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From a detailed study of ac susceptibility measurements on the random anisotropy system

Dy(P& V„)04, we have determined the magnetic phase diagram and characterized the various

phases. In the intermediate-concentration range 0.26 (x (0.83, no long-range magnetic order has

been found. Here our studies suggest a spin-glass-like phase. Additionally, we have studied the fre-

quency dependence of the ac susceptibility (mainly the out-of-phase component P") over eight de-

cades. From these measurements we have determined the distribution function of relaxation times as

a function of temperature.

I. INTRODUCTION

In the past decade much work has been devoted to the
study of magnetic transitions in random anisotropy sys-
tems, both theoretically and experimentally. ' Many
of these studies have been devoted to site-random solid
solutions in which two magnetic components with orthog-
onal spin anisotropies are present. ' ' For such systems
a phase diagram showing a decoupled tetracritical point
has been predicted theoretically, ' but this phase dia-
gram has not been found experimentally. ' Much eA'ort

has also been given to systems with identical magnetic
ions possessing site-dependent easy axes. ' For materi-
als in which the directions of the easy axes are randomly
distributed so that the macroscopic magnetic behavior be-
comes isotropic, no long-range magnetic order is expect-
ed. ' ' Here a spin-glass state is predicted to occur, if
the anisotropy is large enough. ' ' In addition, other
magnetic ground states have been proposed. ' ' ' Exper-
imental realizations of the systems investigated until now
were mostly amorphous alloys comprising a rare-earth ion
with an asymmetric charge distribution and a nonmagnet-
ic host. In one of these systems a spin-glass state
was observed. Another representative of this kind of
random anisotropy system is Dy(P, V )O4 which seems
a favorable system in which to search for spin-glass prop-
erties in contrast to long-range magnetic order as a func-
tion of the ligand concentration x.

For all compositions Dy(Pt „V )O4 crystallizes in the
tetragonal zircon structure with space group D 4~

(I4/arnd). A Jahn-Teller distortion occurs in DyVo4 at
14 K, changing the tetragonal crystal structure into an or-
thorhombic one. In Dy(P, V )04 the Dy + ions are
surrounded by six VO& or PO4 ions, which induce a
crystalline electric field (CEF) at the sites of the Dy +

ions. Because of the perturbation caused by this CEF on
the electronic 4f states of the Dy + ions, the degeneracy
with respect to J, existing in free Dy + ions is removed
and easy axes are created for the magnetic moments. In
pure DyPO4 the easy axis is directed along the c axis,

while in DyVO4 it is along the a axis. In the mixed com-
pounds the spin anisotropies are, in size and direction,
randomly distributed over a large number of discrete pos-
sibilities.

The magnetic interactions between the Dy + ions are
partly of exchange and partly of dipolar character. In
particular, for DyVO4 almost 88% of the interaction ener-

gy is known to be of dipolar nature, whereas in

DyPO4 it is only 33%. ' Because most theoretical
studies on random ani. sotropy systems assume the interac-
tions between the magnetic moments to be of the ex-
change type, one has to be careful with comparisons with
theoretical predictions. In both pure compounds a transi-
tion to an antiferromagnetically-ordered state occurs in
which the spins are aligned parallel to their respective
easy axis. The transition temperatures for DyPO4
and DyVO4 are 3.4 K and 3.0 K, respectively. Previous
experiments on the Dy(P, V„)O4 system have shown
that the admixture of the minority component decreases
the preferred anisotropy. For x =0.40 the bulk magne-
tization is isotropic. Elastic neutron scattering experi-
ments did not detect any long-range magnetic order per-
pendicular to the easy axis down to 0.45 K. For samples
with concentrations 0.30 &x &0.78 no long-rang magnetic
order is found in either direction.

