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Hydrogen movement in cubic MgNiH ,
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The motion of hydrogen atoms in MiiH, is studied based oab initio total-energy calculations using the
full potential linearized augmented plane-wave method. We calculate the jump frequency for two kind of
rotations of the Nif complex through classical rate theory. The obtained jump frequencies are 4
X 103%™ 12®VKT g71 gand 3x 10'%~%6%VKT 571 for in-plane and out-of-plane rotations, respectively. These
values agree well with experimental data as concluded from solving the equation for the linewidth within the
Bloembergen-Purcell-Pound theory of nuclear magnetic resonance.
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I. INTRODUCTION The activation energy and jump frequency are used to
characterize the diffusion process. The hydrogen dynamics in
Many intermetallic compounds have been found to be exMg,NiH, was investigated experimentally usirigd NMR
cellent hydrogen absorbing materials. This property makegRefs. 11-1Band neutron scatterintTwo scenarios emerge
hydrides attractive candidates for different applications ando describe the observations: the Niebmplex can be mov-
extensive studies are being made in order to use the hydrld% as a r|g|d molecule or hydrogen is moving as an inde-
in devices that range from hydrogen-storage containers tgendent atom between the free octahedral sites around
heat pumps and hlgh_—performance seco_ndary batﬂ;rlesz. nickel. In any of these cases, there is agreement to describe
One of the promising ternary hydrides is MgH,, the movement as highly localized around nickel.
which still presents several basic uncertainties with respectto oy previous resulfsshow that hydrogen is covalently
the Iocation_ of hydrogen in the_latti_ée‘.rhe binary com-  pyonded with nickel forming a Nild complex bonded ioni-
pound MgNi (Ref. 3 reacts readily with gaseous hydrogen ¢y to magnesium. The observation of a well-defined NiH
to form the solid solution MgNiH, 3 and, upon further hy- it induces us to think about a localized and correlated mo-
drogen absorption, a hydride M§iH, may be formed. This  tjon of hydrogen around nickel in the form of a rigid mol-
hydride is monoclinic at temperatures below 510 K and cugcyle. In this work, we focus on testing these ideas by study-
bic at higher temperaturégzor the cubic phase of MiliH4,  ing the kinetic properties of hydrogen in this hydride.
hydrogen atomic positions and temperature factors have been e analyze the diffusion of hydrogen by considering the
investjgated experimentally us_ing neutron diffraction motion of a planar Nikj unit. Through a combination of
techniques*° The hydrogen motion, for the same phase,moyements a hydrogen atom can visit each of the six sites of
has been studied using differetl nuclear magnetic reso- the octahedron centered in a nickel atom. Two different ro-
nance techniques™® and neutron diffractiofl. The elec-  tations are considered: one around an axis perpendicular to
tronic structure and cohesive properties of this phase hav@e plane and the other around a diagonal of the square. In
been studied theoreticaffy:* the former all four hydrogen atoms are moved, while in the
In hydrides based on transition metals there is evidencgter only two of them are moved. In both cases the defor-
for a strong and localized hydrogen-metal bond. These comations of the planar Niljunit are considered by indepen-
pounds can be seen as composed of hydrogen-metal coent optimization of the nickel-hydrogen distance. The acti-
plexes in a non-transition-metal framework. An example ofy,atjon energy and the attempt jump frequency are
these hydrides is M@NiH,. In a previous work, we have  getermined by means @i initio total-energy calculations.
studied the configuration of the Nj-tomplex in MgNiH, This work is organized as follows. In Sec. Il we describe
based on total-energy calculations. Our results on the enefhe experimental information found in literature about the
getics of the cubic hydride indicate that the minimum energyhydrogen motion in MgNiH,. In Sec. Il the models consid-
configuration corresponds to a tetrahedrically distortedbred for hydrogen motion in the hydride, the total-energy
square distribution of hydrogen atoms around the nickekajculation method, a brief description of classical rate
atom, which is in agreement with neutron diffraction data.theory, and the results are presented. In Sec. IV we give basic
The nic_kel-hydroger) distance obtained is in excellent agreesoncepts of nuclear magnetic resonance theory and present
ment with the experimental value and seems to be charactejhe results obtained for a simplified model for the width of

