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We report results of the microscopic approach to the quadrupolar-glass problem in mixed molecular crystals
formed by linear and spherical molecules. The temperature-concentration analysis of the orientational order
parameter derived from NMR spectroscopy data is given on the two-component vector model of site-diluted
ortho-para-hydrogen-type mixtures. Two features of the short-range orientational ordering, characteristically
different from the spin-glass case, namely, incomplete freezing and residual ordering, respectively, at low and
high temperatures are discussed. It is established that the first effect is due to spatial correlated local molecular
and reaction fields and the second caused by quadrupolar intrinsic field. A zero-field freezing temperature is
estimated taking into account the threshold concentration for quadrupolar glass formation.

Ortho-hydrogen(or para-deuteriupnmolecules possess a systems. In the latter case the QG Hamiltonian for the
unit angular momentum]=1, which remains a good quan- (J=1).(J=0),_. system can be presented in the following
tum number even in solid state and thus can be treated derm:

quantum rotators or pseudospingn ortho-para hydrogen )
mixtures ©-pH,) spherical symmetric para-hydrogen mol- = up'
. . SO — — C:Cs/ J S S rfr
ecules play a role of almost perfect diluténémd provide a f>2f, o MLZ:,Z T Suf=u
striking effect of random substitution. Molecular hydrogens
(H,, D5, and HD being the simplest of all molecular solids ~> > H.Ss (13
. . . . . . f uf Suf-
give a rich testing ground for the investigations of random f ©

substitution and frustra_ltiorl effects on cooperative phe5nom-|-he orientational degrees of freedom of a given quadrupole
ena in different matenal%_. The vglork of S_“""’éi_”lgt al’ (3=1) are described by the set of five spherical components
stimulated active gxpenmem%lf; Fheoretlca_ﬁ' ‘and  of the quadrupolar moment tensor given in the local spheri-
Monte Carlo simulatiott** investigations of orientationally ¢4 coordinate system, quantization axes of which coincide
disordered hydrogens in the temperature region of shoryith the principal-axis frame of the quadrupolar moment ten-
range-order frozen states originally named by the quadrupasor (for details see Refs. 20—R6Ihermal expectation values
lar glass(QG). The QG orientational order parameter, as aof the dynamic variables are the two-component QG local
direct analog of the Edwards-Anderson spin-gk&S) mag-  order parametet?’ (S ,¢)1= 8,00+ 3,27 . An application
netic order parameté?,can be derived from the second mo- of microscopic statistical consideration to distinguish be-
ment of the NMR absorption signal line shapks tempera-  tween random-bond and random-site effects — both are due
ture behavior indicates some characteristic features, whicto random-substitutional dilution—makes it possible to

make it possible to distinguish between two types of glassegyresent the exchange interactidﬁ’f' and crystalline field
First, at low temperatures the QG order parameter, obserqu!(?r) given in (1) in explicit form [see, respectively, EdS)

in a wide concentration region, being extrapolated to zerq,q (7) in Ref. 21 and Appendix in Ref. 32Their nonzero
temperature is far from its maximum value equal toexpectation values are

unity,***® which is assumabt& due to zero-point motion of

linear quadrupoles. On the other hand, such a kind of unsat- <Jw’3w’> —T280) 8 161
. . . . ffr Yifr /B Fr{"Cuu’ oy’
urated orientational order effect of the same order in magni-
; N i 7,18 ; e ¢
tude also occurs in Ar-Bmixtures’*8and thus is specific to (Hﬁﬁr) HL? Vg = h(2:r5ff’5p.,u’v (1b)

both quantum and classical QG's. Secondly, even in the ab-
sence of external fields the orientational order parameter iwhere I' is electrostatic quadrupole-quadrupol&QQ)
different from zero at high enough temperatuté3his fact  nearest-neighbor coupling constdhiThe random-bond av-
points to the existence of some intrinsic field conjugate to theerage, labeled by, includes the uniform integration over
local parameter ord@and characteristic of QG’s. The main random local-axis directions and the hcp-lattice summation
object of this paper is to draw a fundamental distinction be-over intermolecular directions, i.€: - -)g=((---)_)r. The
tween quadrupolar orientational and dipolar spin glasses resonfigurational average, labeled 6§, in turn additionally
lated to the short-range-order freezing of suitable degrees dficludes the average over the random-site variables
freedom. ((cr)s=c,{CiCs/)s=CBs+C?(1— 654/), C is concentration