In the present paper we describe a systematic experi-
mental study of the ac susceptibility of the Dy(P& „V )04
system. The ac susceptibility X=X'—i7" has been mea-
sured as a function of frequency v=co/2w (3 Hz& v&6
X 10 Hz), temperature T (0.02 K & T & 20 K) and concen-
tration x (0.08 &x &0.97). At certain concentrations and
directions of the ac driving field our measurements show
maxima at characteristic temperatures where no magnetic
Bragg scattering, i.e., no long-range magnetic order has
been observed in the neutron scattering experiments. In
these cases the susceptibility behavior exhibits characteris-
tic properties similar to those of spin glasses. Thus the
temperatures at which the maxima in g' occur are defined
as the freezing temperatures Tf.

The main results of our investigation are as follows.
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(i) The magnetic phase diagram shows a unique depen-
dence of the freezing temperature on the ligand concentra-
tion and differs remarkably from those found for mixed
systems in which two magnetic components with orthogo-
nal spin anisotropies are present (Sec. III).

(ii) For 0.26&x &0.83 and for all samples measured
perpendicular to their respective easy axes we observe
spin-glass-like properties. The susceptibility is frequency
dependent for T 5 TI. An analysis of the frequency
dependences of 7" measured at various temperatures
shows that for T & T& the dependence is certainly not due
to relaxation processes governed by a single relaxation
time. For x =0.40 and x=0.83 the frequency depen-
dences of X"(T) are parametrized on the basis of a mod-
el, ' whose parameters determine a temperature-
dependent distribution function of relaxation times.
Hence a comparison with typical spin glasses can be made
(Sec. IV).

III. THE MAGNETIC PHASE DIAGRAM

The temperature dependence of 7' measured along the c
axis (XI~~) for the various samples is presented in Fig. 1(a)
and perpendicular to the c axis (Xz) in Fig. 1(b). These
measurements were performed in zero dc magnetic field at
a frequency of 348 Hz. In agreement with the neutron
scattering experiments, the samples with x =0.08 and
x =0.97 show the characteristic antiferromagnetic temper-
ature dependence of X'(T) in their respective easy direc-
tions with a distinct inflection point, indicating the Neel
temperature Tz, just below the susceptibility maximum.
Perpendicular to the easy axis the susceptibility X'(T) of
these samples is very small (x =0.08) or even not detect-
able (x=0.97). However, for x=0.08 and x =0.88 a
weak maximum in g'(T) measured perpendicular to the
easy axis is observed at a temperature much below T&.

II. EXPERIMENTAL TECHNIQUES

In order to cover wide ranges of temperatures and fre-
quencies several experimental techniques have been uti-
lized for the ac susceptibility. For measurements above
1.2 K three different arrangements were used for the par-
ticular frequency ranges. The low frequencies (3 Hz&v
&5X10 Hz) were covered by a mutual inductance tech-
nique and the intermediate frequencies ( 10 Hz & v
&5X10 Hz) by a self-inductance technique. The in-
phase and out-of-phase signals were simultaneously
detected by means of a two-phase lock-in amplifier. In
both setups we made use of a sample holder which con-
sists of two separated compartments. One of them is
filled with a paramagnetic salt [e.g. ,

Mn(NH4)2(SO4)z6HzO] and the other contains the sample
to be investigated. This arrangement has the advantage
that both setups could be calibrated at any temperature
and frequency. At the highest frequencies
(3)& 10 Hz & v & 6)& 10 Hz) the susceptibility was deter-
mined from the change of the impedance of a single coil
when the sample is inserted. The signals were detected by
means of a twin-T bridge, details of which are given in
Ref. 39.

Temperatures in the range 0.02 K& T &4.2 K were ob-
tained by means of a dilution refrigerator. Coil system,
sample, and thermometer were situated inside the mixing
chamber, so as to ensure good thermal contact. The mix-
ing chamber was constructed out of epoxy resin to avoid
eddy currents. In this temperature range the susceptibili-
ty was measured by a mutual inductance technique in the
frequency range 2 Hz & v & 2X 10 Hz using a two-phase
lock-in amplifier. The measurements were performed
with an oscillating driving field h of =0. 1 Oe. The cali-
bration into absolute susceptibility units was performed by
matching the data between 1.2 K and 4.2 K to those ob-
tained at high temperatures.

