
PHYSIC AL REVIEW 8 VOLUME 6, NUMBER 7 1 OC TOBER 1972
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Low-field transitions of LiF:Mn2' are studied in the X band. These transitions, for the
relatively simple situation when the magnetic field is parallel to a cubic axis, are analyzed
and attributed to two paramagnetic centers already known from previous works in X and J'

bands. One of these centers has an orthorhombic symmetry and yields forbidden transitions
of the type 6 (Sg) = +2, +3, ... , superimposed on some of the allowed transitions of alow-con-
centration center of tetragonal symmetry. The forbidden transitions produce the largest
contribution to the spectrum. Because of the importance of the crystal field terms involved,
the exact diagonalization of a Hamiltonian including Zeeman, crystal field, and hyperfine
terms, provides the zero-order eigenfunctions for the perturbation treatment of the resolved
superhyperfine interactions with the F ligands. The validity of the first-order approxima-
tion is established by explicit consideration of the second-order terms which in most cases
are found to be negligible. A general good agreement is. found between the experimental and

calculated spectra. Further study of forbidden transitions in this and similar systems, lead-
ing to information not accessible in the allowed spectra, appears feasible.

I. INTRODUCTION

Electron paramagnetic resonance (EPR) for-
bidden transitions have been observed rarely in
alkali halides. Most of the work done has been
concerned with hyperfine (hf) transitions of the

type ~ = + 1 and &m 0 0 (see, e.g. , Ref . 1) oc-
curring in the midst of the allowed ones. In the
case of paramagnetic centers displaying super-
hyperfine (shf) interactions the study of forbidden
transitions has not been undertaken so far. Here
observations are possibly only on those lines lying
outside the region of the allowed spectrum, i.e. ,
AM=+2, +3, . . . . There are several of such
systems in which the crystal fields (cf) involved
would induce this type of forbidden transitions
with enough intensity to be observable in X band

by means of the electronic averaging of successive
sweeps.

Several treatments of forbidden transitions are
available in which the cf and/or the hf terms are
considered as perturbations (see, e. g. , Refs.
2-4). Although they could yield a good approx-
imation in part of the present work, in general
the requirements of perturbation theory are not
fulfilled and the position and intensities of the
lines will be obtained from the exact diagonaliza-
tion of a Hamiltonian Ko including Zeeman, cf,
and hf terms.

On the other hand shf interactions terms yield
a resolved structure and, as it will become clear
later, they may be treated as a first-order per-
turbation to Xo. Some consideration should be
given to their second-order effects because they
may be observable under certain experimental
conditions; also, they are required in order to

establish accurately the validity of the first-order
approximation. Furthermore, since the Zeeman
term is not predominant, especially at the lower
fields, a certain dependence of the shf splittings
on the magnetic field is to be expected.

Previous work at 9. 5' and 35 GHz has de-
termined the symmetry and Hamiltonian param-
eters of an orthorhombic center in LiF: Mn ',
involving a chemical impurity X nearest to the
Mn ' and a Li' vacancy in second-neighbor posi-
tion [Fig. 1(a)]. A second center of tetragonal
symmetry in very low concentration has also been
observed [Fig. 1(b)] and its parameters have been
measured. Using this information, the low-field
transitions at 9. 5 GHz were interpreted as for-
bidden transitions of the orthorhombic center
superimposed on the allowed transition of the
low-concentration tetragonal center.

In what follows, our treatment of the forbidden
transitions will be specialized to the case of the
above orthorhombic center in LiF:Mn ', when
the magnetic field is parallel to the cubic axes.
The features and difficulties encountered may be
considered, however, typical of those to be ex-
pected in other cases.

