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Measurements of the magnetic field dependences of T, and T, for "P nuclei in GdP at temperatures

T&T„are reported. These relaxation times are shown to yield the Fourier transform of the sum of
two electronic-spin correlation functions. This is the first case where these functions have been

determined from nuclear magnetic resonance (NMR), and a fairly good fit to a theoretical spectrum is

achieved. Comparison of the fit parameters with results of previous NMR-shift measurements gives

information about the ranges of the Gd-P hyperfine interaction and the Gd-Gd exchange interaction. A
more detailed characterization of the hyperfine coupling is obtained from the "P spectra in LaP and

LuP containing dilute substitutional Gd. These spectra were taken at temperatures (4'K and magnetic

fields near 100 kOe. The resulting saturation of the Gd spins makes exchange effects unimportant,

thereby simplifying interpretation of the data. Two peaks are resolved. One is assigned to "P nuclei

having one nearest-neighbor Gd, the other to "P nuclei having none. The combined data indicate that
the nearest-neighbor hyperfine coupling accounts for (78+5)% of the resonance shift in GdP, the

remainder being due to longer-range interactions. Appreciable anisotropy is observed in the hyperfine

interaction. Finally, consistency among all the results is obtained if the Gd-Gd exchange is assumed to
be next-nearest neighbor only.

I. INTRODUCTION

We have made a detailed study of the magnetic
. properties of GdP via the transient nuclear mag-

netic resonance (NMR) of P. ' Measured were the
magnetic fieM dependences of the longitudinal and

transverse nuclear-spin relaxation times T~ and

T, . The Gd-"P hyperfine coupling makes these
parameters sensitive to the Gd electronic- spin
fluctuations. As will be discussed, the results
yield the Fourier transfoxm with respect to time of
the sum of the electronic-spin autocorrelation
function and a pair correlation function. . These
functions characterize in part the time evolution
of the electronic-spin system. Such detailed infor-
mation has previously been available only from
inelastic- neutron- scattering experiments, which
yield the Fourier transform with respect to both

space and time. Furthermore, when the present
data are combined with previous resonance-shift
data they provide information on the ranges of the
Gd-Gd exchange interaction and the Gd-P hyper-
fine coupling. This is a consequence of the qua-
dratic dependence of the xelaxation times on the

hyperfine and exchange interactions, which con-
trasts with the linear sums over these interactions
which determine the resonance shift. Also ob-
tained were ~P spectra in LaP and LuP containing
dilute Gd, which permitted a still more detailed
chax'acterization of the hyperfine interaction from
the satellites associated with P-Gd nearest neigh-
bors.

The motivation for this work was twofold. First,
GdP is especially well suited to the field-depen-

dence study because the applied magnetic field can
be varied from values much smaller to much

larger than the exchange field acting on the Qd

spins. In the second place, the GdP work is part
of a systematic study of the rare-earth (RE)
monophosphide series. ' The RE- RZ exchange
interaction and the RE-P hyperfine coupling in
these intermetallic compounds are of interest be-
cause they have been thought to procede via con-
duction-electron polarization. . In particular, the
range of these eouplings should reflect the size of
the polarization cloud surrounding the localized
spin on a RE.ion,

The RE phosphides have the NaCl structure and
are metallic. 6 GdP differs from the other com-
pounds of this series in that the Gd 4f shell is
half filled, with O'=8= ~ and L =0. The resulting
spherical symmetry of the ionic wave function
should result in crystal field effects being negli-
gible and the Gd-Gd exchange interaction being iso-
tropic. The isotropy of the exchange has been
confirmed for GdP from high-temperature eleetron-
paramagnetic-resonance (EPR) iinewidth measure-
ments by Bartkowski. The only anisotropy in the
Qd-Gd coupling is therefore due to classical dipo-
lar fields, which are smaller than the exchange
fields by about an order of magnitude. GdP orders
antiferromagnetically at 15 'K, and has a Curie-
Weiss temperature of —22. 4+ 2 K. A molecular
field treatment based on these values yields R

next-nearest-neighbor exchange interaction. which
is about 4 times larger than the nearest-neighbor
exchRnge. The RnRlogs LRP Rnd LuP Rx'e non-
magnetic, having, respectively, an empty and a filled
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X $Cg + Kg

where
1

K = —Z g )/ S) ~ S/ + gPs H ~ S)
2

and

~= Ig'r~ Ag ~ Sg —yN@H ~ IN .

(2. 1)

(2. 2)

(2. 3)

Here S is the total electronic spin on the Gd ion,
J is twice the exchange integral, H is the applied
field, I„is the nuclear spin, A& is the Gd-P hyper-
fine coupling tensor due to a Gd ion in the ith neigh-
boring position surrounding the P sites, and y„
is the nuclear gyromagnetic ratio. The exchange
has been written as an isotropic interaction for
reasons given in Sec. I, while the more general
form for the hyperfine interaction has been used.
It is valid to express Eq. (2. 3) in terms of an
effective field acting on the nuclei. Thus one has

X//='- (h+ H) ~ yN h I„, (2 4)

where

4f shell. Their conduction and valence bands
should be very nearly the same as for GdP, since
the configurations of the outer s and d valence
shells are presumably identical. The lattice con-
stants are 6. 025 A for LaP, 5. 723 A for GdP,
and 5. 533 A for LuP, exhibiting a monotonic
variation with RE atomic number. Hence, LaP
and LuP containing dilute Gd should be well suited
to the study of the Gd-P coupling.

