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Stoichiometric praesodymium phosphide, PrP, has a crystalline electric field (CEF) singlet
ground state and exhibits temperature-independent Van Vleck susceptibility at low temperatures.
PrP does not show magnetic ordering down to 1 K. In contrast, phosphorous-deficient samples
(PrPy) show temperature-dependent susceptibilities at low temperatures, indicating an induced
magnetic moment on the Pr sites. Selected samples of PrP, for 0.95 =y =0.85 show spin-glass
behavior. Measurements of the magnetic properties (some of which were performed in high
hydrostatic pressures to 8 kbar) include: (1) high-field magnetization versus field to 60 kOe,
(2) low-field magnetization versus temperature for 1.4 < T'<<20 K, and (3) ac susceptibility
versus temperature over a very wide frequéncy range, 0.003 < £ <10% Hz. The ac susceptibility
measurements for PrPgs show that for f <1 Hz, the spin-glass transition temperature, Ty =9
K, is independent of f, and with hydrostatic pressure T s increases as de/dP =-+0.12 K/kbar.
Time-dependent remanent effects are observed for T < T;. No specific-heat anomaly is discer-
nible near T;. Pressure-dependent magnetization measurements to 8 kbar show that the mag-
netic moments and/or interactions between moments increase with decreasing lattice constant,
consistent with pressure studies on stoichiometric PrP. The magnetic properties of non-
stoichiometric PrP, depend strongly on lattice constant and method of preparation. Susceptibili-
ty data on PrSg g5 and PrgLag gPg g5, which do not show spin-glass behavior, illustrate the influ-
ence of anion vacancies on the magnetic properties. The CEF level scheme is drastically altered
by the symmetry changes produced by P vacancies, but it is believed that increased conduction-
electron concentration plays an important role in inducing the Pr moments in nonstoichiometric
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PrP compounds.

I. INTRODUCTION

Spin-glasses are described in a general way as non-
periodic magnetic systems with random exchange
fields, leading to some local magnetic order. They
usually show characteristic physical properties such
as: (1) a rather well-defined cusp in the temperature
dependence of the low-field ac susceptibility (the
temperature of this cusp often depends on the fre-
quency of the ac magnetic field), (2) a very broad
anomaly of the heat capacity in the cusp temperature
range, and (3) time-dependent magnetic remanence
effects. Many magnetic impurity systems are expect-
ed to exhibit some or all of the characteristics of
spin-glasses over a suitable impurity concentration
range. Examples of extensively studied spin-glass
systems include Au(Fe),! Cu(Mn),2 La(Gd)Al,? and
‘the insulating system Sr(Eu)S.*

Nonstoichiometric PrP, is an unusual spin-glass
system.>® First, only nonstoichiometric composition
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compounds exhibit spin-glass behavior. In this
respect, PrP, is similar to the nonstoichiometric
Co14,Gaj_, spin-glass system.” Secondly, the Pr ion
crystalline electric field (CEF) ground state in the
nonstoichiometric materials is expected to be a
singlet. Thirdly, we speculate that some variation of
the Pr ion moments from site to site occurs because
of the variation of the Pr site local environments. In
contrast, for stoichiometric PrP, the Pr ion carries no
magnetic moment at low temperatures and does not
order magnetically at any temperature.! Further-
more, stoichiometric PrP is a singlet ground-state
(Van Vleck) paramagnet with a singlet-first-excited-
state splitting of 133 K.° (The lower crystalline sym-
metry of the nonstoichiometric materials is accom-
panied by a further removal of degeneracy of the
CEF levels.)

Singlet ground-state Pr-based compounds show a
wide variety of magnetic behaviors. For Pr;T1 the Pr
moment distribution is uniform and ferromagnetic
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order is observed.! For Pr;Ses, ferromagnetism is
also observed, but there are two types of Pr sites.!!
In contrast, all the stoichiometric Pr monopnictides
and Pr monochalcogenides are paramagnetic and are
well characterized by CEF-only behavior,’ i.e., the
low-temperature magnetic susceptibilities are tem-
perature independent. Thus PrP, falls into a middle
ground between these two extremes of singlet
ground-state materials.

