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Tl'-like phosphors. It is striking that this mech-
anism applies for two opposite physical situa-
tions, Jahn- Teller coupling larger or smaller
than spin-orbit coupling. The importance of the
hyperfine interaction in the dynamics of the emis-
sion has also been illustrated by recent studies
of the polarization of the emission under polar-
ized excitation light. " The knowledge of the hy-
perfine interaction and of the Jahn-Teller coup-
ling in the excited states 'T,„ is now good enough
to devise a scheme for nuclear orientation by op-
tical pumping as was done years ago for mercury
vapor. "
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KH2PO4 in a Field: A Transition without Critical Microscopic Fluctuations
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Light scattering on potassium dihydrogen phosphate demonstrates that the ordering
electric field reduces the isothermal microscopic response. At the continuous transi-
tion occurring at the critical field no microscopic critical fluctuation exists (no diverg-
ing correlation range) and only macroscopic thermodynamic quantities can diverge clas-
sically. This general effect for symmetry-nonbreaking elastic transitions is caused in
potassium dihydrogen phosphate by higher than bilinear strain-polarization couplings in
the free energy.

Potassium dihydrogen phosphate (KDP) (KH, PO, )
experiences a slightly discontinuous paraelectric
(PE) to ferroelectric (FE) transition at T„=122
K.' The ferroelectric mode softens towards the
extrapolated clamped Curie temperature T~.

The noncentrosymmetric PE phase (point group
42m) has a nonzero h„piezoelectric constant
which couples the polarization I', =I' to the e,
shear strain. This produces a soft elastic branch
with stability limit at the extrapolated free Curie
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temperature T„p,—T~ =4.5 K.' The elastic
transition generates an orthorhombic ', 2mm&3 FE
phase. Under application of a static electric
field F. parallel to the c axis, P is induced in the
PE phase and, via 863, an orthorhombic distortion
results: The PE-to-FE transition becomes sym-
metry nonbreaching. As F. increases, the polariza-
tion discontinuity at the transition decreases until
an ordinary critical point (T», Es) is reached at
which the transition becomes continuous and the
coexistence curve terminates (inset of Fag. 1 .3

The present Letter reports static and dynamic
light-scattering results obtained in this region of
the (T, F) plane, uncovering a number of novel
features of the elastic instability. The symmetry-
allowed distortions e, =e, and e„all of order

usually not included in the Landau free-ener-
gy expansion, ' are found to be essential, not only
to a quantitative description of the scattered in-
tensity as described below, but also to a qualita-
Hve understanding of the nature of the instability.
At K there is no microscoPic critical fluctuation

(no critical spatia. l Fourier component of finite c(),
and hence no opalescence. Our results constitute
the first experimental demonstration of fluctua-
tion quenching in a Cowley type-0 transition. '

The measurements were performed on a high-

quality annealed sample for which the static cen-
tral peak (CP) intensity was, at most, a. few per-
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(Ref. 3).

cent of the dynamic scattering at all T and E in
the region of interest. ' The observation geometry
was the usual one in which the soft shear phonon
propagating along x scatters in a narrow cone
about the x -z direction. ' The z faces of the
crystal were Cr-Au plated. The field polarity
was switched adiabatically every 5 sec to 2 min,
depending on the measurement, in order to pre-
vent uncertain field distributions caused by in-
jected charges. During switching, adiabatic cool-
ing followed by heating took place, ' indicated by a
scattering flash. This produced no detectable
aftereffects, whereas at each new field magnitude
it was necessary to wait for thermalization. '
The temperature was stabilized to better than 1

mK. The values used here are all referenced to
the extrapolated 7', which was derived from fit-
ting the sample dielectric constant measured in
situ by a Curie law. A similar fit of the inte-
grated scattered intensity at E = 0 gave the same

g, to better than 3 mK. The spectral measure-
ments were performed as previously described. '
Intensity measurements were made with a collec-
t' hole limiting the acceptance angle, and an
image hole of -1 mm limiting the lateral extent
of the scattering volume. The scattered light was
photocounted and normalized to the laser intensity
transmitted by the sample by use of a digital
divider.