In Sec. II the relevant theory is reviewed and
extended to cover the present work. In Sec. III
the experimental procedure is described, and in
Sec. IV the results are analyzed. The conclusions
follow in Sec. V.

II. THEORY

The behavior of the coupled 'P-nuclear-spin-
Gd '-electronic-spin system is governed by three
interactions: the Gd-Gd exchange, the Gd-lattice
coupling, and the Gd-P hyperfine interaction. The
exchange interaction is the largest, and it deter-
mines the fluctuation spectrum of the Gd spins.
The Gd-lattice relaxation, whose rate is known

from EPR saturation studies of dilute Gd in Lap, "
is some 4 orders of magnitude slower than the
Gd-Gd exchange. It is important, however, be-
cause it maintains thermal equilibrium between
the Gd-spin system and the lattice. The Gd-P
hyperfine coupling causes relaxation of the P
nuclear spins, but does not significantly affect the
Gd electronic spins. Finally, as will be discussed
in Sec. IV, nuclear-spin relaxation not associated
with the Gd-P coupling is entirely negligible.

The situation outlined above can be described
in terms of the Hamiltonian

h= —(yNtf) Z Ag ~ S& . (2. 6)

The Gd-lattice interaction is taken account of by
assuming the electronic-spin system to remain in
thermal equilibrium with the lattice, i.e. , by using
the density operator e &~'& to characterize the
population of its levels.

The nuclear-spin longitudinal relaxation time T,
and the transverse relaxation time T~ are given by

7'l'= 'y' -P [(@'(t)@"(0)&+&@"(f)@'(0)&je " 'df

(2. 6)
and

7'j'= 27'j'+ 2yN f &&'(f)&'(0)&df (2. 7)

and

A, /y„5= 0

+s /year "=&&s /'r& ~

(2. 9)

(2. 10)

Several properties of the electronic-spin-corre-
lation functions will permit further simplification.
To obtain these properties requires precise defi-
nitions of the time-dependent spin operator and of
the ensemble average. One has

f(t) — &Ox'/1 S eHtxq/h (2. 11)

Here z is the direction of the applied field, w„ is
the NMR frequency, which may be set to zero since
it is much smaller than the electronic-spin-fluc-
tuation rate, and the brackets &) indicate an ensem-
ble average. Substitution of Eq. (2. 6) into Eqs.
(2. 6) and (2. 7) then relates the measured param-
eters T, and 7.'2 to the time evolution of the elec-
tronic- spin system. However, a considerable
simplification can be achieved by first noting sev-
eral facts.

The first point is that it is probably an excellent
approximation to take the hyperfine interaction to
be axially symmetric about the unit vector r be-
tween the 'P nucleus and the Gd ion. Indeed, the
part of the coupling due to classical dipolar fields
obeys this condition. Furthermore, the symmetry
of the lattice demands that it hold for the entire
nearest-neighbor interaction, which will be the
one of primary interest here. Equation (2. 6) may
then be written

h = (yN ~) '~ &Al «+~~ l« 3( ~ «)«-9
(2.8)

where A& gives the magnitude of the isotropic cou-
pling to a given Gd ion and ~

~ characterizes the
corresponding anisotropic part. The sign conven-
tion for A~ and 8

&
has arbitrarily been chosen to

give positive values for these parameters in the
present experiment. (Note that the electronic mag-
netic moment is antiparallel to S. ) In the particular
case of the classical dipolar interaction one has
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(0) —Tr(g& M /her)/Tr eM /k sr (2 x j [(8,'(t)Sf(0)) + (Sf(t)83(0))] dt (2. 18)

which becomes in the high-temperature limit

(0) = TrO/Trl, (2. 13)

where 0 is any operator. From Eqs. (2. 2), (2. 11),
and (2. 13) it can then be shown that

&S&(t)Sg(0)& + (8&(t) 8/(0)&= 0

(8 (t) 8 (0)) = (8 (t) 8 (0)&

(2. 14)

(2. 15)

&8"(t)8"(o)& = &8"(t)8"(o)& = &8'(t) 8'(o)&

(2. 16)

(2. 1'7)

Equations (2. 15) and (2. 16) indicate that in the
high-temperature limit the spin fluctuations along
the applied magnetic field are independent of the
magnitude of that field, but that the transverse
fluctuations are modulated at the electronic Lar-
mor precession frequency. These two results are
central to the interpretations presented in this
paper. They depend specificaDy on the commuta-
tor of the exchange and Zeeman terms in the elec-
tronic Hamiltonian being zero. This is true for the
isotropic exchange given in Eq. (2. 2), but it may
not hold when the exchange interaction is aniso-
tropic. Hence, the present work cannot be applied
indiscrimately to systems in which orbital con-
tributions to the magnetic moment are important.

The final simplification. will be to make two
assumptions: first, that the Gd-P hyperfine inter-
action is nearest-neighbor only; and second, that
the Gd-Gd exchange is next-nearest neighbor only.
The former is an obvious first guess for the NaC1

structure, while the latter is suggested by a molec-
ular field treatment of the Neel and Curie-Vfeiss
temperatures. o However, unlike Eqs. (2. 8) and

(2. 14)-(2. 16), these assumptions are open to
question. Their validity will be judged by compari-
son with the experimental results. We may then
divide the face-centered-cubic lattice of Gd ions
into four interpenetrating simple-cubic lattices,
each of which has zero coupling to the other three.
A given 'P nucleus is hyperfine-coupled to two
nearest Gd neighbors in three of the four simple-
cubic arrays; a total of six hyperfine couplings.

