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Measurements by continuous wave and pulsed NMR were made on 3P in the paramagnetic state of
the UP-US solid solutions. All the UP;_,S, compositions used have a NaCl-type structure, are good con-
ductors of electricity, and show systematic changes in the paramagnetic Curie temperature 6 and in the
magnetic ordering, from type-I antiferromagnetic in UP to ferromagnetic in the US-rich compositions.
Measurements were made of the Knight shift K, the linewidth AH, the Bloch decay time constant 7's*,
the echo decay time constant 7'y, and the spin-lattice relaxation time 7'y, as functions of temperature 7°
and sulfur concentration x. K is linear in the molar susceptibility, K= K¢+ (4.04-0.5)Xar, with |Ko| <K,
and with a slope independent of x and similar to the slopes of K versus Xy for other U compounds with
magnetic ordering. The changes in  and in magnetic ordering along the UP;_.S, system that could be
accounted for by RKKY-type (Rudermann-Kittel-Kasuya-Yosida) interactions are not reflected in K,
thereby disqualifying the RKKY model for the Knight shift. The broad NMR lines are due to inhomo-
geneous effects in the powder samples (demagnetization and composition variation), and both AH and 7'5*
are dominated by inhomogeneous magnetic fields. The spin-spin relaxation time T, deduced from 7',
is due mainly to homogeneous internuclear dipolar interactions. T increases with temperature for all
compositions, regardless of the magnetic ordering T1T is empirically related to K differently in the anti-
ferromagnetic composmons (I''TK?=const) and in the ferromagnetic compositions (7',7K=<const). The T,
results are analyzed in terms of recently proposed models for nuclear relaxation due to indirect interactions
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with localized magnetic moments via the conduction electrons.

I. INTRODUCTION

EASUREMENTS of the Knight shift of the

NMR of nuclei of nonmagnetic atoms in the
paramagnetic state of metallic materials with localized
moments have been made for some years.'~5 Investiga-
tions of such materials with either ferromagnetic or
antiferromagnetic orderings have furnished information
on hyperfine interactions and fields, on coupling
constants between conduction electrons and nuclei or
localized moments, and on other important quantities
in metallic magnetic materials. The conduction electrons
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are polarized by the localized magnetic moments, thus
giving rise to the Knight shift K in the paramagnetic
state. Information about the conduction-electron
polarization has been obtained from the Knight shifts,
using either the uniform-polarization’~* or the Ruder-
man-Kittel-Kasuya-Yosida (RKKY)® model. When the
Knight shift in the paramagnetic state was compared
to the Knight shift K, in the isostructural nonmagnetic
material, an enhancement effect due to the polarization
of the conduction electrons by the localized magnetic
moments was observed.®

A feature common to all the above measurements!—®
is the linear dependence of K on the temperature-
dependent molar susceptibility Xz, which arises from
the localized moments:

K=Ko+aXy. 1)

The slope @ in Eq. (1) is a function of the localized
moment properties and of the coupling of these moments
to the conduction electrons. K, is equal, in many
reported cases, to K. The enhancement factor o’ is
introduced by writing

a=K.'. 2

Full discussion of the validity and use of Eq. (1) in
the lanthanide compounds, and of various features of
the Knight shift, can be found in a paper by Jones.t
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(1967); Phys Letters 24, 323 (1967).
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References to most of the published results on con-
tinuous-wave (cw) NMR in lanthanide compounds are
compiled in that paper.

In contrast with the large number of Knight-shift
measurements, only few measurements have been made
of the spin-lattice relaxation time 7 in the para-
magnetic state of metallic materials with magnetic
ordering. The first report of such measurements was
made’ for protons in 8-UH; above the Curie tempera-
ture (~182°K). The important feature of 7% in the
paramagnetic state of metallic materials that was
found in 3-UH3, and in all other later measurements 3!
was the increase of 7'y with increasing temperature.
This contrasts with the simple behavior of metals, in
which 71T (T is the absolute temperature) is constant,
and 7'y consequently decreases with increasing temper-
ature. In the case of 3-UH;, which has a ferromagnetic
ordering, the T'; data obey the empirical relation

T\T'=A(T-9), 3)

where 6 is the paramagnetic Curie temperature and A
is a constant. The behavior described by Eq. (3) has
been explained” as due to direct interactions of the
investigated proton with the localized moments of the
ferromagnetically coupled uranium ions.

Later, relaxation measurements were made® on 3'P in
the paramagnetic state of uranium monophosphide
(UP), which orders antiferromagnetically below
~125°K. Again T'; increases with increasing tempera-
ture, but in this case T'1 obeys the empirical relation

T\TK?=p=const, 4)

which is a generalized Korringa-type relation. The
relaxation mechanism used to explain the results in
B<UH; was shown to be inapplicable for UP, but
indirect interactions of the investigated 3P nucleus
with the localized uranium moments via the conduction
electrons were shown to account for relation (4), as
well as for the observed magnitude of 7.

For #Al in CeAl,;, PrAl;, and NdAL in the para-
magnetic state, Silbernagel et al.® constructed a theory
based on pair correlations that predicts that with
increasing temperature, 71,7, where Ty is the contribu-
tion to T of the localized f electrons, should increase
for ferromagnets and decrease for antiferromagnets (in
the paramagnetic state). The theory has some inac-
curacies and does not account for their experimental
results in that although T'y,T was found to increase with
temperature in all three compounds, one of them,

7M. Kuznietz and J. Grunzweig, Bull. Am. Phys. Soc. 13, 46
(1968) ; a full paper will be published, but partial features are
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1969).

? B. G. Silbernagel, V. Jaccarino, P. Pincus, and J. H. Wernick,
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438 (1969).
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CeAl;, was later found? to be antiferromagnetic.
Discussions have also been presented® that the theory
of Silbernagel et al.® is not adequate for UP.

Recently, Shen et al.® have found that for protons
in the lanthanide hydrides CeH,, PrH,, NdH,, and
SmH, (2<x<3), T1 and K are empirically related by a
Korringa-type relation of the same form as Eq. (4).

In the case of P in PuP (ferromagnetic below
126°K), Fradin' observed the empirical relation

T1\TK =p’=const ©)

and explained the results theoretically. Equation (5),
which is similar to Eq. (3), shows definitely that the
relation between 7'y and K in the paramagnetic state
has a different form in ferromagnetic materials than
in antiferromagnetic materials.

Measurements on a series of metallic materials
exhibiting a systematic change from antiferromagnetic
to ferromagnetic ordering would be useful for investiga-
tion of the different relations between 71 and K.

