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A. motional-narrowiltg model adapted from the work of Anders08 ls Used to interpret anisotropic NMR
spectra from samples of solid para-H, containing ortho-H2 impurity concentrations of less than 3 )( 10 '. The
experiment&1 data were taken at a Larmor frequency of 30 MHz over a temperature range of 4.2-0.04 K.
An analysis of the data at the lowest temperature indicates that the samples are single crystals. Values for
the transition probabihty per unit time between the isolated molecular rotational substates are deduced as a
fraction of temperature ftor this model. Based on the change of this transition probability with temperature,
it is concluded that the samples undergo an order-disorder transition below 0.18 K.

The occQx'r8HCQ of R coopsx'Rtlv8 ph(Ni, 88 t~litlan
in solid He with high ortho He (-0-Hh) conc8 ntr'a tko)n

(the X transition) has been studied by various
workers using nuc jeer- magnetic- resonance
(NMR), ' crystnkkographvic, ' and thermal technkqvnes

Theoretical vrork @how'ed that the electric quad-
rupole qu-adrupole (EQQ) interaction bttetween the
O-H, mOleCuleSc WaS resyoeeibIe fex' driVing thiS
phase transition, and that the phd'se change mini-
mized the EQQ intex action energy. This trmieitk(m
was observed in, the 0-H, eoEIcen4ration. ra~ 99
mole % to about 56 moke %I, below which it was

postures, ted that E interned, om cog% got M~
about a phase transition.

Recent vrork by Suj,kivm e8 cN. " ~ Mhanw4e ef
.gl. ,

' Seemly tO indj..eg4e tM Oee@~X'ranee Of CIO~eg-
tive ordering in soktid kik, wkth o-%, coneeatratkons
beIow 55 rnonde ~/0. Thol ~eIe@ion wM ba~ Ori

the observation of tetnyeratnre ~lhdent strrthe--

ture in the NMR spectra c~kM %Rh ee4m~4~
time measurements. .From tM d'gtg of Is'hi*me@0

et Cl. ,
' the deyen6enee 0f tM tX'~kUO@ te~llhX@

tare T, on o-5, concentrat~ x ipkmare to kkitkhss

an equation of the fttrrn T,» G. L5(k+ tt'): K tn ~ con-
centr ation rouge 0.075 ~ x & 0.5. %bile .~6e&Kiea-
tion of Strnetuze Gke the ~R kj~ wIIth She occ@x'-
1 enc6 of R PhR88 t1"Ms@NM @PPMf"NkII x"~~~kg hA.

the ligM of simi~x' oWex"vgLfj. om N ~ X tx"8gk, -
tlOn» l't i8 iB~X'f~ W ~$ N,N I'8&M SN
ture also sypears kn ths ac~tnt-nn~btor pstka'

spectrthtn' Of dkknhs ortho-~a ~n wkth no ns-.

companykng pkt~ tr~ktkctL
We pre~t r esnktonf sy~sniatke ~~1k

trteasnrer sents ion very dkkntn nrthn-kkara ak~
(10 e ~ x & 3 & 10~) kn: the ~rabat r~e 4.g-
0.04 K. The free ittsfnnt-ken ~ay (~) wan st~
l.:ed @8 Q, f~'t1:, gf-+~~++q.
Iorr ct Illv enoeleei nre Iee-oeteslenoe ct nn no
ence Vance!ne nOIIL ernenne. , ln M&nnnnnnnre

nature, was observed to occur on. the FH3 for al.1.

the eampIee in the temperature range 0.11-0.18
K, wed the beat frequency was found to be inde-
penWnt of temperature down to the lowest temper-
atures observed (0.04 K). The pair spectrum
chgxlteterketic of highex' concentration@ wax not
seen. ConsiWx'able hysteresis was observed on
therrnaI cyclk~ of the saIDples, in terms of the
texnperahxree corresponding to the appearance
RQd dlSN~8XRBCS of StXNCtQX8, kM t1M beRt
structure was @lao seen to be a, faction of the
ox'ientatiov of the exteragj. magnetic fieM.

Theme i"esuBS have been. analyzed in. terms of a
"metkoegl-narrowing" model that incorporates the
effect of Markovian motion (to take into s,ccount
the txgneitioru" betvreeo the rotation@i substates of
an o-Hh molecule) on discrete lines in frequency
space. In term@ of the dirnensio@less par@IDeker
fk/5 (where kk is the transition probability per unit
Mme between. the rotatiormj. Ni&ta&I, mmj

6~ gtf(ly' —k), with d being the intramokecuiar

eagling c(metget, 57.V kW, ~ y the eolian of
mg@ be-&eem the mimetic-fmM dix'ection g,nd

the sk nunhetry aXis of the crystak)l the model pre
dt's s4wsetnre on the FLQ wkhen

i
kk/5

i
& k ~ no

sttrwctna'n:~ expionentkak decay) when
I kk/5~ & l.