II. EXPERIMENTAL

A conventional reflection X-band spectrometer
using a rectangular cavity operating at 9.4882 GHz
in the Tez& mode and with 100-KHz field modula-
tion was used. The signal-to-noise ratio was en-
hanced by accumulating sweeps in an electronic
averaging device (Computer of Average Transients
or CAT), triggered at the beginning of each sweep
by the signal from a proton probe. Linear sweeps
of 100 G/min were used. An external pulse gener-
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different and equally abundant orientations of the
paramagnetic center. The numerical values of
the cf and hf parameters involved in Eq. (2) are
given by a=436+6 6, I EI = 110+2 G, and A
= —92. 5+0. 5 G, with g=2. 030+0.001. Smallterms
such as the quadrupo1. ar, nuclear Zeeman, quartic
cf, and those coming from the anisotropy of the
hf tensor, will be neglected. A computer program
diagonalizes Xo in a standard I M) I m) basis set
and obtains its eigenvalues E~ and eigenfunctions
IN) together with the position Ho of each EPR
transition, its relative probability P (Ho) and cer-
tain matrix elements required in the calculations.
From properties of terms in Eg. (2) it can be
easily shown that eigenfunctions IN) split in two
different kinds IN; + 1) or I N; —1) in which all
the I Mm)'s involved are such that M+ m is always
odd or even, respectively. From this the following
two relations are obtained:

FIG. 1. Models for the two kinds of centers in-
volved. Heavy arrows (I to IV) show the directions of the
magnetic field corresponding to the spectra in Fig. 3.
Closed and open circles stand for Mn2' and F at, oms,
respectively, and the open square in (a) represents a
Li' vacancy. Forbidden transitions belong to the ortho-
rhombic center (a) where 1 to 5 refer to the numbering
of F 's used in Sec. III. The tetragonal center (b) yields
the allowed spectrum of weak intensity.

ator was used to advance the CAT addresses. The
sample was a 3&& 3&&9-mm LiF single crystal doped
in the melt with 10 Mn

' added as MnCl~. A mag-
netic field interval from 130 to 1360 G was explored
at room temperature and the crystal oriented with
its [100] axis parallel to the magnetic field. This
orientation was chosen because the crystal field
term attains its maximum value as was established
from observations on the allowed spectra, ' the
six possible kind of spectra are reduced to three
equally abundant ones, spectral sensitivity to mis-
alignment errors is minimum, and the shf patterns
involved are simpler.

III. THEORETICAL

The total Hamiltonian describing the system can
be written

where the summation term represents the re-
solved interaction with the ligands around the
Mn '. For H parallel to the cubic axes and ignor-
ing a constant term, the predominant part 3CO can
be written

ssl N;k)

(N k lS~ N~ k) 5

where k, k = + 1 are eigenvalues of the time-re-
versal operator. These relations will be used in
the perturbation treatment of the shf structure.

The nth term in the shf Hamiltonian appearing
in Eq. (1) is given by

~(n) y(n) A(n) S + + H y
(n) (5)

where I'"'= —„(u) refers to the nth fluorine and
runs from 1 to 5 [Fig. 1(a)j. The components of
A'"' along the o and m axes will be noted A' and
B, respectively. Following the assumptions of
Ref. 6, the principal axes of the tensors A '"' will
be assumed to be parallel to the cubic axes.
Furthermore, except for fluorine 4, the g and 8
values will be taken to be the same for all
fluorine. "

An extended basis I N) I v) will be used to handle
the additional quantum numbers associated with
the nuclear magnetic moment of the ligands, where,
in general„ the I v)'6 are appropriate linear com-

go

TABLE I. Crystal field parameters for three different
orientations I, II, and III of the orthorhombic center; p
and q refer to the axes perpendicular to the D axis; these
three axes have been taken parallel to the cubic ones.
The numerical values of the parameters involved are D
= 436 + 6 G, I E I =110+ 2 G (g~/g = 0.9864 + 0.0005).