We report continuous-wave (cw) and pulsed NMR
studies of 3P in the paramagnetic state of the UP-US
solid solutions UP1_,S;, which have the desirable syste-
matic change in magnetic ordering (Sec. II). Experi-
mental details are given in Sec. IIT. Measurements of
the Knight shift K, the linewidth AH, the Bloch decay
time constant 7'9¥, the echo decay time constant T,
and the spin-lattice relaxation time 7'y for ¥P in the
UP_.S, system are given and discussed in Sec. IV.

II. UP-US SOLID SOLUTIONS

UP, uranium monosulfide (US), and their solid solu-
tions UP1_,S, (0<x<1) have a NaCl-type structure,
with a lattice parameter that varies from 5.589 A in UP
to 5.489 A in US with a slight positive deviation from
linearity.’s UP, US, and the UP;_,S; compositions are
good conductors of electricity; their resistivities are less
than one order of magnitude higher than the resistivity
of metallic uranium (~30 uQ cm).*

UP has a type-I antiferromagnetic structure!® and a
Néel temperature of ~125°K. UP is ferromagnetic'é

2W. M. Swift and W. E. Wallace, J. Phys. Chem. Solids
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6= —33°K
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Metallurgical Society of the American Institute of Mining,
Metallurgical and Petroleum Engineers, New York, 1964), p. 457;
J. Am. Ceram. Soc. 52, 341 (1969).

14 M. Tetenbaum, C. C. Liu, and Y. Baskin (unpublished).

15 S, S. Sidhu, W. Vogelsang, and K. D. Anderson, J. Phys.
Chem. Solids 27, 1197 (1966); N. A. Curry, Proc. Phys. Soc.
(London) 89, 427 (1966).

16 R, Didchenko and F. P. Gortsema, Inorg. Chem. 2, 1079
(1963) ; W. Suski and W. Trzebiatowski, Bull. Acad. Polon. Sci.
Ser. Sci. Chim. 12, 277 (1964); M. A, Kanter and C. Kazmier-
owicz, Bull. Am. Phys. Soc. 7, 556 (1962); W. E. Gardner and
T. F. Smith, in Proceedings of the Eleventh International Conference
on Low-Temperature Physics, St. Andrews, edited by J. C. Allen
(University of St. Andrews Printing Department, St. Andrews,
Scotland, 1969), pp. 1377-1382.
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TaBLE L. Properties of the UP;_,S, samples of the present study.

UP UPo.9550.05 UPo.00S0.10 UPo.8580.15 UPo.7550.25 UPo.61S0.33  UPo.5050.50

Actual x (%)= e 5.50 10.27 14.78 23.47 34.17 48.62
Lattice constant (&) (+0.001 &)= 5.589 5.584 5.579 5.571 5.567 5.561 5.543
Magnetic properties, ordering®

below Tx or T'¢ AF-I AF-I AF-TA AF-TA F F F

Néel temperature T (°K)° 12542 12243 102+3 9542 cee ces ces

Curie temperature T'¢ (°K)° s s cee cee 10242 11842 15043

Paramagnetic Curie temperature § (°.K)d 32 51 73 91 102 e 146

Paramagnetic moment (up)? 3.19 3.21 3.10 3.03 2.83 2.75

s The chemical analyses and lattice constants of the UP-US solid solutions will be summarized in a paper by M. Kuznietz, G. H. Lander, and Y. Baskin

(to be published).

b Reference 20 (AF denotes antiferromagnetic, type I or IA ; F denotes ferromagnetic).

¢ Reference 20.
d Reference 17.

and has a Curie temperature of ~180°K. Magnetic
susceptibility measurements!” above 100°K on various
UP;,S, compositions have shown that the para-
magnetic Curie temperature increases monotonically
from ~30°K in UP to ~180°K in US. All these
magnetic properties were accounted for in a simple
model proposed'® for the NaCl-type compounds of U
with elements of group VA (N, P, As, Sb, and Bi,
denoted by v) and group VIA (S, Se, and Te, denoted
by vi). According to this model, both UP and US are
composed of Ut cations; UP has P*~ anions and one
conduction electron per U atom (Z=1), and US has
S~ anions and two conduction electrons per U atom
(Z=2). The model treats the U ions by crystal field
theory, and considers the magnetic interactions between
the U ions (assumed to have J=4 as a good quantum
number) to be via the conduction electrons, in an
RKKY" mechanism. The model accounts for the type-I
antiferromagnetic structure of UP, for the ferromagnetic
structure of US, and for the smooth change of 6 in the
UP-US solid solutions. The model also accounts for
the ordered and the paramagnetic moments.

The proposed model predicted the existence of
intermediate magnetic structures, mainly in the UP-
rich UP-US solid solutions. These structures are more
complicated than those of UP or US. A neutron diffrac-
tion study® of the UP-US solid solutions showed that
the transition from the type-I antiferromagnetic
structure to the ferromagnetic proceeds through more
complicated structures. In the UPy_,S, system a new
antiferromagnetic structure (type I4, Ref. 21) was
found for low temperatures in the 0.05 <x<0.10 range,
and for the compositions in the 0.10<x<0.20 range,

17 M. Allbutt and A. R. Junkison, AERE-Harwell, United
Kingdom, Chemistry Division, Report No. AERE-R5465, 1967
(unpublished).

18 J. Grunzweig and M. Kuznietz, J. Appl. Phys. 39, 905 (1968) ;
J. Grunzweig-Genossar, M. Kuznietz, and F. Friedman, Phys.
Rev. 173, 562 (1968).

1 M. A. Ruderman and C. Kittel, Phys. Rev. 96, 99 (1954);
T. Kasuya, Progr. Theoret. Phys. (Kyoto) 16, 45 (1956); K.
Yosida, Phys. Rev. 106, 893 (1957).

2 M. Kuznietz, G. H. Lander, and Y. Baskin, J. Appl. Phys.
40, 1130 (1969).

2 G. H. Lander, M. Kuznietz, and Y. Baskin, Solid State
Commun. 6, 877 (1968).

up to their Néel temperatures. Around x=0.25 another
structure® occurred between the high-temperature
ferromagnetic and the low-temperature type-I4 anti-
ferromagnetic structure. For x> 0.28 the system became
ferromagnetic. The various structures were sum-
marized?® in the magnetic phase diagram of the UP;_,S,
system. Both the type-I4 structure, which is essentially
a doubled type-I structure with layers stacked 4+ -
— — (instead of + — 4+ — as in type I), and the
new antiphase structure (five layers plus and four layers
minus: + + + + —I— —_— - - etc.) in UPO_75S(),25
are long-range magnetic structures, and confirm the
assumption of the long-range RKKY-type interactions
in the UP,_,S, system.

