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Zero-Field Magnetic Relaxation in Cerous Magnesium Nitrate below 0.2 K~
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The magnetic relaxation of Ce + in cerous magnesium nitrate (CMN) has been measured

in zero applied field at temperatures in the range 0. 02—0. 2 K. For pure CMN, the relax-
ation is phonon bottlenecked, with some evidence for resonant trapping. Addition of Pr
impurity to CMN reduces the severity of the bottleneck, apparently by excitation of the Pr3'

hyperfine levels via, a two-phonon process. With sufficient Pr content, the relaxation be-
comes dominated by the thermal boundary resistance between the bath and the crystal lat-
tice,

I. INTRODUCTION

The processes of energy transfer between the

spin system of cerous magnesium nitrate (CMN)

and the environment of the crystal, or "bath, " have

been studied extensively by a number of experi-
mental techniques. Many of the data below - 1 K
are indicative of the occurrence of a bottleneck in

the energy transfer. That is, the net transfer of
energy is much slower or lese efficient than the di-
rect spin-phonon relaxation process whereby a
spin flip creates a phonon in a crysta, l lattice which

always remains in thermal equilibrium with its
environment. In order to study the bottlenecked
processes, we have observed the magnetic relaxa-
tion of CMN in zero applied field over a tempera-
ture range of 0..02-0. 2 K.

The transfer of energy under the condition of a
bottleneck can be understood in the following man-
ner. The difference in population of the levels of
the lowest Kramers doublet is

5N =N tanh(hv/2kT, ),

where N is the tota, l number of Ce3' ions, hv is the

separation in energy of the two levels, and T, is
the temperature' of the spin system. The rate that

energy is transferred from the spin system is then

Q = —kNT, [(kv/2kT, ) sech(kv/2kT, )]',
where it is assumed that the sample is at a uniform

spin temperature. Defining a resistance to thermal
transfer by 6t=- (T, —T)/Q, where T is the tempera-
ture of the environment of the crystal, one obtains

dT,/(T, —T)= —(dt/kN(R) [(kv/2kT) sech(kv/2kT)] '

Here we have assumed that the observed relaxa-
tion time constant 7 is much greater than the time
constant for direct spin-phonon relaxation v~, and

that the spine are close to thermal equilibrium with
the environment, (T, —T)/T«1. Without the latter
assumption, the equa, tions are nonlinear. Both
assumptions are valid under the experimental con-
ditions used in the present work. Hence,
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so that the thermal resistance may be written

8, = (7,„v kT /3vVv k nv) sinh (kv/2kT) .
Combining Eqs. (1) and (2), we obtain

r= (N/V)(r~hv /12vv nv) tanh (hv/2kT) .
In the limit that hv«kT,

6t= v»v /12@v hv kV

and

(2)

(3)

(4)

7= (N /V)(v, „v h'/48wk hv)T~ . (5)

If the line shape of the band of phonons is other than

rectangular as assumed here, a numerical constant
of order unity appears in the above expressions,
and b,v becomes the half-width of the line.

The parameter y» represents the mean time re-
quired for a phonon to undergo an inelastic colli-
sion, or v;h = X/v, where X is the mean free path
for such collisions. Frequently it is assumed that
X- L, L being the smallest dimension of the sam-
ple. That is, the phonon encounters some dissipa-
tive process at the wall. In practice, values of X

both larger' '" and smaller'6'" than L have been
deduced from various types of measurements on

various crystals, as well as X-L.""Hence, in-
elastic collisions may also occur within a crystal.