The ec~k, $4mtere ObeervM. , together mph the
msock&ed doping, conform@ favorably to the
pied:iekkOM of the model, md giVv98 Va, 4Xk(iiS fOr 0
as a. fueefien of teLDper@4me ~ the m, ~eitude and
sign of the ~kttkng betweetnhe rotational. levels e

iersrntenkaval~ for the change inkk with tem. -
pnratnre i~cate aa sbrttkPt eh~a in kk (bya faCI
tntr nf sscttre ~n k0) over a narrow tetnkntratnre

aU ~ ~mp&e @~4M. Th&, ~eth-
4kF WN ~ h+~F~xs Q~~&y W~ ~ ~ cGQ-

sknnknn that a cooperative prhase trannktina ks oc-
ean ~:~n at ~se vecry kow concentratko nsr

(g~~ ~~f'+Q~S ~X'X'~pG~k~ ko 018
MgHg Qf 4&~~4 ~~ %kR ~~~I&GQ Qf

kshkstnA@l's h~r-eoneentratkon data tfontn to x 0.

O Il@%~MNWM &~cll ~iety
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Finally, the dependence of the structure ob-
served on the orientation of the external magnetic
field is used, on the basis of the above model, to
establish the single-crystal nature of the spmples,
with a substantial projection of the symmetry axis
(c axis) on the plane of rotation of the magnet. A
method is also proposed, by which the crystalline
state of a sample of solid H, may be obtained uSing
only high-temperature (-4.2-K) NMR rneasure-
ments.

I|. THEORY

Because of the large distances between near
neighbors at such low concentrations, the individ-
ual o-H, molecules constitute a noninteracting
magnetic ensemble with secular Hamiltonian in
the interaction representation

II' = -cyZ&I«+ «d(3y —1)(31&—2) (31 —2)

(in angular frequency units), where c is the spin-
rotation interaction coupling constant, d is the in-
tramolecular dipolar coupling constant, I, is the
projection of the total spin (I= 1) on the magnetic
field direction, J

&
is the projection of the rota-

tional angular momentum (J= 1) on the crystal c
axis, and y is the cosine of the angle between the
c axis and the magnetic field.

For NMB absorption where ~mr= -1, discrete
lines are obtained at wo+cyZ&+5(38&-2) where
5= —,'d(3y' —1}and ~, is the Larmor frequency.
Thus, the rotational substate expectation value is
critical to the position of the line in frequency
space. Two cases will be treated: (a) lf we char-
acterize J'~ by the values +1, 0, and -1, the spec-
trum has di.screte lines at 'p+ 6 +cp and ~p —26,
and similar lines with 6 replaced by -5. (b) lf in-
stead of tPe above states of J, one chooses the
states

I
s&= (1/~2)(ll)+ I-»)

[a)= (1/&2)(]1)—[-1)) and [0),
they the spectrum has discrete lines at ~p —25
(as before) and ~,+ 5 (twice). This choice of states
"quenches" tPe rotational angular momentum.

In both cases, however, the spectrum contains
a finite number (three) of discrete (infinitely sharp)
lines if Z~ remains constant during the time period
necessary to observe the NMR signal. If, how-
ever, transitions occur between the states char-
acterizing the rotational subsystem, one has a
situation analogous to the famous "motional-nar-
rowing problem" or "exchange-narrowing prob-
lem. " In this case, rapid transitions can coalesce
the resolved resonance lines irito a single line cen-
tered at p. In 1954, Anderson' presented a model

r t

«(&)=8"«(- «'(')«') «(O).
~o

t
x exp i H' t' dt'

0

p'(0) = exp(is, I,)p(0) exp(-i6, I,),

p(0) = exp[-(R~, I,/0s 7)]—= 1 —(h~,/ksT)I, ,

in the "high-temperature" approximation. After
some straightforward algebra we obtain

S(t) = sin8, expi ~'(&') d&'
0

where

~ (I ) = eye, (f )+ V[3-Z', (t ) —2].
Following the elegant presentation of the motional-
narrowing problem found in Abragg. m's treatise, "
one evaluates S(t) under the assumption that the
hopping from one frequency to another in the spec-
trum of discrete lines is a stationary Markov pro-
cess. The probability that the frequency ~ has the
value (d, at time t'= t+ 4t when it is known to have
had value w„at time t is denoted by W(&u,

~
u, At).

For short time intervals 4 t, W can be expressed
as

W{m,
~

&u, At} = 5„„+n(v„m, ) r«t .

Defining Q(u, ) as the transition probability per
unit time that the system will pass from a fre-
quency &d, to a different value, we can note

A(~, }= -w(&u„~,), (5a.)

(5b)
4)2

since Z„,W(~,
~
~,&I) = l.

For the moment, ignore the factor sin8, and note
that the FID can be written in the form S(t)

S,(t) where the ~' are the discrete frequen-
0'

cies in the spectrum. After some manipulation
this yields

S(t) = S ~ exp[(i++ w)t], ~ 1, (6

where 8 is a vector with components S,(0), 1 is a
vector with all components equal to un. ity, ~ is a
matrix with components (w) ~= &a 5 z and v is the

of this type of process that can. be easily adapted
to this specific problem.

The signal following a radio frequency (rf} pulse
that produces a rotation 0, of the magnetization
from the equilibrium direction can be written

S(t) = Tr[p'(t)I„]/Tr[p'(0)I, ],
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matIW w'Nh oomponeitts (s)~u s(Iett8, tttts).