Brillouin spectra obtained at T - T,= 106 mK
and at various fields are presented in F'g.i 1. At
zero field, and with this proximity to the transi-
tion, the phonon is almost overdamped giving a
single-peak appearance. A small static CP car-
ries only 1% of the integrated intensity, as re-
vealed by fitting. ' As E increases, three features
are immediately apparent: a CP grows, the pho-
non frequency moves up, and the integrated in-
tensity decreases. The field-induced CP is dy-
namic, with a width -100 MHz, whereas the
static component does not change appreciably
with F.. The latter point can be checked with use
of a magnifier: The laser-illuminated static scat-
tering centers can then be resolved, and no ap-
preciable field dependence is seen. The s ect~al
features can be qualitatively explained within the
usual Landau theory. In the presence of E, tem-
perature and polarization fluctuations couple via
the mixed second derivative of the Gibbs free en-
ei"gy~ O'G/8~8T ~~. A heat-diffusion CP re-
sults, ' and the remaining spectral response is
adiabatic, causing an increase of the observed
phonon frequency. The isothermal response, how-

ever, is the integral of the spectrum, and it is
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not modified by the above coupling'; its decrease
is thus surprising. Naively one would anticipate
an intensity increase as one approaches the
critical point K. This is also predicted by the
usual Landau theory. In fact, to explain our re-
sults, it is necessary to include in the free ener-
gy all elastic terms to order P', as shown below.
Then a quantitative account of the spectra also
requires a more careful treatment, as the neces-
sary improvements of the Landau theory mix into
the wave-propagation problem elastic constants
other than C„.

The intensity I(T,E) scattered from fluctuations
in the (1,0, 0) direction is proportional to the cor-
responding static response (5P;5P;). lt was
measured with an acceptance angle narrower than
the scattering cone centered on it with E = 0. The
inverse intensity can be parametrized in a way
suggested by the Landau expansion, '

I ' a(T —T,)+ 3B P2+ O(P ),
but withe ) 0. Using the equation of state E
= &(T—T,)P+ O(P ), where a = 3.9 x 10 ' esu/K, '
one obtains

(2)

This allows one to present as a function of the
scaled field squared, E'/a'(T —T, )', the intensi-
ties obtained at all temperatures (Fig. 2). The
points were fitted by a parabola although the
scaling does not strictly apply to O(E'); B is
then given by the initial slope as shown.

The field also modifies the direction of the

scattering cone. This is easily observed with
the eye slightly above the horizontal (x,z) scat-
tering plane: The scattered intensity is seen to
depend on the sign of K The sign reverses when
the eye is placed below the plane, indicating a
vertical shift of the scattering cone proportional
to E. We verified that crystal optics makes a
negligible contribution to this effect. Hence it
indicates a motion of the softest direction out of
the scattering plane. To measure it, a 2.5-mrad
collection aperture was moved along y, selecting
a scattering direction 6, and the values I,(8) at
E = 0, I+ (0) with E ) 0, and I (e) with E ( 0, were
obtained. To minimize the influence of accidental
optical defects in the collection path (such as
scratches on the crystal faces) the results are
expressed in terms of a dimensionless ratio,
the most convenient one being R = (I '-I+ ')/
2I, ' (Fig. 3). At 0=0, the slope S(E) is obtained
from the straight-line fits. These slopes divided
by E are shown in the inset. In summary, the
scattered intensity decreases under fi~'d, and its
direction of maximum moves off x towards y.

To account for these results all three orthor-
hombic strains e,', e,', and e,', have to be includ-
ed since they transform as the identity represen-
tation and are thus active in the transition. The
corresponding tetragonal strains result from a
rotation by 45' about z." They are e, = e, = (e,'
+e,')/2, e, =e,', and e, =e,' —e,'. The Gibbs free
energy G(T, P, E,e, , o,.) is, in general, a function
of all strains e,. and stresses a, A consistent
expansion must include all symmetry-allowed
terms to O(P4), i.e. , all electrostrictive and
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higher-order elastic constants. The statics of
the free crystal is then obtained by minimization,
BG/Be, =0, from which the e s are extracted and
introduced in &G/&P =0. This gives an equation
of state E =a(T —T, )P+B„P'+O(P'), with an
explicit expression for 8„. Experimentally, 8„
is obtained from macroscopic measurements,
such as polarization ones'; 8„ is negative as re-
quired by the first-order character of the tran-
sition. The microscopic isothermal responses
for modes propagating along (1,0, 0), and for

small & along (1, &/W2, 0) have also been calcu-
lated, expressing the six strains in terms of the
three independent displacements and obtaining
the generalized susceptibility. The inverse of
the resulting dielectric susceptibility is simply
the right-hand side of Eq. (1), so that an explicit
expression for 8 also results. The algebra is
heavy but straightforward. " Many parameters
are not known, but fortunately the result of the
minimization &G/&e, = 0 is experimentally avail-
abl.e"

e, = nP'+ O(P'), e, = pP + O(P ), e, = &P + O(P ) .
This is all. one needs to evaluate B -B„and S/E:

B Bs =-~[(C»+C»)o. + YCssP'+2C„nP] —p(l/C„)[(C„+C»)o.+C,3P],
S/E = 8 2 (C„-C») [(C»+ C»)n+ C» p ]5/C»a'(T —T )2+ O(E2).