We now turn our attention explicitly to CMN
(sometimes diluted with La). Ruby et al. '~ mea-
sured v. by an EPR method and found the tempera-
ture dependence to be consistent with a phonon bot-
tleneck, Eq. (3). Mess'9 reports on direct mea-
surements of 8 and demonstrates the proper tem-
perature and magnetic field dependence for a pho-
non bottleneck, Eq. (2). Mess, however, did not
find a dependence on sample size. Brya and Wag-
ner, on the other hand, observed the expected

& = kNR[(hv/2kT) sech(hv/2k T)]' = (RC, , (1)

where C, is the heat capacity of the spin system.
A variety of bottlenecked processes have been

discussed in the literature, "the spatially limited
phonon bottleneck being the most prevalent. ' ' '
In this case, a band of phonons of energy hp and
width hv find themselves in closer thermal contact
with the spin system at temperature T, than the
rest of the lattice modes at temperature T. As-
suming the relaxation-time approximation to be
valid for phonons, we have dn/dt = —n/r, „, where n

is the number of phonons of energy hv and v,„ is an
appropriate relaxation time for inelastic phonon
processes. Thus, the transfer of energy Q from
this band of phonons to the lattice is

Q= (12''Vv kav/vy„v ) [(e"" " —1) (e" & —1) ]

where V is the volume of the sample 2nd v the pho-
non velocity. If, again, (T, —T)/T «1, then

Q= (T, —T)(3vVv k nv/7»v kT ) csch (kv/2kT),

temperature dependence and a dependence on size
(as well as surface condition). A possible explana-
tion of this inconsistency in size dependence is that
the small dimension of the sample was parallel to
the crystalline c axis for Mess, and perpendicular
to the c axis for Brya and Wagner. It has been ob-
served that the mean free path (for all collisions)
can be much greater in a direction perpendicular
to the c axis. ' A long mean free path perpendicular
to the c axis has also been demonstrated in the
resonnnt-phonon coupling of spatially separated
populations of Pr and Ce in lanthanum magnesium
nitrate.

The demonstration of a phonon avalanche and

of Brillouin scattering from the hot band of phonons
&v give final proof of the presence of a phonon
bottleneck in CMN, although these experiments do
not further elucidate the nature of the bottleneck
itself.

Most of the data referred to above were obtained
in fields of - 1000-4000 G. Below - 0. 5 K, relaxa-
tion by either the Orbach or the Raman process is
negligible in CMN. " As the field is reduced, 7

[Eg. (5)] remains essentially constant while y„- H '
- v ." Hence, at low fields one might expect z„ to
become greater than v; in other words, that the
relaxation would no longer be bottlenecked. How-

ever, Mess' reports data down to 100 G which are
still compatible with a phonon bottleneck, and
furthermore it can be deduced from his data that
6t- v ~- H ' down to zero external field (internal
field - 50 G). It therefore appears that 7~ in CMN

remains relatively short and, indeed, the dominant
spin-phonon relaxation mechanism in zero applied
field and at temperatures down to - 0.02 K. ~~

The present work was undertaken to further in-
vestigate the magnetic relaxation of CMN at zero
field and low temperature (0. 02 & T & 0. 2 K). Our
interest was further enhanced by the fact that, al-
though no systematic study was ever made, the
thermal relaxation time of our CMN magnetic ther-
mometers2~ was always observed to be faster (by
-10~) than the bottlenecked rate expressed by Eq.
(5). We present in Sec. III evidence that essentially
three bottlenecked processes are operative in CMN,
the dominant mechanism being determined by the
concentration of Pr impurity and by the tempera-
ture range. We first present in Sec. II a brief de-
scription of the experimental approach.

II. EXPERIMENTAL TECHNIQUE

The CMN crystals were grown on Teflon flats by
desiccating a saturated aqueous solution at a tem-
perature of 0 'C, and were doubly recrystallized.
The starting materials were of the highest avail-
able purity. The crystals were transparent and
optically perfect, although this does not guarantee
crystalline perfection. ' Samples of 1 cm width
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and 2. 5 cm length were cut from the flat hexagonal
crystals using a wet-string saw. The thickness
dimensions were always parallel to the crystalline
c axis, and were intentionally varied between 0. 1
and 0. 4 cm.