The well-defined magnetic phase diagram of the
UP-US solid solutions makes the UPy_,S, system
appropriate for investigation of the effects of magnetic
ordering on various NMR properties in the paramag-
netic state, such as the Knight shift and the spin-lattice
relaxation time for the “good” spin-3 3P nucleus.

III. SAMPLES AND EXPERIMENTAL DETAILS

The preparation of the UP-US solid solutions is
described in detail elsewhere.’®?2 Required amounts of
UP and US were mixed and pelletized, and then heated
in vacuum for 3 h at 1800°C. The products were crushed
into fine powders (—400 mesh) in order to obtain
randomness in the present NMR study as in the
neutron diffraction study.® The particle size was well
below the “skin depth” of these materials. Nevertheless,
the samples were mnot completely homogenized,
although only the fcc phase was found by x-ray diffrac-
tion; the inhomogeneity ranges of the UP_,S, powders
were about x=x030.05x,,2 where x, is the mean sulfur
concentration.

The samples for our NMR study had the nominal
compositions x,=0, 0.05, 0.10, 0.15, 0.25, 0.33, and
0.50. The actual compositions of these samples, their
lattice parameters, and their magnetic properties are

2 G. H. Lander, M. Kuznietz, J. Crangle, and Y. Baskin, Bull.
Am. Phys. Soc. 14, 387 (1969); G. H. Lander, M. Kuznietz, and
D. E. Cox, Phys. Rev. (to be published).

2 M. Kuznietz, F. P. Campos, and Y. Baskin, J. Appl. Phys.
40, 3621 (1969).
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Fi16. 1. Knight shift of 3P in the paramagnetic state of the
UP;_.S; system as a function of the molar susceptibility, with the
temperature as an implicit parameter. Also, K versus Xy for 3P
in the paramagnetic state of UsPs (Ref. 26), for N in the para-
magnetic state of UN (Ref. 29), and for ¥C in the paramagnetic
state of U.C; (Ref. 30).

summarized in Table I. Amounts of about 1 g of each
composition were used for both the cw and pulsed NMR
studies of these materials.

Continuous-wave and pulsed NMR measurements of
3P in the paramagnetic state of the UPy_,S; composi-
tions were made at room temperature (300°K) and at
the bath temperatures of liquid freon-22 (232°K) and
dry ice in liquid freon-22 (192°K). The use of bath
temperatures was dictated by the pulse system.

The cw measurements were carried out with a Varian
variable-frequency spectrometer (model V-4210A),
generally at 15.3 MHz. The field sweep (over a range
of 50 or 100 Oe) was controlled by a Varian Field Dial
Mark II. Suitable field modulations (at 40 Hz), of
amplitudes less than one-third of the linewidths, were
used for recording the first derivatives of absorption
lines by means of a lock-in detector with a suitable
response time. The lines did not saturate even at the
highest rf fields available (~0.3 Oe). The Knight
shifts of 3'P in the UP-US solid solutions were measured
with respect to the NMR line of 3P in H;PO,. Although
cw lines could be recorded for all compositions at room
temperature, the lines could not be recorded for high
sulfur compositions at lower temperatures because of
the excessive line broadening due to inhomogeneity.?
In these cases, the Knight shifts were obtained from
pulsed measurements only. The lower temperatures
were obtained by means of a special Dewar, which
fitted into the NMR probe and was filled with the bath
liquid so that the sample was immersed in the coolant.

The pulsed measurements were carried out using a
phase-coherent, crossed-coil pulsed NMR spectrometer.
The free-induction decay time constant Ts* was
determined from the shape of the Bloch decay following
a 90° pulse. The decays were exponential. T5* could not
be measured at the high sulfur concentrations at low
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temperatures because of the extremely short Bloch
decays (T>*<2 psec). The echo decay time constant
Ts was found from the amplitude of the echo following
a 90°-£-180° pulse sequence. The echo amplitude
varied exponentially with the separation time ¢. Mea-
surements of the spin-lattice relaxation time Ty were
generally made from the amplitude of the Bloch decay
following a 180°-£-90° pulse sequence. The Bloch-decay
recovery was exponential. In those cases in which Ty*
was very short, the echo-amplitude recovery following
a three-pulse 180°-£-90°-7-180° (7 =const) sequence was
used for the measurement of 7. No effects due to
spectral diffusion were observed, and the change of the
echo amplitude was exponential; the rf fields used (at
least 50 Oe) were sufficiently large to achieve complete
saturation of the lines. Knight shifts obtained by the
pulsed method were taken with respect to aluminum
metal (for which K,=0.1619%).

Most of the pulsed measurements were made at 12
MHz. Measurements at 8 MHz yielded different values
of T9¥, as in the case of UP.8 Ty and T’y were, however,
independent of frequency. All the experimental values
in Sec. IV were measured at 12 MHz. For the measure-
ments of T,*, T,, and T, data were taken by the
signal-averaging technique using a Fabritek 952 high-
speed digitizer (1 wsec per channel) and 1052 signal
averager.

IV. RESULTS AND DISCUSSION

The studies of cw and pulsed NMR of *P in the
paramagnetic state of the UP._,S, system are exten-
sions of the cw?/?* and pulsed® NMR studies of 3P in
the paramagnetic state of UP. Continuous-wave
measurements have also been made on 3P in the
paramagnetic state of the other uranium phosphides,
U,P, (ferromagnetic)? and UP; (antiferromagnetic),?”-?
on “N in the paramagnetic state of UN (antiferro-
magnetic),?? and on C in uranium carbides (antiferro-
magnetic U,C; in its paramagnetic state, and non-
magnetic UC and UC,).? The present measurements of
K, AH, Ty*, T, and T for ®P in the UP1_,S, system
are compared below with the previous measurements
on U compounds that have an ordered magnetic state.
The cw data are also compared to the various results
for lanthanide compounds summarized by Jones.*

A. Knight Shift

The Knight-shift measurements for 3P in the para-
magnetic state of the UP-US solid solutions were

2 B. A. Scott, K. A. Gingerich, and R. A. Bernheim, Phys. Rev.
159, 387 (1967).

2 [7, Friedman (private communication).

260 . D. Jones, Phys. Letters 25A, 111 (1967).