istic of the NiH, complex. ~ the resonance line. The conclusions are given in Sec. V.
The positions occupied by the hydrogen atoms in the

metal lattice influence the static, dynamic, electronic, and

magnetic properties of metal-hydrogen systems. Moreover, Il EXPERIMENTAL INFORMATION

the diffusion of hydrogen atoms is very important for dy-

namic processes like hydrogen absorption or desorption and Among the different experimental methods used to study
this information is relevant to understand and control thediffusion of hydrogen in hydrides, nuclear magnetic reso-

process for technical applications. nance and neutron diffraction have been used to determine
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the hydrogen jump frequency and activation energy in m
MgzNiH4.9'11_13'15 D; — G

In NMR, the nuclear relaxation time of the protons and —
the width of the resonance line are measured as a function @
temperature. These quantities are determined by the mac
netic dipole interaction between the magnetic moments of
hydrogen atoms.

In neutron diffraction, a monoenergetic neutron beam
passes through a crystal and emerges with a certain distribL
tion of energy. The measure of the energy spectra of the
neutrons gives information of hydrogen motion and location.

Early NMR studies of the dynamical properties of hydro-
gen atoms in MgNiH, were made by Goreat al,'! where
the spin-lattice relaxation time was measured in a wide tem-
perature range. They were interested in the low-temperatur
phase of the hydride. In the cubic phase at high temperatur
these authors estimated an activation energy of 0.52 eV.

Neutron scattering experiments, by Neseand Olssof,
indicated that the hydrogen atom motion is highly localized
around each nickel atom and correlated to the jumps of the
neighbors. The detailed motion cannot be found because o
instrumental limitations. However, they concluded that the
hydrogen motion is likely to be restricted to the six octahe-
dral sites around each nickel in such a way that four hydro-
gen atoms form a square planar unit which randomly flips (b) (001) plane
around the nickel atom. With this reorientational motion FIG. 1. (a) The antifluorite structure of Ma\iH,. (b) and (©)
model, they determined the correlation frequency and activa\5ro od models f oA )

. 1 . posed models for the movement of the Nilhit. The arrange
tion energy of 18" s . and 0.16 eV, respectively. ment of four hydrogen atoms is around all Ni atoms in the unit cell.

Hayashiet al. studied the low-temperature phé%emd This arrangement is not shown for simplicity, except for one of

the monoclinic-cubic phase t_ransi_tf'&nof MgNiHs by them. Solid lines connecting hydrogen atoms do not intend to rep-
pulsed NMR. They measured linewidth and relaxation timegesent H-H bonds, but are shown as a guide.

and found that the motion is highly localized around the
nickel atom in agreement with observations made by M®re e exchange and correlation potential, including the local
and O'Isson: Their results suggest th'at the hydro_gen motion Shin-density approximatiofLSDA). The Kohn-Sham equa-
a reorientational processes with a single activation energy qons are solved using a basis of linearized augmented plane
0.52 eV. They proposed a model in which a square planafayesl? For the exchange and correlation potential we use
unit of NiH, rotates mainly around the axis perpendicular toy, Perdew-Warl§ parametrization of the Ceperley-Alder
the plane. In the temperature range across the transition, thejs:s | ocal orbital extensions to the LAPW baSisre used
observed that the planar unit Njthanges slightly to an 4 gescribe the $and 3 orbitals of Mg and the B orbitals
isotropic motion favored by thermal expansion. of Ni. The wave functions are expanded upl to10 within

So far, all our discussion of hydrogen motion has beenne myffin-tin spheres, and the potential and charge density

concerned with localized motion around one Ni. The trans o expanded up tb=6. We use a converged basis set of

lational diffusion of hydrogen atoms between complexes is,.5,nd 2000 plane waves and a sampling of the Brillouin
found to be slower by three to five orders of magnitude thar&one(BZ) of 400 points, which in the irreducible wedge of
the rotational diffusion. Thi_s was guggested both by neutrono gz correspond to 40 points for the case of rotation
scattering and NMR experimerits: around thez axis and 100 points for rotation around tiie