N $@ ~)~88 Rt %48 ~M &@84~~&4M s5-so~ ~) by ctcsmptnttsg the Fom"ter trsrtsferm
af ulh ~ ulnae uuuusuuu ar till%: Oaf-i:cull uu| Racll-,

nIques of IIIatrix algebra to coIIIpete S(f) diI ectly
The latter approach w'ill be followed as it is more
appropriate to the experimental results described
in this paper. The key to this a/pproach is to find
t'he eigenvalue' X,- of the operator

M=~~+ ~, (I)

and to eonstructt the matrices T and 2' ' (from the
orthonor ma/; eigenveCtor S Of 8f) that diagonalize

3f giver][g 1'MV'"~= A. If %e denote the three eigen. -
vpI888 5p' X~y X@~. RMt X~ RM, assign eox'r8'spgfldlng
efg~~cf~ OI[e cofQpGA8nts sc„u2, 03, -etc. , t5en
t5e g&Qeral res'Qlt fog this three level systeM is

5'(f)-.e u (tt yM +tt ) +8"u (tt +g +g )

+ 8 tu (at+ tSu+ t4t)

%e evaluate this expression fear the two cases
considered earlier. For case (a) the most gensrai
form for the matrix m consistent with the sum
rulers 5(b) Rnd cletalled bRlanc1ng 16Rcls io the fol-
lowing form for M;

, i(5'-ett) ft2/q) /

9
f(1 -e')/tf]fl

The matrices tt and cu are sixiIpNft85 by the
second chotee of states Is&, Ict), and IQ) as the
teT'M iQvoIvj~ tM Spy@ ~tgU~- k&~g~~ iQ N:

drops ont. Since both Is) and jti) gfve rise to the
8~$' d&8cg etIef~QQgcp, &3Qsk~s b@4%~
t'hese states ai"8 unobservable (the result is t'he
sstne as taking q = 1). %'e now intea pret 0 ss the
transition probabibty per unit time out of Itt) or
~ct) (and into I0)). Thus, Ar beeomtss

'~ i5.- A

A —f5- 2A (12)

+here q is the x'eIBtive pxoMbilkty of going to state
~0) from state

j 1) and Q(0) =20. The above form
for M leads to a cubic equation for A. thatt can be
solved nUDlterically for specific choices of paraDl-
eters. Considex'Rble insight can be gained by ap-
plying pertuxbatton theory to this problem.

By negIectIng the off-diagonal -elements in M we
can obtairt. faun egression for the FIB that should
be valid to a Qx"st approximation when the transi-
tions are not. rapid eneugh to mash out the discrete
lifles

(10)

TQ find the FH3 Kn the liQlit Gf fast. tie,nsltions,
QNB caQ fiQd th8 e]LgeQVSLQtes Rnd -eigeQfQGCtio'ns of
the xnatrix r md then obtain the Iowestt-order cor-
x'8c'tio'ns RFlsjQg fFGxA' Qp. The fir st-ord&r cortre'c
tioo vanishes so that in second order

w'hich gives the following equation for the eigen. -
valQes

(i3 n- i)[(i3 —n- X)(2i3+2n+1)+2n']=0.

If we deftne the dlnletlslonless ratio x = 0/Q, then
we write the eigenvalues as X, = ix- 1, X~

=--,'(3+ix)+ —,'(1 —x'+ —,,'ix)'~', and X,=--,'(3+ix),
—,'(1 x'+ —,ix)'~'. Computing the eigenvalues and

substituting into the general expression (3) gives
the very simple result

S(f)=[3/(~, —~,)](~,e"2' —X,e"t') .
ln this fox'ID, one can easily approximate tile vg, l-
ues of X, and X, in the two extreme l,imits of slow
(x & I) and rapid (x &1) transition. For slow transi-
tions, to lowest order,

(f) 265 tt6Gt &+-2fttt& Zttt"
vrhereas for the rapid transitions, correct to
Second older, One finds

3'r(f) —=3 exp[.-(25'/3Q) f] .
Th8 SiI5pie p6'ptQrbatIon theo''p used earlier gives
precisely these results when M from Eq. (12) is
Qspd. Eigher Ox'dex' corrections can tM e2tsxlf M--

eIM& tmt fox most cases, numerical solutions
%'GQld. be moT'e de8irable.

TNe expressions for the PID that e'ill be com-
pared to the experimental, results all contain y,
the cosiine of the angle between the magnetic-fieM
d]['x"ec'tio'6; and the crystalline o' axis so that know-
.l85ge ofth'e qQRGtlty is important for a detMled.
eompgr'ison. -lf the samples are polycrystalline
thee m average over y most be taken which yieMs
R P8849 dQQkgei, lkge 8hRpe @tat hRS be8n pF'QVk~ky
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obtained by Reif an.d PurcelV" when G"-O. In, tge
lim. it of rapid transitions, it is appropriate to re-
place y ill tile expression for' ig(f)::lly' tile sphisrtcal,
zverlage value for a powder, foj," short limes/

The overall features of the pairs of equations
(10) and (15) and (ll) and (16) are the same. The
latter two both have the motionally narrowed form
in. the fast transition limit whereas the former are
dampe'd oscillatory FID's in the slow transition
limit with different damping factors on the two
terms. The one outstanding difference is the pre-
diction [Eq. (11)]that a modulation due to the spin-
rotation interaction will be seen on the signal with

frequency 5 but not on the one with frequency 26.
It can be seen that the argument that rapid transi-
tions between the states en~ = +1 mould, wash out
this structure indicates that q would be a very
small number so that the frequency 5 would be
much more heavily damped than. the frequency. 35
(i.e. , the frequency 5 would have to be critically
damped or overdamped).