27 K. R. K. Easwaran, V. U. S. Rao, R. Vijayaraghavan, and
V. R. K. Rao, Phys. Letters 25A, 683 (1967).

28 F. Friedman, J. Grunzweig, and M. Kuznietz, Phys. Letters
25A, 690 (1967).

2 M. Kuznietz, Phys. Rev. 180, 476 (1969).

% W. B. Lewis, S. W. Rabideau, N. H. Krikorian, and W. G
Witteman, Phys. Rev. 170, 455 (1968).
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reported previously.® K increases with increasing sulfur
concentration x# and with decreasing temperature.
Figure 1 shows K as a function of X values'” in the
temperature range 192-300°K for all the UP.S,
compositions studied (except UPy S0 33, for which X
data are not available from Ref. 17). The plot yields a
linear dependence similar to Eq. (1) with

| Ko| <K
and
a=4.040.5 mole/emu.

The slope « is practically the same for all UP,_,S,
compositions. As indicated previously,® « is also the
same for other U compounds with an ordered magnetic
state: UsP4,? UN,? and U,C;.® These results are also
indicated in Fig. 1. The plots of K versus X, for “N
in UN and for ®*C in U,C; fall in regions where data for
3P in UPy_,S, and U;P;4 are not available, yet all the
data appear to lie near a line with a slope of about 4
mole/emu. So far only positive slopes have been
reported for actinide compounds. Besides the above
results, a slope « of 0.4 mole/emu was obtained for 'H
in 8-UHj3,* and a slope « of 16.7 mole/emu was obtained
for 3P in PuP.!:# The positive slopes in the actinides
with less-than-half-filled Sf shells reproduce the be-
havior of the slopes for the lanthanides,!2* which are
positive for less-than-half-filled 4f shell and negative
for more-than-half-filled 4f shells. This was initially
found in LnAl (Ln denotes a lanthanide),! and later
in the Lnv compounds’? and in other lanthanide
compounds.® (Negative slopes have been reported® for
3P in MnP and the CoP-MnP solid solutions.)

The Knight shift in metallic magnetic materials is
caused primarily by polarization of the conduction
electrons by the localized moments (5f in our case),
which brings about the term aXsr in K [Eq. (1)]. This
term arises from the effective hyperfine interaction,
which can be written®

AT-(S)=yAHMI-(S). )

In Eq. (6), 4 is the hyperfine interaction constant, I
is the nuclear spin, (S) is the time-averaged value of
the localized spin component of the angular momentum
J, v is the nuclear gyromagnetic ratio, and H%f is the
hyperfine field per unit spin S. For the hyperfine
interaction of the form of Eq. (6), the aX), term of K

[(Eq. (1)]is given by*
Xy =H"(g;—1)Xar/N agsup, )

where g is the Landé factor for the localized moment,
N 4is Avogadro’s number, and p 5 is the Bohr magneton.

8 M. Kuznietz, G. A. Matzkanin, and Y. Baskin, Phys. Letters
28A, 122 (1968).

8 J. Grunzweig and M. Kuznietz, in Magnetic Resonance and
Relaxation, Proceedings of the Fourteenth Collogue Ampére:
Ljubljana, 1966 (North-Holland Publishing Co., Amsterdam,
1967), p. 1224.

#D. J. Lam, F. Y. Fradin, and O. L. Kruger, Bull. Am. Phys.
Soc. 14, 387 (1969); Phys. Rev. 187, 606 (1969),
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Under the assumption of U** ions (52 configuration!®;
J=4 and g;=0.8), the value

HP=—90415 kOe

is obtained. H*f depends on the configuration assumed,
and for 5% it is —604£10 kOe. The hyperfine field is
negative as in the lanthanide compounds, but the
magnitude is somewhat higher. Jones! quotes an average
value of —350 kOe in the lanthanide compounds.

The slope « (or the coupling constant 4) is usually*:5:2°
analyzed by the following methods.

1. Uniform Conduction-Electron Spin Polarization

In this model'?# the conduction-electron spins are
uniformly polarized. Under the assumption of s conduc-
tion electrons and f localized moments, the s-f exchange
constant J,; is given by

a=(gr—1)KoJs/28u5*N4, ®)

where K, is the Knight shift due to unpolarized conduc-
tion electrons as found, e.g., in the isostructural
nonmagnetic compounds. For 3P in the UP.,S,
system we use the K, of 3P in ThP* ie., +(4.4+0.2)
X 10~ The value

Jop=—24404 ¢V

is obtained, which is similar to the value given by
Jones? for UsP4. The value of J,; depends strongly on
the choice of K,.. However, it seems reasonable that
using the value of K, in ThP will yield at least the
correct order of magnitude for J4;. J,; is negative, as in
the lanthanide compounds®; this means that the
uniform conduction-electron spin is antiferromagneti-
cally coupled to the localized U moments. A representa-
tive value for J, in the lanthanide compounds? is
—0.3 eV; the higher value for U compounds is probably
a result of the greater extent of the 5f electronic
functions.

2. RKKY Model

The simple form of the RKKY model,* used for
analysis of K, is slightly more realistic than the
uniform-polarization model. The RKKY model predicts
oscillatory polarization of the conduction electrons and
seems to account for some features of the Knight shift
m lanthanide aluminides.® However, difficulties in
applying RKKY model to U compounds have been
pointed out in the case of UN.?® In the RKKY treat-
ment of K, J,; in Eq. (8) is replaced?® by an expression
that includes the s- f coupling constant I' and a summa-
tion of the Ruderman-Kittel function of the distances
R, over all the magnetic ions ¢ interacting with the
investigated nucleus #. The value of I for UN obtained?®
from the analysis of the Knight shift is at least eight
times higher than that obtained by Rocher’s procedure®

# M. Kuznietz, J. Chem. Phys. 49, 3731 (1968).
35 Y. A. Rocher, Advan. Phys. 11, 233 (1962).
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TaBLE II. Linewidth AH (at 15.3 MHz) and Bloch (free-induction) decay time constant 7's* (at 12 MHz) for 3P in the paramagnetic
state of the UP;_.S, system. The product AHT,* is given for comparison.