To= g p~H +Sg,oSgz+( +S)S
+AI, S,+ ~A(S, I +S I,), (2)

where go and g& are given in Table I for the three

H llD axis (I)

H lip a is (Ir)

H ll q axis (III)

--.'(D+3 lE l)

——,'(D —3IE l)

--,' IE I

4(D —
I E l )

—.'(D+ lE l)
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with

for a].j. n, str1c yt ' tl holds for the shf structure. Up
to first or er&d the shf displacements in a I+&)

I N') transition, »e
l6H1= fg „anmn&

FIG. 2. Low-field region at 9.5 GHz no CAT used,
innin of the allowed spectrum at rightg" g go

and some of the weak intensity lines, s n -,
in the text.

binations of g„ I m„) functions, I m ~ being the
'g ' f I'"' In a first-order approxi-eigenfunctions o

mation and using re a 1on1 t' n (4) the diagonal elements
of the perturbing term given by Eq. . . y,5, ield

m„- „„',(6)Nm I3C'"'I Nm„) =m„[a„M(N)+g„p&H»

1 A or 8 ifthe(n) axis, respec-where a„equa s
t' 1 is parallel or perpendicu'cular to H, an1ve y,

sive admix-M(N) =-(N—= ( I S IN). Because of the extensive
ing of functions z mIM) I m) M is no longer a good

el-ber but in order to keep a paralle-quantum num er; u i
l use ~M toiSm W1 eu'th the usual treatment we shall use

~m =0character1ze rt ' t ansitions. Selection rule m„=

1 ~dENldHO + (lngMO)ga„m»
0AM 0 d+0 n

(8)
e d1ffer ence between qua

sociated, respective]y, with states I ) an
1 for allowedand evaluated at H= H0. Usua y, or

unit . Ontransitions the factor f' is very close to u
'

y.

h omewhat from one transition to another
see Sec. IV). These variations of f' come rom

nonlinear' ies o't' of the energy levels with the mag-
netic field (Fig. 4) and the fact that M is no onger
a good quantum number.

The calculation of second-order effects can be
carried out using standard methods of degenerate

e. . Ref. 12). How-perturbation theory (see, e. g. , Re.
ever since these effects turned out to be negligi-

relevant transi-
tions only some details are given in the Appendix

I
"
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for the case of orientation I [Fig. 1(a)]. As a rough
rule it was found that second-order effects can be
important only when

(NISqlN )(N I S I' N) )
N'4N

where q, q =z, —,+.

IV. RESULTS
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FIG. 4. Energy-configuration diagram for spectrum
I (H parallel to D axis) indicating the position of the cen-
ter of the different shf packets and their relative inten-
sities. The two first allowed transitions are shown at
right. A few forbidden transitions with intensities less
than 0.008 relative to the allowed ones are omitted be-
yond 600 G.

The experimental spectra show weak transi-
tions from 130 to 1360 G. Some of these transi-
tions were visible even without the use of the CAT
[Fig. (2)] with signal-to-noise ratio between 1 and
2. The intensity of the spectra within the region
studied was enhanced by a factor of (250)'@. More-
over, because of technical problems related with
the triggering signal, the enhancement obtained by
the CAT between 130 and 400 G was about one-
half that for the rest of the spectra.

Exploration with the CAT in the high-field side
beyond 5400 G shows the presence of a hf sextet
much weaker in intensity than the transitions at
low fields, which suggests the existence of a sec-
ond allowed spectrum arising from a low-concentra-
tion center. This point was checked by experi-
ments' at 35 GHz which confirm the presence of a
tetragonal center with D= 604+ 7 G and concen-
tration about ~0 the concentration of the ortho-
rhombic center. Exploration at this frequency of
high- and low-field regions did not indicate the
existence of other centers. Therefore, we can ex-
pect to find that at 9.5 GHz this center yields weak-
intensity allowed transitions within the region of
consideration (from 760 to 1180 G).