The mentioned results give values of the jump frequency,yis \uffin-tin radii of 1.8 bohr for Mg and Ni and 0.8 bohr
and activation energy for the hydrogen motion. To elucidatg,. 4 are used.

the microscopic origin of these values, we compare in this
work the theoretical results obtained for different motional

(c) (100) plane

models with the experimental results. B. Proposed diffusion models
The high-temperature phase of M\{jH, has a cubic cell
IIl. TOTAL ENERGIES FOR HYDROGEN MOTION corresponding to the antifluorite structure, Figa)l with a

lattice constant value ai=6.507 A2°
In a previous papéerwe studied the energetics of the cu-
For ourab initio calculations of total energies we use the bic hydride for different hydrogen arrangements. We found
full-potential linearized augmented plane-wave methodhat the hydrogen and nickel atoms form a Diebmplex.
(FP-LAPW).® In brief, this is an implementation of density This unit has a tetrahedrically deformed configuration with a
functional theory with different possible approximations for bending angle of 21.8°. In this work, we consider a plane

A. Method for the total-energy calculation
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TABLE I. Calculated and experimental values for the attempt TABLE Il. Optimized values for the fractional coordinateand
jump frequencies and the activation energies. y and the minimized Ni-H distance for different angles of rotation,
a, around theZ axis of the unit cell.

vo[S 1] AE [eV/formulg]
In-plane rotation X101 1.29 ¢ X Y i [A]
Out-of-plane rotation %101 0.67 0 0.2379 0 1.548
Neutrons ~10" 0.16 11 0.2337 0.0454 1.550
NMR (HT phasé ~10% 0.85 22.5 0.2177 0.0902 1.533
NMR (LT phase 2.3x 1013 0.52 34 0.1907 0.1286 1.497
45 0.1600 0.1600 1.473

configuration for the Nilj complex to avoid the computa- 4nq ysing the usual probability definition and the harmonic

tional effort involved in the calculation of structures without gn5roximation for the system’s energy, the jump frequency
inversion symmetry. We do not expect differences becausggn pe written as

the activation energy of the motion is at least twice the en-

ergy jump between the used and minimum configurations. N
We consider rotations of the planar arrangement of hydro- H wWj
gen atoms around the principal cell axis as diffusion paths y= J;l exp AF/KT, (1)
and study the in-plane rotation and out-of-plane rotation. H ,
Figure 1 shows the principal cell axis and the rotated planar =5 @i

arrangements. The rotations around ¥Kend Y axes are ) ) ) )
equivalent due to the symmetry of the unit cell. We do not' "€ Products in Eq(1) run over vibration modes in both
consider simultaneous combinations of these two motions. Situations.AE represents the difference of potential energy
The rotation angle varies between 0 and 45° due to th&/ith the jumping hydrogen atoms in positions of maximum
symmetry of the metallic framework. Setting up a rotation pote_r_1t|a_1l energy with respect to the system with the atoms in
angle, we make variations of the hydrogen-nickel distances‘?qu'"b”um' N L N
d andd’, to obtain the minimum in the energy curve. _ A qrude apprommatlor_] cop5|sts in conS|d_er|ng _that the
. . : . vibration mode frequencies in the two configurations are
) For in-plane rotation, the considered hg/drogen posI- equal, except for the mode corresponding to the diffusion
fﬁgeiri d((/,a)./ét(:))sla(anﬁ,))/(,zo(;}a(si:;z Xéoil,ir?(;caféd I’:]?:)Ig direction. In such a way, the jump frequeneyis propor-
, t. ! *tional to the hydrogen vibrational frequency along the diffu-
1(b), « is the angle between theaxis of the unit cell and the - gjon path in the equilibrium configuratian,, which is called

nickel-hydrogen line. _ the attempt jump frequencyy:
In the out-of-planeB rotation, the hydrogen atoms are
located at (04,z), (x',0,0), (0-y,—2), and (—x',0,0), v=ypge AFKT, 2

wherey=d/acospB, z=d/asinB, andx’'=d'/a. The angle
formed by theY axis of the unit cell and the line that con-
nects the nickel atom with one of the movable hydrogen
atoms is@B, as is shown in Fig. (t).