NMR properties up UPo.9550.05  UPo.90S0.10  UPo.s5S0.15  UPo.75S0.25  UPo.e1S0.ss UPo.500.50
T=300°K AH (Oe) 5.8+ 0.5 8.2+ 0.8 9.8+ 1.0 13.2+ 2.0 15.54& 2.0 18.0% 2.0 22.5+ 2.5
To* (usec) 33 £3 24 + 1 18.5+ 0.8  13.7+ 0.8 150+ 1.5 1044+ 0.6 9.0+ 0.5
AHT5* (Oe usec) 191 +34 197 £27 181 +26 181 438 232 £33 187 +35 202 29
T=232°K AH (Oe) 9.0+ 0.6 14.0% 1.5 22.0% 2.0 32 + 4 39 £ 5 .. cee
To* (usec) 18 £ 2 10.7£ 0.5 7.0 0.6 4.5+ 1.0 3.2+ 0.8 2.04 0.8 <2
AHT,* (Oe usec) 162 432 150 +23 154 +£27 144 +50 125 447 . cee
T'=192°K Al (Oe) 11.5+ 1.5 25 £ 3 35 £33
To* (usec) 1224 1.2 6.2+ 04 3.4+ 1.0 <2 <2 <2 <2
AHTs* (Oe usec) 140 +32 155 +29 119 445 s v e

from the paramagnetic Curie temperature § and the
magnetic resistivity pn,. In the UPy,S, system the
problem with the RKKY model is even more serious.
Although the changes in 6 on going from UP to US,”
and in the various magnetic structures in the UP-US
solid solutions,” are understood on the basis of the
variation in the appropriate Ruderman-Kittel sum
over interuranium distances,'® the corresponding change
in the sum over R;, distances® is not reflected in « or
in the Knight shift. We find that in the UP-US solid
solutions there is no correlation between 6 and K when
the simple RKKY model is used. It is therefore con-
cluded that a simple RKKY model cannot account for
the features of K in the UP,,S, system. The same
conclusion was drawn by Jones* for the Knight shift in
lanthanide compounds.

More complicated RKKY models have not been
used for the analysis of the Knight shift, but they are
unlikely to explain the constant value of the slope «
throughout the UP,_,S, system.

The intercept K, is of small magnitude for all the
UPy_,S; compositions. Since our measurements were
taken at only three temperatures for each composition,
the error in determining K, is quite large. However,
from the analysis of Ko in UP?:25:29 it follows that the
difference between K, and the K, of 3P in ThP is due
to some temperature-independent susceptibility X,
which is discussed also by Jones.*

B. Linewidth

The linewidth AH of each cw NMR absorption line
was determined from the separation between the
maximum and the minimum of the recorded first
derivatives. The linewidth of 3P in the paramagnetic
state of the UP;_,S, system was measured for all
compositions at room temperature, for compositions up
to x=0.25 at 232°K, and for UP, UPg¢sS¢.05, and
UPo.00S0.10 at 192°K. The data obtained at 15.3 MHz
are given in Table II. Measurements at other fre-
quencies show that AH is proportional to the applied
magnetic field Hy, as long as Hy is not too small (above

3 M. Kuznietz (unpublished).

~1000 Oe). From Table II it is evident that AH
increases with increasing & and also with decreasing
temperature.

In the case of UP, Friedman?® obtained the relation

AH~bH,/(T—0), 9)

with the constant 5=0.2°K. This relation also fits our
UP results (Table II). The magnetic part of the
linewidth in UN? is also proportional to Ho/(T —8) or
XuHy or the magnetization. The linewidths in the
Lnv compounds were also found* to obey Eq. (9).
However, for the UP-US solid solutions one cannot fit
the linewidth with a formula similar to Eq. (9), and
AH changes strongly with « and 7. Such changes are
related to the inhomogeneity of the solid solutions.?

For spin- nuclei (such as *P) in powdered para-
magnetic materials, the contributions to the NMR
linewidths and to the second moments are caused by
internuclear dipolar interactions and by magnetic
interactions. The magnetic interactions include both
direct dipolar interactions with the localized moments
and demagnetization effects.*?? The various linewidth
contributions add through their squares and therefore
through the second moments. The internuclear dipolar
contribution to the second moment My of 3P in UP
is 0.22 Oe€?, and is less for the higher UP,_,S, composi-
tions. The magnetic-interaction contributions are
proportional to the magnetization or XprH,. For applied
magnetic fields that are not too small, the internuclear
contribution can be neglected, and AH is then propor-
tional to XpHo or Ho/(T—8), as found empirically in
UP [Eq. (9)].

In UP and the UP-US solid solutions the 3P nuclei
are located in highly symmetric (octahedral) sites, and
the dipolar field due to the localized uranium moments
vanishes. However, demagnetization effects due to
the powdered nature of the sample do exist, and their
contribution to the linewidth is proportional to the
magnetization or XuHy3 We therefore expect the
linewidths in the UP-US solid solutions to be propor-

3 L. E. Drain, Proc. Phys. Soc. (London) 80, 1380 (1962).
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TasLE III. Measured values of the echo decay time constant 7' of *P in the paramagnetic state of the UP;_.S; system at 12 MHz
and the computed static 7’ values.

T (°K) Uup UPo.9550.05 UPy.90S0.10 UPo.8550.15 UPo.7550.25 UPo.671S0.33 UPo.5050.50
Measured Ty (usec)

300 88+11 85+10 9548 9449 113+8 11248 129412

232 92410 89+4 95+4 9944 9946 10448 11547

192 78+8 8146 8144 877 8246 9146 86+7

Ty (usec) from 1/To=1/T2'+1/2T,

300 10117 98416 112422 109422 134+19 131423 159427

232 112423 111412 118412 125414 122418 128+19 148421

192 10115 102415 104414 111418 103418 1194-20 118428
Average T’ 105415 104412 111412 115314 120418 126419 142421

tional to X3 when comparing measurements for the
same applied magnetic field.

If all the compositions are assumed to contain
particles of similar shapes and sizes, and, therefore, to
have similar demagnetization effects, and if the change
in X7 in going from UP to the UP-US solid solutions
is known, then the linewidth for UP can be extrapolated
to yield the linewidths for the ideal homogeneous
UP-US solid solutions UP;_4S;,. This has been done
in Fig. 2 for measurements at room temperature and
Hy~8700 Oe. The measured linewidth AH exceeds the
extrapolated linewidth AH, The excessive linewidth
AH—AH, is caused by the inhomogeneous nature of
the UP-US solid solutions; the inhomogeneity also
causes broadening of the x-ray diffraction lines and
changes in the magnetic properties.? The inhomogeneity
range o&x, defined by x=x,330x, was found to be
~0.1xo. A second homogenization treatment of the
UPy.72S0.25 solid solution has been reported® to reduce
the linewidth of 3P at room temperature from 2041
to 1541 Oe, which is closer to the value of AH, (~9 Oe).

The broadening of NMR lines by inhomogeneity is
due to the strong dependence of K on x. Since each
sample contains particles UP_,S, with x varying within
the inhomogeneity range éx around xo, the Knight
shifts vary and bring about broadening of the lines.
However, the centers of the lines are still a good
measure of the Knight shift at the x sulfur concentra-
tion. The inhomogeneity broadening is expected to
affect the Bloch decay time constants 7»*, but to have
no effect on T’ or 7.

