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It has been recently shown that the variation of spectral linewidth as a function of temper--
ature in sharp optical spectra can be adequately explained in terms of phonon-ion interactions.
A detailed analysis of the 3H, — 3P, transitions of Pr’" (1%) in yttrium aluminum garnet (YAG)
has allowed the analysis of the resultant line-broadening effect into its component ion-relaxa-
tion processes, each having its own temperature variation. Our results show that it is nec-
essary to include the temperature-dependent direct phonon processes, if agreement is to be
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reached between the theoretical expression for the linewidth and the experimental data. In ~
many previous studies these processes had been included only as a constant factor, indepen-

dent of temperature.

The coupling parameters for these transitions have been determined

and are consistent with the nature of the YAG lattice.

1. INTRODUCTION

Whenever an impurity ion is placed in a host lat-
tice there is an interaction between it and the sur-
rounding lattice. This interaction takes two dis-
tinct forms. The first is a static interaction via
the surrounding crystal field to produce a crystal-
field splitting of the free-ion energy levels. The
second form is a dynamic type of interaetion via
the surrounding phonon system which results in
observable temperature-dependent effects on the
optical spectrum of the ion. Such an interaction or
coupling between the ion and the lattice is observed
as line broadening, line shifting, or the production
of vibrational sideband spectra. A study of any
one of these observable effects as a function of tem-
perature gives us valuable information concerning
the strength and type of interaction taking place
between the ion and its surrounding phonon system.

To determine the extent of such interactions in
yttrium aluminum garnet (YAG) we chose to dope
the lattice with a small amount (1%) of Pr®. Being
a rare-earth ion, Pr3* has narrow spectral lines
at low temperatures in most compounds because
of the shielded nature of the valence 4f shell. The
resultant small interaction with the crystal-field
potential means that inhomogeneous broadening,
due, for example, to strains in the lattice, will be
small and will allow us to freely study the tem-
perature-dependent homogeneous line broadening.
A low percentage of dopant ensures that there is no
exchange of pair interactions between neighboring
ions and that the lattice is not disturbed to any
great extent at any particular locality. This means
that each ion should have nearly identical surround-
ings except for any local strains in the lattice.

Pr®* has an ideal electronic transition for such
studies. It is the transition from the ground-state
multiplet 3H4 to the isolated singlet excited-state
3p, level which occurs in the visible region at about
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5000 A. Any line-broadening effects observed in
these transitions must then arise from ion-relaxa-
tion mechanisms within the ground-state multiplet.
The chemical substitution of Pr®* for Y** provides

" no difficutly due to their similar physical and chem-

ical properties. Such a substitution leads to little
distortion of the lattice.

The crystal structure of the garnets is quite
complicated, but from a macroscopic viewpoint the
overall symmetry is that of a cubic nature. The
first extensive study of the garnet structure was
carried out by Yoder and Keith.! Geller and Gilleo®
have since carried out a detailed study on yttrium
iron garnet (YIG), YsFe,(FeO,);. Spencer ef al.®
have made physical measurements on the garnets,
which include acoustic wave velocities, elastic
stiffness constants, and x-ray densities. In general
the rare-earth ions can be pictured as being situated
in distorted cubes with a point symmetry of D,.

The crystal-field potential for YAG has been
determined by Hutchings and Wolf? using a point-
charge model and experimental data for Yb3* in
YAG. Using Stevens’s notation®

J'Ccryst = sz; qu ’

k,q
with 2=2, 4, 6, and ¢(=k)=0, 2, 4, 6, we have
V=Bla03+ Bia O
+ BBOY + B3BO%+ B13O;
+ By O} + BZy O} + BgyOg + B& 0§,

where Of are the angular momentum opérators given
by Stevens; @, B, and y are the Stevens multiplica-
tive constants ®, with =2, 4, and 6; and B{ are
the crystal-field parameters B = AX»*) tabulated
by Hutchings and Wolf* for YAG.