D. Theoretical results for interatomic distances and
jump frequencies

The optimized values for fractional coordinates and
nickel-hydrogen distances, for each rotated configuration, are
C. Classical rate theory summarized in Tables Il and Ill. The nickel-hydrogen dis-

tance takes values between 1.45 A, and 1.55 A, while the

In Sec. I, we described the available experimental infor- ) i Iy ) .
mation on hydrogen diffusion in Md\iH,. The experiments experimental value is 1.55 A.The nickel-hydrogen dis-

indicate that the hydrogen has a very fast and local motiofidnce seems to be almost independent of the rotation axis. Its
around the nickel atom; see Table I. This result suggests the

model of a square planar NjHnit that randomly flips so x', and the minimized Ni-H distances for different angles of rota-

that |§0tro|0|c s_ymmetry IS obtamed._ . dtion, B, around theX axis of the unit cell. The Ni-H distance along
Using density functional calculations, we have obtaine . L
the rotation axis is represented By, .

the total energy of the system for different positions of the

TABLE lll. Optimized values for the internal parametersz,

hydrogen atoms along a diffusion path. In this way, it is _ ) ,
possible to calculate the jump frequency and the energy baé Y z i [A] X dhiss [A]
rier for the hydrogen passage from one site to another folo 0.2379 0 1.548 0.2379 1.548
lowing a proposed diffusion paffi. 11 0.2259  0.0439 1.497 0.2379 1.548
The overbarrier jumps of hydrogen from an equilibrium 22.5 0.2070  0.0857 1.458 0.2378 1.548
site will be studied considering the classical rate th%lo%il 34 0.1852 0.1249 1.454 0.2378 1.548
that defines the jump frequency as the probability to reachs 0.1601 0.1601 1.474 0.2377 1547

the top of the barrier with a speed in the forward direction
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FIG. 2. Variation of Ni-H distance along the representative range of both rotation paths, the irzplatagion (a) and the out-of-plane
B rotation (b).

value decreases for increasing values of the rotation anglRiH, complex change along the rotation paths to minimize
between O and 45°, as can be seen in Fig. 2. The initiathe internal and external hydrogen-hydrogen interactions.

square planar configuration of the Njldomplex suffers de- The existence of covalent bondings between nickel and
formations along the diffusion path. In the out-of-plaBe  hydrogen atoms and mainly ionic bonding between magne-
rotation, the values of the two different nickel-hydrogen dis-sium and the Nikj complex is a common feature in the dif-

tances, normal and along the rotation axis, imply a rhomboferent configurations along the diffusion paths, as shown in
hedrical deformation, while the in-plane rotation involves  Fig. 3. With the rotation, the distances between hydrogen
a compression of the NiHunit. The size and shape of the atoms belonging to different complexes are shorter and the

(001)

(a)

FIG. 3. Electron density con-
tour map of the compound for two
sections parallel to different
planes of the unit cell for the in-
plane « rotation (a) and the out-
of-plane B rotation (b). The elec-
tron density (electrons A %) is
constant along each of the contour
lines.

(110)

(100)

(®)

(110)
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FIG. 4. Calculated activation energy for the in-plameotation (a) and the out-of-plangs rotation (b) of the NiH, complex.E; is the
energy of formation of the cubic MgliH, with respect to the total free atom energy.

intercomplex interactions increase, which induces a smalbut-of-plane rotations, respectively. As a consequence, the
charge accumulation between them. In particular for the inout-of-plane jump will be more frequent.
planea rotation, the charge density plots show an increase of
charge between the magnesium atoms, which is the projec- V. EFFECTS OF THE MOTION ON THE NMR LINE
tion on the(110) plane of the charge accumulation between WIDTH PATTERNS
the complexes. These results agree with the idea of the exis- A. Elements of NMR theory
tence of a NiH complex in the hydridé.

As we mentioned in the previous section, using ywe _
estimate the hydrogen jump frequency by calculation of thdime b ; ) ; !
attempt jump frequency and the energy barrier. The attem egligible due to their relatively small gyromagnetic ratio.