Thus, if the signal at frequency 6 is observed,
a measure of its damping rate and the existence
of any modulation mould be the test of the state
classifica, tion scheme. In a previous experimen. t,
Constable and. Gaines" observed. the signal in the
slow transition limit. They observed no nzodula-
tion characteristic of the spin-rotation interactio/n;
two signals at frequencies 4d and &d, and damping
factors that differed by about a factor of 2 with the
high-frequen. cy component being the most heavily
damped. As our pr'esent experimental results are
entirely con.sistent with the previous ones, we

conclud'e that the most reasonable set of states is
the set ~s), ~a&, and ~0).

There are two important factors that can in.—

fluence the line shape of the observed signal. that
have not been discussed previously: (i) Boltzmann
weighting of the relative components and (ii) a
pulse-width correction arising from the fact that
not all the spin, s in the frequency spectrum receive
the same rf power and hen. ce the same rotation 8,.
The latter correction is only important in the slow
transition limit. The rotation angle is computed
from the pulse power spectrum and the frequency-
dependent correction. term is incorporated in the

final expl essloll fol' S(f). Tile fll'st col'l'ectioll call
be incorporated by multiplying each of the vector
components 8 of the vector S by the appropriate
Boltzmann factors. It is through this correction
tha, t one can estimate the sp1, itting between the m~
sublevels for a given temperature. For i.n.stance,
if we assume that the states

~

s) and ~a) are degen-
erate and separated in energy from the state ~0)

by A. units of energy due to a crysta. l field interac-
tion. , then

and Kq. (15) beeonles

pe4548 -ole "AA a&rf(0)+ e f45"tewofy(30)
~A &.~gjF+

f(x) stn[~w sin(~xtP/(-, 'xf~) ],
with t the time duration Of the rf puler'.

A resolvable spl. itting on the 5MB absorption,
line 77111 correSpond tio the appearRQce Qf sines
and cosines (imaginary exponentials) in the FID.
Because the condition that differentiates between
the *'slow" and "fast" transition limits involves
the angular factor y one can have the isotere/sting

possibi1. i.ty in the "slow trarisition 'Limit" tbaf, while

4d &0 that 5 &A if 3y' —1 =O. It is the location of
this "magic angle" that. permits us to determine
the Orlentatlon of the c axis Qf oux' cgys+1 by NMR

techniques. 1'

For a given orlefltatloll of tile xflagne't (fixed 'r) a
change in the NMB line from one with no structure
(damping only) to one with structure (damping plus
oscillatory terms) .is due to a change in Q. The
application of the results of this model rriakes it
possible to obtain numerical values fox 0 in both
limits discussed here. In the fast transition limit,
the FID ls px'edlcted to be R simple cxpoAefltiQ, l

[exp(-f/T2)] where T,'=30/25'. Universal be-
havior is expected then. at sufficiently low concen-
trations for this. model to be valid with 0 acting as
the scaling parameter. Ln the slow txansition 1imit,
Q is measured dix'ectly fraxQ the daxoping of the
oscillatory terms at frequencies 5 aod 20.

Furthermore, changes in. Q as a fun, ction of tem-
perat, ure can be us.ed to s.tudy phage transitions in
this system. '~ By knowing the crystalline state of
the system, A can. be Oboe, j.@ed fxottn the FID at aQ
temperatures in principle. 5jnce A is the transi-
tion probability pez unit from ~a) or ~s) to ~0), we

can use the changes in 0 and begc@ Ne NMg spec-
trum to probe the ipter@qtj, age b&pen fbe rota-
tional sgblcve15 RGd the phonos@'

The hydrogen; samples were cooled in a dilution
refrlgeratQr capable Qf malntalMQg 3, teIQperature
of about 15 01K under "Ilo loadxx condj. ti.ons. The
cooling characteristics of the refrigerator have
been. discussed in detail elsewhere, ~' but it is re-
levant to note here that the lowest temperature
reached should depend on the concentration of o H,
present in the sample as the conversion from o-H,
to P-H, generates heat in the solid. Although this
variation was observed over a concentration range
of x 3 ~ 10 to'&= I.O ', ' no appreciable change 10.
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the lowest temperature obtained was noted ih. the
concentration range 10 to 3 & 10 3. Thus„40 mK
appears to be the lowest ti mperature to which we
can cool a hydrogen, sample in our refrigerator.