In this paper, we present the results of measure-
ments of the magnetic properties as a function of
field, temperature, and hydrostatic pressure of
several PrP, samples in the concentration range
0.97 =y =0.85. Magnetization studies were carried
out in external fields to 60 kOe, temperatures
1.4 = T <30 K, and for hydrostatic pressures to 8
kbar. ac susceptibility measurements were made over
a very wide frequency range of 0.003 < f <10* Hz.
In addition, very-low-frequency susceptibility mea-
surements as a function of pressure were made. In
Sec. II we review the properties of some off-
stoichiometric rare-earth monopnictides and mono-
chalcogenides. Also, we calculate changes in the
CEF level structure of stoichiometric PrP when P-site
vacancies are introduced. In Sec. III we discuss the
sample preparation required to produce spin-glass
behavior in PrP,, sample characterization, and experi-
mental techniques. In Sec. IV we present the experi-
mental results which include high- and low-field mag-
netization, ac susceptibility as a function of frequen-
cy, specific heat, time-dependent remanence ef-
fects, and pressure effects. In the final section we
discuss the results of this unusual spin-glass system.
Previous communications>¢ dealt with audio and
very-low-frequency ac susceptibility characteristics of
nonstoichiometric PrP,.

II. BACKGROUND

A. Nonstoichiometric rare-earth
monopnictides and monochalcogenides

The rare-earth monopnictides and monochalcogen-
ides all have the NaCl structure, and exist over a
very large range of solid solubilities. Some examples
are PrP, (1.00 =y =0.85),'2GdS, (1.00=y
=0.85), 3" GdP, (1.00 =y =0.90),'" LaS,
(1.00=y =0.90),® and RN, (y <1, R =Y, Nd, La,
Ce, and Pr).!7 For all these compositions the NaCl
structure is preserved. The range of solubility tends
to decrease with increasing ionic radius of the anion,
thus compounds such as PrBi, exist only over a very
narrow range near stoichiometry. For the above sys-
tems, vacancies are formed in the anion sublattice
when there are anion deficiencies. This is concluded
from density measurements.!> The lattice parameter
tends to decrease with increasing anion deficiency,

thus a measurement of the lattice-parameter decrease
with increasing anion deficiency can be used to deter-
mine indirectly the concentration of vacancies. To
our knowledge, a vacancy superstructure has never
been observed, so it is reasonable to assume a ran-
dom distribution of vacancies on the anion sublattice.
For GdP, and GdS,, the anion deficiency is accom-
panied by an increase in condition-electron concentra-
tion.!* This is also the case for EuS.!® For the
monosulfides this is supported by simple chemical
reasoning: S has valence of —2 and Gd has valence
of +3, thus removing an S atom should contribute
two electrons to the conduction band. In the mono-
phosphide, the situation is less clear because the
binding has more covalent character. Nevertheless,
we would expect roughly three conduction electrons
per vacancy from the same reasoning. Although in
principle one might expect GdP to be a semiconduc-
tor, it shows metallic conduction (dp/dT > 0) for
4 <T =200 K, and as in GdS,, an increase in con-
duction electron density is found for off-stoichio-
metric materials.’> In PrP, the compound discussed
in this paper, the conduction electron density is ex-
pected to be low. (For GdP it is ~1 x102//cm®
versus 2 X 10%*/cm? for GdS.!%) Because of the semi-
metallic character of the phosphide, small changes in
stoichiometry might drastically increase the
conduction-electron concentration and thus might
have an important effect on physical properties. For
example, it may cause an enhancement of the mag-
netic exchange interaction between Pr atoms by the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction.