In recent years several experiments have been
carried out on various impurity-doped lattices to
determine the extent and nature of spectral line

22



5 SPECTRAL-LINEWIDTH STUDIES OF Pr®‘... 23

broadening. McCumber and Sturge®® have carried
out experiments on the R lines of ruby while more
recently Kushida and Kikuchi® have extended this
study to the R, R’, and B’ lines. Imbusch et al.®
have also studied the 2E — *A, lines of Cr®* and V**
in MgO, but it is only recently that studies have
been carried out on the rare-earth ions. Yen,
Scott, and Schawlow!! investigated the phonon-in-
duced relaxation of Pr® in LaF, while Kushida'?
used Nd* to study YAG and calcium fluorophosphate.
All of these investigations, except for the detailed
study by Yen ef al., have concentrated on the
Raman-type relaxation process, which is the dom-
inant one at higher temperatures. The direct-
process terms have been ignored as a temperature-
dependent component process by being treated as an
additional constant in the zero-point width. Our
investigations show that they are necessary com-
ponents of the temperature-dependent linewidth con-
tribution and must be included if the experimentally
observed temperature dependence is to be fully ex-
plained.

II. EXPERIMENTAL DETAILS

The sample used was a single crystal of YAG
doped with 1% of Pr¥, i.e., Pr¥ ,;¥*, ;A1%.0%",
with a mass of 0.2768+0.0001 g and a thickness of
3.4+0.1 mm. They were grown by slow cooling
(2°C/h) from the melt in the presence of an excess
of PbF,-PbO flux, in a closed platinum crucible.

A temperature gradient from the top to the bottom
of the crucible resulted in a few large regular crys-
tals growing inside the melt, instead of many small
ones on top. The crystal sample used in the ex-
periment was cut and polished with two parallel
sides.

The absorption spectrum was observed with the
use of a Hilger-Engis Monospek 1000-grating spec-
trophotometer. Being a plane-grating symmetrical
Czerny-Turner spectrophotometer, it had inter-
changeable gratings, separate fully adjustable curved
slits, and a focal length of 1 m. In the visible re-
gion a CSIRO 4-in, grating was used which was
blazed at 3000 A. For the near infrared, a Bausch
and Lomb 10-cm grating gave a dispersion of 16 A/
mm at a blaze wavelength of 10000 A.

The spectrum was recorded with an IP28 photo-
multiplier attached to the exit slit, connected via
a Perkin Elmer 107 amplifier to a Servoscribe
potentiometric chart recorder.

A liquid-nitrogen Dewar and a “Hoffman” liquid-
helium cryostat were used to cool the sample to
77 and 4.2 °K, respectively. To obtain variable
temperatures from 4. 2 to 300 °K, two methods
were employed. For temperatures near the two
cold points, an Ether variable temperature regulator
was used, and for higher temperatures (> 100 °K)
the spectra at various temperature points were ob-

tained by merely allowing the sample to warm up
after the coolant had evaporated. In this way tem-
peratures to within + 1 °K could be obtained for any
particular linewidth recording.

The resolution was tested using the 3131-A Hg
doublet, and was found to be better than 0.18 A
(0.7 cm™* at 5000 A).

III. THEORETICAL REVIEW

As indicated previously, phonon-induced ion-
relaxation mechanisms have been used successfully
to explain the observed thermal broadening of sharp
optical spectra. The nature of these ion-relaxation
mechanisms has long been established by Van
Vleck, ' Scott and Jeffries, !* Yen et al., !! and many
others. The following paragraphs summarize the
relevant theoretical expressions and their relation-
ship to thermal line broadening.