A. Style prep~ration

All the samples are prepared in a separate ap-
paratus. Normal hydrogen from a cylinder was
passed through a cold trap (N, ) and into the sample
cell of a Cryotip refrigerator. A chrrome alumina
catalyst was used to convert the liquid H, . The
liquid vapor pressure was maintained between 250
and 625 Torr for periods of 3-10 h depending on
the O-H, concentration desired. During this time,
the sample bulbs were flushed with hydrogen and
evacuated at regular intervals. The O-H, concen-

', trations obtained. were in reasonable agreement
with the Boltzmann equilibrium concentrations at
the temperatures corresponding to the measured
vapor pressuxes. The process of transferring the
sample bulb to the dilution refx'igerator filling the
sample cell, and cooling the sample to 4.2 K
typically took about an hour. The sample cell was
made of glass and oxygen-free high-conductivity
copper, aQd has been djLscU886d ln detail 61se-
where, "but it is relevant to note here that ther-
mal contact between the sample and the inizing
chamber was achieved by the columo of hydrogen
itself extending into the copper cylinder which acts
as the heat exchanger. The NMR coil surrounded
only the glass portion of the cell. As the sample
cell was being. filled, tQe amount of exchange gas
in. the vacuum jacket was contx'oiled to keep the
temperature just around the melting point, with
liquid helium only in the tail of the Dewar. Thus,
the sample cell was in a region. of uniform tem-
perature. Qnce the cell was full, the sample tem-
perature was instantly cooled to 4.2 K.

B. Detention of f5e conceeMtion

After cooling the sample to 4.2 K, a 6"ee-induc-
tion decay sigkal vras recorded. The initial height
of this signal gave the magnetization. @t time P =0
and the decay x ate gave T„ the tx'ansverse x'elaxa-
tion time. 'The concentrations mere determined
using the Hax'dy god Gaiees~' me@sgrements of T~

as a function of concento'ation. This method was
satisfactory for @~3 & I.o~ gad g~Q X103 but for
the lowest coecentratioe eo eucb qomparjson %'@s .

possible. Thus the sigggk heights at. 1 K met"e com-
pared to estimate the concentration value of x=10
The upper limit on this concentration. was 5 x 10 '.

C. Electronics

The pulsed NMR system had four basic com-
ponents: (i) the transmitter, (ii) the probe, (iii)

the receiver, and (iv) the analyzer. A 30-MHz
crystal controlled oscillator was used to provide
a high-power rf pulse. A 90' pulse was obtained
in. 8 p, sec. The output bf the reference oscillator
was split into two channels. The first went through
an attenuator to the receiver and served as the
reference signal for the phase-sensitive detector;
the second channel fed directly into an rf gate.
The output of the gate was fed into the transmitter.
The response of the phase-sensitive detector was
cheeked to be linear. Its output was monitored on

an oscilloscope arid fed to the signal-averaging
system. This systenl consisted of 3. Biomatlon
{Mode1 802) transieiit recorder Coupled to a
Nicolet (Model 1070) signal averager. The Nicolet
was interfaced with a Kennedy (Model 9'100) tape
recorder that facilitated data storage and retrie-
val. The dead time in the receiver was about
3 p, sec.

D. Thermometry

Several different thermometers were used to
cover the temperature range from room tempera-
ture down to'0. 04 K. From room temperature
down to 4.2 K, a silicon diode {D689) was used.
In the range 4.2=0.1 K, two germanium thermo-
meters with overlapping ranges mere used. The
thermometers have been calibrated previously
against cerous magnesium nitrate and platinum
NMR measurements. Estimated errors in the
temperature determinations were +1/0 from 4.2 to
0.1 K and +5% iri the range 0, 1-0.04 K.

E. Experiments

Three different concentrations were studied, x
= 3 x 10, x = 2 && 10 ', and x = 10 . Reproducible
and repeatable results obtained for each of the
above concentrations on mire than. one run.

The fx'ee-induction decays mere studied system-
atically as a function of teinperature for all the
samples. . In particular, the temperature at which
oscillatory structure first appeared on cooling the
various samples eras earefuBy noted as weH as the
teIxlperatux"es for vrhieh the stx"geture almost dis-
appeared On ~arming uy. Care ~as taken. to ensure
that the sample e@s in thermal equibbrium with
the mixing chamber of the @Buboes refrigerator
after each sequence of purses. This was checked
for the x -=.10~ sample dobro to 0.1 K using the
"internal thermometer" provided by the nuclear
spins. This is described in more detail later.
The temperature dependence of the frequency of
the oscillatory structure was also studied as mas
the magnetic-field orientation-dependence of the
stx ucture.
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once noticed axe cbgx@ckeeied by I, 5'~@e@ey
that ie esseetizkIy i@depeedent of: texnpex"Itme.
However, the damping doe@ eh@el,e mich 4ex@~x'e.-
ture near the tres, nlition temper@4@te. ~ xm~y
of this System with 3, damped harmoruc Oscilk~rl
passing from the overd@01ped through the criti.cg,l
case and into the underdamped behavior i.s a good
one (but not perfect due to the two frequencies
present in tahae underdamped stats). Upon increas-
ing the temperature a pronomced bye(ex"esis is
observed and the structure does not completely
dismppeRr even Rt 0.6 K.

In Fig. 2, the angular ctependence of tjm F93 is
shown @t the lowest tempei"a4ure res, chad in th&s

experiment (0.04 K). It is seen that in traces 4
and C the oscillatory FID, which is seem. in. trace
8, ie absent. 7hue, evelyn for T & T„ if 0 = 0 g8 i.g.