The experimental spectrum of Fig. 3 is very
complex and has a high number of transitions dis-
tributed in the magnetic field in a way which greatly
differs from the regularities encountered in allowed
spectra. The splittings among the experimental
shf lines range from 11 to 18 G (- 14 G being a
typical value), and the I'» from 5 to 10. 5 G (-8. 5

being a typical value). Furthermore, the abrupt
intensity variation of neighboring lines in certain
regions of the spectrum, suggests the overlap of
shf packets. The linewidths of forbidden transi-
tions may be expected to be essentially similar to
that of the allowed ones, since the main contribu-
tion to the linewidth can be attributed to unresolved
interactions with the neighbors. This includes the
interaction with impurity X, which is very likely
tobe OH .

The model proposed in Sec. III, and the param-
eters therein, yield three kinds of forbidden spec-
tra corresponding to different orientations of the
orthorhombic center. For the forbidden lines the
calculated intensity ranges from about 0.01 to 0. 04
times the intensity of the outermost allowed tran-
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which contributes the most to the forbidden spec-
tra (Fig. 5). The energy correlation diagram for
this orientation, without including the shf structure,
is given in Fig. 4. From this diagram and using
Eq. (7), we have calculated the shf splittings for
the structure I. Similar calculations were carried
out for II and III.

The calculation shows for the relevant transitions
that the left-band member of relation (9) is less
than 3&&10 . Therefore, second-order effects can
be neglected, i. e. , shf interactions can be ac-
counted to a very good accuracy by the first-order
approximation.

Figure 3, where the first-order approximation
with f, = 1 is used, shows a general good agreement
between experimental and calculated spectra. A
reconstruction of the experimental envelope was

FIG. 5. Calculated and experimental envelopes in the
range 1120-1360 G. Here forbidden transitions arise
from spectra I and II only. To obtain spectra I Gaussian
line-shape derivatives with I'&&=7.4 G were used for the
lines of shf packets centered at HO=1174, 1245, 1337,
and 1366 G. A first-order approximation was used to ob-
tain the shf splittings; small variations { 10%) due to
the nonlinearity of energy levels with H, were considered.
Similarly, spectra II were reconstructed centering shf
packets at H() =1165 1233 1265 1323 G and using
Gaussian derivatives with I'&&=10 G; no variation in the
splittings was found. The center of the first, shf packet
of the allowed weak spectrum IV {not taken into account)
is shown at H()=1180 G.

TABLE II. Partial list of forbidden transitions corre-
sponding to a Hamiltonian Q which includes Zeeman,
crystal-field, and hyperfine terms. The transitions shown
arise from three possible orientations I, II, and III of an
orthorhombic center. Ho and P are the position and rel-
ative intensity of transitions, respectively. M, M' and
m, m' are diagonal elements of S» and I», respectively,
involving the eigenfunctions corresponding, in each case,
to the two levels linked by a transition. Errors in Ho
arise from uncertainties in the Hamiltonian parameters
and from the +5-6 accuracy of the calculation. In I the
forbidden transitions belonging to the range 200—1370 G
and with relative intensity P 0. 15, or else intensities
arising from near coincidence of several transitions are
shown. Several ones involving a quasidegenerate level
are also included for illustrative purposes and an index
d indicates this type of transitions. In II and III all tran-
sitions in the range 120-1400 G, respectively, with P
& 0. 14 and P &0.13 are included.

sitions of the orthorhombic center. These lines
should be easily observable after 1V= 250 sweeps
according to the following formula, which com-
pares the signal-to-noise ratio (s/n) for a forbidden
(F) and an allowed (A. ) transition:

Ho (G

201 w 16
205 i 13
201 4 l7

—0. 225
2, 375
2 ~ 443

—2. 368
—0. 419

0. 306

0 07
1 527

—0, 477

2.467
—1.017
—0.374

P

0. 100

A ppA (10)
286 + 13
441 a 6

2. 470
2. 475

—0.484
—2. 346

—2. 490
—2. 491

—1.230
-2, 495

0. 111
0 057

In this expression, iA, & are the calculated intensi-
ties. Thus, in our case we have

0. 1/10 i~/ig ~ 0.4/10 .
Besides, for the central shf lines of the type-I al-
lowed packet experimentally one has (sjn)„-20,
which yields 3 ~ (s/n)~ & 13. Therefore, the cal-
culated forbidden lines should be visible after 250
sweeps with the signal-to-noise ratio found experi-
mentally, provided that they are not excessively
widened (Fig. 5).

