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The sign of the nearest-neighbor exchange interaction Jq and its logarithmic derivative 8 ln J|/8r has
been determined for the intermetallic type-II antiferromagnet GdAs. The As7~ nuclear-magnetic-resonance
Knight-shift data in the paramagnetic state of GdAs were used to yield a value for the Curie-Weiss tem-
perature 8 —35'K. Combining this value with the Neel temperature T~25'K and using the molecular
field theory gives J&———0.08'K and J2= —0.40'K. The measurement of the sign of 8 ln J&/8r in GdAs
was performed using low-temperature x-ray powder-diffraction techniques in order to study the exchange-
striction-induced trigonal lattice distortion for T& T~. The observed trigonal distortion was found to be
a compression along the D11j direction of the NaCl-type GdAs crystal structure. From the sign of the
trigonal distortion, it is concluded that 8 ln J&/8r is negative. Similar data for GdP suggest that 8 ln Jq/8r
is also negative for this compound.

I. INTRODUCTION

NY model for the origin of exchange interactions
.I between magnetic moments in solids requires a

knowledge of the signs and magnitudes of these inter-
actions and their derivatives with respect to distance
before quantitative predictions concerning the mag-
netic properties can be made. In general, only infor-
mation about exchange interactions can be obtained
from the type of magnetic order, ordering temperature,
and Curie-Weiss temperature. However, information
concerning the sign of 8 lnJ/Br (the logarithmic de-
rivative of the exchange constant J with respect to
distance r) is usually difficult to obtain because of the
inter-relationship between all of the exchange inter-
actions which contribute to a physical measurement.
For example, a measurement of the pressure dependence
of the Curie —Weiss temperature contains contributions
from all of the exchange energies. Hence, separating
the individual contributions from each exchange energy
to the pressure dependence is usually difficult. An
alternate method for determining the signs of some of
these derivatives is the use of x-ray powder-diffraction
measurements in the ordered state of the compound
under study if the magnetic structure is known. The
x-ray diffraction method allows a determination of the
sign of Jr) ln J/Br from a study of the effects of exchange
striction on the lattice symmetry of the magnetic com-
pound under study. Hence, from a knowledge of the
sign of J and the sign of the exchange-striction-induced
lattice distortion, the sign of 8 ln J/r)r can be inferred.
The x-ray diffraction technique is limited to a few
special cases where the type of magnetic order has the
correct symmetry; where the exchange striction can
unambiguously be attributed to a single exchange
constant.

This paper will present and discuss the results of
nuclear magnetic resonance (NMR) and low-temper-
ature x-ray powder-diBraction measurements in GdP
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and GdAs. It will be shown that an interpretation of
the NMR data yields diGerent signs for the nearest-
neighbor exchange interaction J~ for both GdP and
GdAs from those determined from paramagnetic sus-
ceptibility measurements. ' ' An interpretation of the
x-ray diffraction measurements gives 8 ln Jt/Br(0 for
these compounds.

The experimental apparatus and techniques are
brieRy described in Sec. II. Section III presents and
discusses the NMR data in GdP and GdAs. The result-
ing exchange interactions which are deduced from the
NMR data in GdP and GdAs are also contained in
Sec. III. Section IV contains the x-ray diffraction
measurements.

II. EXPERIMENTAL

The phosphorus and arsenic NMR were observed
in powdered samples of GdP and GdAs between 100'
and 600'K using a variable frequency spectrometer
and a conventional laboratory electromagnet. Sample
temperatures were obtained using a calibrated variable-
temperature unit. The phosphorus and arsenic Knight-
shift measurements were made at a 6xed frequency, by
measuring the resonant magnetic 6eld with respect to
red phosphorus for GdP and the aluminum NMR in
a saturated solution of Alq(SO4) s for GdAs. The phos-
phorus and arsenic Knight shifts were found to be
field-independent between 2 and 16 Mc/sec.

The x-ray powder measurements on GdP and GdAs
were made using Cu En radiation and a 114.5 mm
Norelco powder camera. The low-temperature lattice
constants were obtained with an. x-ray diRraction
cryostat described elsewhere. '

The GdP and GdAs samples were prepared by mixing
appropriate amounts of gadolinium and phosphorus or
arsenic and heating to 600 C for several days. Exami-

' G. Busch, P. Schwob, O. Vogt, and F. Hulliger, Phys. Letters
11, 100 (1964).