The samples were suspended between the prongs
of an Epoxy yoke. A bundle of straight loose
0.005-cm-diam insulated Cu wires permeated with
Apiezon N grease was pressed against the surfaces
of the sample, one bundle on either side. These
wires were connected thermally to a dilution re-
frigeration. This technique eliminated the cleavage
of a thin layer from the surface of the crystal with
thermal cycling. The coil of a mutual-inductance
bridge was placed over the sample in order to ob-
serve transient behavior of the spin temperature.
The axis of this coil was oriented perpendicular to
the crystalline c axis. The field from a Helmholtz
pair was oriented mutually perpendicular to both
the mutual-inductance coil and the crystalline c
axis. The field of the Helmholtz pair (2-10 6) was
left on (off) until thermal equilibrium was estab-
lished between the CMN spin system and the dilu-
tion refrigerator. The field was then quickly turned
off (on) and the transient behavior recorded: Most
relaxations were recorded directly on an x-y re-
corder, although a multichannel signal averager
was sometimes used for the fastest relaxations en-
countered. The noise level was lower with zero
applied field and so transients were normally re-
corded only as the field was turned off, since the
relaxation appeared to be independent of whether
the field had been turned on or off. The relaxations
were exponential, with the exception of those ob-
tained from crystals of the highest purity, as will
be discussed in Sec. III. The temperatures during
equilibrium were determined with a calibrated re-
sistance thermometer, since the CMN samples had
large and uncertain shape corrections which made
them unsuitable for magnetic thermometry.

In order to analyze the relaxation data, one must
have some knowledge of the thermal-contact resis-
tance, or boundary resistance, which exists at
the interface between the CMN samples and the
bundle of wires. This thermal resistance was mea-
sured by isolating one bundle of wires and placing
an electrical heater and calibrated resistance ther-
mometer on this bundle. In this situation one mea-
sures the sum of two boundary resistances plus the
bulk thermal resistance of the CMN sample in a
direction parallel to the crystalline c axis. The
bulk resistance of the sample was expected to make
a negligible contribution to the net thermal resis-
ta ce. 21 This was proven by using as a sample a
CMN crystal containing = 0. 5% Pr impurity. This
impurity produces a depression in the thermal con-
ductance of the crystal near 0. 07 K. ' Since there
was no depression in the measured net thermal

conductance, effectively only the boundary resis-
tance was being measured. The magnitude of the
boundary resistance was a factor of 2-3 larger than
that deduced from similar measurements on chrome
potassium alum ' and for a CMN-brass contact. '
All three measurements used Apiezon N grease as
a thermal-contact agent, although this in itself has
a minor influence on the boundary resistance.

The heat capacity of CMN must also be known in
order to obtain a value for the thermal resistance
(R [Eq. (1)]. Although the Ce' ions in CMN are
highly dilute, there is nevertheless a magnetic di-
polar interaction so that the derivation of C, leading
to Eq. (1) is not strictly valid. That is, the tem-
perature dependence of C, is not exactly T . We
therefore use the measured C, for highly pure CMN

as given by Mess et al. and by Hudson and Kae-
ser. 3 For the purposes of the present work, these
two measurements of the spin heat capacity are in
agreement.

III. RESULTS AND DISCUSSION

A calculation of v for our samples using the pho-
non-bottleneck process of Eq. (3) and 7,„=L/e is
represented as line A in Fig. 1 assuming 6p = 1006,
U —-2x 10' cm/sec, N/V = l. 6+ 102' cm 3, and L
=0. 2 cm. Also, the relaxation time for these sam-
ples determined by 7~ =A~C„where C, and BI, are
the measured heat capacity and thermal boundary
resistance, is shown by line B. 7~ represents the
limiting relaxation time for any sample, and is to
be included in the general classification of bottle-
necked processes. If the time constant were to re-
sult from thermal diffusion, the relaxation time
becomes 7h =L~C,/4'», where K» is the thermal
conductivity measured parallel to the c axis. ' The
behavior in this limit would be roughly as shown by
curve C in Fig. 1. The fact that this relaxation
time is a factor of 10 smaller than that due to the
boundary resistance means that a common tempera-
ture exists throughout the lattice for our samples.