The Hamiltonian describing the system of an im-
purity ion in a host lattice is

H=5Ce+ V+3C,+3C; , 1)

where 3, is the free-ion Hamiltonian, V is the crys-
tal-field potential, 3C, is the Hamiltonian describing
the phonon system, and

3,220 (afay+3)w,. ‘ (2)
k

3C; is the Hamiltonian describing the interaction
between the phonon system and the ion:

7 1/2 +
ey = <W> Cwé/z(ak—ak)

R

n
+§ <2M'U?> Dwé/zwg/z(ak - a: )(ak' - ag,)-}- eee
(3)

Therefore,

3¢ =3¢, +3C; ++ -0,

where g, and a,I are the annihilation and creation
operators for phonons in the kth mode, w, is the
frequency of the kth mode, C and D are the first-
and second-order crystal-field coupling operators
operating on the electronic states 1A4;), M is the
mass of the crystal, and v is the velocity of sound
in the crystal (=w,/k). '

The width of a spectral line has two basic com-
ponent types: an inhomogeneous width and a homo-
geneous component. Inhomogeneous line broadening
arises primarily from random local strains in the
lattice, which result in different ions in the lattice
having slightly different crystal-field environments.
The net result over the whole crystal is a finite
temperature-independent linewidth component
which, because of the randomness of its origin,
produces a Gaussian line-shape component.

Together with this constant zero-point width there
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FIG. 1. Direct one-phonon relaxation processes.

is an homogeneous component which increases
rapidly with temperature. This component stems
from the various ion-relaxation processes which
can occur in competition with the optical excitation
of the ion by the absorption of a photon of light.
These ion-relaxation processes are induced by the
phonon system surrounding the ion, as energy
transfers can take place between them. Thus ion-
lattice interactions, described by the interaction
Hamiltonian 3¢;, allow ion-relaxation processes to
occur which, through their relaxation probabilities,
give rise to homogeneous temperature-dependent
line-broadening effects.

Each type of ion-relaxation process has its own
contributing probability which will lead to a broad-
ening of the electronic level A;, and hence to the
broadening of the optical transition A; ~ B. Thus
the total homogeneous linewidth component can be
separated further into components corresponding
to each possible relaxation mechanism, each hav-
ing its own peculiar temperature dependence. The
strength or magnitude of these linewidth components
will depend naturally on the amount of coupling be-
tween the ion and the lattice. If the probability of
an ion relaxing from its electronic state to a neigh-
boring one is small, due either to the nature of the
eigenstates involved or to the small amount of
coupling between the ion and the lattice, then the
linewidth of the optical transition will be narrow.

We must consider the contribution of each type
of ion-relaxation process to the final total spectral
linewidth.

For direct one-phonon relaxation processes,
which consist of the direct absorption nr emission
of a phonon (see Fig. 1), the transition probability
is

GOURLEY 5

wi= 53/12%27[ { jZ)Q wiy Plwgy) |4yl €A 2 [Pylwyy) +1]

+23 wyy plwyy) [ (4, lclay| 2Py(w;;) }

=E TTB” [Po(w”)‘*‘l]"'z TTBU Po(w”), (4)
i<i i>i

where p(w;;) is the detailed phonon density of states
at frequency w;;, and

Po(w“):(enw”/KT_ 1)-1 (5)

is the thermal phonon population of the &(w;;) mode,
which equals 0 at 7=0°K. Thus,

WP=2J ng;; at T=0°K.

i<i

mB;; is the direct-process linewidth parameter
w,;
i = Mvgﬁ plw;y)| <Ai,C’Aj>’2 (6)

and is dependent on p(w;;), M, v, the energy gap
Zw;;, and the amount of coupling between the states
|A;) and |A;) by 3¢;. Thus 78;; gives a direct mea-
sure of the strength of the ion-lattice interactions.
The temperature dependence of this term arises
only through the phonon population Py(w;;) given by
(5), and at higher temperatures this approaches
a direct proportionality relationship (see Fig. 8).
Multiphonon direct processes allow relaxation
to states separated by an amount Zw,;; > K@®p. As
single phonons of this energy do not exist, relaxa-
tion can take place only by the simultaneous emis-
sion or absorption of two or more phonons (see
Fig. 2). High-order perturbation theory shows
that the transition probability for these processes
is approximately temperature independent and
negligibly small in our temperature range. Thus