When all of the above considerations are included,
Eqs. (2. 6) and (2. 7) become

T, = I [12Ai —1M g

+ 186~(sin o.'+sin P+sin y)]

S~ I; 8& 0 + 8& t Sz 0 cos(dot dt

+ 18k ohio, (2-sin~o, -sin4p-sin y)

and

T = —' T +if [SA —6+

+ 18+',(cos'o+cos'P+cos y)]

x J [(Sf(t)Sf(0)) + (8',(t)8,'(0))]dt

+ 188 oe f(1 —cos4n —cos p —cos'y)

x j [(Sf(t)8', (0)) + &8',(t)8ft(0))] cos(sot dt,
(2. 19)

where o., P, and y are the angles between the ap-
plied fieM direction s and the three crystalline
axes, spins 1 and 2 are understood to be on next-
nearest-neighbox Gd sites, and A.z and Cj are the
nearest-neighbor hyperfine-coupling parameters.
It shouM be stressed that the only field dependence
in these equations is contained explicitly in the
factor cos(dot. In the low-field limit where ~0= 0,
and in the absence of pair-correlation effects [i.e. ,
(8 f {t)So {0)) = 0], these results become very sim-
ilar to those obtained previously by Moriya. '3

The physical significance of the formal develop-
ment presented above can be seen more clearly
by considering the case where the applied magnetic
field is along the [100] crystalline axis. In Eq.
(2. 1S) this corresponds to @=0and P=y=-,'v,
giving

(T',)
' = I (12', + 248 o)

"j [&8'(t)8'(o)&+ &8'(t)Si(0)&]

x cos&ot dt, (2. 20)

where 7.", is defined to be the value of T, when
c,'=0. Thus the field dependence of (T[) ' traces
out the Fourier transform of the electronic-spin-
correlation functions. It should be stressed that
this effect is not associated with changes in the
NMR frequency, which is much smaller than the
electronic-spin-fluctuation rate at all fields; it
is due rather to the frequency shift of the trans-
verse electronic-spin-fluctuation spectrum by the
applied field, via the factor cos&oo t in Eq. (2. 16).

It is convenient at this point to note several con-
sequences of Eqs. (2.1S) and (2. 19) which will be
useful in the data analysis. First, at zero field
T~ = Ta is independent of a, P, andy, as must
necessarily be the case for cubic symmetry.
Second, in the high-field limit the first term in
Eq. (2. 18) and the last term in Eq. (2. 19) both go
to zero. One then has

(Ti')s=. /'(Ti')H=o = [2~i —28'

+ Sa i(cos I +cos P+ cos y)

~ 3a, (2 —sin n —sin p- sin y)]
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x(4Ai+ 8@i) . (2. 21)

Furthermore, again defining T~ as the value of 7&
when e= 0, i.e. , when the applied field is along
the [100] crystalline axis, Eg. (2. 18) may be writ-
ten

T-I P i)-I

~( 24t- Sns+ Sns (sin n+ sin iissin S))
2&ai+ 4

( 3@,(2- sin n —sin4P - sin y)+ (Tl 4s0 2gB 4@ 31+
(2. 22)

Finally, integration of Eq. (2. 20) with respect to
&uo, and noting that (8&(0)8~(0))= —,

'
5q, 8(8+ 1), yields

J (T',) 'd~, = 2vS" 8(8+ 1) (A', + 2I', ) . (2. 23a)

A more general form of this equation can readily
be derived by proceeding as before but without the
restriction of nearest-neighbor hyperfine coupling
only. It is

J (T',) idroo= 2wS 8(8+1)—Z (A, + 28, ) .
(2. 23b)

The theoretical development has been rigorous
up to this point, given the correctness of the as-
sumptions concerning the exchange and hyperfine
interactions. However, to proceed further, one
must deal with the time dependence of the elec-
tronic-spin-correlation functions. This problem
has not yielded to an exact calculation for the full-
time axis, although a numbex of workers have
obtained approximate solutions. While these
various approximate methods agree fairly weQ,
the precise shape of the function is still the sub-
ject of some controversy. This is particularly
true of the long-time regime. In this paper a
relatively simple technique employed by Gulley
ef; gl. '6 will be used to analyze the data. The
assumptions made above about the exchange inter-
action reduced the present problem to that of the
simple-cubic magnet with nearest-neighbor in-
teractions only, so that much of the work by these
authors can be taken over directly.

Following Gulley et al. we expand Eg. (2. 11)
in powers of t up to t and then. perform the trace
prescribed by Eg. (2. 13). This yields an even-
power series for the correlation functions up to t,
which we use for t ~ &,„where

&u2„-=—,' 8(8+ 1) h 2 Z 8 s . (2. 24)

Here &,„is the coefficient of ~t in the expansion
of (8',(t)8',(0)), or equivalently, the second moment
of the Fourier spectrum of this quantity. For the
present study it is perhaps the most suitable pa-
rameter with which to characterize the strength
of the exchange interactions. In principle the

power series could be extended to apply at all
times, but in practice the convergence at longer
times is very slow and the coefficients rapidly
become more difficult to calculate. For t & 2/a&

we assume that the electronic-spin-correlation
functions obey a diffusion equation. The range
w,

"~
& t & 2&,„is obtained simply by interpolation.

The results for GdP are shown in Fig. 1 for the
high-temperature limit.