A measured relaxation time for a typical "off-
the-shelf" sample is shown by D in Fig. 1. The
relaxation time is seen to be about a factor of 10
faster than the expected bottleneck of curve A, as
was mentioned in Sec. I. %'e guessed that the bot-
tleneck in these samples was being relieved by im-
purities, since the samples had been grown from
starting materials of only nominal purity. In ad-
dition, we simultaneously were making thermal-
conductivity measurements on the same group of
crystals during which we observed the resonant
scattering of phonons. The resonant scattering was
correctly ascribed to the Pr impurity, 3' which sug-
gested that 7 might also be dominated by this ion.
This idea seemed reasonable in view of the fact that
Pr ' is a non-Kramers ion and therefore interacts
strongly with the lattice.
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FIG. 1. Time constant & for thermal relaxation of
Ce ions in CMN vs temperature. 6: high-purity CMN;
0:CMN of nominal purity x:values for high-purity CMN

calculated from Ref. 19. The other curves are explained
in the text.

"Pure" crystals of CMN (Pr/Ce- 5x 10 6) were
grown and v measured, with the result represented
by curve E of Fig. 1. These results were repro-
ducible from sample to sample, and were indepen-
dent of the sample thickness. Also shown (&&) are
the computed values of 7.=$C, using values of 8
calculated from the data given by Mess for zero
field. ' The agreement is surprisingly good. From
v- T, as observed in the present work, and 8-H, as observed by Mess, the relaxation is ap-
parently bottlenecked by the process of Eq. (3), with

7» being limited by the inelastic scattering of pho-
nons within the crystal. Using Eq. (3), one esti-
mates v,„=10 ' sec and & = 0. 02 cm. This short

mean free path is consistent with the fact that 7 was
found not to be a function of sample dimensions
either in the present work or in that of Mess.

However, the short phonon mean free path of
&= 0.02 cm is not consistent with the much longer
mean free paths obtained in measurements of the
thermal conductivity (where the phonons had ten
times higher frequency, i. e. , T&0. 02 K) or mag-
netic resonance (where the CMN was diluted with
La 0' ~

by Ce/La= 4x 10 ~). The inconsistency can
be removed if two assumptions are made concerning
those phonons which lie within the band of width hv
which is resonant with the Ce~'. (i) The phonons are
scattered by planes of imperfections lying with their
normals parallel to the c axis (evidence for the
presence of such planes has been presented in Ref.
21) and (ii) the phonons undergo effectively elastic
scattering due to resonant absorption and subsequent
reemission by the Ce ' ions. Thus, the phonons
diffuse to the lattice imperfections in a time Tyh

-10 ' sec, and, once reaching a plane of imperfec-
tions, undergo sufficient encounters with that plane
to undergo an inelastic process. For planes sep-
arated by a distance 2x=0. 005 cm, ' one obtains
from x=(3 vA7, „)'~ a step length or mean free path
for elastic scattering of A= 5&&10 cm. Thus, the
imprisonment of resonant phonons is rather mar-
ginal land Eq. (3) remains valid] for our concentra-
ted CMN, and would be absent in the diluted sam-
ples of Refs. 20 and 22. There is further evidence
for diffusive transport of the resonant phonons in
that the relaxation was slightly nonexponential for
the high-purity crystals. Hence, the spin tempera-
ture, though uniform on a gross scale, was some-
what nonuniform on a scale of -10 3 cm.

Having established that the Pr impurity was re-
sponsible for "breaking" the bottleneck, we next
attempted to understand in what manner the Pr en-
tered into the relaxation of the Ce ' states. Sam-
ples were intentionally doped with known amounts
of Pr in the ratios Pr/Ce = l. 5&& 10 ', 1.8&&10 3,

and 8&& 10 3. The temperature dependencies shown
in Fig. 2 were obtained. It should first be noted
that these results reproduced to -+ 5 lo if the sam-
ples were remounted and rerun. The results re-
produced to -+20% or better for samples cut from
different crystals having the same nominal concen-
tration of Pr.