The samples were flux grown at the Clarendon Labora-
tories, Oxford by Wankly and were the same as those
used in the neutron scattering experiments. For our
measurements we formed samples consisting of several
needle-shaped crystals of approximate dimensions
1& 1&4 mm with a total mass of 25 mg.
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FIG. 1. The temperature dependence of g'(T) for difterent
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formed in zero-magnetic field at a frequency of 348 Hz. Note
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For an ideal Ising antiferromagnet the susceptibility
perpendicular to the easy axis is zero. However, the ad-
mixture of the minority-ligand component creates ran-
domly varying environments for the Dy + ions. Thereby,
the pure Ising character is lost and below the Neel tern-

perature a second kind of magnetic transition appears in
X'(T) perpendicular to the easy axis. At T =20 K (right-
hand axes of Fig. l) the susceptibility is found to be pro-
portional to 1 —x or x. Furthermore, the maximum value
of 7' increases when the concentration x is changed from
the pure substances x =0 or 1 towards x =0.40 at which
concentration the material is magnetically isotropic. The
shapes of the 7' curves become more symmetrical, i.e.,
less skewed, as x =0.40 is approached.

The transition temperatures T~ and Tf determined
from susceptibility data, as well as the transition tempera-
tures determined by neutron scattering, are collected in
the phase diagram shown in Fig. 2. It displays some re-
markable features. At both extremes of x a very strong
decrease of the Neel temperature is found indicating that
the long-range antiferromagnetic order is strongly affected
by the admixture of the minority component. This behav-
ior is in general agreement with the previously performed
neutron scattering experiments. At intermediate con-
centrations (0.3 & x & 0.78), and for all concentrations
when measured perpendicular to the easy axis, no mag-
netic Bragg scattering has been observed in the neutron
experiments down to T =0.45 K indicating the absence of
long-range magnetic order. However, the in-phase com-
ponent X'(T) exhibits well-defined maxima above 0.45 K,
which we relate to a freezing process of randomly orient-

ed moments. Thus the system falls into the spinglass
category. In the intermediate concentration range the x
dependence of the freezing temperature Tf is extremely
weak and the diA'erences in the freezing temperatures
determined parallel and perpendicular to the c axis are
small. For x =0.40 no difterence in Tf could be observed
within our experimental accuracy of about 2%. As both
ends of the phase diagram are approached Tf appears to
bend towards zero.

IV. FREQUENCY DEPENDENCE
OF THE SUSCEPTIBILITY

Similar to spin glasses the ac susceptibility of
Dy(P & „V )04 for concentrations 0.26 & x & 0.83 is fre-

quency dependent. For the other concentrations, a fre-
quency dependence of the susceptibility is observed, but
only when measured perpendicular to the respective easy
axis. As a typical example, the temperature dependence
of 7'(T) and 7"( T) at several frequencies for a
Dy(Pp 6oVp 4p)04 sample is shown in Fig. 3. At tempera-
tures T~2 K there are no differences in the in-phase
components X'(T) for the various measuring frequencies
within the experimental accuracy. This feature plus the
vanishing out-of-phase component g"( T) and the increase
of g' with decreasing T indicate that the measured suscep-
tibility P' is the isothermal susceptibility P(0). Decreasing
the temperature, one observes a nonzero 7"(T) signal
starting at the highest frequencies. Simultaneously, devia-
tions in the Y'(T) signal from the isothermal value are evi-
denced. With decreasing frequency the freezing tempera-
ture shifts towards lower values.

For the samples with x =0.83 and x =0.40, the ac sus-
ceptibility perpendicular to the c axis has been measured
over the full range of frequencies: 2 Hz & v& 56)& 10 Hz.
The results for XI'(co), co=27rv, are presented in Fig. 4.
For temperatures much higher than the freezing tempera-
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FIG. 2. The magnetic phase diagram of Dy(Pl V„)04. The
Neel temperatures T~ and freezing temperatures Tf have been
determined by neutron scattering (~, O ) and susceptibility mea-

surernents ( ~, ). Solid symbols give T& and Tf parallel to the c
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occurs for x ~0.3 and x ~0.8.