W/ ~constant N ")
and
WE>We>eeo> W,

The dominant linewidth component at tempera-
tures above 50 °K arises from Raman-type relaxa-
tion processes. These multiphonon processes can
be considered classically as the scattering of a
phonon by the impurity ion, in which the ion loses
or gains energy from the collision to relax to a
neighboring electronic state (see Fig. 3). Quantum
mechanically the ion simultaneously absorbs a
phonon and emits another, the difference in energy
between the two phonons being the amount by which
the ion is excited or relaxed (see Fig. 3). This
second-order process has a transition probability
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FIG. 2. Direct N-phonon relaxation processes.

W which may be calculated by applying 3¢’ in sec-
ond order and 3¢’’ in first order:

277 _ op/T xSex
WE= ai(T/®p)7/0' (ex—_l)zdx ) (8)

3= =L [g2, 9% (KO (5 2
;= K@, [a,—+ 81T4Em < 7 (,7.;11 |<Aj|D[A1.)[

(A, ICIADIZ1{A,ICIADI?
+i£k EjkEki >] ’
4 2
3n <I_{@_D> <<AAD‘A1>_E I(AEIC|A‘)I_)’
-3
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assuming a Debye phonon density of states. The
integral £4(®,/7) in (8) has been tabulated by
Ziman.

Collecting these homogeneous components, which
all form Lorentzian line shapes, we have, for the
ith level, the total contribution to the linewidth re-
sulting from 3C; as

A= WP+ Wi+ WE

=20 7By [Polw;;) +1] +§1 mBi; Polwyy) +N

i<i
2r —(TY , () . (9)
Y "‘i(%) ‘E“(T)

Therefore, the total linewidth of the optical transi-

tion i—~ B is

A= Ai + AB + Astrain . (10)

1IV. EXPERIMENTAL RESULTS

The optical transitions studied were those from
the lowest triplet levels of the ground-state multi-
plet 3H4 to the excited-state singlet level P,. The
observed energy-level scheme is illustrated in
Fig. 4. The position of the ®P, level is in agree-
ment with the previous experimental results of
Hooge!®: 20533.2+0.2 cm™ compared with his value
of 20533+3 cm™. Our values of the ground-state
triplet splitting [measured at 7=90+ 3 °K] agree
with his average values for all levels, but not with
his particular observations for the 3P, transitions
(see Table I). Measurements of the width of these
three transitions were made at an absorption coef-
ficient value of half-maximum for each line. Tem-
peratures ranged from 7 to 300 °K. Variation of
linewidth as a function of temperature is shown in
Figs. 5-7. Linewidth measurements for transition
II were only possible at low temperatures because
of its low transition strength, which suggests that
it is a T'y(n=2)—~ I';(1 =0) transition, forbidden in
D, symmetry.

The theoretical linewidth curve can be obtained
from Egs. (9) and (10). The assumptions made
are that, for the ith level, only interactions between
levels of the ground-state triplet are included, and
that, for level B, Agz=WF only. Therefore we have

A=A+ WE+ A,
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5
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FIG. 3. Raman relaxation processes, the simultaneous
absorption and emission of a phonon.
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FIG. 4. Experimental energy-level scheme.

—Wi+-2—(ozl+ag)( >‘g’6< >+A (11)

with ap < @; and N¥0. A @ of 750 °K was taken
for YAG 2 which gives K@, ~520 cm™,

The first assumption can be made because the
next highest level of the ground-state manifold is
about five to six hundred wave numbers away, which
is greater than K@®p and large compared with the
splittings of the triplet (~50 cm™), Similarly for
the 3P, level, the nearest level is 200 cm™ away,
which means W2 ~0 and aj will be very small.

From Eq. (11) the theoretical curve for transi-
tion I has the form

A =1Byz Py(wip) +7B13 Pylwss)

o )55( 2,

Using a computer program, this expression was

TABLE I. Comparison of ground-state triplet splitting.