~ G. Busch, O. Vogt, and F. Hulliger, Phys. Letters 15, 30j.
(1965).

s 11. Morosin, J. Chem. Phys. 44, 252 (1966).
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TABLE I. Exchange energies, Noel, and Curie-Weiss tempera-
tures obtained from paramagnetic susceptibility and NMR
measurements. All data are in units of 'K.

Paramagnetic
susceptibility'

Z'g 8 Jy Jg
NMR
Jl

GdP

GdAs

15 0 +0.12 -0.24

25 —12 +0.10 —0.40

—25 —0.08 —0.24

-35 —0.08 —0.40

a References 1 and 2.

nation of the resulting GdP and GdAs compounds by
standard x-ray powder techniques verified that the
samples had the correct NaC1-type crystal structure.

III. PHOSPHORUS AND ARSENIC NMR IN GdP
AND GdAs

'H. R. Child, M. K. Wilkinson, J. W. Cable, W. C. Koehler,
and E. O. Wollan, Phys. Rev. 131, 922 (1963).

5 G. Busch, P. Junod, O. Vogt, and I". Hulliger, Phys. Letters
6, 79 (1963).

6 G. Busch, O. Marincek, A. Menth, and O. Vogt, Phys. Let-
ters 14, 262 (1965).

r G. Busch and O. Vogt, Phys. Letters 20, 152 (1966).
'T. Tsuchida and W. E. Wallace, J. Chem. Phys. 43, 2087

(1965).
s T. Tsuchida and W. E. Wallace, J. Chem. Phys. 43, 2885

(1965).
'0 V. Jaccarino, J. Appl. Phys. 32, 102S (1961).' E. D. Jones and J.I. Budnick, J. Appl. Phys. 3'7, 1250 (1966).
» E. D. Jones and J. E. Hesse, Bull. Am. Phys. Soc. 11, 172

(1966).

Neutron diffraction, 4 magnetization and paramag-
netic susceptibility measurements' ' have been per-
formed on a large number of the intermetallic rare-
earth group VA NaC1-type compounds. Recently, ex-
perimental determinations of the Neel temperature
T~ and Curie —Weiss temperature 0 for the type-II fcc
antiferromagnets GdP' and GdAs' have been used to
evaluate the nearest-neighbor (nn) and next-nearest-
neighbor (nnn) exchange interactions Jr and Js. Using
molecular field theory, the resulting exchange inter-
actions were found" to be Jr = +0.12'K, Js———0.24'K
for GdP and Jr——+0.10'K, Js= —0.40'K for GdAs.
These results together with the Neel and Curie —Weiss
temperatures are summarized in Table I.

The theory and underlying principles of NMR meas-
urements in rare-earth intermetallic compounds will
not be discussed here, since the subject has been ade-
quately treated in the literature. "For the purposes of
this paper, it is sufhcient to state that the phosphorus
or arsenic Knight shift in the paramagnetic state of
GdP or GdAs can be written as"

E(T) =Ep+(NP) 'Hhr7((T), (1)

where E(T) is the total temperature-dependent Knight
shift, Eo is the measured" Knight shift in the non-
magnetic iso morphs LaP (E~~0.06%) and LaAs
(Es~0.14%%u~), N is Avogadro's number, P is the Bohr
magneton, IIhf is the total phosphorus or arsenic nuclear

hyperfine field per Bohr magneton and 7t(T) is the
gadolinium spin susceptibility expressed in emu/mole.
Since the gadolinium spin susceptibility x(T) obeys a
Curie-Weiss law, Eq. (1) can be rewritten as

E(T)—EQ+'ehfc/cvp(T 8)j (2)

where C=2.88 (emu-'K/mole), the expected Curie-
Weiss constant for the Gd'+ ion.

Thus, by plotting the observed t E(T) —Eel ' versus
temperature for GdP and GdAs, the Curie —Weiss tem-
perature 8 can be determined. Also, information re-
garding the size and magnitude of the hyperfine field

Bhf can be obtained from such a graph. However these
results will be presented elsewhere, " together with the
NMR data for most of the rare-earth group VA com-
pounds.

Figure 1 shows the results of plotting the observed
PE(T) Ep] ' v—ersus temperature for the phosphorus
and arsenic NMR data in GdP and GdAs between
100 and 600'K. The sign of the ordinate in Fig. 1
indicates that the observed phosphorus and arsenic
Knight shifts in GdP and GdAs are negative. Ex-
trapolating the NMR data to zero ordinate gives
0= —25'K for GdP and 0= —35'K for GdAs.