Two facts are readily evident in Fig. 2: (a) 7

decreases with increasing concentration of Pr, and
(b) 7 becomes increasingly sensitive to the sample
thickness as the Pr concentration is increased.
Removing the thermal-contact wires from one face
of the crystal produced results identical to doubling
the thickness of the sample. Thus, the thickness
effect is associated with the thermal boundary re-
sistance and not a size-dependent phonon relaxation
time. It is also noted from Fig. 2 that for samples
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tance may be used for R~ since both involve pho-
nons of the same frequency range.

The electronic levels of the Pr ' ion are split by
interaction with the magnetic hyperfine field from
the Pr nucleus a.s shown by insert (ii) of Fig. 2.
Therefore, a Schottky-type heat capacity is asso-
ciated with the Pr impurity, though somewhat
broadened due to interaction of the ion with local
strain fields. ' The resulting specific heat is
shown in Fig. 3 together with C„which is related
to the Ce3'. Since the coupling of the non-Kramers
Pr ' ion to the lattice is so strong, ' its heat ca-
pacity is to be associated with the lattice. There-
fore, the Pr below O. 3 K completely dominates the
lattice heat capacity Cl. .

The differential equations appropriate to the dis-
charge of C, in Fig. 3, insert (i), may be solved for
the relaxation time r. Since (R is the unknown,

6l = r/C, + (Ci/7'- 1/RII )

2 XIO~ I I I I I I I

100

.Ol

T (K)

—IO

I I I

.5
IO

FIG. 2. Time constant 7' for thermal relaxation of
Ce ' in CMN crystals of various thicknesses and contain-
ing Pr impurity. 0:Pr/Ce = 1.5x10, any thickness
from 0.1 to 0.4 cm; &:Pr/Ce = 1.8 x 10, 0.40 cm thick;
x:Pr/Ce = l.8 x 10, 0.10 cm thick; U: Pr/Ce = 8 x 10
0.40 cm thick; ~:Pr/Ce =8x10, 0.22 cm thick;
+:Pr/Ce = 8x10 3, 0.10 cm thick. Note the two separate
vertical scales.

having Pr/Ce = 1. 5&&10 ~ (1.3&10 ), the relaxation
time is independent (nearly independent) of the sam-
ple dimensions. Thus, the relaxation process at
this concentration is also internal to the crystal.
Finally, it is noted that v varies as T ' or faster
at low temperatures. Therefore, the relaxation
is not via direct coupling between the Ce and Pr
spin systems as, for example, by spin diffusion.
It is concluded that the Ce relaxes to the phonon
band with which it is resonant, and that Eqs. (3)
and (5) are appropriate. The temperature depen-
dence of the thermal resistance 6t, Eq. (4), then
arises from the temperature dependence of v,„.

The behavior of the relaxation time v of Fig. 2
can be understood in terms of the analog of Fig.
3(i), an R-C electrical circuit. Here (R represents
the thermal resistance between the Ce and the lat-
tice, C, is the heat capacity of the Ce spin system,
C~ is the heat capacity a.ssociated with the lattice,
and R~ is the boundary resistance between sample
and refrigerator. Our measured boundary resis-

C3

CD

I

.04 .06,t

T(K)

I

.2

FIG. 3. Specific heat of CMN taken from Refs. 33
and 34, and of Pr in CMN (in the amount Pr/Ce=1. 8
x 10 ) as obtained from Ref. 21. The Pr specific heat
for other concentrations may be scaled from the graph.
Insert (i) is an R-C circuit which may be used as an
analog to the thermal relaxation of CMN as explained in
the text. Insert (ii) indicates the separation of electronic
levels of Pr ' in CMN due to hyperfine interaction
(a= o.o5K).
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acting in parallel with the Pr.
It was argued above that the values of N. V plotted

in Fig. 4 are related to Eq. (4), and that the tem-
perature dependence displayed in Fig. 4 results
from the temperature dependence of v,„. The pro-
cess then involves an inelastic collision of a pho-
non of energy (in units of temperature) 5-0.003 K
with an ion which can undergo electronic transitions
of 6-0.05, 0. 15, and 0. 25 K. The interaction
must be of second order with the emission or ab-
sorption of a second phonon of energy ~ + 5. The
phonon relaxation time v,„for this process has been
derived by Stoneham for ions having two energy
levels. Rederiving 7,„for the six-level spin sys-
tem of Pr shown in Fig. 3, insert (ii), we obtain
the temperature dependence