.31
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< 30 T=300°K
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Fi1c. 2. Linewidth of 3P in the UP;_.S. system (at 7'=300°K,
Hy~8700 Oe) as a function of the sulfur concentration x. The
shaded region indicates the linewidth extrapolated from UP to
completely homogeneous UP;_.S, compositions.

In spite of the inhomogeneity broadening, the NMR
lines were symmetric and very close to Gaussian.

C. Bloch Decay Time Constant

The Bloch (free-induction) decays following 90°
pulses were exponential. 75* was determined from the
shape of the Bloch decay by observing the time at
which the decay reached 1/e of the “maximum” initial
amplitude. The Bloch decay could not be determined
for high sulfur compositions at low temperatures, since
it was well below the response time (2 usec) of the
pulse system.

The T»* values obtained at 12 MHz are given in
Table I along with the AH values obtained at 15.3
MHz. The variation of T5* at 8 MHz was in agreement
with the variation of linewidth as indicated in the
case of UP.2

Although AH and T.* were obtained at different
frequencies (15.3 and 12 MHz, respectively), the
proportionality expected between AH and H, permits
the consideration of products AHT.* as given in
Table II.

The practically constant value of AHT»* throughout
the UP,_,S, compositions at each temperature indicates
the close relation between AH and T.* and also the
similarity of line shapes (approximately Gaussian) in
all the compositions. The slight change of AHT* with
temperature is not too significant, but it might be due
to some change in the line shape with temperature.

D. Echo Decay Time Constant

Since most of the linewidth of 3P in the UP;_,S.
system consists of magnetic and inhomogeneity broad-
enings, one expects to observe a spin echo following a
90°-#-180° pulse sequence. The center of the echo is
expected to appear at a time ¢ after the 180° pulse. The
echo decay time constant T, is obtained from the
variation of the echo amplitude with ¢. The results at
12 MHz are given in Table IIT; measurements at 8

MHz yield the same 7', values. T is independent of

temperature, and increases slightly with increasing .
All the T, values are much higher than the 7%* values
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Tasre IV. Static spin-spin relaxation time 7%, calculated internuclear dipolar second moment My and linewidth
AHyv, and AHv1y for P in ThP and the UP;_,S; system.

NMR properties ThPo.o5 UP UPo.9550.05  UPo.90S0.10  UPo.s5S0.15  UPo.75S0.25  UPo.67S0.5s  UPo.50S0.50
Ty (usec) 140452 105+15 10412 111412 11514 12018 12619 142421
My care (Oe?) 0.1640 0.2226 0.2126 0.2025 0.1918 0.1709 0.1537 0.1169
AHV cate (Oe) 0.8100 0.944 0.922 0.900 0.876 0.827 0.784 0.684
AHvyTy (Oe usec) 113+4 99+ 14¢ 9611 100411 10112 99+15 99+£15 9714

a T'9! =T9* as determined from the Bloch decay.
b Measured AH =0.850.10 Oe leads to AHT'9* =119:-18 Qe usec.
° Average value of AHy T2’ =99 48 Oe usec.

(Table II), thus indicating inhomogeneous broadening
of the NMR lines.

The echo decay time constant 7' is actually the spin-
spin relaxation time, which is related to the homo-
geneous broadening of the NMR lines. In the present
case, this broadening is due mainly to internuclear
dipolar interactions, and is therefore temperature-
independent. Such interactions give rise to the static
value T3’ of the spin-spin relaxation time. Since the
spin-lattice relaxation times 7' (see the discussion of
spin-lattice relaxation time below) are very close to T,
the measured (dynamic) T, values are given by?*3

1/T2=1/T2/+1/2T1, (10)

where an additional spin-spin relaxation mechanism
is provided by the coupling to the lattice.

The values of 7%, which are slightly longer than 7%,
are also given in Table III. We find no temperature
dependence, and the average 7%’ values vary from ~105
usec in UP to ~142 usec is UPy 50S0.50.

No echo is observed in the nonmagnetic isostructural
compound ThP, and the spin-spin relaxation time 7%’
(=T,) is equal to the Bloch decay time constant
T,*=14045 usec.® Table IV lists values of 7 and
calculated values of the internuclear dipolar second
moment My for ThP and for the UP{_,S, system. For
interactions between identical nuclei (having spin I and
gyromagnetic ratio v), My is given by the Van Vleck
expression®

1
My=3RI(I+1) ¥ —,

720 (r9,)

(11)

where the summation is over all the nuclei (») interact-
ing with the investigated nucleus 0. Summations for
cubic lattices were given by McGarvey and Gutowsky.*
For 3P in ThP and UP, the My values are 0.1640 and
0.2226 Oe¢?, respectively. The values for UP,_,S, are
computed from the UP value. The linewidths AHy,
related to My by

(12)

are also given in Table IV. In forming the products

3D, F. Holcomb and R. E. Norberg, Phys. Rev. 98, 1074
(1955).

3 J. H. Van Vleck, Phys. Rev. 74, 1168 (1948).

4 B, R. McGarvey and H. S. Gutowsky, J. Chem. Phys. 20,
1472 (1952).

AHy=2(Mv)"?,

AHyTy' in Table IV, a constant value of about 99 Oe
usec is obtained for the UP-US solid solutions. The
constant value of AHvyT, throughout the UP;_,S,
series and its proximity to the value of AHT, (=~1/y
~92 Oe usec) for a symmetric, Gaussian-like line show
the direct relation between AHy and T’ and indicate
that the spin-spin relaxation takes place by internuclear
dipolar interaction. The value of AHyT, in ThP is
slightly higher, probably because of a slight change in
the line shape or in the homogeneous broadening.

E. Spin-Lattice Relaxation Time

Perhaps the most important results obtained in the
present NMR study of P in the paramagnetic state
of the UP{_,S, system are those for the nuclear spin-
lattice relaxation time 7. The T results were indepen-
dent of frequency or appplied magnetic field (as in UP#).
Values of 7Ty obtained at 12 MHz and the products
T1T are listed in Table V for different temperatures 7.

Several important features can be seen for Table V:

(i) The T values (150-400 usec) are three orders of
magnitude shorter than the 7'i values in the non-
magnetic isostructural compound ThP (50-200 msec).®

(i1) The T values increase with temperature for
all compositions, regardless of the magnetic ordering.
This is in contrast with ThP, in which 7; decreases
with increasing temperature and 7,7 =16.24-0.8 sec
°K.? A Korringa relation

T1TK 2= (3.13:£0.42) X106 sec °K  (13)

represents the results for ThP, which are similar to the
behavior of most metals. The increase of 71 in the
UP,_,S, system between 192 and 300°K is a factor of
~2 for all compositions.