In the molecular-field approximation, assuming that
there are only nn and nnn exchange interactions J&

and J2, the Neel and Curie —Weiss temperatures TN
and 8 are given by"

and
T~= —4JsS(S+1),

T~+8=8JtS(S+1), (4)

where S(=-,') is the Gds+ spin and the exchange
energies Jq and J2 are in units of 'K. Using the above
determined NMR values for the Curie —Weiss temper-
atures, Eqs. (3) and (4) give J&= —0.08'K, Js=
—0.24'K for GdP and Jq= —0.08'K, J2= —0.40'K
for GdAs. These results are summarized in Table I.

It is evident from Table I, that there is a significant
diGerence between the signs of the nn exchange inter-
actions J~ obtained from the paramagnetic suscepti-
bility' ' and NMR measurements. The determination
of the sign of J& depends critically upon the value of
the Curie —Weiss temperature used in Eq. (4). The
differences between the NMR- and paramagnetic-
susceptibility-determined exchange interactions are thus
reQected in the differences in the Curie —Weiss temper-
atures. The probable reason for these differences for
the value of 0 is the fact that the NMR technique
observes only the compound of interest, while the
paramagnetic susceptibility measurement is a bulk.
measurement. Hence, a measurement of the paramag-
netic susceptibility is dependent upon the purity of the
sample, while the NMR technique is generally rather

"E.D. Jones (to be published)."J.S. Smart, Magnetism III, edited by G. Rado and H. Shul
(Academic Press Inc., New York, 1963).
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insensitive to small amounts of any impurities, e.g.,
Gd~03. Including an experimental error of about
0.1E(T) in the Knight-shift measurements, the NMR-
determined Curie —Weiss temperatures given in Table I
have an error of about +10%. This error for the
Curie —Weiss temperature will not affect the sign of
the nn exchange interaction J», i.e., it remains negative,

IV. X-RAY DIFFRACTION STUDIES IN
GdP AND GdAs

For the type-II fcc antiferromagnetic compounds,
x-ray powder-diBraction measurements of the exchange-
striction-induced trigonal distortion of the lattice in
the ordered state allows a direct determination of the
sign of the product J&B ln J&/Br. Previously, " this tech-
nique has been restricted primarily to the study of the
temperature dependence of the trigonal distortion in
the type-II fcc antiferromagnets MnO and NiO.
BrieQy, the exchange-striction process in these anti-
ferromagnetic compounds proceeds as follows. The
type-II magnetic order consists of ferromagnetically
aligned sheets of spins lying in (111) planes, and the
spin directions of these sheets are arranged antiferro-
magnetically from plane to plane. Around a given
magnetic spin, there are twelve nearest neighbors; six
parallel and six antiparallel. The six parallel nn spins
are located in the same ferromagnetic sheet as the
reference spin, with three of the antiparallel nn spins
in the plane above and the remaining three antiparallel
nn spins in the plane below. When the nn exchange
interaction Jr is antiferromagnetic (negative) and if
the exchange interaction decreases with increasing

"D. S. Rodbell and J. Owen, J. Appl. Phys. 35, 1002 (1964).

separationbetween themagneticspins, i.e., B ln Jt/Br(0,
the system (magnetic plus elastic) will lower its energy
by contracting along a f111] direction. For the case
of a positive B ln Jt/Br, the system will energetically
favor an expansion along the [111]direction. In either
case, six of the nn spins will decrease and six will
increase their separation from the reference spin.

Let the deformed cube have corner angles -', m&d.
For a small trigonal distortion, the resulting equi-
librium angle A,~ is given by"

A"= Nsr Jre(S)'—/2C,

e= r(B ln Jt)/—Br, (6)

where sr(= 12) is the number of nearest neighbors of
any particular spin, N is the number of spins in the
system, (5) is the time-averaged value of the gado-
linium spin, and C(=3C44) is the appropriate elastic
constant. For a compression along the $111]direction
5,~ is positive and for an expansion h,~ is negative.

Thus by performing x-ray di8raction measurements
in the ordered state of GdP and GdAs, the sign of
B ln Jr/Br can be determined from the type of trigonal
distortion that the lattice undergoes since the sign of
J~ is also known.