A an6 C AG StrGCtur8 iS $886 QG%' R8 pra@5iCt&d by
the XQotlQAQ, l MX'X'G%'king XQGd&l. T5 FQ3 1.0, trILCQ

8 corresponds to
~
5~~ Kd. Two cones of seiniangie

'54. V' drgwe @bout the I~net orientlkian vrhee 5
= 0 intersect above (and below) the plane in whish

kek

.. .. i, . . . . .. ..1
0 25 %) & IQQ

&M~~C~S)
~K R. W~~-M&A WWQ ~ I, M~QB Qf MBg-

slk K kl aelasaelks (el s lk tae aea! l l
0.& K. ) Pa XS' ~A Xm~C 4e m m&trazy XerO) ~

6. @) @~se', s~gd Q) p~. tee*; 5 6.

me xo4~ ~~~~. ~ progctkoe of the c axis
oIL %he y~e tice kRe~Mieke between the bvo
M'kC ~$8 QQSMk~ SOd JB&8$ ~ RQgl8 Of 35.2
mi,A reef. fe the e mt, N. Thm, at this position
3+ T ~ 1 SM 5nsi jkf i8 O~F~d. T'h8$8 X'88ulltS

w ere not r~mdeckMe be5veee, ex ystsllixations.
TM@ x"~M, , '5y i,bleQ, i:8 Strong confirmation

~k the m, o4a~k-narrowing model is R vmlid one
to ~pIy to this Iyrtem. Ie addition, on.e must Rp-

ply the predictions Of this model to the ~ingle-
exysPal ease to obtsiIi 3, result suckh gs that shown.

in Fig. 2 Bs the quenchin. g of the oscillatory eom-
ponect vrou3d i1ot be complete if there mere sever3, l
oriented crystal, lli.tes.

Knowledge of the crystalline state of the sample
mnkes it possible to computer fit the slow transi-
'tion result, Eci. (18), to thae observed FID with R

reduced nuxnber of 84~etnble pmrametekrs. It is
gesgmed tMt 5 is known in addition, to the temper-
@fexe 10 the only adjukstgble pmrameters are 0 and
A (sign and magnitude). Shown in Fig. I (trace C)
il g, computer fit t~t beet resembles our observed
FID. AlthoMgh the fit ie not perfect, it reproduces
se4ilfackorily most of the notable features. It
ShG~ RNR IIL04&d Ngt ~ SigQ Gf A. Cbo88Q here ltS
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p, = exp( —4,/keT) and p, = exp( A, /k )S.T-
In the notation of Constable and Gaines

S(t,) G, (f,)e 0'&+ 2p, G, (f,)e
S(t,) G, (t,)e 0't! 2p G (f )e- »
The same ratio based on the present work is

~S(t,) 2e""e ""p,f(x) + e ""2e '""f(2x)
($ ) 2 6t e-tt teprft(tx)! e-215tte-2ottf(2x) ~

(20)

(21)

(-'2)

Equating these two results for the ratio and evalu-
ating numerical. ly we obta, in

P, = [(0.3276)P, + 0.0710]/(P, + 0.8600) . (23)

opposite to that of Constable and Gaines" and
makes the nondegenel ate state vl J =- 0 tIle gx'ound
state. ID their experiment, angular dependence
was not tested for „and the powder average line
shape was used to obtain the mix of the two signals
at ~d Rnd —,d before Boltzmanr. weighting (contain-
ing the parameter A) was introduced.

%6 have 'computed the powder average line shape
tha. t is predicted by the motional-narrowing model.
For arbitrary ratio Q/5 the absorption intensity
is given. by

3tdf'l5(3p, —1) —6Q6'
(26+ ~) (6 —~)'+ (3tuQ)'

3tttQ6(3p, —1)!6Q6'
(tu —26)'(td+ 6)'+ (3tuQ)'

'

For the case Q= 0, the integral (weighting all in-
crements of solid angle equally) gives R, super-
posltiotl of. tile two PRke doublets (wii.1 Boltzmann
fRcto1'8) pl" Bvlously given by Belf Rnd Pill'cell.
For 0 40, the powder average can differ markedly
from the superposition. of two Pake doublets.

The powder averaged line shape used by Con-
stable and Gaines was correct for Q=O (although
it was only assumed that the samples were not
single crystals) but for Q/d '=0.2 (as they ob-
served) it would be incorrect and seriou ly affe..ct

, the magnitude and sign of the cx'ystal-field splitting
determined by a, fit of the data to the theoretical.
line shape.

To illustrate this point we compare the ratio 6f
the signal at t = 25 p, sec to that at t = l2.5 p, sec
using the expressions given by Const. able aQd

Gaines to that predicted by our present single-
crystal analysis, Eq. (18). By equating these two

expressions, which can be evaluated numerically,
we obtain a.relationship between the population
factor used by Constable and Gaines (which we
designate p„) and the population factor necessary
to obtain Oze same ratio from the present work
(which we designs, te p,):

found by Constable md-. oa.ines, e'-obtairi A,
=+56 mK. Using the same input, namely, the
I"atlo of two suitably chosen signal li81ghts the
present. analysis would give both a different mag-
nitude and sign for A from that assigned by Con-
stable and Gaines. Thus, knowledge of the crys-
talline state of the sample is critical to the deter-
mination of the crysta. l-field splitting.