61 1
( /efe) [( a/T 1) 1 2/a+r27(+SR/ 1) e a/

NO

(7)

10-5—

0.02

RBA
I I I I I I I I

0.04 0.06 O. l

T (K)

—Io

09

FIG. 4. Thermal resistance ~&V (for a unit cube) to
energy transport between the lattice and phonons reso-
nant with the Ces' ions in CMN. The ratio of Pr/Ce for
each set of samples is noted. Only experimental data
were used in calculating these points. The dashed lines
are calculated from Eq. (7) in the text. Also shown for
comparison is the measured boundary resistance Rz&
for a unit square. The dotted line includes the thermal
resistance of the copper wires between sample and
refrigerator, which was simply added to R~ for purposes
of computation.

CI„C„7; and B~ are all known from experiment.
Using the values of v from Fig. 2, C~ and C, from
Fig. 3, and R~ from Fig. 4, the thermal resistance
for a unit volume (RV has been calculated and plot-
ted in Fig. 4. The shape of the curves for the sam-
ple containing 1.5~ 10 'Pr and, to a lesser extent,
the 0. 1-cm-thick sample with 1.8~ 10 Pr are
nearly independent of the experimental parameters
CL, and R~. Results for samples containing 8&10
Pr are not included in Fig. 4 since in these cases
r= Cz Rs in the second term of Eq. (6). 35 The Ce
relaxation in this case is "bottlenecked" by the in-
efficient energy transfer at the crystal surfaces
due to the acoustic mismatch. It should also be
noted that the curve in Fig. 4 for the sample with
Pr/Ce = 1.5&& 10 ' is distorted in shape, since what-
ever process relaxes phonons in the complete ab-
sence of a Pr impurity is, in the present case, still

where the constant c is proportional to the concen-
tration of Pr.

Using a =0.05 K in Eq. (7), the dashed curves of
Fig. 4 were obtained. (The finite linewidth
of the Pr levels does not significantly change the
temperature dependence of these curves. ) The fit
is rather poor, but the resemblance between the
temperature dependence of Eq. (7) and the experi-
mental data of Fig. 4 is nevertheless suggestive
that the Pr does, by a two-phonon process, depopu-
late the phonon band resonant with the Ce. The
band of phonons resonant with the Pr transitions
are, thus, also distorted from the thermal-equi-
librium value. The bottleneck associated with this
band of phonons is, by Eq. (2), a factor of (6/5)
= 200 smaller than for the Ce band, and therefore
is negligible in these measurements.

A further check on the proposed model is to com-
pare the concentration-dependent parameter c in
Eq. (7) with the data of Fig. 4. This is done in Fig.
5, where c ' is plotted versus the measured ratio
of Pr/Ce. For the samples containing 1.5&&10 ' or
5& 10 6 Pr, it was assumed that a temperature-in-
dependent relaxation rate operated in parallel with
the rate of Eq. (7) to produce the temperature de-
pendencies of Fig. 4. If cn(Pr/Ce)", the power n
as found from Fig. 5 is of order unity at low con-
centration and is less than unity at high concentra-
tion. A value n = 1 would be in agreement with the
relaxation process of Eq. (7), and n & 1 would be
expected for relatively large concentrations. If,
in fact, n & 1, it is unlikely that the relaxation of
phonons could have been caused by pairs of Pr
ions, a process which would produce a somewhat
similar temperature dependence in SV.