FIG. 3. Temperature dependence of g'(T) (+, 0, and A) and
7"(T) (&&, O, and 6) for Dy(Poo6VO4o)04 measured in zero-
magnetic field for frequencies of 10.9 Hz (+, & ); 348 Hz ( ~, o );
1969 Hz (A, D, ). This sample has a fully isotropic susceptibility.
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ture Tf, X"(cu) follows the Debye relation, so the
frequency-dependent ac susceptibility can be written as

( ) ( )
X(0)—X(m)

1+i&)7

Here r is the relaxation time and X(0) is the isothermal
susceptibility in the limit co~&&1. The susceptibility in
the limit cor »1,X( Oo ), is expected to be very small and is
chosen to be zero in our further analysis. Since the mea-
surements were performed in zero magnetic field the ori-
gin of the observed relaxation times must be a spin-spin
relaxation process. Spin-spin relaxation was expected to
be observed because in the pure systems, even in a mag-
netic field, spin-spin relaxation was established ' to be
more important than spin-lattice relaxation for T & 2. 5 K.
This occurs in spite of the Ising character of the pure sys-
tems which is known to reduce the probability of spin-
spin relaxation processes.

When one decreases the temperature through Tf, the
low-frequency tail of the X"(v) curves shifts up (see Fig.
4). At very low temperatures X"(v) flattens out and has
significant amplitude at low frequencies. Unfortunately,
we were not able to measure above 2 kHz below 1 K, but
the general frequency dependence seems to smoothly ex-
trapolate to the maximum at approximately logv=7. 5.
This is illustrated by the broken lines in Fig. 4.

Since the frequency dependence of X"(v) is considerably
broader than that of a single Debye curve, the relaxation
process cannot be described by a single relaxation time

-1—
05K
08K

09K

constant. As is usually done in such situations a distribu-
tion function of relaxation time constants g( inc) is intro-
duced so that the frequency-dependent susceptibility can
be written as

X(co) g ( inc)
d in'

X(0) — 1+icur
(2)

From our experimental results it can be seen that g( in')
approaches a 6-like function at temperatures above 4 K,
where X"(v) follows approximately a Debye curve. At
low temperature X"(v) clearly deviates from the Debye
behavior, which means that g( inc) becomes very broad,
extending over many decades of time.

In order to compare our results with those obtained on
other spin glasses we use a recently proposed phenomeno-
logical model ' for the frequency and temperature
dependence of the susceptibility. In this model the distri-
bution function for relaxation time constants is separated
into two contributions. One is related to the "nearly free"
spins exhibiting a relaxation time ~f which is assumed to
be temperature independent. This part can be described
by a 5 function Nf5( 1n(r/rf)), where Nf is the fraction
of "nearly free" spins. Thus the contribution of these
spins to the susceptibility is given by a single Debye equa-
tion [Eq. (1)] with X(ao)=0, X(0)=NfXf(0) and r=rf
where Xf(0) is the isothermal susceptibility of this part of
the spin system.

A second contribution, related to the spins grouped into
clusters, is described by a broad distribution of relaxation
time constants N, g, ( inc) as in Eq. (2) where N, is the
fraction of clustered spins. Note that the term "cluster"
is still applicable to the Dy(P& V )04 system, but not in
the sense of a spatial grouping of magnetic spins. Now
there will be regions where, due to statistics, a nonvanish-
ing average of the directions of the easy axes exists which
enhances the correlation of the spins locally.