Due-to poor signal-to-noise ratio and the effect
of the pulse-width correction on the results, we
were unable to observe the temperature depen-
dence of the relative intensities of the two signals
(at 6 and 25). From such an observation, one
should be able to make an unaIIlbiguous determin-
ation of the size (and sign) of the crystal-field in-
teraction. The result quoted here for A can be
consld61 ed to be. l ellable only to wlthln a factor of
two.

One very interesting plot, that can be genex'ated
from these data is a graph of the variation in the
parameter 0 with respect to temperature. In the
fasi transition limit (no structure on. the line) the
FID le BsselltlRlly of 'tile fol 111 S(f) e 2 so 'tllR't

by measuring the experimental T„using the re-
sult (1/T, ) = —,6'/Q, R.nd the value of' 6 from the
angular-dependence study, the value of 0 i.s ob-
tained. In the slow transition limit, Q is obtained
directly from the damping of the FID as predicted
in Eq. (18). Obtained in this manner, the va, ines of
0 are extremely model dependent and thus va, lid to
the extent that the model gives an accurate descrip-
tion of this rea, l physical system. The va, lues of 0
deduced as described above are shown in. Fig. 3
where the dimensionless parameter Q/tf is given
as a function of temperature. It should be noted
that 0 is essentially independent of temperature
except ln the immedl. ate vicinity of the txansltion
temperature T,.

The change in the observable NMR proyerties,
namely, the line shape, is by this method related
to the change in one parameter 0, the transition
probability per un. it time between the molecular
sublevels due to interaction with the lattice (pho-
llolls). A 111easul'8111811t of Q tlllls gives lnfol'111Rtlon

about the coQpling between the rotational degrees
of fx'eedon1 and the phcnoQS in this low-concef1tra-
tion regilxle and the change in 0 by an order of
magnitude at T, maty provide a more accurate
picture of crystalline-field effects.

Another indication that a phase transition has
occured at T, is the pronounced hysteresis upon
thermal cycling seen in Fig. 3. The structure on
the FIB that appears quickly upon reducing the
temperature below 0.3,8 K disappears vex'y 810%'ly

upon warming and is not. completely gone at 0.6 K.
It is the combination of the relatively sharp change
in 0 upon cooling and the associated hysteresis



SINGLE-CRYSTAL NMR SPECTRA OF SOLIQ 8, . . .

I I I I I I I t $ $
' 1 I I I I I I I I 1 I I I

0 0

(yQQ

PIG.. 3. Variatiori of Q/d
with temperature. 0 rep-
resents points obtained for
the @=3x 10+ sample while
coolirg down. (g= 2 x l0-3
gave overlapping points,
hence is not sham in the
figure). 0 represents
points fox" t49 x~ 3 x 10 3

8~pl@ %5i18 %$1'M,~ up.
fb R SPY 8'885 P0$,6ts SM
x + j.o Namyke whOe c001-

4 x'Spy'884%t8

points fox' She x~ 10 88xA

pI8 on %'arYQ~ Up.

1 tl I . 1 t . l 1 t f JL . . . l . . .l. . f l J.l .1. 4

0.1 1.0
TEAM& eAATUeE tKeLVIN )

that leads us to call this an order-disorder transi-
tion. A comment is in order here regardi. ng the
determination of the sample temperature, and
establishing that the sample was in equilibrium
with the mixing chamber. The free-induction de-
cays observed had a rapidly decaying (fast relax-
ing) initial slope and a much more slowly relaxing
"tail.." This slow relaxing part was interpreted
earlier" as due to remnant HD in the sample.
However that may be, the initial height of this
signal scaled with temperature according to
Curie's law down to G. ja. K. Below 0.1 K, the ap-
pearance of pronounced structure on the line made.
a determination of Curie law scaling very difficult.
At the lowest temperatures (-0.04 K), the mixing-
chamber thermometers indicated sample heating
on application of the pulses and the thermometers
relaxed back to G. G4 K after the pulses were
stopped. This. indicated that, the sample was indeed
at 0.04 K. Although the spectra in Figs. 1 and 2
are the signal averaged FID's from a number of
successive pulses, the time interval between the
pulses was such as to allow the sample to relax
back to its initial temperature (as indicated by the
mixing-chamber thermometers). We have sug-
gested earlier that a long-range interaction of the
Suhl-Nakamura type may be responsible for this

transition but there are Sm'eely other possibilities
that must be investigated. CleM4y it +AM be of
great interest to Have Specific~b&+t fM'I, su%'ements
to compare with the ~B results but they AD be
very difficult DleasureQ19Qt8 to MQBM.