(i) The Ty values are relatively constant within the
experimental error throughout the UP-US system,
except for UPg.7550.25 and UPy.6:5¢.35, for which they
are slightly higher.

(iv) The product 7T increases rapidly with increas-
ing temperature for all compositions, regardless of the
magnetic ordering. Such a behavior contradicts the
theory proposed by Silbernagel ef al.? for the tempera-
ture dependence of 7,7. When 71T is plotted as func-
tion of 7, a linear dependence

T\T~D(T—6,) (14)
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TasLE V. Spin-lattice relaxation time 74 of 3P in the paramagnetic state of the UP;_.S, system (at 12 MHz).
T (OK) UP UP0.9550>05 UPO.QOSO.IO UPO.SbsO.lb UPO.75SO‘25 UP0.67SO.33 UP0.5OSO.50
Ty (psec)
300 340415 33017 310430 335435 36025 395+40 34025
232 250425 227415 248416 236416 2654252 280420 255-4-20=
192 172412 195+15 185+15 202172 200£25% 1954202 160425
71T (msec —°K)
300 10245 9945 9349 100£10 108+8 118412 102+8
232 5846 5343 5844 5544 6246 6545 59435
192 33%2 373 363 3943 38435 37+4 31+£5
01 (OK) fI‘Ol’ﬂ T1T=D(T*‘01)
1408 (134)® 124418 (100)® 130420 141415 143415

2 T determined from the three-pulse echo amplitude.
b A straight-line fit is only approximate.

is observed for all the compositions, except UPg.9550.05
and UPgs580.15. In Eq. (14), 6; is the temperature at
which the line 71T versus T cuts the T axis, and D is
a constant. The 6, values are summarized in Table V,
and are equal to the Curie temperature T'¢ or to 6
for the compositions with ferromagnetic ordering, but
exceed the Néel temperature Ty for the antiferro-
magnetic compositions (and Tx exceeds the para-
magnetic Curie temperature 4 for the antiferromagnetic
compositions). For the UPg.0550.0s and UPy.8550.15
compositions the 6; values are those obtained by an
approximate straight-line fit to the experimental points.

Because of their appearance in Egs. (4) and (5),
the products 717K? and 717K are listed in Table VI.
Although T, TK? was constant in the antiferromagnetic
compositions (as was the case in UP %), T'TK was
constant in the ferromagnetic compositions (as was
also found by Fradin for 3'P in the paramagnetic state
of ferromagnetic PuP ''). However, the scatter involved
in the product 72TK? and T1TK are quite appreciable,
and this admits the possibility of other relations between
T1and K.

Spin-lattice relaxation due to direct interactions of
the 3P nucleus with the uranium moments was shown
to be inefficient in the case of UP.® Since the 7'y values

are about the same throughout the UP; .S, system,
such a mechanism is also inefficient in this case.

The relaxation mechanism in ThP is of the Korringa
type, i.e., by direct interaction between the nucleus and
the conduction electrons. The constant in Eq. (13) is
1.954£0.25 times the theoretical Korringa value
(1.6 X107 sec °K) for 3P. Such a mechanism also
exists in UP, but it is inefficient, as indicated above.
The relaxation rate 1/7; in UP is composed of the
Korringa relaxation rate and another rate, which
predominates. As discussed in the case of UP,} the
efficient relaxation mechanism that gives rise to the
observed order of magnitude of 7' is due to indirect
interactions, via the conduction electrons, between the
3P nucleus and the localized f electrons of the U ions.
Therefore, in the cases of UP and of the UP,_.S,
system,

1/T1=1/(T1)Korringa+1/T1f- (15)
If (T1)Korringa in UP and the UP-US solid solutions is
assumed to be about equal to 7Ty in ThP, then

TlﬁTlf. (16)

We may therefore say that the relaxation mechanism in
UP and the UP-US solid solutions, and in other metallic
paramagnetic materials that have magnetic ordering,

TaBLE VI. Temperature dependence of 777K? and T1TK for 3P in the paramagnetic state of the UP;_,S, system.

Antiferromagnetic Ferromagnetic
T (°K) UP UPo.9550.05 UPo.9050.10 UPy.8550.15 UPy.7550.25 UPy.6750.33 UPo.50S0.50
T1TK? (107¢ sec °K)
300 4143 4243 4246 4948 5847 7111 7249
232 4245 4144 5245 5746 7711 94416 117420
192 36+5 4847 4947 65411 104424 139437 182459
const 39435 4546 477 S7T+14 e e .-
T:TK (1075 sec °K)
300 204413 20313 197424 220428 251425 289436 271427
232 157415 148410 175415 177+16 220426 247432 263434
192 109410 133415 13415 160420 198+37 226443 238459
const cee cee cee cee 225445 257445 255435
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proceeds via interactions of the investigated nucleus
with the conduction electrons, which, in turn, interact
with the localized moments. As the temperature is
lowered to near the Curie or the Néel temperature, the
magnetic interactions between the localized moments
and the conduction electrons become stronger, and one
therefore expects a shorter 7y (due to a more efficient
relaxation mechanism). Such behavior is indeed
observed in all metallic paramagnetic materials,®1
and in the UP;_,S, system as well.

The correct treatment of the nuclear spin-lattice
relaxation in the presence of dilute localized moments in
metallic materials was first given by Giovannini and
Heeger" and later, independently, by Fradin" for the
case of paramagnetic materials with a lattice of localized
moments. The treatment of Fradin!' introduces the
generalized susceptibility X(q) of the conduction
electrons, which determines the ordering of the localized
moments, and shows how it determines the dependence
of 77 on T in the paramagnetic state. The expression
derived by Fradin ist

1
}—ﬂc 2T () x(0), (7

1r a

where q is the change in the conduction-electron wave
vector k, I'(q) is the s-f interaction parameter appro-
priately averaged over the conduction-electron states,
X;(q) is the generalized susceptibility of the interacting
localized f-electron moments, and C is a constant that
depends on the models of the localized moments and of
the conduction electrons used in the calculation.

For materials with ferromagnetic ordering, X(q) has
a maximum at =0, and, as a first approximation,
the static value X, (which is X,r discussed in the previous
Knight-shift consideration) is used in Eq. (17). Using
X;, one obtains the relation

1/TT=Cx~=C"1/(T—0), (18)
which explains the temperature dependence of 7 in
the paramagnetic state of ferromagnetic materials by
the constant value of 777K as mentioned in connection
with Eq. (5) (C/ and C¥/ are constants). The tempera-
ture dependence of T in the ferromagnetic UP,_,S,
compositions (Tables V and VI) are therefore under-
stood by the same method used by Fradin for PuP."
The constants 6; for the ferromagnetic compositions in
Table V are close to 6 or T'¢ (especially for UPg.50S0.50).
The situation is not as simple for materials with
antiferromagnetic ordering, since X(q) peaks around
some critical wave vector q., which depends on the yet
unknown band structure of the electrons. One would
hope to express 7'y, in a form similar to Eq. (18):

1/T1/T§C“(T—01)_l ,

. 4B, Giovannini and A. J. Heeger, Solid State Commun. 7,
287,(1969).