B. Crystalline electric field effects in PrP,

For all the Pr monopnictides (and monochal-
cogenides) the CEF of surrounding ions partially lifts
the ninefold degeneracy of the Pr’* spin-orbit ground
state, and a nonmagnetic singlet, I';, CEF ground
state results.’ A magnetic triplet I's is the first excit-
ed state. These compounds are nonordered magneti-
cally and exhibit temperature-independent suscepti-
bilities at low temperatures. This Van Vleck-like sus-
ceptibility is given, in the low-field limit, by

2Ngupl (Tl ZIT1) |2

Xc= ’
Py o))

where A is the I'-T', splitting (in K), and where the
other symbols have their usual meaning. Equation
(1) gives X, =2.40 x 1072 emu/mole Oe for PrP, us-
ing A=133 K determined by inelastic neutron scatter-
ing.” The CEF parameters associated with the ob-
served level sequence and the magnitude of A closely
approximate those derived from a six-nearest-
neighbor point-charge model (PCM) with a charge of
—2eon the Pions. The Lea, Leask, and Wolf
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(LLW) parameters?’ from the neutron scattering ex-
periments are x =—0.944 and W =7.42 K, while
those from the PCM are x =—0.967 and W =6.62 K.
The measured low-temperature susceptibility of PrP,
[(3—4) x1072] emu/mole Oe, is enhanced over the
CEF-only value of Eq. (1). We speculate that this
sample dependence of the susceptibility reflects small
variations about the stoichiometric composition.
However, the enhancement is small compared to that
of the induced ferromagnet, Pr;T1.2!

The observed effect of hydrostatic pressure on the
magnetic properties of the Pr monopnictides (and
monochalcogenides) is contrary to predictions of the
PCM.222 We expect the CEF interaction to increase
as neighboring ions approach the Pr ion site. Experi-
ments show an increase in the susceptibility, X, with
decreasing lattice constant. Neutron scattering?*.and
thermal expansion? measurements show directly that
A decreases with increasing pressure. Phenomeno-
logical models?® have been put forth to account for
the anomalous pressure dependence of A.

Using pressure-dependent Knight-shift measure-
ments, Weaver and Schirber?? determined that X for
PrP increases at a rate of (+1.6 £0.2)%/kbar. By ex-
tension for the off-stoichiometric PrP, materials, ap-
plication of pressure should increase the Pr moments
and/or the Pr-Pr magnetic coupling. This is found to
be the case.

The six-nearest-neighbor PCM model explains
semiquantitatively the magnetic behavior of
stoichiometric PrP. For PrP, which has the cubic
rocksalt structure, the CEF Hamiltonian is?’

HEer = B40f + By0¢ +BsO¢ +Bs,0¢ , (2)

where By = by Qe*/a™ (r"Ya,. The b,, values are
b4()='- %, b44= %, b60= +zs4", and b6 = —L The
symbols O} are Stevens operator equivalents. The
PCM values of x and W are obtained by diagonalizing
Eq. (2).

In order to illustrate the rather drastic effect of P-
site vacancies we calculate the CEF level structure for
the case of two nearest-neighbor collinear P-site va-
cancies, ignoring any changes of screening or local
distortions. The results are shown in Fig. 1. The
Hamiltonian for this symmetry is similar to that of
Eq. (2) but also contains a term Bjy= Qe?(r?)/a’.
The terms b4o and bgp become 1—36- and —-, respec-
tively, but the b44 terms and bg4 terms are unchanged
from the cubic case. The sixth-order terms were set
to zero, which closely approximates the real case for
cubic PrP. The diagonalized eigenvalues are

parametrized by z = B,y/Bf, the superscript C refer-

ring to the cubic value for this term. Even for z=0
the eigenvalues shift because of the new relative
weight of B4 and By The scale of the vertical axis
in Fig. 1 is such that A=133 K. The value of z
derived from the B,,, above is off the scale of Fig. 1.
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FIG. 1. Crystalline electric field (CEF) energy levels for
Pr3tin PrP, for the case of two collinear nearest-neighbor
vacancies. The horizontal scale is proportional to the magni-
tude of the second-order CEF Hamiltonian term. Vertical
scale in units of CEF fourth-order cubic Hamiltonian terms.
The I'|-T'4 splitting is 133 K for cubic PrP. Sixth-order
terms are neglected. Numbers in parentheses indicate level
degeneracy. Point-charge-model value for z is off the scale
of the figure. The figure illustrates drastic effect on CEF
level structure upon introduction of vacancies into anion
sublattice.

Clearly from Fig. 1, in spite of level crossings, the
nonmagnetic ground state is retained. An analysis
like the above for a single nearest neighbor vacancy
resulted in a diagram similar to that in Fig. 1.