As ment), oned px'&venous)g, 8, cM'18cii05 MLS be8n
applied to the computer fits based on Rq, . (18) that
is dependent upon the x"f pulse eidkh. This correc-
tion is shown in Pig. 4 ior the various vaIues of
the pulse width. A bettex' design eood elimiMte
this correction @together b@k en1888 5 is applied
t6 our data, the observed FID's do not ~ee with
tile cQInputel' fl'ts near 'the ol"lgin (f ~0). ft 1$ this
region thRt iS of pQ, ]t'tiCQLQ. X' iN48i'884 a5 it i8 Oftip'

near f =0 that one can observe the "$d" signal due
to its larger damping. It should be noted thai as
the pulse width increases, for fixed transmittex"
voltage, that the relative heights of the "+g4" aid
"&d" sibyls change in Sue5 I e@y t~ ibe "~d"
signal appears more prominent for longer' pulse
lellgtlls. Specifically, lf 'tllel'6 18 lllsufflclellt powel'
to produce a 90 pulse, the uncorrected FID would
favor the signal from m~ =+1 and could lead to an
incorrect value for the crystal field splitting-both
M WLCg8tt588 QFkd 8$gfl. The eXperHQ&ntal results
we obtain for various pul88 %XN48 Q,re in gOod
agreement with the calculations shown in Fig. 4
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but at present as we reduce the pulse width (in-
creasing the width of the power spectrum), we

a/i. so lose signal since we do not have enough power
to produce a 90 pulse for all the spins. The
pulse-width correction along with the very poor
intrinsic signal-to-noise ratio complicates the
determination of. A. considerably. I

In Fig. 5 we give some experimental curves or
the FIB in the fast transition limit along with a
calculated powder average of Eq. (16). For the
model we have used, there are no pairwise inter-

I.O

actions incorporated so no expllclt conc entration
dependence is predicted. Bather, 4'2 is seen to
depend only on angl. e and Q. Experimentally it. i.s
known that T2 is a function of concentration, de- '

cx'easing with decx'easing 0-H2 concentl ation. Fox'
known angle (or for a powder), the FID predicted
in the fast transition limit is a universal curve
where 0 acts as a scaling parameter. For prac-
tical reasons, if a powder is the appropriate crys-
talline state, the initial slope of the logaritkm of
the experimental FID can be used as the scaling
parameter as it is simply related to Q and the
spherical average value of (Sp' —1)' (which is equal
to —,'):

V7
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FXG. 5. Comparison of theoretical powder averaged
line shape (dashed line) with normalized experimental
points 0: x= 1 x 10 4, T= 0.6 K, LJ: x ='3 x 10 ~, T= 0.6
K. k, : x=1 x10 2, T=4.2 K. The solid line represents
pure exponential decay.

Thus, even if the sample is polycrystalline, Q(x)
can be determined from the initial slope.

V. CONCLUSIONS

In this paper we have presented details of a
model that incorporates the ideas of motional nar-
rowing of. spectral lines. The model applied to the
extremely simple physical situation presented by
a low concentl ation of 0-H2 molecules ln soll(3
para-H„makes predictions about the NMH line
shape in terms of. onl'y one parameter, namely the
ratio 0/&. The excellent qualitative agreement
between the model predictions and the observed
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NMB spectra leads one to some interesting quanti-
tative predictions. (i) The samples must be sin-
gle crystals with a substantial projection of the
e axis on the plane of rotation of the magnet to
agree with the angular dependence predicted by
the model. (ii) The transition probability per unit
time Q must be a function of temperature as shown
in Fig. 3. The marked decrea, se in 0 at T, com-
bined with the observed hysteresis is evidence
that a phase transition. has occurred. (iii) The
FID in the fast transition limit is a universal curve
for all concentrations (for which the model applies)
with 0 acting as the scaling parameter. A differ-
ent form of universal curve is obtained for a pow-
dered sample.

Even at higher concentrations where our specific
model is inapplicable, the basic approach outlined
here that is based on the motional-narrowing con-
cept should yield fruitful results. It should be
obvious that in more complicated physical situa-
tions it will not be possibl~ to obtain results de-
pendent only on one parameter. Furthermore,
from our model, it is clear that unless the transi-
tions between the rotational substates can be neg-
lected entirely (Q=O) the line shapes in solid H2
will be strongly affected.

One interesting speculation is that the powder
average of a. line shape computed (using the mo-
tional-narrowing approach) for much higher con-
centrations might explain the "incomplete transi-
tion" observed there. A trarisition is said to be
incomplete if there is still an appreciable intensity
at the center long after ordering has pioduced
splitting of the rest of the line. It has been tenta-
tively assumed that this central line came from re-
gions of the sample with lower o-H, concentrations
than the average. Such an explanation is based on

the expectation that the line shape will be a, super-
position of Pake doublets below T, unless there is
a conceritration inhomogeneity. We would approach
this result by noting that if tra, nsitions between the
sublevels are not completely negligible, then the
powder average line shape contains a central peak
coming from crystallites where 3y —1 =0 and that
everi at temperatures well below T, such a central
line would still be observable (depending on Q)
a,nd the transition would appear to be incomplete.
Line shapes of the type we are describing are ob-
serv'ed (i) for 0.15&x&0.55 where a phase tran-
sition occurs and (ii) for 0.55&x where a phase
transition (the X transition) driven by nearest-
neighbor EQQ interactions occurs.

The experimental results obtained here at the
lowest temperatures reached were in good agree-
ment with the earlier results of Constable and
Gaines. The analysis presented here is more
complete in that the observed angular dependence
in these experiments enabled us to determine the
crystalline state of our sample. The values of
'the damping parameters used by Constable and
Gaines are in good agreement with ours (although
their units should be rad/sec not sec ') .but the
sign and magnitude of A is different. These dif-
ferences are attributed to a combination of poor
signal-to-noise ratio (in both experiments), inade-
qUate rf power, a,nd usage of an incorrect theoret-
ical line shape by Constable and Qaines.
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