The orientation with the magnetic field parallel
to the vacancy axis (structure I) is by far the one

051 i 6

031 $6
547 &13

567 a 13
667+ 13
7011 7
741+7
73117
761 +6
794 w6

902+6
1023+ 6
1176 s:5
1174 i 6
1245 + 5
1337.-t 5
1366 t 5
1410 s 25c

2. 469
2. 477
2e 470

2. 463
2. 470
1.380
2. 469
1.417
1.368
1.424
l. 392
1.416
1.431
l. 448
1 ~ 446
1 445
1.462
2. 488

—1.962
—2. 097

0 583

—0. 497
—0. 534
—0. 758
—l. 862
—0. 787
—0. 822
—1.100
—0. 945
—1.002
—1.402
—1.065
—1.380
—1, 480
—l. 411

l. 463

—1.486
—2. 492

2 5PP

0 515
1.509
1 454
0. 513
2. 472
0. 452
2. 475
0 533
1 515
0 522
2. 493
1.478
0. 478
2. 494
2. 495

l.643
0.609
0.712

1.009
2. 235
0. 792
0.290
0.366
0. 840
0.965
0 517
0.203
0. 127
l. 117
0.386
0.417
1.267
2. 487

0. 128'

0. 188
0 145
0.234
0. 053
0. 179
0.265
0. 149
0. 218
0. 228
0. 081
0.210
0.332
0.392
0. 137

10.085
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parameters involved ." However, this in forma
ti on may be available underdifferent experimental
conditions

Resultant intensity of three nearly
tions

These transitions were considered
tionof the envelope shown in Fig. 7

First allowed transition

coincident tran si

in the re construe

A good agreement w as found between the 1ow
fie1d experimental spectra and the calculated ones .
The latter comprise the forbidden transitions of
an ortho rh om bi c center superimposed on the a1-

lowed lines of a 1ow -concent rat ion tetragonal cen-
ter

For the considered magnetic fie1d orientation
the shf interaction can be treated to a very good
approximation as a first -orderperturbation, ever
since the second -orde r effects are in general ex-
ceedin g1y small . Even in a first -order app roxi
m at ion the shf sp littin gs can be expected to change
somewhat from one packet to another

It becomes apparent from this work that the
study of EPR forbidden transitions inLi F is fea-
sibleand that it could yield additional information
not available by merely focusing our attention on
the allowed spectra

done in the region between 1 120 and 1360 6 in which
there is superposition between transitions be1on g in g

.to the spectra I and II (Fig. 5). The shf splittings
were obtained from Eq. (7). For the spectrum of
structure I, the factor f, predicts s ma 11 variations
in the splittings, within + 10%, while for spectrum
II this factor is very close

to

unity�.
The second

term in f& turns out to be negligible in both cases
The second -order contribution to the shf displace
ments [see Eg. (AB)of Appendix ] may affect some
what the outer 1in es in each sh f packet in spectrum
I while leaving the central lines almost unaffected
We have thus neglected this correction . The re
constructed en ve1opes of Fig . 5 clearly show th at
in the superposition of the spectra I and II, to ob

tain the experimental envelope, tbe spectrum I
predominates

Table II gives the ca1cu 1ated central positions
HpM M, and relative intensities of several
important transitions . Since most of the relevant
ones are of the type M M - —M their calculated
Hp values remain almostunaffected by the uncer
tainty in the parameters D and E. However, in
some others (mo st1y of weak intensity, and at 1ow
field) this yields the largest contribution to the
ov er -a11 error in Hp ~

In general the program y ieldsHp within + 5-G
accuracy, a precision comparable to that of ex

per

i

ment�.