The dependence of v on an externally applied mag-
netic field would assist in identifying the relaxation
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FIG. 5. Values of the concentration- dependent term
c ~ from Eq. (7) required to best fit the data of Fig. 4,
plotted against the actual Pr concentration of the samples.
The solid line represents a linear dependence of c on
Pr concentration.

process, although we have not made such measure-
ments. If the process of Eq. (7) were operative, 7

should be independent of field up to = 600 G. At
higher fields the Ce and Pr levels would have the
same energy splitting, and the field dependence
would become rather complicated.

The decrease in magnetic relaxation time of a
crystal upon introduction of Pr impurity has been
noted previously, but without elaboration. ' ' ' Even
the absence of an effect has been noted. Mess also
studied the decrease in 6t IEq. (2)] for CMN contain-
ing Cu impurity. ' The behavior of a. Cu-doped
sample as a function of temperature and thermal

flux suggested that at higher temperatures the bot-
tleneck was entirely at the interface between sam-
ple and bath, as for our samples with Pr/Ce = 8
&&10 . At low temperatures, S for the Cu-doped
samples appeared to increase rapidly with de-
creasing temperature, which is similar to the be-
havior we observe with Pr-doped CMN. "

IV, SUMMARY

Evidence has been presented which indicates that
the thermal relaxation of Ce3' in high-purity crys-
tals of CMN is bottlenecked by the inefficiency of
the phonons resonant with the Ce to themselves
thermally relax to the bath temperature. The mean
free path obtained for these particular phonons
would be consistent with other measurements of
phonon mean free path in CMN if the phonons reso-
nant with the Ce were somewhat marginally trapped,
resonantly, by the Ce. The process is analogous
to the resonant trapping of radiation in gases.

It has also been shown that Pr, in effect, breaks
the phonon bottleneck. It is very probable that the
Pr absorbs those phonons resonant with the Ce by
undergoing electronic transitions between hyperf inc
levels which simultaneously absorb or emit a sec-
ond phonon of much greater energy. The data are
in fair agreement with this model.

If sufficient Pr is added to CMN, the relaxation
of the Ce can become dominated by the inability of
lattice phonons to thermalize with the bath. The
cause of this type of bottleneck is more frequently
referred to as the thermal boundary resistance or
Kapitza resistance.
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Isotope Effect for Cation Self-Diffusion in Single Crystals of NiO~
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The isotope effect for cation self-diffusion was determined by simultaneous diffusion of¹iand Ni tracers in NiO crystals. The strength of the isotope effect f&K is 0.613+0.021,
independent of temperature in the range from 1201 to 1678'C. This result is consistent with
cation self-diffusion by a vacancy mechanism only, and &E=0.784 +0.027.

I. INTRODUCTION

In a previous study on the temperature and oxy-
gen-pressure dependence of the transport prop-
erties of nickel oxide, ' we found evidence that self-
diffusion occurs predominantly via a vacancy mech-
anism. One of the objectives of the present inves-
tigation was to help establish the mechanism by
measuring the isotope effect for cation self-dif-
fusion in this oxide as a function of temperature.
This was to be done cooperatively with an isotope-
effect study on cation self-diffusion in CoO. By
investigating isotope effects in self-diffusion and
impurity diffusion in these materials, not only
can possible differences in mechanism be detected,
but information concerning atomic jump frequencies
and their temperature dependence can be obtained. ~

In addition, studies of self-diffusion in dilute solid
solutions of these oxides are planned to provide a

test for theories on the effect of solute upon sol-
vent self-diffusion.

It has been well established, both theoretically
and by experimental studies on metals, alkali
halides, and recently on CoO, that isotope-effect
experiments can provide a direct and unequivocal
evaluation of the diffusion mechanism. This is so
by virtue of the relationship between the experi-
mentally measured isotope effect E~ and the cor-
relation coefficient f, ~

(n —1)m +m,
)
"*

1—
(n —1)rn+ m,

In Eq. (1), f depends solely upon the diffusion mech-
anism and geometrical structure of the diffusion
medium. The D's are diffusion coefficients for
isotopes of mass m and mz. The number of atoms