The pseudospin reformulation of intermolecular interac-of quadrupolek i.e., (- --)c={(- - -)g)s. In the framework
tion originally termed in tensorial quadrupolar dynamic of the two-componentyg=0,2— w,o) vector model the lo-
variables® has been given for classiédand quantuff QG cal order parameters &fe
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cosk[(\/§/2)s T fields introduced through the Hamiltoni&B) should be also
oi=1-3 u . , restricted, i.e.,x(cy)=<«(c)<k(cy). Formally, we intro-
2c0sli(\/3/2)e ¢ IT]+exp(3e,¢/T) duce the lower critical concentratiag as a singular point of

the amplitude of the effective molecular field
. V3sinti (V3/2)e 1 /T] @ [e(c, T)=(s2+£%)"?] (4) at which the leading terms of the
f= 3 ' reaction-field effects disappear in high-T and low-T asymp-
2c08li(V3/2)e ¢TI+ expl3e,1/T) totics of the QG order pgfameter. \?Ve see that this c)r/iticzl
The configurational average can be performed by means afondition is «(co)=1 which gives co=(1+2z/K3) ™.
the effective two-component vector local fiedg, which in Adopting a Gaussian estimation for the random-bond corre-
turn can be estimated within various mean-fieldF) type  |ation coefficient® (5), KB:\/§! and comparing with the
approximations. We will calculate it on the base of the MF-findings of dynamic NMR experimet& for the QG

type Hamiltonian lower critical concentration mentioned above, we conclude
that low-T consideration requires accounting of the next-

Te=—2 ¢ 2 (€, HENS (+2h (S, — 0 u1)2, nearest-neighbor interactions.
= w o e g The self-consistent equations for the orientational order

(38 parametem(c,T)=(o?+ 5?)¢ follow from (2) and should

following from (1) taking into account thermal and spatial be completed by the equatier(c,T)=(o¢)c, namely,
fluctuations through the trial molecular,; and fluctuation

h,.¢ fields. The desired effective molecular field conjugate to a(c T)=1—3< 1+2 exfax)costiby) >
the local order parameters, (2) can be represented in the ' [exp(ax) +2 costiby)]? oy
form??

a(c,T)=2 &,(c,T)IT, (6a)

SMf:6Mf+7TMf+HMf’ ’7TMf:—4th0'Mf,

T=1-3 cosliby)

Hur= 5‘“’,/:20 " ahus A= 8u™ Oy (3b) o(c,T)=1- exp(ax)+2 cosliby) | ’
Here ¢ is a QG analog of the reaction Onsager field, in- b _

ut . L c,T)= (V3/2 c,HIT, 6b
troduced in SG theory in Ref. 281 ,; stands for the intrinsic (e T)=( ) £5(e.T) (6b)
quadrupolar Zeeman-type field and is due to the kinematigvhere(- - - ), , denotes nonsymmetrical Gaussian integration
properties of the dynamic quadrupolar variabies: (x;=€e1/e,) over the local fields £,=xe, and
ZSif=1+aMSUf. The mean and variance of the isotropic one s=ye,). To give low-T consideration in the explicit
the average fluctuation fiel@®), respectivelyh, andh, have  form®** we introduce the following asymptotic representa-
been calculated in Ref. 22. The variance of the effectiveions:
molecular field componentg ( ande ) are reestimated here