At this point it is worth mentioning why the loga-
rithmic derivative B ln J&/Br has been used in Eqs. (5)
and (6) instead of BJ&/Br. For the type-II antiferro-
magnet, J~ can, under the proper condition, be positive
or negative. Hence, the sign of BJ'/Br depends upon
the sign of Jr. Thus a sign for BJr/Br can be confusing,
i.e., for Jt negative, BJt/Br&0 means that the exchange
energy becomes larger as r decreases while for the case
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(a) (b)

Fro. 2. A schematic of the splitting for the (642) x-ray powder
diffraction line due to a small trigonal distortion. Part (a) is for
the case of a compression and part (b) is for an expansion along
the threefold axis. Increasing 28 is denoted by the arrow in the
figure.

of Jt positive, r) Jr/Br)0 means that the exchange

energy decreases with decreasing r. In an attempt to
make the situation clearer, the logarithmic derivative

r) ln Jr/r)r has been used. Thus, c) ln Jt/c)r is inde-

pendent of the sign of Jr and r) h Jr/&r&0 unarnbigu-

ously means that the exchange energy increases with

decreasing r.
Theoretically, " " it is possible to obtain also the

magnitude of 8 in Jr/Br from the size of the trigonal
distortion. However, in order to perform the calculation
for r) in jr/r)r, knowledge of the appropriate elastic
constants is required Lsee Eq. (5)$.

The eRect of exchange-striction-induced lattice dis-

tortion by the antiferromagnetic nnn exchange inter-
action J2 in a type-II fcc antiferromagnet is to cause
a volume distortion of the lattice. The eRect of a
third-nearest-neighbor exchange interaction Js (if it
exists) does not give rise to a simply describable lattice
distortion. In general, it is easy to show that for the
type-II fcc antiferromagnet, Owly the nn exchange
interaction J~ will cause a pure trigonal distortion of
the lattice. The eBects of including biquadratic ex-

change have not been considered in the analysis of
the exchange-striction process for two reasons; (1) it is

presently thought that biquadratic exchange is rela-

tively unimportant in the exchange-striction process,
and (2) there seems to be some question on how to
include correctly the eRects of biquadratic exchange in

Eq. (5).

's M. E. Lines and E. D. Jones, Phys. Rev. 139, A1313 (1965);
sNd. 141, 525 (1966).

» I. Kanamori, Progr. Theoret. Phys. (Kyoto) j.'7, 197 (1957).
~8 D. Bloch, J. Phys. Chem. Solids 27', 881 (1966).
+ A. Iandelli, Rare Earth Researck, edited by V. Kleber (The

Macmillian Company, New York, 1961).

Room temperature (23+1'C) lattice parameters for
GdP and GdAs were determined, using Cu En radi-
ation, to be (5.7286&0.0003) A for GdP and (5.8656&
0.0004) A for GdAs. These values for the lattice con-
stants are in good agreement with previously published
data. "The GdP and GdAs lattice constants were found
to obey a linear relationship with respect to temperature
between 30 and 300'K. The linear thermal coeKcients
of expansion for this temperature range were measured
to be (5.9+0.4) X10 ' ('K) ' for GdP and (7.1+
0.5) X10 ' ('K) ' for GdAs. It is interesting to note
that these values for the thermal coefFicient of expansion
are typical of those found for metals.

At a temperature of 5'K, a small splitting of the
highest 28 line Lcorresponding to the (642) reflection)
was noted for GdAs, while the (640) reflection for
GdP was broadened. The expected splitting of the
(642) powder x-ray spectrum because of a small trigonal
distortion is shown in Fig. 2. Figures 2(a) and 2(b)
are the schematic representations of the powder spec-
trum corresponding to a compression, and to an ex-
pansion along the threefold axis. Although the dis-
tortion from cubic symmetry for GdAs was very small,
it allowed the direct observation that the unit cell is
corlpressed along the threefold axis. The resulting GdAs
lattice parameters at 5'K are as ——(5.8541&0.0006) A
and cr = (90.034+0.007) '. For GdP at 5'K, as ——

(5.7194+0.0006) A and an upper limit to the dis-
tortion was estimated to be n=90.+5 with 5&0.007'.

The observed compression along the GdAs threefold
axis for T& T~ is thus a measurement of the sign of
r) in Jr/f)r. For GdAs, it is therefore concluded that
r) ln Jr/cir is negative, i.e., ~

Jr
~

increases as r decreases.
Although there was no discernible splitting observed

for the (640) re6ection in GdP, it is at this point
tentatively concluded that GdP probably undergoes a
similar type of trigonal distortion as observed in GdAs.

It is worth re-emphasizing that for the proper mag-
netic symmetry, the x-ray diQraction study of an ex-
change-striction-induced lattice distortion can yield
information regarding the sign of Jr) In J/r)r.
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