Hooge (Ref. 16)

Expt Av 3p, transitions

(em™) (em™) (em™
19.1+0,2 19 20
50.4+0.2 50 46

fitted to the experimental data to obtain the line of
best fit (see Figs. 5-7) and the parameters TBijs
a,;5, and A,.. With each graph of the experimental
points, the theoretical linewidth components and
the total resultant linewidth have been drawn using
these best-fit parameters. The parameters are
tabulated in Table II for the three transitions.

The lines of best fit for transitions I, II, and III
are

A(T)=1.19+0.10P,(w;,) +0. 001 Py(w;3)
T\, (0o .
+334.2(5;) £6<—TQ>0m 1

Ap(T)=1.40+0.10[Py(wyp) + 1] +0. 42Py(wss)

(BN )

Ay1(T)=0.76+0.001[Py(w,5) +1] +0. 42[ Pylwsg) +1]

19.5(Z 0(82) em

A parameter fit could not be made for transition II

_because of the small number of data (Fig. 6 is a

hand-drawn line of best fit).
could not be obtained.
Errors associated with these measurements are
+3% in the linewidth A; and +1 °K in the tempera-
ture measurements. A greater fluctuation of the

Thus a value of a;,

0
A A‘(cm"‘)

S Dy = Dgr*lp * At OR

2F Sle
° *
1_
, . Bn
0 100 200 300 TCK)
FIG. 5. Experimental and theoretical temperature

variation of linewidth for transition I.
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FIG. 6. Experimental and theoretical temperature
variation of linewidth for transition II.

data points (A, T) was observed particularly at lower
temperatures because of the difficulty associated
with measuring the actual sample temperature.

Our assumption that the thermocouple followed
faithfully the temperature of the sample portion in

JAN
(em™) *

1 1
8l By=BgfBgt Bg* O

Dgr

, , Dl
0 100 200 0 1K)

FIG. 7. Experimental and theoretical temperature
variation of linewidth for transition III.
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the beam, as the temperature was varied, probably
contributed to the observed scattering.

To illustrate clearly the respective T dependences
of each type of relaxation-process contribution,
log-log graphs have been plotted in Figs. 8-10 for
transition I.

V. DISCUSSION AND INTERPRETATION

From Figs. 5-7 we can see that the theoretical
linewidth expressions given above fit the experi-
mental data quite well. The relative magnitudes
of the parameters agree with the amount and type
of coupling we would expect between the levels.

We find 745~ mBs3, as we would expect from the
energy-level scheme. 7B;3<<mB;, and 7B;3 because
the separation between the two levels (1 and 3) is
the largest of all. The direct relaxation process
3—-1 also has a competing process 3—-2~-1, which
we would expect to have a higher probability. The
two separate determinations of 73,5 both agree to
an order of magnitude and give 78,3 ~0. This is
encouraging in the light of assumptions made pre-
viously that levels with a separation greater than
200 cm™! have negligible contributions to the line-
width of a particular level.

The apparent poor correlation between the values
of Ay obtained for the three transitions can be ex-
plained by the high errors associated with these
values, and by the removal of the assumption that
Ay is independent of the levels involved. Hutchings
and Wolf* have shown that for the garnets the
values of the second-degree crystal-field param-
eters V? and V2 are extremely sensitive to the ex-
act position of the impurity ion, and hence to the
presence of any local strains in the lattice. This
could explain the relatively high values of Ay ob-
tained, and also the observed variation with the
levels involved. We would expect fluctuations in
VY and V2 to affect different electronic levels in
quite separate ways. (See Ref. 12, p. 507.)

With the linewidth parameters 73;; and a;5 known,
we should be able to obtain estimates of the matrix
elements (4;|CIA;) and (4, DIA;) by using Egs.
(6) and (8). Final determinations, however, rest
on a detailed knowledge of the phonon density of

TABLE II. Linewidth parameters for the 3H,— %P,
transitions of Pr®*:YAG.

