [#60],
[010], and[001] directions, with a rather weak dispersion
A (o) is the normalization constant whereasneasures the o=8°. The observed localization is much stronger than the
degree of the localization. Functio#s(Q) do not possess one found in KCN),Br;_, by N anisotropic chemical
cubic symmetry; however linear combinationg((2) shift-perturbed NMR This is clear evidence of the discrete

~ 1-2%(6n,¢0;Q)
Zo ) =Ao)exn = 52— @ o

with
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Na, KCN, T=20K #i(Q) which indicate the onset of the glasslike local break-
[100], [010] 019 ing of the macroscopic cubic symmetry. The same is true for
[ x= x-ray-scattering and elastic-neutron-scattering techniques
ﬂ [0o1])18, where the average/({)) is determined from structure
3‘{ [001] factors®'? A local deviation from the cubic symmetry can,
l however, be detected at higher temperatures in the fast mo-
= (@ .J--f" \_ __._,-/!L tion regime where motional narrowihgtakes place. If
= [100], [0101 X_0_43 2mK7e4<1 is satisfied withres representing the effective
; i [001]||B correlation time of the CN reorientational process amosg
3 ;'it 0 localized states, then each individual cyanide contributes a
%, J:E [001] single sharp resonance at
) SN S :
£ [100] x=0.19 Avi=v,— v =+3/8K>, pn(3cod 9,—-1). (3
i 111118, "
;"'7 Herep,; is the probability for theth CN™ ion to be found in
[0101 [001] (f the staten in which the tilt angle of the molecular director
(©) : | . SO with respect to the external magnetic fielddis. As we have
0 1 2 3 4 shown above, our system compiles wigk3 so we have
Av (MHz) Prioaji» Progi. and Proo; - Of these three quantities only

two are independent in view &} _,p,;= 1. By introducing
FIG. 2. Experimental*N quadrupole-perturbed “rigid-lattice” symmetry-adapted local order parametrs
Na, _,K,CN NMR spectra detected @t=20 K with the concentra-

tionsx and crystal orientations as indicated. = V3/2(pr100i — Pro1aji):  P2i= V1/2(3Ppooyi— 1), 4

nature of the CN orientational ordering. A similar distribu- ©ne can rewrite Eq3) as
tion profile has been observed at high temperatures by

neutron- and x-ray-scattering techniqdé$. Combining Avi=*(A1p1i+AzP2) (59
these observations, we can definitively confirm the discrett\aN ith

three-state orientational model for strongly substitutionally

disordered Na_,K,CN. Each cyanide points towards one of -y

the six surrounding alkali ions at any instant of time. In the Aq= 271128 (cOS By100~ COS Do),
undistorted cubic phase, these are found on cubic sites so

that the CN” molecular directions and cubic crystallographic A,= 31128 (3o B0y —1). (5b)

axes match. This is no longer true if the symmetry is broken.
Then, because of the presence of random local deformations, In the disordered glass state, there is a continuous distri-
o, representing a measure of the average mismatch, is nofuition of parameterp,; and p,; resulting in an inhomoge-
zero. Thusg~8° clearly indicates the presence of frozen-inneously —broadened resonance line shagé(Av)
random local strains and the resulting deformations. =1/NZ;5(Av—Aw). Its second moment,

It should be stressed that the “rigid-lattice” line shape
F,(Av) is not sensitive to the breaking of the local cubic

—
symmetry, i.e., to the appearance of noncubic distortions of f AVIF(Av)dAv=Afg, +Aj,+2AA0, , (6)

Na,.,K, ,CN, [001]]|B,
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i i | N\ T s=3 RF OG FIG. 3. (a) Temperature dependence of the
2 ‘fl T=200K N\ 1N NMR “motionally narrowed” Na, ;Ko 1{CN
3 I 0.6 4 N\ . line shapes(b) Temperature dependence of the
g et i — & ] A\ | experimentally determined OG order-parameter
:; ' '_,.'H ‘ T;293 K \\\ component), (squares The solid line represents
2 | ‘Hr 0.4 B the random-bond-random-fiel®RB-RP fits to
gAh _ . | the s=3 OG model T,=188 K, T,=145 K
- — /‘\v — AN whereas dashed lines show the pure random field
“\\ 4% T=350K| 024 S T (RF) fits to thes=3 OG model T, =183 K).
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depends linearly on the components of the=3 The experimentally determined temperature dependence
symmetry-adapted orientational glass order parameter of g, should be compared with the predictions of the discrete
three-state §=3) random—gcénd—random—field model of OG