The autocorrelation function (8',(t)8~(0)) has an
approximately Gaussian region at short times, with
zero slope at the origin. At long times it approaches
the t" ~ dependence characteristic of diffusion in
three dimensions. The pair correlation function
(S'(t) 8'(0)) is equal to [-8(S+1)—(8'(f) S'{0))]at
short times, passes through a maximum near 1.3/
&,„, and approaches the autocorrelation function
at long times. From Eq. (2. 18), the contribution
to T™& in the low-field limit from a given correla-
tion function is proportional to the area under that
function. The autocorrelation function obviously
dominates, with 4, 1 times the area under the pa r-
cox relation function, but the latter cannot be ne-
glected in a quantitative treatment.

It should be noted here that Walstedt ' has
questioned the validity of the long-time behavior
assumed by Gulley ef al. ,

' basing his arguments
on the theoretical work of Blume and Hubbard.
These authors obtained a set of integrodifferential
equations which they solved numerically for the
simple cubic lattice with nearest- neighbor- only
exchange. Walstedt further cited the present work
to support his position. %e will not attempt to
judge the relative merits of the Gulley et al. ap-
proach versus the Blume and Hubbard method,
both of which are approximate. However, several
points should be made concerning the arguments
of %'alstedt. First, the low-field T& in GdP is
substantially affected by the pair-correlation func-
tion in Eg. {2.18), and this term has not been included
by WRlstedt. Second this author tRkes the Gulley
et a/. result to be proportional to t ~ in the range
t~,„=2-10, and notes correctly that the Blume and
Hubbard autocorrelation function varies approxi-
mately as E in the region. However, in reality
Gulleyetal. assumedtheform (t —v ~) ~~~, which in
fact varies approximately as t in the above range
in general agreement with the Blume and Hubbard
results. Nevertheless, significant differences re-
main between the Gulley et al. and the Blume-
Hubbard results. As shown in Eq. (2. 20), the
measured relaxation rate (T',) ' is proportional to
the Fourier transform with respect to time of the
spin correlation functions. In Fig. 2 the predic-
tion of the Gulley et al. model is given, along with
the xesult when the pair-correlation function is
neglected. The importance of the pair term is
evident. The Blume-Hubbard calculation, also
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FIG. 1. Electronic-spin-correla-
tion functions, calculated by the
method of Gulley et al. (Ref. 16) for
a simple-cubic antiferromagnet with
S= T~ at T=~. The solid curve gives
the autocorrelation function, the
dashed curve the nearest-neighbor
pair function.
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neglecting the pair term, in included for compari-
son. There is indeed a significant difference, typ-
ically around 20%. In particular, as stressed by
Walstedt, the calculation of Blume and Hubbard
does not exhibit the infinite slope at zero frequen-
cy which would be expected from a t tail in the
time domain. Finally, we remark that the agree-
ment between our experimental results and the
Gulley et a/. model is somewhat better than indi-
cated by Walstedt. This point will be discussed in
Sec. IV.

Before applying the above theory to GdP, the

effect of the classical magnetic dipole-dipole in-
teraction between two Gd spins should be consid-
ered. As stated in Sec. I, this coupling is much
weaker than the exchange interaction. However,
it may nevertheless be significant because, unlike
the exchange, it is anisotropic. Hence g»S» does
not commute with the electronic- spin Hamiltonian,
and as a consequence the decay of the correlation
functions at long times will be more rapid than
t . An approach due to Richards can be used
to estimate the size of this effect. Let the total
electronic spin Hamiltonian be written

2.5

2.0

I.o

0.5

FIG. 2. Normalized Fourier
transform of some spin-correlation
functions. Solid line, [(Sf(t)Sf(0))„
+ (Sf(t)Sf(0) )J calculated by the
method of Gulley et al. (Ref. 16);
dashed line, (S~(t)S~(0))„alone,
using the same method; solid cir-
cles, (Sf(t)Sf(0))„from Blume and
Hubbard (Ref. 17). The arrows in-
dicate the co =0 intercepts for the
two curves.

0 0$ l.5
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Xer=Xh+Xn, (2. 25)

where X, is given by Eq. (2. 2) and

z( )hg S)'S/ 3(r )/' S)) (ro Ss)
5

Vfg

(2. 26)
Define three time-dependent spin operators as
follows

Sg(t) — W I!q/ hSh edtÃq/h

(same as Eq. 2. 11),

Sh(t) — Rt3!er/h Sa kt3!hr/h

and

Sic(t) —e f t eI/hS*(t) e+453ce/ h

It can then be readily shown that

(S,'(t)F(0)) = (S;(t)&,"(t))
and

(2. 27a)

(2. 27b)

(2. 27c)

(2. 28)

where

=
@

[Xn(t), S'*(t)],

(t) Htxe/h X +atm! /h= 8 D

(2. 29)

(2. 80)

Hence, the effect of the dipolar interaction is to
replace Sf(0) by S"(t), whose time dependence is
governed by Xn(t). The Hamiltonian X~(t) is ran-
domly modulated at a rate of the order of (d,„, de-
fined by Eq. (2. 24). The problem of the time de-
pendence of S"(t) then becomes very similar to
that. of the dipolar linewidth for a system of rapidly
moving spine. ~h Proceeding by analogy, S"(t)
will change appreciably in a time of the order of
(~,„/~n) ~~', thereby causing the correlation func-
tions to decay more rapidly than P . Bere arz is
the Van Vleck second moment associated with the
dipolar interaction. 3

In the present experiment the relevant function
is the Fourier transform 6 (&o) of the spin-correla-
tion functions. This will be significantly affected
by the dipolar interactions only for frequencies
below (~n/&u„) &n, with the maximum change oc-
curring at &= 0. The infinite slope at ~= 0 in Fig.
2 is replaced by a zero slope. 6'(~= 0) is reduced
by an amount which can be estimated simply by
truncating the correlation functions in Fig. 1 at
the time (&o,„/urn)&ug; the result is &6'(~ = 0)/
F(&u= 0)-- 0. 4&oz&/&u,„.