Transition (cm™)

Parameter I II 11
Ag 1.2+0.4 1.4+0.4 0.8+0.4
TB1a 0.10+0, 01
mB1g 0.001+0,0001 0.001+0.001
a3 0.42+0, 01
ay (5.6+0,1)x10726
o (3.3+0,1)x107%
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Gz=1.16 FIG. 8. Natural logarithm of the
! direct-process linewidth contribution

T=30 °K plotted against In(temperature).
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states p(w;;) at frequencies w;;. If these were ob-
tained from the vibrational spectra surrounding the
no-phonon line, using the relationships for the in-
tensity of the sidebands given by Yen, ! the matrix
elements (A;|Cl|A;) could be determined.

It is of interest to compare the parameters ob-
tained from our experiments with those obtained
by Yen' for the same transitions of Pr®* in LaFs.
(See Table III.) It is obvious that the direct process
is a much stronger contribution to the resultant
linewidth in LaFg than in YAG. Thus the amount
of ion-lattice interaction in first order appears
very small for an ion in the YAG lattice as com-
pared with the similar interactions between the
ion and the LaF; lattice. This tendency to behave
more like a free ion when in YAG is shown even more
obviously when one compares the over-all magni-
tudes of the linewidths at, e.g., 200 °K (see Table
1V). This small ion-lattice interaction is in keep-
ing with the general physical characteristics of the
garnets and, with the resultant narrow linewidths,
emphasizes the importance of rare-earth-ion—doped
garnets as suitable laser materials. As Wong
et al.'" have shown, the Pr—F bond has a much
more ionic nature than the Pr—O bond found in
Pr3*-doped YAG. Their conclusions were that there
was a change of some 2% in the covalent character
of the bonds in going through the series Pr—F,
Pr—H,0, Pr—Cl, Pr—Br, to Pr—O. This would
suggest a stronger ion-lattice interaction for Pr3*
in LaF; than for Pr®* in YAG, which agrees with our
experimental results. Upon first glance Table II
seems to indicate a large difference in the direct-
process ion-lattice coefficients (a factor of 56 for
7By5). When allowance is made in Eq. 6 for the dif-
ferent velocities of sound (2.79 km/sec in LaFg and
8.58 km/sec in YAG) and for the different crystal-
field energy-level splittings [7 w,,(L.aF;)=58.6 cm™?

. and 7 w;,(YAG)=19.1 cm™!] this factor is reduced

to a more reasonable value of 1.7. It can be ac-
counted for by the stronger rare-earth-ion-lattice
bonds in LaF; which result in a larger ion-lattice
interaction, keeping in mind also that the phonon
density of states p(w,;) will probably vary from

2~ln [Ag (cm™]

ol
r G, T=300°K
G4=3.05
T=40°K ~100°K
Gz= 6.24
-4
T=40°K~300°K
G4=5
_6 L.
-8}
-9 ] Ly l T oK
, " 5 6 tn [TCK)]
FIG. 9. Natural logarithm of the Raman process line-

width contribution plotted against In(temperature).
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FIG. 10. Natural logarithm of the
experimental linewidth and the total
theoretical expression plotted
against In(temperature) for transi-
Gy tion I.
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LaF; to YAG.

As can be seen from Figs. 5 and 7, the Raman
process has a very small contribution to the tem-
perature-dependent linewidth below 100 °K. This
means that when the direct-process coefficients
mB;; are large, or when the energy-level separations
7Zw;; are small, the temperature dependence of the
optical linewidth becomes completely dominated by
the temperature dependence of the direct processes
for T<100 °K. This is particularly evident in the
case of transition III (Fig. 7), where % w,; is small
(31.3 cm™) and 7B, is relatively large.