and given by the relationships a(c,T)~1-3(eq(X.¥))xy, T—0,
J 21_q with
8#(C,T)2=E§{1— f) —[204(p,—0q,)— (1+«?) ,
a Pq(X,Y)= expax—by)/[1+expax—by)]*, (78
4K2 1_q 2
X, (1—a)] +T(?) Ouor (4) o(C,T)~3+ 3@, (%Y))xy, T—0,

with e3=(e2)c=J%q and J(c)=TVzc, wherez=12 is  with ¢,(x,y)=explax—by)/[1+expax—by)]  (7b)
nearest-neighbor number on the hcp lattice. The second term .
comes from the reaction-field effects and the last term i the range of variablefx|<e andy<w. As a further

caused solely by the quadrupolar intrinsic field. Here neWS|mpI|f|cat|on, we define the followingr—0 asymptotic

orientational order parameter components are introduce&quivalent functions.: ¢q(x,y)~§(ax— by) .and
q,={(S >$>C D =<<p52>r>c whichpobey the relations ©,(X,y)~0(ax—by), with usual notations for the Dirag
M (Z M “ ’

q+0.—q andp,+p,=1. The fluctuation-field parameter function and the Heaviside step function. After performing
o n o o - H P _ _ 0 _
x(c) appears in4) to describe the random-substitution ef- integration the order-parameter-equation system can be pre

: e sented in the explicit form
fects through the random-bond correlation coefficint, P

namely, q(c,T)=1— 3127 Tle5(c,T) +O(TII)z,
[ 2
(0) = h,(c,T) _ (1—C 2 Ko V(7 I ) >B. SLT:%‘/38§+837' (89)
h,(c,T) Bl zc ' B ((J/m’ 2>
e 5) 1 (c,T) 3 (c,T) T\?
&,(c, &4(c,
( a(c,T):—(l— 7 )+ ! +o(—) ,

One can expect that for the QG phase bounded in the con- 4 es(C,T)) 427 &4(CT) J

centration range,<c=<cy(cy=0.55 andc,~0.1, seeo-p-
H, diagrams in Refs. 1 and)3the QG fluctuation g41(c,T)=—40(c,T)hy(c,T). (8b)
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FIG. 1. Quadrupolar glass orientational order parameter against ortho- FIG. 2. Phase diagram for ortho-para-hydrogen mixtures. Lines: mean-
concentration in ortho-para-hydrogen mixtures. Closed and open points cofield estimations for zero-field freezing temperature within the quadrupolar
respond to the extrapolated to zero-temperature NMR data of, respectivelg@lass vector mode(l) Tg (123, in the absence or the reaction and instrinsic
Refs. 14 and 15. Solid and dashed-dotted lines show the solutions of Edjelds;(2) Tor (1289 and(3) T (12b) in the presence of the reaction field,
(10), respectively, in the nearest-neighba=(12) and effective mean- respectively;(4) Almeida-Thouless instability line within the quadrupolar
distance-neighbor z() interaction approximations[qy=0.72 and  glass infinite-range axial model in the presence of the quadrupolar intrinsic
k(cy)=0 are adoptefl Inset: reduced number of the effective mean- field (Ref. 37. Points: the dynamic NMR anomalies observed by Sullivan
distance neighborg.«(c)/12=(R/Ry)® with R(c)=(3Ry/4my2c)3 and et al. (®) (Ref. 5, Ishimotoet al. (A) (Ref. 32, and Husa and Daunt
R, are, respectively, the mean and nearest-neighbor distances on the ht¥) (Ref. 33. (See also comments in Ref)3.
lattice.