III. EXPERIMENTAL TECHNIQUES

The GdP measurements were made on a powdered
sample which was used previously in the NMR work
of Jones. ' The three dilute samples were prepared
by first arc melting the rare earth metals together.
The relative amounts corresponded to Gdo. &Lao.gP&. o,

o.oosLao. eesP&. oy and Gdo. os«o. esPi. o~ respective-
ly. The resulting alloys were ground to powder,

mixed with a stoichiometric quantity of phosphorus,
and heated under vacuum to 900 'C for approxi-
mately four weeks. Subsequent x-ray analysis
verified the NaCl structure in all cases. Magnetic
fields to 140 kOe could be achieved with a General
Electric model K-31505 superconducting solenoid.
The sample was thermally isolated from the sole-
noid by an insert Dewar. With this arrangement
sample temperatures below 4'K could be obtained

by pumping on a liquid He bath, and 300 'K was
maintained with a flow of N2 gas.

A phase- coherent pulsed-NMR system" with

H~ = 80 Oe and a frequency range 5-200 MHz was
employed for all of the measurements. The low-
temperature line shapes and the high-temperature
values of Tz were obtained using the conventional
90'-180' pulse sequence to produce a spin echo.
T& was measured by the stimulated-echo method,
in which a 90'-90'-v'-90' pulse sequence is ap-
plied. As the pulse spacing v increases, the
stimulated echo amplitude decreases to zero as
8 ~. This technique was preferable because at
300 'K, T g and T2 were comparable with or shorter
than the recovery time of the detection system,
and the signal frequently could only be observed
after several deoay times. The conventional 90'-
7-90'-180' sequence, in which the echo amplitude
varies as [1—e ' s], ' would therefore have
necessitated measuring a small difference between
two much larger numbers.

Signal averaging was required to obtain satis-
factory resolution. In the 300 'K work the signal-
to-noise ratio was enhanced by about a factor of
100 in two stages. As the applied field was swept
back and forth through resonance, the echo ampli-
tude was monitored with a Princeton Applied Re-
search model CW-1 boxcar integrator. Successive
sweeps were accumulated in a Fabri- Tek model
1062 digital computer. The low-temperature work
required less averaging, and enhancements of
the signal-to-noise ratio as low as 15 were used
in some cases.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Line Shapes in LaP:Gd and LuP:Gd

Experimental 'P NMR spin-echo spectra for the
nominal Gdo 1Lao, gP&. o and Gdo. osLuo. esPj. o compo-
sitions are given in Figs. 3 and 4, respectively.
These data were obtained at 2. 0 K and a frequency
of 160.00 MHz corresponding to a zero-shift field
Ho of 92. 83 kOe. It is reasonable to assume that
the observed satellite spectrum corresponds to

~P nuclei having a single Gd nearest neighbor.
The nonsymmet'ric bz oadening of the satellite is
characteristic of anisotropic shift contributions.
The observation of only one satellite indicates that
the magnitude of the nearest-neighbor Gd-P hyper-
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FIG. 3. NMR spectrum for 3 P in nominal Gdp iLap SPg ~

for T=2'K and ~z/yN=92. 83 kOe. The crosses repre-
sent a least-squares fit to Eqs. (4.2) and (4.5) of the
text, with fit parameters given in Table I.

FIG. 4. NMR spectrum for 3 P in nominal
Gdp psLup ssPg p for T=2 'K and ~N/y~=92. 83 kOe. The
crosses represent a least-squares fit to Eqs. (4.2) and
(4.5) of the text, with fit parameters given in Table I.

k' = (y„)i) i~I-Ai-(t i(l —3cos2&f&],

where Q is the angle between H and the Gd-P axis.
Taking a powder distribution of Q then gives the

(4. 1)

fine-coupling constant exceeds that of more dis-
tant neighbors. The experimental ratio of the area
under the satellite to that under the central peak
corresponds to a Gd concentration of 0. 027 + 0. 005
at. % for the La compound and 0. 016+0.003 at. %
for the Lu compound. Thus it appears that less
than one-third of the starting Gd was incorporated
into the dilute compounds.

Under the above experimental conditions, the
Gd electronic spins should be almost completely
aligned with the applied field. At 2 'K and fields
above 93 koe the Brillouin function B~/e(gee Hike T)
is within 0. 1% of its maximum value. Further-
more, exchange effects should be negligible at the
above concentrations. Two checks on the polariza-
tion were made: First, spectra were also obtained
for the above La sample at 58 kOe; and second,
measurements were made on the nominally

o.oosLao. gesP&. o compound, The width and shift
of the satellite did not change. As a consequence
of this complete spin polarization (i. e. , (S'}= 2),
the NMR spectrum depends only on the hyperfine
coupling.

In the limit of zero Gd concentration, when each
Gd-P nearest-neighbor pair is unaffected by other
Gd ions, the satellite line shape is readily calcu-
lated. Using Eq. (2. 8) and noting that S is anti-
parallel to 8, the component of h along H is given
by

satellite spectrum E(H):

E(H) = 0 if H&Hi

=(Ha H) 'i2 if H, &H&HE

=0 jf H &H~, (4. 2)

where

H, -=Ho+ (y„S) '
(/1, —2(t,),

H2 —= Ho+ (y„i) i(A, +(ti),
(4. 3)

(4. 4)

TABLE I. Parameters froin the fits of Eqs. (4.2) and
(4.5) to the data in Figs. 3 and 4.