This distribution function g, ( 1nr) results in a contribu-
tion to the susceptibility of the form

z Debye
I I

5 6 7

Log [v (Hz)]

(a)
I

N, X, (0)
&X(co)=

1+(icur, )'
(3)

where X, (0) is the isothermal susceptibility of the
clustered spin system and ~, the average relaxation time
constant. The quantity a determines the deviation from
the Debye behavior. Using Eqs. (2) and (3), the distribu-
tion function g, ( in') can be derived viz. ,
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FIG. 4. 7"(v) as a function of frequency at several tempera-
tures for Dy(Pl, V„)04.-(a) x =0.40; (b) x =0.83 (hlc). The
thin broken lines represent a Debye curve. The solid lines are
fits to the data (see text for details).

g, ( in')= sin(a7r )
(4)

2vr cosh[(1 —a) In(rim, )]—cos(acr)

Note that a determines the width of the distribution func-
tion g, ( 1nr). When a=0, this contribution to the suscep-
tibility is described by a simple Debye equation. Since in
the limit a~0, g, ( lnr) becomes 51n(rlr, ). In the fol-
lowing we let 2 =NfXf(0) and B =N, X, (0). Then, from
the sum of the two contributions to the susceptibility, the
imaginary part can be extracted viz. ,
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3COVf' B cos( —,'am. )
X"(co)=

~ ~
+—

2 cosh(1 —a) ln(cow, )+ sin( —,'an)

10

B-T O.8

The solid lines in Fig. 4 represent the fits of Eq. (5) to the
data with the assumption that the relaxation time constant
~f for the "free spins" is temperature independent. Hence
the fitting procedure contains four parameters (A,B,a, r, )

whose temperature dependence can be used to character-
ize the samples. The four parameters are only weakly
correlated and all are determined to within 10%. In Fig.
5 the average relaxation time ~, of the correlated spins is
plotted as a function of the inverse temperature. As can
be seen, r, obeys an Arrhenius law: r =7 p exp(EElkT).
For 1/T~O the solid lines extrapolate to ~o ——2.5& 10
s for x =0.40 and to ~o ——1.0&& 10 s for x =0.83. The
energy values, corresponding to the slopes in Fig. 6 are
0.9 K and 3.2 K, respectively. For the isotropic sample
Dy(0p 6pVp 4p)04 this energy is comparable with the freez-
ing temperature Tf ——0.85 K. In the case of
Dy(pp»Vp»)04 the energy value is close to the Neel tem-
perature of the pure substance.

The temperature dependence of the parameters A (sin-

gle spins) and B (correlated spins) are presented in Fig. 6.
If the number of free spins (Nf) and the cluster sizes do
not depend on temperature, one would expect that both
contributions should be proportional to 1 /T. For
x =0.83 we find 3 —T and B—T ', and for
x =0.40 we have A —T and B—T ' . This means
that the number of free spins and the number of correlat-
ed spins vary with temperature, similar to what has previ-
ously been observed in various spin glasses. With de-
creasing temperature the number of free spins and corre-
lated spins decreases for x =0.83, whereas for x =0.40
the number of correlated spins grows while the number of
free spins decreases.

This difference can be explained as follows. For the
sample with x =0.83 there is still a strong preference for

A-T"

0.1 I

0.3

4-$ (x=p.4p)r
I

10

the easy axis to be aligned perpendicular to the c axis, so
that in large regions of the sample the spins can achieve a
kind of imperfect antiferromagnetic order perpendicular
to the c axis. Within the time scale of our measurement
these giant clusters will appear to be inert, i.e., nonrespon-
sive and therefore are not detected. However, with de-
creasing temperature the giant clusters will grow slightly
and this accounts for the small decrease of the total num-
ber of spins contributing to the measurement. The forma-
tion of giant clusters also explains why the shorter time
scale neutron scattering experiments detected a broadened
antiferromagnetic transition, although results of the sus-
ceptibility at a much longer time scale clearly indicate
some short-range magnetic order. In the isotropic sample
with x =0.40, due to a random distribution of easy axes,
there are only finite correlated regions. Consequently, the
temperature dependences of 3 and B show a clear tenden-

FIG. 6. Fit parameters 3 (open symbols) and B (solid sym-
bols) as a function of the reduced temperature t = T/Tf for two
different concentrations of Dy(P &

V )0&. x =0.40 ( ~, ),
x=0.83 (O, o).