. ) ] ] The high-T asymptotics for the orientational order param-
To illuminate the low-T behavior of the effective MF char- eter follows immediately front6):

acteristic energy 1= €@, we introduce the reaction-field

factor g, by means of relations 1) h%rJr hg(c,T) N SﬁT(C,T) B hérhg(c,T)
J(c) , qte, 272 572 = r

A(e, T)=1—«?(c)— 3«?(c)/16q(c,T) , (CE)

which in turn can be formally interpolated to low tempera-
tures:

ent(c, T)=J3(c)\a(c,T)| 1-

J?(c) ( 1—q(c,T))2
2 T

1/2

X[1-«k%(c)] (11b

1
gLT(ClT): 1+ [Jz(C)/Z] [1—qO(C)/T]2)\LT(Cy0) '

In contrast to the low-T case small-amplitude crystalline-
9o=9(c,0). (9b) field effects(1) should be taken into accoufftFormally, the
first term in(11) is due to “external” random fields. In the
For the MF characteristic energyr one has the following  spirit of mean-field theory of SG’s in an external field one
asymptotics: can estimate a zero-field freezing temperaflye. Omitting
formally h¢, andh, in (118 we have the following equation
eir(C,T)~Tv2qo(em)/[1-0o(€)], T—=0. (99 o1 the freezing temperatur@: now improved by the
Unusual for SG's reaction-field behaviSrthis leads to the reaction-field effects:
low-T effect of the disappearing of the molecular fi¢ft).

The latter has been derived from NMR d4tay Li et al. TR _
(see Fig. 9 of Ref. 16 and recently discussed in Ref. 25. To TZ—(C)—TSFJr[l—KZ(C)]T,Z:(c):O, Te(c)=T'\zd2.
examine a correspondence with experiment in concentrations ' F (123

and in a way to verify the microscopic description of spatial

correlations we have. use@ac_) to find a nontr.|V|aI ZEr0- g square equation has a nontrivial solution, which for in-
temperature asymptotic solution for the QG orientational Or_structiveness can be approximated T (©)~T \o—co. I
der parametéf (8a), namely, pp Qs V€~ Cy.

holds in the narrow concentration rangey<c<»5cgy/4,

2 2 3 200\ _ where the valug1— «?(c)] is small. Considering formally
do/Am ~[1=<(©)]dot 36 K7()=0, au=0a(em.0) (0 1 orier as a small parameter the iteration corrections to the
with qy=3/4m [the solution o(c,T)~T? (8b) is taken last term in(128 have been found in all orders of its mag-
into account Analysis of (10) and its comparison with ex- nitude to extend the applicability of the solution of E#j23
periment is given in Fig. 1. to the whole QG concentration range, namely,
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1 -I_—SF(C) —1_2 and is not caused by the intrinsic quadrupolar field as earlier
Tz(c) TZ—(C) Toe(c)=0, suggested in Ref. 3. In contrast to SG’s where the reaction-
F (12h) field effects can be reduced to correctideee, e.g., Ref. 39
_ and discussion in Ref. 25the QG orientational freezing is
where T%F(c) stands for one of the solutions of the first- due to the correlated reaction and molecular fie(@sNon-
order-approximation Eq123. Both solutions are illustrated zero variance of the fluctuation field specific of QG systems
in Fig. 2. In the next step one should include the “external” gives rise to incomplete low-temperature orientational order-
fields mentioned above to reveal the para-rotational phasi@g (Fig. 1. (3) The QG phase formation requires a certain
instability*’ in the spirit of that obtained for SG’s in a con- threshold concentratiory, (Fig. 2), above which the variance
stant external field® of the fluctuation field is relatively smali4) The quadrupo-
The microscopic analysis of the competing ordering fielddar intrinsic field dominates at high temperatures and can be
given above permits one to conclude that the glasses undself-consistently treated as an effective external field.
discussion are characteristically different rather in the local The author is grateful to Professor Neil S. Sullivan for
reaction-polarization effects that in the kinematic propertiesnumerous stimulating discussions. Professor Alaor S. Chaves
of their dynamic variables. We summarize the main results ofind Professor Eduardo C. Valadares are acknowledged for
the microscopical approach to the QG problem as followscritical reading of the manuscript. The work was supported
(1) Orientational ordering in QG’s has a collective characterby the Brazilian State Foundations FAPEMIG and CNPq.
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