) . - his process is called the spin-lattice relaxation. The reso-
jump frequency was estimated from a quadratic fit around oo . .
nance absorption line as a function of frequency is nét a

_zrer:]ro Ofl th? tendergydcurve as aﬁ:‘;ﬂr’\l%tloT of Te {ﬁtat'?tn anglefunction because the spin-lattice relaxation limits the lifetime
| he calculated and experime values forthe attempt ¢ the states and produces a line broadening of the order of
jump frequencyr, and for the activation energhE are 11 "\hereT, is the spin-lattice relaxation time.
summarlzgd in Table I. F|_gure4shows the tot_al-epergy CUVe owever, there is another process which modifies the
as a funcyon of the rotation angle for both diffusion pgths. relative energy of the energy levels and contributes to the

There is reasonable agreement between the experimeniglpadening of the resonance line. This is the dipolar interac-
value$'****and the theoretical results, considering the uncertion between the magnetic moments of the protons in the
tainty of the measurements and the approximate model usefystem, which is called the spin-spin interaction and is char-
for the calculation. acterized by a spin-spin relaxation tinfg. The resonance

In Fig. 4 it can be seen that th®E for out-of-plane8 line broadening is due to the distribution of the local mag-
rotation is about a half of thAE for the in-planea case. It  netic field produced by the dipolar interaction and is of the
could be associated with the fact that the number of movablerder of 17,.2°
hydrogen atoms in the out-of-plagrotation is half of the As a consequence, the resonance line form is described by
number in the in-plane case. If the hydrogen motion were a shape functiori(v), which shows the variation of the en-
independent of the neighbor motion in the Niebmplex, an  ergy absorption with the frequency around the resonance fre-
activation energy per movable hydrogen atom could be deguencyr,. The second moment of the line is used to obtain
fined approximately equal for both rotations. However, weinformation about the distribution of protons in the system
think that the hydrogen motion is correlated to its neighborsand its measurement as a function of temperature gives in-
in such a way that the NifHunit moves as a molecule. Thus, formation about atomic diffusioff. The second moment is a
AE represents the energy to move simultaneously four omeasure of the mean-squared width of the broadened reso-
two hydrogen atoms as a molecule along the in-plane andance linef(v),

For Mg,NiH,, only hydrogen contributes to the relaxation
me because magnesium and nickel dipolar interactions are
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FIG. 5. The solid line corresponds to the calculated linewidth as

. . . a function of temperature. The solid marks are the experimental
When increasing the temperature, the motion of atoms,,es obtained by Hayasht al. (Ref. 12.

modulates the dipolar interaction and each atom sees the
time average of the local magnetic fiéff® Bloembergen ¢ the shape of the resonance line would be a pure Gauss-
etal”" established that only the Fourier components withia, gistribution, the full width at half intensity is given by
freque_ncy near zero contribute to the linewidth if the IocaIAV1/2:2_355V but this was not the experimental relation. In
field is fluctuating, Bloembergen-Purcell-PounBPP o experiments, the authors measured the full width at half
theory. 'ThIS theory conS|der§ the monqn of the atoms t,’ymtensityA vy and, using Eq(3), calculated the second mo-
expanding the factors of the dipolar Hamiltonian that containynent pefore and after the narrowing. The shape of the ex-
the position coordmatgs ina _Fouru_ar series. They redefine thﬁerimental resonance line was very similar to a Gaussian
mean square of the dipolar line width as distribution. The constant of proportionality between the ex-
perimental full width at half intensity and the square root of
5 3 21 the estimated second moment was 2.85 and 2.64 before and
(Av%)= @7 A7 +1)f_v Jo(»)dv. G after the narrowing, respectively. Hence, to obtain the full
! width at half intensity, we use a coefficient that is the average
The integral limits are of the order of the linewidtln,  Of the experimental values»,,=2.756v. Figure 5 shows
= £5v, wheresv= mandJo(v) is the spectral density the calculated fuII' Wl'dth at half intensity as a function of
of a function of the relative coordinates; see the Appendix. lémperature. In this figure, we show the experimental curve
At low temperatures, when all correlation timeg; are of Hayashiet al. _
extremely long, Eq(5) reduces to Eq(4) for a rigid lattice. The system for the calculation of the second moment of
The comparison between the experimental data and ouf€ rigid lattice consists of 4 protons within a Nildomplex
calculation involves the solution of the implicit equation, Eq. PIUS 48 protons located in the nearest 12 complexes and 24
(5), for Sv. In order to solve Eq(5), we write theF, as protons located at the secgnd—nelghbor complexes. _
functions of the angles used to calculate the jump frequency We calculate the narrowing that is produced by the motion
and use for the correlation times the inverse of the calculate8f Protons located in the same Njldomplex. Thus, the sys-

jump frequencies. Details of this calculation are given in thel€M consists of four protons. The rotations of the complex
Appendix. average out the local fields produced by intracomplex inter-

actions.