O.75 '

aE, lkB=O.9 K

& O. SO—

O.25—

T'(K ')
&=Tl T,

FICx. 5. Average relaxation time of the correlated spins ~, as
a function of the inverse temperature for Dy(P &

V„)O&..
x =0.40 (0); x=0.83 (o).

FICi. 7. Parameter a as a function of the reduced temperature
t =T/Tf for Dy(P, .V„)04.. X=0.40 ( ); X=0.83 (o).
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FIG. 8. The distribution function g, ( lnr) of relaxation time
constants for Dy(Pp 6pVp 4p)04 at several temperatures.

V. DISCUSSION

On the basis of our ac-susceptibility measurements per-
formed on the Dy(P& V„)04 system, it was possible to
determine four phases: a paramagnetic phase, two antifer-
romagnetic phases, and a spin-glass phase. The Neel tem-
perature of the pure materials is rapidly suppressed by a
small admixture of the minority component. Already for
x=0.26 and +=0.83 the transition to an antiferromag-
netic order is smeared out and is accompanied by an on-

cy for increasing the correlated regions at the expense of
free spins as T is lowered below Tf.

The next step in our analysis is to calculate the distri-
bution function g, ( in'). First we focus our attention on
the parameter a. In Fig. 7 this parameters is plotted as a
function of the reduced temperature t = T/Tf. Both sam-
ples exhibit qualitatively the same behavior, namely a
strongly T-dependent parameter e. Even above the freez-
ing temperature Tf, a finite value for e is observed. This
is attributed to the presence of short-range magnetically
correlated regions which causes substantial deviations
from paramagnetic behavior in spin glasses. With de-
creasing temperature a increases linearly within our ex-
perimental accuracy, and extrapolated towards 1.0 as the
reduced temperature approaches zero. Thus the distribu-
tion function becomes progressively broader with decreas-
ing temperature, quite similar to the behavior observed in

Cup»Mnp p5 and (Eup 4Srp 6)S.37

Finally, we have calculated the distribution function of
relaxation time constants, which is presented in Fig. 8 for
Dy(Pp 6pVp 4p)04. The results for the sample with
x =0.83 are quite similar. As is expected from the a(T)
dependence in Fig. 7, there are relaxation time constants
which clearly exceed those of noncorrelated or free spins
even at temperatures T ~~ Tf. If one passes Tf from
above, the distribution function flattens, and long-time re-
laxation time constants become important which can easi-
ly exceed 1 s for the lowest temperatures.

set of a X"(T) component near Tz at low frequencies
when measured along the easy axis, indicating the ex-
istence of short-range order. In a rather large range
(0.40 (x (0.60) the concentration dependences of the
freezing temperatures are extremely weak. The freezing
temperatures measured perpendicular to the respective
easy axis seem to extrapolate to zero for x =0 and x =1.
Thus the observed phase diagram shown in Fig. 2 is in
marked contrast to the ones found for site-random solid
solutions with two magnetic ions having orthogonal spin
anisotropies, in which the weakest concentration depen-
dence of the transition temperature is found at both ends
of the diagram and the strongest is found near the tetra-
critical point.

An interesting question arises from viewing the phase
diagram in Fig. 2: for x 50.3 or x ~0.8 in the low-
temperature regime, is there a coexistence of antiferro-
magnetic long-range order with a transverse spin-glass
freezing or a destruction of the antiferromagnetic order as
the spin glass is formed, i.e., a "reentry" transition? In
the neutron scattering experiments, for several ligand con-
centrations in the range mentioned above, samples were
cooled to below the respective freezing temperature, deter-
mined from the ac-susceptibility results. Nevertheless
none of the ligand concentrations showed a destruction of
the antiferromagnetic order as the temperature was
lowered to T =0.45 K. Thus we find that in the low-
temperature phase for the Dy(P, „V,)04 system, antifer-
romagnetic long-range order and a spin-glass behavior
coexist. Such a coexistence has been observed previously
for the Ising antiferromagnet-spin glass Feo»Mgo 45C12.