(3)

(4)

Using the well-known elastic constants, ' these
equations give& -8„=2.48&10 "esu and, at
T —T, =106 mK, S/E =26.5 esu/rad. From our
measured 8, one calculates 8„=—1.76 F10 "
esu which falls within the most reliable experi-
mental values. ' The calculated S/E (shown at
E = 0, the limit for which it applies) also agrees
excellently with measurements (Fig. 3). Hence,
the expansion indicated here accounts quantita-
tively and without adjustable parameter for our
surprising intensity results.

The qualitative implications of this agreement
are even more striking. Were o. and P zero, one
would have 8 = &„and there would be opales-
cence. In other words, the deformations e, and

e, play an essential role: As no acoustic wave
exists that carries these deformations and e,
simultaneously, there is no soft-acoustic wave
for E & 0.' Furthermore, any fluctuation in po-
larization or temperature also couples to strain
when E& 0. Hence, there are no microscopic
critical fluctuations and no diverging correlation
length in the symmetry-nonbreaking transition.
Landau theory should then apply strictlyf It
predicts classical divergences of macroscopic
thermodynamic quantities: The isothermal free
electric susceptibility X~, the free specific heat
at constant field C~, and the compressibility
given by determinant I C,, 'I ', (i, j=1 to 3),
where the C,.;"s are isothermal orthorhombic
elastic constants at constant field. The critical
exponent at K is ——,', whereas for approach to
the spinodals from the metastable side it is —&.
The latter might also be measurable, as it should
be easy to penetrate deeply into the metastabl. e
region in large, perfect crystals. Our experi-

ments indicate a hysteresis of more than 100 mK
for E =0.

Landau-like elastic transitions are generally
expected in all symmetry-nonbreaking cases. "
They have already been discussed in relation to
the "gas-liquid" transition of H dissolved in
metals. " A bulk-modulus instability was also
reported for mixed-valence metallic alloys. "
Elastic effects should also play an important
role in "real" crystals in which the high-tempera-
ture symmetry is broken by localized defects.
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The first evidence for SiH~-like centers in crystalline Si (c-Si) is presented from in-
frared measurements of H (D) imp1anted at 80 K. In contrast to SiH~ centers in amor-
phous Si (a-Si) which are stab1e to '=700 K, the crystalline band anneals below 300 K with
an activation energy and i11umination enhancement that are characteristic of the Si va-
cancy. These results relate specific defects for implanted H in c-Si to previous obser-
vations for H in a-Si.

Hydrogen bonds chemically in both crystalline
Si (c-Si)" and amorphous Si (a-Si)' and produces
significant changes in electrical properties. 4

There is, however, little understanding of struc-
tural changes which accompany hydrogenation of
Si. Understanding the relationships between
structural composition and chemical bonding of
hydrogen in Si is a necessary part of understand-
ing electrical properties of hydrogenated Si. Hy-
drogen implantation into c-Si at 300 K produces
a complex SiH stretch-frequency spectrum of at
least twelve infrared absorption bands. " Be-
cause these absorption bands have different an-
nealing characteristics, ' they represent dis-
crete SiH centers. However, since nuclear re-
action-channeling analysis' shows that a major
fraction of hydrogen implanted into c-Si at 300 K
occupies a well-defined crystalline interstitial
site, it was suggested'*' that the many SiH stretch
frequencies in implanted c-Si are associated with
different atomic-displacement-produced defects
surrounding a well-defined interstitial hydrogen
position within the crystalline lattice. In con-
trast to the many SiH bands produced by H im-
plantation into c-Si at 300 K, implantation into
a-Si yields a single broad band' which has been
assigned to the one-hydrogen (SiH, ) center. '

Reported herein are results obtained from
studies on SiH stretch frequencies for hydrogen
implanted into crystalline Si at low temperature.
From these results one can infer that low-tem-
perature. From these results one can infer that
low-temperature H implantation into c-Si pro-
duces Si-H bonding similar to the SiHy bonding
observed in a-Si. In addition, from the anneal-
ing studies reported here, one can relate the loss
of this band to the motion of the Si vacancy in c-
Si.

Hydrogen implantations of 6&&10" cm were
made at 50 and 100 kev at 80 K into both 0.63
&&1.27 cm2 faces of high-resistivity (111) sam-
ples of ~-type crucible-grown Si. The penetra-
tion depth for 100-keV hydrogen into Si is 1 p. m;
therefore, the average concentration within an
implanted layer is —1.2 && 10 H/cm'.

The solid trace in Fig. 1 shows the SiH absorp-
tion spectrum produced by H implantation into
c-Si at 80 K. This spectrum is much less com-
plex than that for implantation at 300 K. The
major SiH stretch frequency at 1990 cm ' ob-
served after low-temperature implantation of
hydrogen into' c-Si is essentially the same as
that for the SiH, centers produced by implantation
into a-Si at 300 K (dotted trace of Fig. 1). An
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