LaP: Gd
LuP. Gd

AI/y~w
(koe)

2.2V + 0.20
2.58

@rive@
(kOe)

0.44+ 0.07
0.53

Dire'
(ko )

1.35+ 0.20
1.30

and Ho is the center of the central peak. At finite
concentrations the interaction of a 'P nucleus with
more distant neighbors will broaden the line fur-
ther. Specifically, the 6 function of field which
corresponds to any particular value of Q will be
replaced by a spectrum of finite width. If this
spectrum is assumed to have a Gaussian shape, the
experimentally observed line shape E'(H) will be
given by

Es(H) f E(~)
-e& ~(a-&) d /' j e & ~(e-&& d~

~+00 ~IIOO

(4. 5)
where D is some constant.

Least-squares fits of Eqs. (4. 2) and (4. 5) to the
data are given by the crosses in Figs. 3 and 4.
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The resulting values of the parameters are given
in Table I. An estimate of the uncertainty in the
absolute values of these parameters, based on the
data error bars and the quality of the fit, is + 0. 20
kOe for A Jy» If and D/y»k, and + 0. OV kOe for
8gy»I. The variation between samples is known

more accurately, and may be expressed in terms
of the lattice constants y as d(lnA, )/d(lny) = —1. 5
+ 0. 4 and d(lnQ &)/d(lny) = —2. 1+ 1.0, where the
lattice parameters were given. in. Sec. I. It should
be n,oted that the value of D is approximately twice
the 1/e-amplitude half-width of the central peak.
This may possibly indicate a slight tendency for
the Gd ions to cluster, so that the random broaden-
ing is greater for P nuclei with Gd nearest neigh-
bors.

The above results may be interpolated to the
case of GdP, if it is assumed that A& and 6 j vary
lineraly with lattice constant. This is probably an
adequate approximation since the total variation
of these parameters is less than 20/0. One then
obtains A Py„h = 2. 46 kOe and + jy„k= 0. 49 kOe
"P NMR-shift measurements by Jones' in GdP have
shown that QA, /y»h= 19 kOe. The cubic symmetry
prevents a determination of 8& from these data.
Since the 'P nucleus has six nearest-neighbor Gd
ions, the fraction &A~/QA, =O. 7&+0. 05 of its hy-
perfine field comes from nearest-neighbor cou-
plings. The remainder is due to longer-range in-
teractions.

Further evidence for the presence of longer- range
hyperfine interactions is provided by a shift in the
central peak. This peak lies 0. 21+ 0. 10 kOe above
the zero-shift field ~„/y»= 92. 8& kOe for the
nominal Gdp. ,Lap. ,P,.p, and 0. 24+ 0. 10 kOe higher
for Gdp ggLup, g5Pg p but 0.08+ 0.05 kOe lower for
the Gdp, ppgLaLggsP&. p sample. This is to be com-
pared with shifts to lower fields of 0. 06 + 0. 01 and
0.05+0. 01 kOe for LaP and LuP, respectively.
The differences may be due to a Gd-P interaction
which extends beyond nearest neighbors. Un-
fortunately, uncertainties associated mith the un-
known magnitude of sample demagnetization effects
makes this interpretation quite tentative.

B. Spin Relaxation Times in GaP

The longitudinal and transverse nuclear-spin-
relaxation times T& and Ta were measured for ' P
at 300 'K, as a function of applied field up to 115
kOe. Since the ordering temperature is 15 K, the
condition T» TN, ,-'~ is well satisfied. However, two
complications must be dealt with before applying
the results of Sec. II. First, it was concluded
above that the Gd-P hyperfine coupling extends be-
yond nearest neighbors, contrary to the assump-
tion made in Sec. II. Second, because the data
were taken on a randomly oriented powder, the
direction cosines in Egs. (2. 18) and (2. 19) are not

unique. For nonzero applied fields this results in
a distribution of relaxation times and hence in a
decay of the total nuclear magnetization which is
not exponential in time.

The importance of the longer-range hyperfine
couplings in determining T j can be estimated by
setting both the pair-correlation function
(S~(f)S2(0)) (Fig. 1) and the anisotropic hyperfine
parameters ~, to zero. Then, proceeding as ln
Sec. II, it is straightforward to show that

Ti'(nearest neighbor only)/T, ' = 6A&/ZA&
(4. 6)

The magnitude of this ratio depends on the details
of the longer-range interactions and cannot be
uniquely determined from available information.
However, the dominance of the nearest-neighbor
term combined with the quadratic dependence of
T&' on each term leads to the conclusion that the
ratio must be very nearly unity. Therefore, it is
a reasonable approximation to simply neglect all
but the nearest-neighbor couplings A, and ~, .

The effect of making measurements on a random-
ly oriented powder is to replace the exponential
decay function for the longitudinal nuclear magne-
tization, M, (t)=M~(0)e '~

&, by

M~(f) = (4») 'Mi(0) J e ' 1dQ, (4. '7)

where dA is the increment of solid angle. A simi-
lar modification applies to the transverse decay
function M2(t) = Ma(0) e '~r2. Equations (2. 21) and
(2. 22) express (T,')» and T, ' in terms of the ori-
entation-independent parameters (Ti )».0 and (T~) ',
where T', was 'defined to be the value of T, when H
is along the [100] crystallographic axis. Hence,
given A/ni (Ti )»=0 and (T',), M, (f) and
M, (f)».„can be calculated. In the case of Gdp the
anisotropy of T, is small at all fields (~ 4% using
the values of A, and 8, from Sec. IV A). T, be-
comes highly anisotropic only at the highest fields
used in our experiments.