As can be seen in Fig. 5, there is a very good agreement
in the temperature range of the narrowing. Thus, as we only
As we mentioned in the previous section, we calculate theonsider the motion within the Niffcomplex, the narrowing
second moment of the resonance line because its square ramn be attributed to the averaging out of the intracomplex

is a measure of the resonance linewidth. Thus, we can coninteractions, as was suggested by Hayashil!2 The theo-
pare our results for the activation enel@ec. Il D) with the  retical temperature range is between 260 and 350 K, while
value obtained experimentally by Hayaséial!?'® from  the experimental range is from 270 to 340 K.
measurements of the resonance liBec. I). The details of The intracomplex contribution to the second moment is
the implicit solution of Eq.(5) are given in the Appendix. ~ 125.45 (kHz§ while the inter-complex contribution is
We calculate the second moment for the rigid lattice, tak-124.93 (kHz¥. These quantities can be calculated using the
ing into account intra- and intercomplex interactions and the/an Vleck formul&® or obtained from the EqA13) if the
narrowing of the line due to the motion within the NjH correlation timer. is very long. The sum of these contribu-
complex. The obtained solution is the square root of the sedions, 250.38 (kHZ), must be compared with the experi-
ond moment of the resonance lingy. mental value, 308.20 (kH2) The observed discrepancy at

B. Calculation of the linewidth
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low temperature in the rigid lattice linewidth can be ex-real motion and support the idea that the Niebmplex is
plained by the presence of paramagnetic impurities, inhomomoving as a molecule.
geneities, or defects in the experimental sample that can pro-
duce additional broadening of the resonance line. ACKNOWLEDGMENTS
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The contribution to the linewidth of the broadening pro- APPENDIX: CALCULATION OF THE LINEWIDTH
duced by spin-lattice relaxation is neglected. This broadening
was estimated using the formula given in Abragam’s ook
and the obtained value is of the order of 0kHz. The
intercomplex contribution will be lower because the interpro-
tonic distances are greater.

As we mentioned in Sec. IV B, we will resolve E@) as

a function of temperature for a system of four hydrogen at-
oms that form the Nild unit. The solution of Eq(5) involves

the calculation ofl,(») defined by’

3
Jo(v)=2>, Koj(7)€2™ " dr, (A1)
V. CONCLUSIONS =1 J -
We have studied the localized motion of hydrogen atomsyith
in Mg,NiH, and calculated the jump frequencies for in-plane
and out-of-plane rotations of the NjHInit. These jump fre- Ko;(7)=(F6’j(t+ T)FOJ('E)>=<F3,~(t)F0j(t)>e_ 7l 7e
quencies are A 10%e 12®VKT g1 and 3 (A2)

X 1013~ 0-6%VIKT g1 ragpectively.
We have looked for the nickel-hydrogen distance thatnd
minimizes the total energy of the rotated planar hydrogen
configuration at different rotation angles. In the in-plane Foj(t)=(1—3cosj)r;°. (A3)
rotation, the nickel-hydrogen distance is about 1.520 A but

tends to decrease with the increment of the rotation angle!N® SUM runs over pairs of magnetic nuclej; represents

For out-of-planeg rotation, the nickel-hydrogen distance the dipolar interection dependence wi_th the re.lative coordi-
along the rotation axis is constant and equal to 1.548 ANates of each pair, arkly is the correlation function df; ;
while the nickel-hydrogen distance for hydrogen atoms ouf’c IS the correlation time. _ _ _

of the axis has a similar behavior to the in-plan@otation. . 1€ objective is to write the dipolar interaction as a func-
The magnesium-hydrogen distance decreases because the figD of the rotation angles con_sudered to calculate the attempt
drogen position is closer to the magnesium position with thdUMP frequencies and the activation energigec. Il D).
progress of the rotation, but at the same time, the nickel- '€ Starting point is to write the cosine of the angle be-
hydrogen distance decreases. This indicates that the nickdlveen the mternuclear vector .W'th the. steady magnetlc_fleld
hydrogen interaction is stronger than the magnesiumf"s a function of tngopometnc functions of the working
hydrogen interaction. angles. These expressions are

These results support the existence of a Nitdmplex
discussed in our previous wdrwith a characteristic value of
the nickel-hydrogen distance of 1.5 A, in agreement with
the experimental value.