These calculations are not expected to yield the ac-
tual CEF level scheme for Pr in nonstoichiometric
PrP, materials. Because of the importance of the By
term (=3 dependence) relative to the other CEF
Hamiltonian terms, vacancies many lattices away
from a given Pr site would have a strong effect on
the CEF level scheme if shielding effects are unim-
portant. Nevertheless, the results shown in Fig. 1
point out the strong influence on the CEF levels by
changes in local symmetry. Furthermore, they sug-
gest that in general a singlet ground state is main-
tained for Pr in nonstoichiometric PrP and that the
moments observed under these circumstances are
“induced.” A discussion of induced magnetism in
singlet ground-state systems is given by Cooper for
both ferro-'? and antiferromagnetic?® materials.
Within the molecular-field approximation, the pres-
ence of a molecular field mixes excited states with
the singlet ground state so that the expectation value
of the magnetic moment for the perturbed ground
state becomes nonzero, and magnetic order can oc-
cur. Examples of such systems are Pr;T1 (Ref. 10)
(an induced ferromagnet) and TbSb (Ref. 28) (an in-
duced antiferromagnet), where in both cases inelastic
neutron scattering shows a perturbed singletlike
ground state. We believe that moments are induced
on Pr sites in PrP, in a similar manner.
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The experimental data in Fig. 2 show the influence
of vacancies on the magnetic properties of two singlet
ground-state Pr-based monopnictides and monochal-
cogenides. The upper part of the figure shows X! vs
T for PrS and PrSqogs. For PrS, A=125 K, and the
data show the characteristic temperature independent
susceptibility for T <50 K. However, for non-
stoichiometric PrSygs the temperature-independent
part has vanished, and X! vs Tis linear down to
lowest 7. In the lower part of the figure similar data
are seen for PrP and Prg;LagoPoss. (The La-diluted
sample is chosen because PrPggs orders magnetically
and cannot be compared directly to the PrSqgs data.)
We note in Fig. 2 that the X' =0 intercept for the
nonstoichiometric materials occurs at 7 < (0. These
materials are nonordered and have large strong
crystal-field contributions to X. For the PrP, samples
which undergo spin-glass ordering, the X~! =0 inter-
cept is at T > 0, indicating a tendency for ferromag-
netic coupling. In stoichiometric PrP (Ref. 5) a fer-
romagnetic exchange is postulated to explain the
low-temperature susceptibility which is slightly
enhanced over the crystal-field-only value. The data
of Fig. 2 demonstrate the presence of a magnetic mo-
ment on Pr sites in nonstoichiometric samples. In
contrast, for stoichiometric cases, the expectation
value of the magnetic moment is zero for the CEF
ground state, Data on GdS and GdP (Ref. 15) show
that the presence of S- or P-site vacancies is accom-
panied by an increase in conduction-electron concen-
tration. We expect this also to be the case for the
nonstoichiometric materials of Fig. 2.
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FIG. 2. Inverse magnetic susceptibility, X!, vs tempera-
ture, T, for two singlet ground-state materials, PrS and PrP,
and two nonstoichiometric counterparts. In both cases, X
becomes temperature dependent for T < 30 K when vacan-
cies are introduced into the anion sublattice.

III. EXPERIMENTAL RESULTS
A. Sample preparation

The method of sample preparation plays a very im-
portant role in determining whether spin-glass
behavior in PrP, is observed. Nearly two dozen sam-
ples were prepared. The general procedure for sam-
ple preparation was as follows!?3: Thin foils (<0.01
cm), or in some cases thin slivers, of high-purity
(=99.9%) Pr were reacted with 99.999% pure P
powder in sealed quartz tubes for a few days at
600 °C until P vapor no longer remained in the tube.
The powdery reacted material was then compacted
into pellets, sealed into Ta foil or Mo crucibles, and
heat treated for an homogenization at 1800 °C for 4
h. Only those materials which had been compacted
showed the spin-glass behavior. In some cases, off-
stoichiometric, noncompacted samples tended to
show a temperature-dependent X similar to data in
Fig. 2. Compacted samples were rather hard, had a
metallic luster, and were porous.