The analytical procedure will be to first deter-
mine (T, )„.0 from the high-field decay of the trans-
verse nuclear magnetization Mz(t)» „. This is
accomplished by assuming a range of values of
(T,')„,„calculating M, (t) for each value as de
scribed above, and comparing with the data.
(T, )».0 was not determined directly because at
fields & 30 kOe the signal decays became too rapid
to measure. Second, the longitudinal decay func-
tion M, (t) will be calculated in the high-field limit
where (T&) '= 0. A refined value of @,will be cho-
sen to produce agreement with experiment. Final-
ly, for each field a value of (T',)

' will be selected
which produces agreement with the longitudinal
decay observed experimentally at that field strength.
The first step, applied at 0=115kOe where, as
will be seen, the high-field limit is very close to
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realization, gives (T&')„.0= (1.64+ 0. 06) && 10' sec '.
The observed decay of the longitudinal nuclear

magnetization M, (t) at H= 115 kOe is shown in Fig.
5. As will emerge later in the analysis, (Tq) '/
(T,')&a, = 0. 0039 at this field. This difference from
the H= ~ limit, where (T&) = 0, is small but suffi-
cient to affect M, (300 psec) by a few percent.
Hence, the first term in Eq. (2. 22) cannot be ne-
glected in the calculation of the decay. The dashed
line in Fig. 5 was therefore produced numerically
using Eqs. (2. 22) and (4. V) and the values of A J8„
(T~~)» 0, and (T',) obtained above. In particular,
A,/8, = 5. 0+ l. 0 from Sec. IV A. The improved
agreement with the data given by the solid line
represents a fit in which A,/8, was allowed to vary,
yielding a value of 4. 0. From the various uncer-
tainties it is estimated that this ratio has an un-
certainty of + 0. 25. Therefore, the present result
is consistent with the I aP: Gd and LuP: Gd satel-
lite data. For the remaining analysis 0, & will be
changed from 0. 49 to 0. 62 kOe in order to have
A~/~q =4. 0.

The value of 8, depends on both classical dipolar
(.:,~ ~») and transferred {8,,„,) couplings. If the
classical contribution, given by Eq. (2. 10) is
subtracted, one is left with Aq/V@K = 2. 46 kOe and

8«„„/yg=- 0.1V kOe, which gives A&/8. & ~ „~,
= —14.5. It is interesting to compare this ratio with
those for two other systems containing an 8-state ion:

RbMnF3 and KMnF3. One has for the Mn- F hy-
perfine coupling A/8q, ,= —51 and —96, respec-
tively, using the present notation. These have
the same sign as for GdP, but the degree of anisot-
ropy is much smaller.

It should be noted that in the preliminary report4
on the GdP measurements, published before the
low-temperature line shapes in the dilute compounds
were available, good consistency was also found
among A /8g, (Tg )p 0, and Mg(f)g~gg5gpo. In that
case A, was obtained from the P NMB shift in
Gd P ~ by incorrectly assuming the hyperfine interac-
tion to be nearest neighbor only. Moreover, 6~
was assumed, also incorrectly, to be due entirely
to the classical magnetic dipole-dipole interac-
tion, and was calculated from Eq. (2. 10). As a
result, awhile both A, and 6, differed from the
present values by about 30%, the fortuitous com-
bination of errors gave A/8, = 4. 0.

The parameter (T~) ', obtained as described
above, is shown as a function of applied field in
Fig. 6. The log(T', ) '-vs-H' format was chosen so
that a Gaussian dependence would yield a straight
line. In order to convey the relative importance
of the anisotropy in T„ the quantity (4m) 'J(T~ )s „
d~ is given by the horizontal arrow. The solid
curve is the Fourier transform of [(S;(f)S;(0))
+ (S~(t)S2(0))], calculated as in Sec. II, times a
constant selected to produce coincidence with the
data at H = 0. The parameter &o,„[Eq. (2. 24)] was
adjusted to fit the data above 2~ 109' Qe . Its value
is ur, „= (V. 1+0.2)x10"sec ', orintermsof field,
&o,„/y, = 40 + 1 kOe.

The two fit pax ameters used above can be sub-
jected to two consistency checks. First, Eq.
{2.23a) gives the area under a (T',) '-vs-H plot in
terms of A. , and @,. The area so calculated ls
smaller than that under the solid curve in Fig. 6
by a factor of 0. 94, which is very good agreement.
This contrasts with the discrepancy of a factor of
1. 7 obtained in Ref. 4, which was due to the in-
correct values of Az and (t, which were used. Second,
the Curie-Weiss temperature, found by Jones to
be —22. 4+ 1.2 'K for GdP, is related to the ex-
change interactions by

S(S+ 1) g ~ 1$
k~1

(4 6)

I

Ioo
I l

200

T (glee)

I

500

FIG. 5. Decay of the @P stimulated echo in GdP for
T=300'K and II=115 koe. The dashed curve is calcu-
lated assuming A~/Q~ =5.0, the solid Bne assuming
Ag/ Q g

=4.0.