(19)
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where 6; is the same constant defined in the empirical
relation of Eq. (14), and should be related to Ty (C®
is a constant). The values of 0; cited in Table V tend to
support Eq. (19); however, in the UPg5S0.05 and
UPo.8550.15 compositions, Eq. (19) does not hold.

Since both Egs. (18) and (19) employ the assumption
that X(q) is proportional to a § function at q., a good fit
to the experimental results is not @ priori certain.
However, the difference expressed in Table VI between
the UP;_,S, compositions with ferromagnetic and with
antiferromagnetic orderings is clear, though a Korringa-
type relation [as given in Eq. (4)], which was expressed
previously by us®42 and by Shen et al.,% is not necessarily
the best description of the relation between T; and K
in the antiferromagnetic case.

V. CONCLUDING REMARKS

The magnetic properties of the UPy .S, system as
found by susceptibility measurements!” and by neutron
diffraction®~22 can be accounted for by the simple model
proposed for the Uv and Uvi compounds.'® This model
treats the magnetic interactions in the UP-US solid
solutions, which are good conductors of electricity, by
means of the RKKY mechanism.!

The magnetically well-characterized UP1_,S, system
was used for further investigation of NMR properties
(of 3'P) in the paramagnetic state of materials with
various magnetic orderings. The following conclusions
can be drawn from the cw and pulsed measurements
reported in this paper:

(i) The plots of K versus Xy have a constant slope
for all the compositions, despite the changes in 6 and in
magnetic structure throughout the UP;_,S, system.
Thus, a simple RKKY model cannot account for the
features of the Knight shift. The same conclusion was
drawn by Jones* for his measurements in the Lnv
compounds.

(i) The linewidth of *P in the paramagnetic state
of the UP1_,S, system has a small internuclear dipolar
contribution and another contribution due to the
powdered structure of the sample (demagnetization
effects). However, a large portion of the linewidth is
due to the sample inhomogeneity, since the Knight
shift depends strongly on . The inhomogeneity also
affects the x-ray diffraction lines and the magnetic
properties.?

(iii) The linewidth is correlated with the Bloch
(free-induction) decay time constant, and the product
AHT,* is constant for all compositions, with a slight
temperature dependence. This indicates the dominance
of inhomogeneous fields (demagnetization, composition
variation) on AH and T»*.

(iv) The echo decay time constant is correlated with
the internuclear dipolar linewidth, and the product
AHyT,' is constant in the UP;_,S, system and is close

4 M. Kuznietz, G. A. Matzkanin, and Y. Baskin, Bull. Am.
Phys. Soc. 14, 333 (1969).
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to the value in the nonmagnetic isostructural compound
ThP. Ty is determined by homogeneous internuclear
dipolar interactions.

(v) The spin-lattice relaxation time of P in the
paramagnetic state of the UP; .S, system is three
orders of magnitude shorter than 7'y in ThP, does not
have the simple temperature dependence that occurs in
metals (717 =const), and increases with temperature
for all compositions, regardless of the magnetic ordering.
The product 71T strongly increases with temperature
for all compositions, thus contradicting the previously
proposed theory of Silbernagel ef al.® The present results
support the treatment given recently by Fradin.!
For the ferromagnetic compositions a relation T1TK
=const is obtained, similar to Fradin’s result" in PuP
and also to the result in 8-UHj,” although the latter
involves larger experimental errors. For the antiferro-
magnetic compositions a different relation is obtained,
but it cannot be formulated in a simple formula as in
the case of ferromagnetic compositions. Relations such
as Th'TK?=const or I1'T=D(T—6:) can be used to
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approximately characterize the temperature behavior
of T in the antiferromagnetic compositions, with the
latter [Eq. (14)] having some basis in the treatment of
Fradin.t

The NMR results of ¥P in the paramagnetic state
of the UP1_,S, system make use of the special magnetic
properties of this system. The extension of the NMR
work to the ordered state would provide a direct
relationship with the magnetization and neutron
diffraction studies of the UP;_,S, system.
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Moissbauer Study of Several Ferrimagnetic Spinels*
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The ferrimagnetic spinels Fe;Os, NiFe,04, CoFe;04, MnFe,04, and MgFe 04 have been prepared and
studied with the Maossbauer-effect technique over a wide temperature range both with and without large
applied magnetic fields. The cation distributions have been determined and compared with magnetization
measurements. For CoFe,04 and MgFe Oy, this distribution depends on the heat treatment; two extremes—
quenched and slowly cooled samples—have been investigated. The hyperfine magnetic fields at Fe5? nuclei
in A and B sites have been obtained as a function of temperature. A number of hyperfine fields are identified
with the B sites of CoFe 04, MnFe;04, and MgFe,04 and attributed to the kind and distributions of cations
in the nearest-neighbor A sites. From the data, the ratio of the Co(4)-Fe(B) and Mn(4)-Fe(B) to the
Fe(4)-Fe(B) superexchange interactions is found to be 0.68 and 0.66, respectively. Since the Mgssbauer
spectra provides no evidence for Fe?* ions in MnFe,Os, a canted spin arrangement for the Mn ions in
A and B sites is proposed to account for the small observed magnetization.

I. INTRODUCTION

FERRIMAGNETIC spinel can be represented by

the formula (M)[M;']Oq, in which the round and
square brackets refer to metal ions situated in an oxygen
tetrahedron or octahedron, respectively. If the tetra-
hedral (4) and octahedral (B) sites are occupied by
metal ions possessing a magnetic dipole moment,
cooperative phenomena known as ferrimagnetism may
be observed below a particular temperature. The
properties of these materials depend on what kinds of
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metal ions are present in the different sites and how
these are distributed. Spinels with only divalent ions
in tetrahedral or in octahedral sites are called ‘“normal”
or ‘“inverse,” respectively. The main cause for a
cooperative behavior of the magnetic dipoles in a
spinel is the antiferromagnetic 4-B superexchange
interaction.

Ferrimagnetism was discovered in materials with a
spinel structure. Consequently, these materials have
been investigated very often.'™® Also the Mdssbauer-
effect (ME) technique has been used to investigate
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