The lattice constants for all off-stoichiometric com-
pounds® that showed spin-glass behavior were found
to be smaller than those for pure PrP, by about 0.5%.
Off-stoichiometric samples that showed no cusp in
x(T) were found to have lattice constants close to
those of pure PrP. A second phase (PrP,) was
detected in only one sample.

- B. Experimental procedures

The dc magnetization experiments were performed
using a vibrating sample magnetometer (VSM). The
ac susceptibility measurements were made with a
conventional ac susceptibility bridge for 10 < f <10*
Hz. The ac measurements in the range 0.003 < f
=0.03 Hz involved a novel application of the VSM.®
This method allowed determination of the in-phase
component X’ of the susceptibility, and also of the
out-of-phase component X”. For those experiments
requiring the application of hydrostatic pressure, non-
magnetic pressure clamp devices were attached to the
VSM. These techniques are described in Ref. 29.
The very low frequency susceptibility measurements
with the sample pressurized illustrate the versatility
of the pressure clamp procedures used normally in
connection with high dc field studies.

C. dc magnetic properties

As noted first by Westerholt and Methfessel,’ low-
temperature, low-field dc susceptibility anomalies are
observed in selected off-stoichiometric PrP, samples.
Although this is easily seen with dc techniques, the
position of the observed peak in X depends on the
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strength of the measuring field and time rate of
change of the temperature. This latter effect is not
due to a lack of thermodynamic equilibrium between
thermometer and sample, but involves time-
dependent magnetization effects which were _
discovered in PrP, for low (<1 kOe) applied fields.
These effects occur for all temperatures below that at
which the gradual spin freezing process takes place,
and they will be discussed below. A related effect is
the shift with frequency of the susceptibility peak in
PP, using ac measurements.

In Fig. 3 is shown the magnetic moment o, versus
applied field, Hy for three PrP, samples at 4.2 K in
fields to 50 kOe. The saturated Pr** moment is 3.2
wp/Pr-atom, so that o at high fields in off-
stoichiometric materials is substantial. The large mo-
ment -per Pr atom and the nonlinearity of o vs Hy
suggest a moment on the Pr ion. For PrP g, also
shown in Fig. 3, o vs Hy is linear. The dashed line
associated with PrP; oo shows the increase of X ex-
pected for a pressure 10 kbar based on the data of
Ref. 23. The induced Pr moments (those responsible
for.a T-dependent X for T <30 K) are also responsi-
ble for the spin-glass freezing and for the curvature
of the magnetization versus Hj of Fig. 3. We note
that for Hy > 1 kOe, time-dependent effects are not
observed; the moment responds rapidly to changes in
applied field.

The insert of Fig. 3 shows the low field X vs T data
for the PrPggs and PrPygs samples. We note that the
positions of the maxima depend to some extent on
the rate of change of the temperature, because of the
time-dependent effects mentioned above. We define
a ““freezing’ temperature Ty as the maximum in X vs
T for our PrP, samples showing spin-glass behavior.

T T T T

0.8 | PrPygs  PrPygs(A)

L PrRoes prpyga

o (pg/Pr atom)
o
D

0.2 | T(K) H°=IOOe_
=1 8 10 12 14
1 1 1
(0} ]
0 I 40 50

0] 30
Ho ( kOe )
FIG. 3. Magnetization, o, vs applied field, Hy, at 42 K

for two nonstoichiometric PrP, samples, as well as data for

stoichiometric PrP, op. Insert is low-field X vs T for same
two samples, showing spin-glass transition region. Dashed
line shows o vs H at 10 kbar for PrP; o9, based on data of

Ref. 23. Saturation moment for Pr3* is 3.2 up/Pr atom.

Measurements also were made ori a PrgsLag sPogs
sample where half the Pr atoms are replaced by non-
magnetic La atoms. This material showed pro-
nounced time-dependent effects for 7 <3 K.

In Fig. 4. are shown o vs T data for a PrPggp sam-
taken with three different applied magnetic fields. As
the field is increased a broadening of the maxima and
lowering of Ty occurs. These data emphasize the
variability (and difficulty) in the characterization of
the spin-glass region by dc techniques.