Given the assumption of Sec. II that the exchange
interaction is next-nearest neighbor only, 8 can
then be calculated, and from it &,„. The result
is (o,„= (V. 4+ 0.4) &&10"sec ~, in good agreement
with the value obtained above. Since Eqs. (2. 24)
and (4. 6) involve respectively a quadratic and a
linear sum over 8~&, this consistency favors the
assumed exchange configuration.

At this point several assertions made earliex'
can be justified. First, we claimed in Sec. II that
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can be neglected. Using the results of Sec. II,
dipolar effects become important at applied fields
below above y, '(~s/&, „)&s= 0. 3 kOe, ~s being the
Van Vleck second moment. (T,')s a is reduced
by a fraction of the order of 0. 4 (&os/~, „)= 3%.
Thus, the assumption seems to be a reasonable
one. The final assertion, that. (T',) '/(T, ')s.a:
~ 0.003Sat H = 115koe, results from extrapolating the
Gaussian tail of the spectrum in Fig. 6 to higher
fields.

The detailed shape of the theoretical spectrum
in Fig. 6 is i.n fair agreement with the data, par-
ticularly at high fields where both exhibit Gaussian
behavior. At lower fields two of the data points
fall above the theoretical curve by somewhat more
than. the experimental uncertainty. Unfortunately,
the low-field region is not well characterized ex-
perimentally because of the very short relaxation
times encountered there. 1Q particular, the di-
vergence of d(T', ) ~/dH at H= 0, which is a conse-
quence of the t ~ tail of the electronic-spin corre-
lation functions in the model of Gulley et aE. ,
has not been verified. Also, the area under the
experimental (T', ) i-vs-H curve is not well defined
if one does not use a theoretical fit as was done
above. For example, a smooth curve with zero
slope at &= 0 may be drawn through the data, yield-
ing an area larger than that under the theoretical
curve by a factor of 1.3.

V. CONCLUSIONS

nuclear- spin- relaxation mechanisms not associated
with Gd spin fluctuations can be neglected. To
demonstrate this, two kinds of processes must be
considered: spin dephRsing produced by the P-P
nuclear magnetic dipole-dipole interaction, which
affects only T2, and spin-lattice relaxation, which
affects both T& and T2. ' The Van Vleck second
moment for the P-P interaction in GdP is 2. 3
~10 sec in angular frequency units. From this,
and assuming a Gaussian frequency spectrum and
noting that the transverse spin decay function M, (t)
is just the Fourier transform of this spectrum, it
can readily be shown that the observed values of
T2 in GdP are changed by less than 0. I%. An

estimate of the contribution from spin-lattice re-
laxation processes was obtained by measuring Tj
at 300'K in a sample of LRP previously used in
the NMR studies of Jones. ' %8 found T,'=0. 2
sec 1, which is some 6 ordexs of magnitude smaller
than in GdP. (It should be noted that this value of
T& may be determined by rare ea,rth impurities,
and therefore larger than for pure LaP. However,
for the purposes of the present work, the establish-
ment of Rn upper bound ls obviously quite

suffic-

ientt. ) Second, we assumed that the classical
MRgnetlc dlp018-dipole interaction betw8en (4 lons

The pllIDRx'y objective of this work wRs to chRx'Rc-
terize the paramagnetic system GdP. Two differ-
ent kinds of information were obtained. The first
concerned the range and strength of the Gd-P hy-
perfine interaction, and the Gd-Gd exchange inter-
action, while the second dealt with the dynamics
of the electronic-spin system. At least one facet
of the study comprised a new method in the study
of paramagnets: the detex'mination of electronic-
spin-correlation functions directly from the mag-
netic field dependence of T, and T2.

It was concluded from this study that the nearest-
neighbor Gd-P hyperfine interaction (distance
= 2. 9 A) is strongest, but that a significant cou-
pling extends at least to next-nearest neighbors
(5. 0 A). On the other hand, the Gd-Gd exchange
interaction is small for nearest neighbors (4. 0 A),
being primarily a next-nearest coupling (5. 7 A).
If both interactions are due to conduction-electron
polarization, these results suggest a node near
4-5 A. SQch R node would Qot be lnconslstent with
the damped oscillatory distribution characteristic
of the Rude rman-Kittel- Kasuya- Yosida (RKKY)
model. Howeler, contributions from covalent
admixture effects typical of nonmetallic systems
ca,nnot be ruled out. Indeed, the fact that next-
nearest-neighbor Gd ions form an angle of 180'
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mith an intermediate P ion is suggestive of super-
exchange.

The theoretically predicted shapes for the elec-
tronic-spin correlation functions agreed fairly well
with experiment. However, detailed data could
not be obtained i,n the low-field region where the
t diffusion tail' would be most clearly exhibited.
Diffusive spin behavior has been observed in one
dimension, , where the correlation functions go as
t at long times, via EPR. However, to our
knowledge a definitive experimental result has not

been obtained for the autocorrelation function in the
three-dimensional case. Furthermore, the pre-
dicted magnitude of the t ' ' tail has been ques-
tioned. " It mould therefore seem very desirable
to apply the techniques developed in this work to
a system in which the low-field range is experi-
mentally more accessible than. in GdP.

Note added in proof. Reiter has independently
carried out a more detailed treatment of the effect
of dipolar coupling on the electronic spin correla-
tion function than that presented in Sec. II [G. Rei-
ter, Phys. Rev. B (to be published)]. In particular,
his findings confirrnthat b, &(&o = 0)/&(co = 0) cc &oo/&o„.
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