The short-range order found for x=0.40 and x=0.83
(hlc) may be described by employing a simple phenome-
nological model. For x =0.83 the temperature depen-
dences of the parameters A (-T ') and B (-T )

are qualitatively different from the dependences found for
spin glasses like Eup 6pSrp 4pS ( A —T,B—T ) or
Cup 95Mnp &» ( A —T,B—T ' ). With decreasing
temperature the number of detected, correlated and non-
correlated, spins is slightly reduced since a small amount
of these spins align along the easy axis as a long-range-
ordered, albeit imperfect, antiferromagnet. This also ex-
plains why the magnetic order was characterized by neu-
tron scattering as antiferromagnetic long-range order
without a sharp onset, whereas the ac-susceptibility mea-
surements showed the existence of short-range order. The
isotropic sample (x =0.40) finally could be classified, in
view of the results described in Ref. 37 for Cu095Mnoo5
and Euo 60Sr04OS, as a spin glass with a rather weak in-
crease of the correlated regions when the temperature is
decreased.

At this point it should be noted that both the
Dy(P, „V )04 and the amorphous alloys already men-
tioned in the introduction only approximate the model
system investigated in the theoretical work' where the
interaction between the ions is taken to be a fully isotropic
nearest-neighbor exchange and the only randomness in-
troduced is the one in the directions of the easy axes.
Thus the model Hamiltonian is

S=—J $ S;.S, D$(S; n;)—
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—JS (n;.n, )o;o.~,
(i,j)

(7)

where S; =Sn;o; with cr; =+1, JS (n;.nj ) being the ran-
dom exchange-coupling constant. As Jayaprakash and

J is the nearest-neighbor exchange-coupling constant, D is
the anisotropy parameter, and n; is a unit vector aligned
along the easy direction. The n s are distributed random-
ly over the unit sphere.

For the amorphous alloys ' the deviations from this
model are twofold. The interactions between the magnet-
ic ions are not simply due to nearest-neighbor exchange
coupling but are presumably rather like an RKKY in-
teraction. Furthermore, the randomness in the directions
of the easy axes is accompanied by a randomness in struc-
ture and site occupancy. For the Dy(P

&
V )04 the situ-

ation appears to be better because here the Dy ions are
placed on a regular lattice. Now, however, there is a
complex mixture of anisotropic exchange and dipolar in-
teractions between the Dy + ions which also makes this
system more complicated than the model system.

Regarding the two antiferromagnetically-ordered pure
systems, as a first approximation the model Hamiltonian
might be applied. If this is done then the exchange-
coupling parameter should be taken negative instead of
the positive one used in the theoretical work. This Hamil-
tonian can be transferred in the limit D~ ~ in a random
bond Ising Hamiltonian,

Kirkpatrick' noted the Hamiltonian (7) would lead to an
energy

E= ,' JN—S ——JNS
~ g n; o;

~

(8)

ACKNOWLEDGMENTS

The authors would like to acknowledge J. C. Verstelle
and A. J. van Duyneveldt for stimulating discussions and
their interest in this work. We are also grateful to J. J.
Baalbergen and J. van den Berg for their competent assis-
tance with the measurements. This work was financially
supported by the Nederlandse Stichting voor Fundamen-
teel Onderzoek der Materie (FOM).

in the limit D~op and infinite range interactions. For
systems with positive exchange-coupling parameters this
would lead to a ground state having a maximum magneti-
zation obtained by aligning the spins so that they all point
in the same hemisphere. ' For systems with negative
exchange-coupling parameters this would lead to a ground
state having zero spontaneous magnetization. Thus the
spin-glass state would be of the same energy as an approx-
imate antiferromagnetically-ordered state. From this dis-
cussion, spin-glass behavior is expected for the
Dy(Pt V„)04 system, in particular since the nearest-
neighbor exchange and dipolar interactions decrease
strongly with distance.
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