The results of X vs T for two additional PrP, sam-
ples is shown in Fig. 5. These samples were prepared
as were those samples discussed above but were not
compacted prior to homogenization. Whereas X for
PrPy s has a clear temperature dependence, showing
a moment on Pr sites, X for PrPgg; is temperature in-
dependent up to ~16 K but is strongly enhanced
over X for the stoichiometric material. No spin-glass
transition was observed in either sample, but the
results illustrate the increase in Pr magnetic moment
that occurs with increasing P deficiency.

In Fig. 6, we show the results of thermoremanent
magnetization (TRM) measurements in the same
PrPy s sample discussed in Fig. 3, i.e., where the
maximum in X occurs at about 9 K. For the data of
Fig. 6, the sample was cooled from above ~20 K to
the indicated temperature in an external field of 20
Oe, which was then switched off at time ¢ =0.
Between each run the sample was warmed to well
above 20 K in order to remove any magnetic ‘‘histo-
ry,”” before the 20-Oe field was applied. In all cases,
after the field was switched off, the magnetization,
o, dropped very rapidly at first, then proceeded to
decay slowly. The value of the remanent moment
just after switching off the field increased very
strongly with decreasing temperature, similar to that

T T T T
PrPo.90
130
5
%)
4
‘-._
> -20
53
o2
[
b 1 —LIO
e
(0] 1 I L il [0}
0 5 10 15 20
T(K)

FIG. 4. Magnetization vs increasing temperature for
PrPg g sample taken with three widely differing measuring
fields. Note temperature decrease and broadening of spin-
glass transition region with increasing measuring field.
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FIG. 5. Susceptibility vs temperature for two PrP, sam-
ples which show no spin-glass transition. Susceptibility for

PrP g7 is highly enhanced over CEF-only value, and PrPg g5
shows indication of magnetic moment on pr ions.

observed in Au(Fe).! The agreement between this
slow decay and log tis quite satisfactory. TRM decay
is discussed in detail by Guy in extensive review arti-
cles,! and the data of Fig. 6 show a close resemblance
to those analogous data for Au(Fe). The logarithmic
behavior of o vs tin Fig. 6 is characteristic of spin-
glass systems; the results follow in form those simu-
lated by the computer model by Binder and
Schréder,® who find a £~ decay using Edwards and
Anderson’s’! model of a random distribution of ex-
change constants.

The low-field time-dependent (TRM) effects can
be used to indicate roughly the onset of the spin-glass
freezing process. As noted by Guy' and Binder and
Schréder,® the slow decay behavior persists to tem-

' EET S
| PrPogs(A) _
301 T~ 9K
) © T=4.4K
]
3
S 20
2 T=6.0K
2
b
T=7.3K
10+ —
COOLED IN Hp=20 Oe
Ho—= O AT 1=0
0 1 11 11
2 10 50 I00 500 1000

t(sec)

FIG. 6. Thermoremanent magnetization (TRM) vs time
for PrP; g5 sample. Sample was warmed before each mea-
surement to T ==20 K before cooling in 20-Oe field.

peratures above the X vs T peak. This is illustrated
for the PrPg g5 sample in Fig. 7, where o (¢ =1000
sec) vs Tis shown. Taking the values of o at

t =1000 sec is merely representative of the time scale
over which the logarithmic decay takes place. Choos-
ing any ¢in the range 10—1000 sec does not substan-
tially alter the results. These data were taken from
those of Fig. 6. Clearly the slow decay mechanisms
persist at temperatures above the X vs T maximum.
The uppermost curve in Fig. 7 shows X vs T on cool-
ing in the 20-Oe field. Note that the temperature at
which the two upper curves depart (about 10 K) is
above the maximum in X vs T and is close to that
where the time independence of o vanishes. For this
sample, the higher temperature is taken as-the onset
of the gradual spin-glass freezing process.