A careful study of the log-log graphs of Figs.
8-10 shows the importance of including the tem-
perature dependence of the direct-phonon relaxation
processes as contributors to the over-all linewidth
temperature dependence. From Fig. 8 we see that
W,.D tends towards a direct proportionality relation-
ship as 7 is increased, i.e., WP« T. From Fig.
9, for the Raman process, the gradient varies
from a constant value of 6. 25 between 40 and 100 °K

TABLE II. Linewidth parameters for Pr3* 3p «3H,

transitions.
Lattice YAG LaF,
Parameter (em™) (em™)
By 0.10 5.6
TBys 0.001 0.5
B3 0.42 5.7
a2r/i 334.2 200
ag2n/i 196.5 210

to a value of 3 at 300 °K. The over-all picture sug-
gests a T ® variation for most of the temperature
range. Thus at low temperatures we would expect
the direct processes to dominate as WiD « T, where-
as W« (T/6,)% (see Figs. 5-7), but at higher
temperatures the 7% variation of the Raman term
completely takes over.

Figure 10 shows the observed variation of the
experimental points, together with the variation of
the total theoretical expression. Once again, ex-
periment fits theory quite well, and the resultant
gradient of 0.15 at low temperatures rises to a
steady 2. 14 at higher temperatures, indicating two
important aspects of thermal line broadening. The
first is the eventual domination of the linewidth
by the Raman term once its magnitude becomes
comparable with that of the direct processes. The
second important point is the obvious necessity to
include the temperature dependence of the direct
process as a contributor. If W/ is assumed to be
temperature independent then we would expect the
temperature dependence of the total linewidth to be
purely due to the Raman term (i.e., 7%). In fact,
its maximum variation rate is a T2 relationship in-
dicating the necessary summation of a T term with

TABLE IV. Linewidths of 3P« 3H, transitions of
Pr® at 200 °K.

Lattice YAG  LaFy Nd* in YAG
Transition (cm™) (em™) (ecm™)
A 4 20 ~4

A, 4 35
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this 7® term. Thus an analysis which does not in-
clude the direct phonon processes as contributors
to the temperature variation of the spectral line-
width could not possible hope to obtain a good cor-
relation between theory and experiment, even if
there appears superficially to be correlation.

The obvious extension of this work is to carry out
a similar analysis of ion-lattice interactions in
magnetic materials, to see if analogous magnon
relaxation processes are observable. As the pho-
non system surrounding an ion provides a ready re-
servoir and means of ion-lattice interaction, so too
should the surrounding system in a magnetic lat-
tice. The main problem is to obtain a system in

which such processes will have measurable contri-
butions to spectral linewidths. This has been dis-
cussed in a previous paper, !* and we hope to carry.
out these and related studies on the systems '
RbMnFg: Pr®*, RbMnF;:Co?, and YIG:Tb*.
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The Knight shift and spin-lattice relaxation rate in copper metal were measured using pulsed -
NMR methods. The temperature range of the measurements extends in the solid from room
temperature to the melting point (1083 °C), and in the liquid from 875 (supercooled phase) to
1250°C. From these measurements the temperature dependence of X(a), the reciprocal en-
hancement factor of the Korringa relation, is obtained. The recent developments in the theory
of exchange enhancement of the Pauli susceptibility in metals are used to interpret this tem-
perature dependence of X(a). Thus the temperature dependence of the band effective mass m*

and of the conduction-electron spin density at the nucleus, <I$(0)1%), is derived.

It is shown

that these quantities are strongly influenced by s-d hybridization, and their temperature de-
pendence is explained as being due to the volume dependence of the hybridization. Similarly, the
change in both m* and {1%(0) |*) on melting is shown to be caused by the accompanying volume
change, and to be only weakly influenced by loss of structure and order.

I. INTRODUCTION

In a previous paper! (referred to henceforth as
I) we presented measurements of Knight shift K and

spin-lattice relaxation 7' in copper, both in the
solid and liquid states. We have tried to explain
the temperature dependence of these quantities in
terms of copper band structure.