The influence of the small terms ne
glected inEq. (2)was found tobeentirelywithin
thisrangeof uncertainty

The superposition of the allowed(IV)on the al
ready complex forbidden spectra g reatly hinder s
the attainment of additional information about the

Many thanks are due to Dr. G. Blanc forexperi-
mental assistance in the initial stages of this work,
to Dr . G. Oliver for providing u s with a diagonal-
izing subroutine, and to 6. Mata, J. Ser ra, and

F. Kaiser for technical help . Special recognition
goes to the Un iversida d Cen t ra1 de Venezuela Com-
putational Center

Second-order effects, both on the energy levels
and on the selection rules, are determined by the

TABLE III. Matrix e le ments g' I E~ I A) involved in the
calculation of the supe rhyperf inc second-order effects. The
operator involved in the mixing of states I X)= I 8;m, ) I I
m q ) I m 4 ) is E = —B'I + 4g ' +g '

) (I . +I ) + 4 (Q
' —g '

)
x(I ~

—I, ), where I '=I '+I, I =I '+I 5', and I "'hae
been associated w i th the Mn~'-n th 1ig and(1 and 2 1ig ands
are on the axis parallel to the magnetic field) ~ &m

m& —m&, where l =a, b, 4. Condition(I ')'=I ' is im

plicit . Matrix elements for cases', =&m4 = 0, &m
2;&m, =o, &mq=Dm4=+1;and&m, = —&m&=+1

&m 4
= 0, are obtained, respectively, from the formula

appearing in second to fifth row, bychangi ng the sign of
my, m4, +2, and

&m, &mb&m4g' I F~ I A)
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TABLE IV. Matrix elements (V l E~Ev I X) involved in
the calculation of the shf second-order effects. Cases
bm~=bmq=+ 1, ~m4=0, and~ =~4=+1, ~&=0 are
obtained, respectively, from the first and second rows by re-
versing the sign of m~, m4, 8, and B'.

W = o„E,+ v„(E + E, ) + v, F F, + v, I,F
with

(As)

Using relations (3) and (4), W can be written more
explicitly as

dippy Amf, &m4 Q,
'

l I"~ I ~& = Ã I I" I"+] ~&
o, , —= (NIS, C„S,IN& (q, q'=z, +, -) (A4)gl Tl 0

pl. 0 +1

0 +2 0

0 +1 +1

( mf, 0 mf, ~I &&+2(g +g ) B'&Q'+B')+6

~m, ,~l/2

»~,.«e &

(g +6 ) 6 I/2 gA'B'D2

and for orientation I [Fig. 1(a)] assuming the same
A', B' values for all A""', the nuclear spin op-
erators E, are given by

'This relation holds only when X' &X. F,=X'I', +B'(I', +I,'"), (A5)

matrix elements of operator

w-=&HIVC„VIIv&,

where

I N N'I
C„= Z .— and V=K &'"' .

N'&N +N EN' n

(Al)

(A2)

E, = ,'BI', +——,'(4'+ B')(I,'+I,'4') —,'(A ' —B')(I",-I', '),
(A8)

where equivalent spins have been conveniently
added, i.e. , I"'+I'"=I' and I'"+I'"=I [Fig.
1(a)].

In the

basis the diagonal elements required in the calculation are

Wqq —— vga[A' m, + B'(mq+ m4)) +v„s(A' B' )[2I-(I +1)—1 —2m]]+(aB') ((v, +v,)[I'(I'+1) -m~)

-(v.--v-. )m. 1+ a(A"+B")(v. +v-.)[I'(I'+I) -m'+-']--'(A. 'B')(v, - —v, )(n +m ) (AV)

whereas the nondiagonal elements S'». can be ob-
tained using Tables III and IV.

A straightforward 2& 2 diagonalization handles
the first-order degeneracy still present in the
I)t& set (V» —V, , =0, if &m~ = —&m4= +1 and
&m, = 0) and yields the appropriate I v& func-
tions. 8„„is the second-order correction to
the energy levels and the intensity of transitions
of the type v' & v is given by

P(H, ) ~
VV V V

these transitions involve the reorientation of two
nuclear spins (see Tables III and IV} and turned
out to be far too small to be observable.