The specific heat C vs T for a PrPggs sample which
shows spin-glass behavior below about 10 K is shown
in Fig. 8. Specific-heat data on LaP,, an isomorphic,
nonmagnetic analog for PrP, are not available, so it is
difficult to determine the magnetic part of the specif-
ic heat. The results for PrP, are, however, similar to
those for AuggFeg s, 32 where the magnetic part of
the specific heat is linear with temperature, but where
no specific-heat anomaly accompanies Ty, the freez-
ing temperature. Specific-heat anomalies for spin-
glass systems are generally quite small, possibly re-
flecting a gradual freezing process. In addition, for
PrP,, which is a singlet ground-state system, there is’
probably only a small amount of CEF entropy
remaining near 10 K. It is interesting to compare the
results of Fig. 8 with that of Pr;Tl, also a singlet
ground-state material, and also with only a small

Pr P0.95 (A)

401

]
)

1
o}

(30 810W/nws) X

o (emu/mole)

N COOLED IN Hg=20
o AT 1=1000 sec
AFTER 20 Og —0

o
o

(0] 1 | ]
O 2 4 6
T

FIG. 7. Lower part of figure: TRM vs temperature, 7,
evaluated at £ =1000 sec, showing persistence of time-
dependent effects above 7, f=9 K, where susceptibility is
maximum. Upper part of figure: X measured in 20 Oe field
as Tis lowered, and X as measured in 20 Oe as T'is raised
after cooling in zero field.
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FIG. 8. Specific heat vs temperature for PrP g5, showing
no anomaly in range of spin-glass transition temperature.

amount of CEF entropy remaining at its ferromagnet-
ic ordering temperature, 12 K. In this latter case an
anomaly in Cvs T of ~5 mJ/gK is observed.*

D. ac magnetic properties

The characteristic maximum in the ac susceptibility
of PrP, is quite narrow. We have investigated its fre-
quency dependence over a very wide range,

0.003 < £ <10* Hz. Two different methods were
used; the details of the techniques may be found in
Ref. 6. A conventional ac susceptibility bridge was
used for £ > 10 Hz, and a VSM was employed in a
novel manner for measurements for f =<0.03 Hz.
The results of these measurements are shown in Fig.
9 for two PrPggs samples. For f >1 Hz a clear fre-
quency dependence is observed, and Tf_l varies as
log f, in agreement with other systems.** Here, T} is
defined as the maximum in X,.. The difference in

T T T T T T
o.12f Prfoses
__o.ioF | e, 1
T | —~ 150 - e
x 0.08- 8 6003H: -
T« 0.06F é =
< HLOO
0.04f- 3 :
2
0.021- N ? 81 ( -
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FIG. 9. Temperatures, Ty, of ac susceptibility maxima vs
measuring frequency over wide frequency range. Solid cir-
cles denote different sample with same nominal concentra-
tion. Data show frequency independence of T for f <1
Hz. Insert shows example of very-low-frequency susceptibil-
ity data. Similar results found for Prg 95 sample.

the data between the two samples (circles and solid
circles) illustrates the variability in Ty for our dif-
ferent samples having the same nominal concentra-

" tion of P vacancies.

For f <1 Hz, Ty becomes frequency indepen-
dent.> We attribute the frequency independence of
Ty to the fact that the relaxation frequencies of the
magnetization are large compared to the measuring
frequency. In addition to the results shown in Fig. 9,
we note that the technique also allows the determina-
tion of a quantity proportional to the out-of-phase
component X'’ of the susceptibility (the ‘‘loss’ com-
ponent). As noted in Ref. 6, X'’ for PrPg gs increases
to a maximum about 2 K below 7, but is nonzero
for about 2 K above T;. The ratio X"’/X’ changes
only over the region 6 =<7 <11 K, below which it is
constant. We believe the data indicate a continuous
freezing process taking place over this temperature
range. For T <6 K in this sample, X"’ is proportion-
al to X'. For T > 11 K, the system is entirely
paramagnetic and there is rapid response of the un-
coupled moments to the slowly varying fields, and
any small out-of-phase response to the field observed
is due to time constants associated with the VSM am-
plifier. In the insert of Fig. 9, we see X’ vs T for the
f=0.003 Hz data. It was found that for low-
frequency ac fields of less than about 20 Oe, there
was no change in the temperature dependence of X’
or X",

Concluding this section, we emphasize that PrP,
shows a response to alternating fields that is typical
of spin-glasses, at least for £ >1 Hz. A saturation (a
constant minimum in 7) is noted for f <1 Hz. Us-
ing the low-frequency method of measurement an
identification is made of the freezing temperature
range for this spin-glass system. This technique
should be applicable for tests of the low-frequency
dynamics of other, more conventional, spin-glass sys-
tems.