_la - 2 _ 2 _ e transition recently proposed.Within this model,q,(T) is

q= Q1—1/N§i: P1i, Q2—1/N2i P2i, (h—l/NZ P1iP2i - given implicitly as
(7)

According to Eq(5b) for special orientations eithdy; or A, 1 (= -
vanish and_thus, because of EE) g, or g,, respectively, 0,(Q)= z—f dxlf dx, exp(—x2/2—x5/2)
are proportional to the measurable second monhésnt If m) e —
the static magnetic field is directed along one of the body
diagonalsA;=A,=0. X

We measured|,(T) in Naj giKp 1CN. In the temperature
interval [60 K, 120 K] no resonance was detected. This in-
dicates that here 2K 7~ 1 so that no response can be ob-
tained by a frequency-stepped spin-echo techntgueove
T=140 K, “motionally narrowed” spectrd(Av) appear.

V6 sinh(y/3/2Q%,) ?
2 cosli\/3/2Qx;) +exp(3/V2Qx,) |

®

where Q= /(T;/T)?q,+(T,/T)?. The characteristic tem-

peraturesl ; and T, measuring the dispersion of the random

These were measured at an orientati ~0 where interactions and random fields, respectively, can be deter-
oy 92 mined by fittingq,(T: T,,T,) to the experimental data. The

=32/(9K?)M, and are shown in Fig. (8. The intensity ‘ . _ a
around the Larmor frequency increases with temperature. SPeSt agreement is obtained fd5=188 K andT, =145 K,

multaneously, the intensity of the absorption peaks at th%hgmggrégag thsetrzﬂlIegxgo%afoscgaﬁéﬂgn NN .1 LN
“rigid-lattice” positions decreases, whereas their position y g ’

. ) o In conclusion we have shown that strongly substitution-
shifts continuously towards, . An additional sharp peak ally disordered Na_,K,CN is a discrete, three-state OG sys-
with a constant intensity is observed arouhd=1.5 MHz. y 2 ' y

It could be attributed to an “in-plane” motional averaging tem. We believe that this is a direct experimental confirma-

i.e., to the cyanides exhibiting a fast reorientational motiontlon of such a behavior. By applying th€N quadrupole-

constrained to either tha-b, b-c, or a-c crystallographic perturbed N.MR techn_ique, prqbing extremely sensitively the
' ' local behavior, the microscopical OG order parameter com-

plane. The contribution of this peak was disregarded in the onentd. was measured. Its temperature dependence reveals
second moments calculations. The resulting temperature dé- d2 - s temp P . ;
e random-band-random-field nature of the orientational

pendence of the glass order-parameter compogerFig. ! . L
o : ; . freeze-out, compatible with the predictions of tlse=3
3(b)] qualitatively resembles the behavior found in previous | of the discrete OG. Furthermore, randomly frozen lo-

studies with the “nonlocal”?*N nucleus® and the “local” . .

15 a . cal deformations have been found to persist down to 20 K,
N nucleust* However, the values found in the present ; . . : .

study are considerably higher. They should be taken as muc%hOWIng that the onset of o_r|entat|onal disorder is closely

more reliable than those of Ref. 13 due to the local nature Oqcelated to the loss of translational order.

the N NMR. Also, only a rough estimate af,(T) can be Financial support by the Deutsche Forschungsgemein-

made from the linewidth v§ data of Ref. 14 as no direct schaft, the Bundesministerium rfiBildung, Wissenschaft,

mapping M,(T)—q,(T) is possible in the polycrystalline Forschung und Technologie, and the Ministry of Science and
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