Using the results obtained for the jump frequencies, we
have calculated the NMR line-width. The obtained results
are in good agreement with experimental data. In particular,
we remark on the excellent agreement in the result for the COSOam — isin,B(COSa-i—Sina) (A4)
temperature range for the narrowing. In view of this result, 3 V2 '
the narrowing experimentally observed between 270 and 340
K can be understood by considering the relaxation of the Now, we have to write Eq(A3) for each pair as a func-
interaction among hydrogen at_oms_W|th|n the same complemOn of « and B

The excellent result for the linewidth calculation, obtained
by using the jump frequency determined by total-energy 1 3 3
minimization, indicates that the microscopic models for the Fo=— — —=si? 8+ ——sin 2a,
hydrogen motion proposed here are adequate to describe the a® 8 8

1
c0sf,=—=sinB(cosa—sina),

V2

cosf,= —sinBsine,
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1 3 4
Fo,=— — —SirB sirfa, Ko=—se V7,
027137 3 B 01 6
1 3 3 4
— T G T e K :_e—tlfc,
Fos e 2aBsmz,B 2a3$m 2a. (A5) 027 s
To calculate the correlation functidg;(7), each one of 4 .
theF;(t) may be written as a sum of terms composed by the K03=ge © (A9)
multiplication of functionsA(«), B(B), andC(r), i.e.,
. where 1f.=2/7,.
R Now, we have to calculate the Fourier transform of these
Koj(1)= 2 (AF(t)BF (t')Cf (1) Ap()Br()Cry(1)), expressions to havéy(v) [Eq. (A1)]:
I,m=1
(A6) 8(a®+2h°) Te
where Jo(v)= (A10)

5a%p% 1+ 47721/27% -
t=ter To obtain the dipolar contribution to the linewidth it is
As a consequence of the independence of the two motionsecessary to replace thk(v) expression in the implicit
each term of the average is written as a product of average efquation for ¢v)? [Eq. (5)]:
terms inA(«), in B(8), and inC(r):

ab+2ps
3 (ov)’=C——tan ‘(2w dv),  (AlD)
Koj(1)= X (AF(1')An(t))(BF (1')By() ab
hm=1 with
X(CF(t')Cp(D)). (A7) 6
Using the same assumption as in the BPP theory, the time C= 577 AT+ 1). (A12)

Z\S/erage of each factor in the previous formula is CaICUIateq‘his equation gives us the linewidth in units of the magnetic

field, and the conversion to frequency units is done multiply-

H 2 H —
A* (t+ 1) A1) = (A* () A(1) eV Tout ing by (y/2m)“. Replacing the values of, %, andl=1/2,
(AT (t+ DAR(D) = (AT (DAn(1))6 and usinga=2.18910% cm, b=3.096108 cm, and ¢
(B (t+7)Bp(1)) = (B¥ (1) By(t) Y&~ ¥7in, =1, the dipolar linewidth must verify

(6v)?=79.9094 tan*(2 7 7, §v) +124.928. (A13)

Cl (t+ 1) Cr(1))=(C (t)Cprp(t)yeYm, A8 . —_—

(CF (tF (1) =(CT(DCa(1) (A8) The additive constant represents the contribution to the sec-
where 7,,=1/v,, and 7;,=1/v;, are the inverses of the ond moment of the intercomplex interactions. The units of
jump frequencies calculated here using first-principle calcuthe linewidth are kHz.

lations, and 14,=1/7y,+ l/7;,. After some algebra, the The full width at half intensity is obtained usingyv,,
correlation functions are obtained: =2.756v.
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