E. Effects of hydrostatic pressure

As mentioned in Sec. II above, hydrostatic pressure
increased the magnitude of the Pr moment and/or the
Pr-Pr interaction strength. This is analogous to the
result found in stoichiometric PrP, where there is a
1.6%/kbar increase in the low-temperature magnetic
susceptibility.?? In Fig. 3, the dashed line associated
with the PrP; oo data shows this effect for a pressure
of 10 kbar. '

Two experiments were carried out to determine the
effect of. pressure on PrP, samples. The first was a
measurement of the magnetization versus applied
field (o vs Hp) to 50 kOe at 4.2 K in PrPg s subject-
ed to high pressures. The results of several such
measurements show an increase in the high-field mo-
ment of about 0.4%/kbar. No substantial change was
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noted in the shape of the o vs Hj curve. The in-
crease in o is consistent with analogous PrP; o data,
where pressure caused a reduction of the CEF in-
teraction strength (reduction in A for the cubic case).

The second series of experiments performed were
low-frequency (f=0.03 Hz) ac susceptibility mea-
surements, using the VSM and pressure clamp de-
vices. The data in Fig. 10 show an increase of T of
+0.12 K/kbar. This is a larger increase in Ty with
pressure than observed for the Ag(Mn) system by
Hardebusch et al.,¢ where it was concluded that the
RKKY indirect Mn-Mn coupling increase accounted
for the results. The pressure dependence of Ty (see
Fig. 10) may be caused by: (1) the reduction in the
CEF interaction strength observed in PrP; o and dis-
cussed in connection with the high-field data; (2) a
Pr-Pr interaction enhancement via direct or RKKY
coupling, due merely to closer proximity of the ions;
and/or (3) the pressure-induced increase in the elec-
tron concentration, which could result in increased
shielding of the crystalline electric fields, or modifica-
tion of the RKKY coupling. In analogy with the case
of GdP,, 15 we expect the electron concentration in
PrP, to be strongly dependent on lattice constant.
Therefore, pressure-induced changes in electron con-
duction may be very large and the third mechanism
may be dominant.

IV. CONCLUSIONS

Previously studied spin-glass systems generally
have been formed by introducing small amounts of
magnetic impurities into nonmagnetic hosts. This
may lead to clusters of moments so that their distri-
bution is no longer random throughout the matrix.
However, most theroetical models assume a statistical
distribution of moments. The system PrP, should be-
rather well behaved with respect to moment cluster-
ing (although vacancy clustering cannot be ruled
out). Unlike other systems, the moments in PrP, are
produced indirectly: disturbances are introduced in
the CEF level structure, and due to the lowered sym-
metry at some sites on the Pr sublattice, the singlet
ground state is preserved. On some sites a stable

10.0 : .
PrPo.osA)
Xgc max. at 0.03 Hz -]
§,,/%"

— 90 ,/’/ —
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FIG. 10. Temperature of f=0.03 Hz susceptibility max-
imum vs hydrostatic pressure for PrPg g5 sample. P =0 data

. were rerun after high-pressure data.

magnetic moment can be induced. A new feature of
this system is that due to the variation from site to
site of local environmental effects, e.g., CEF splitting
a spatial variation of the magnitude of the Pr ground-
state moments should occur. Unlike more conven-
tional spin-glass systems, the local moment in singlet
ground-state systems depends on the ratio of ex-
change to CEF splitting.!® It is the interactions
between Pr moments that give rise to the observed
spin-glass behavior. For PrP,, these moments are
distributed spatially in a random way and may have
some variation in their magnitude. Despite the dis-
similar origin of local moments in PrP, compared
with conventional spin-glasses, the macroscopic
features of this and more conventional spin-glasses
seem to be similar.
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