The W'„„'s are related to the second-ordercon-
tribution to the shf displacement by

&W„„+a(dHt) A(d /dHa)(E„+ V„„)
~(d/dH, )(E„+V„.) (A8)

where dH, is given by Eq. (8) in the text. Clearly
the determination of the sign of A' and 8' from the
asymmetries of the shf pattern, is possible only
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Nuclear-magnetic-resonance measurements of spin-lattice relaxation time, Knight shift,
and linewidths have been made for H and 5Sc contained in SOHo 3y, Rigid-lattice proton
linewidths indicate that the hydrogen is randomly located among two interstitial sites in hcp
scandium. Both the spin-lattice relaxation rate and Knight shift for 4'"Sc decrease relative
to the values for scandium metal in such a manner that the Korringa product remains con-
stant. Diffusion parameters are determined from the proton data.

Nuclear-magnetic-resonance (NMR) methods
have been used extensively to study transition-met-
al hydrides. Information relating to the electronic
band structure' and hydrogen diffusion param-
eters and at least some indication as to the
atomic conf iguration ' have been obtained. How-

ever, studies directed at intrinsic properties of
hydrogen-metal systems as a function of hydrogen
content are severely limited due to the large iwo-
phase re gio n pre sent in most transition- metal hy-
drides. '

Scandium metal is unusual in that it can absorb
relatively large amounts of hydrogen without under-
going a phase change. ' Consequently, appreciable
changes for the experimental properties relative to
the elemental metal or hydride can be expected.
The purpose of this paper is to report measure-
ments of spin-lattice relaxation time, Knight shift,
and linewidth measurements for 'H and Sc con-
tained in ScHp 37 .

Spin-lattice relaxation times were measured by
conventional phase-coherent techniques. Line-
widths and Knight shifts were determined from
spectra obtained using a Varian Model No. 4210
spectrometer. The shifts mere measured at room
temperature and the metal relaxation time was de-
termined at Vv and 300 K. The resonance frequen-
cies were 16 MHz for cw work and 25 and 10 MHz
for 'H and 'Sc transient work, respectively.

The sample was prepared by exposing elemental
scandium to hydrogen. Care was taken so that the
hydrogen pressure never exceeded the equilibrium
vapor pressure of the solid solution, so that no
phase transition was likely. Subsequent x-ray pat-

terns confirmed a hexagonal structure which was
slightly expanded over scandium metal.

Both the Knight shift and spin-lattice relaxation
rate for 'Sc in ScHp» decrease from the elemental
metal values, ' indicating a decrease in the density
of states of the conduction electrons at the Fermi
energy. Table I summarizes our results together
with the metal and dihydride data. The Knight
shift is found to be 0. 14%%uo, which is intermediate
to the metal and dihydride values of 0. 24 and 0. 0'7/p,

respectively. Similarly, we estimate T,T to be
4. 9 sec K compared to 1.6 and 25 sec K for metal
and dihydride, respectively.

Since the 'Sc line is broadened by quadrupole in-
teractions, considerable caution should be taken
thai the measured T& actually reflects the spin-lat-
tice relaxation process. The low-power transmit-
ter used in the present work was incapable of sat-
urating the resonance even with the use of a com-
bination of pulses. In view of this we employed a
three-pulse sequence so that only —,-2 transitions
were excited. Under these conditions a system of
spin 2 yields ~8 T for the initial magnetization re-
covery rate. Due to this procedure for finding T, ,
its value should be regarded as approximate.

Nuclear-resonance parameters for "Sc in scan-
dium metal undoubtedly reflect contributions from
4 as well as s states similar to other 3d metals.
Consequently, the monotonic decrease in K as hy-
drogen is added indicates a reduction in density of
states for both these atomic symmetries, This
conclusion can be made somewhat more quantitative
by following the analysis of Schreiber. ' In brief,
he parametrizes the Korringa product as


