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Combined ac- and dc-susceptibility, neutron-diffraction, and Mossbauer studies of UFe4A18,

NpFe4A18, and ThFe4A18 argue for the establishment of a spin-glass (SG) state below

TsG(B~O) =130, 120, and 110 K, respectively. The SG temperature TsG(B) decreases with appli-
cation of external magnetic field B. The ac susceptibility (g„) shows a sharp cusp at TsG(B =0).
The isothermal and thermoremanent magnetization differ markedly and show temperature-
dependent irreversibilities below TsG(B). The Mossbauer spectra reveal onset of hyperfine splitting,
indicating frozen spins below Tsz(0). The neutron-diffraction studies of UFe4A18 and NpFe4A1,
show that after switching off the external magnetic field greater than 3 T the U and Np momenta (2a
site) are frozen parallel to the direction of the external field. We label the freezing temperature un-

der high external fields ToG, and show that it serves as the upper limit of T&z(B) with

TsG(B ~0)~ToG. For concentrated SG systems, TsG(0) is a reproducible value, independent of
the observation time window, which indicates a true thermodynamic phase transition; the cusp in

y„, however, is not necessarily a confirmation for the establishment of a SG state.

I. INTRODUCTION

The nature of the magnetic transition associated with
the spin-glass (SG) state and its correlation with the cusp
observed in the ac susceptibility is still controversial. It
is not clear whether the transition observed is a true ther-
modynamic phase transition or whether it represents
some type of nonequilibrium effect that depends on the

experimental time window through which one is observ-
ing phenomena with anornalously long relaxation
times. ' In addition, little is known about the magnetic
properties of the concentrated SG systems. Some Monte
Carlo simulations of dilute SG systems predict that the ac
susceptibility should exhibit smooth, round, maximum
behavior and no cusp. ' This fact was taken as evidence
that no transition occurs. It was later pointed out by
Stauffer and Binder' that the Monte Carlo calculations
are equally consistent with a phase transition and that no
firm statement can be made even if the calculations reveal
no cusp.

Traditionally, designation of a system as a spin glass is

based in the first instance on experimental observation of
a cusp in the ac susceptibility and also on nonlinear terms
in the field dependence of the magnetization below the
SG transition temperature Tso. In addition, this assign-
ment should be confirmed by other properties, like ir-
reversibilities (history effects) in the dc magnetization and
frozen local spin ordering. All these effects should be as-
sociated with lack of a long-range magnetic order below

TsG, as confirmed by neutron Bragg scattering. We
have recently reported on the RFe4A18 (R =Ho, Er, Dy)
system which displays a spin-glass behavior; however, no
cusp in the ac susceptibility in the vicinity of Ts~ was ob-
served. In the present contribution we show that mag-
netic frustration leads to a spin-glass state also in the iso-
structural actinide counterparts, the A Fe4A18
( A =Th, U, Np) intermetallics. Contrary to the RFe4A18
compounds, their SG transitions are characterized by a
sharp cusp in the ac susceptibility at Tso. In addition,
TsG(B) decreases with application of external magnetic
fields. We attribute these differences to 5f-electron
itinerant behavior which influences the character of the
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interactions in a spin-glass system.
Our Mossbauer, ac- and dc-susceptibility results fur-

nish evidence that TsG represents a true thermodynami-
cal phase transition in the systems investigated. In addi-
tion, we argue that for concentrated SG systems, the SG
transition is not necessarily associated with a cusp in y„,
in accord with the theoretica1 calculations for dilute SG
systems.

II. EXPERIMENTAL

The A Fe~Als ( A =Th, U, Np) intermetallics were
prepared by arc melting of nominal amounts of the con-
stituents in a dry argon atmosphere. An x-ray Cu Ea,
Guinier transmission pattern of the powder showed that
the specimens were of a single phase, consistent with the
I4lmmm space group. This was further confirmed by
the nuclear reAections of our neutron-diffraction mea-
surements, performed on the powder diffractometer
KATINKA of Bonn University at the KFA-Jiilich. This
diffractometer is equipped with the linear position-
sensitive detector JULIOS. The wavelength used was
1.09 A.

The Fe 14-keV and Np 60-keV Mossbauer
transmission experiments were carried out in a conven-
tional, variable-temperature cryostat. The dc rnagnetiza-
tion measurements were performed with a vibrating sam-
ple magnetometer described elsewhere. ' Two types of
ac susceptometers were used for the detection of TsG: a
triple-coil ac susceptometer and a high-sensitivity ac sus-
ceptometer ( =10 emu/g). The magnetic field at the
sample was =8 G.

III. EXPERIMENTAL RESULTS

A. UFe4A1& and NpFe4A1,

The ac susceptibilities of UFe4A18 and NpFe4A18 are
displayed in Fig. 1. The curves show an upturn at 150(5)
and 130(5) K with sharp maxima at Tso=130(5) and
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FIG. 1. ac-susceptibility curves as a function of temperature

for NpFe4A18 and UFe4A18 above 80 K. No cusp is observed in

HoFe4A18 as shown for comparison. The open circles represent
measurements taken with the low-sensitivity susceptorneter, and
the dots represent the high-sensitivity susceptometer ( =10
emu/g); see text.
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FIG. 2. dc magnetization in NpFe4A1, and UFe4A18.

cooled under applied external magnetic field (FC) of 2 T and
measured under 0.1 T. B cooled in 0.03 T. A magnetic field of 2
T was switched on for only 5 min. The measurements were per-
formed in an applied field of 0.1 T. C, cooled under 0.03 T and
measured under 0.1 T.
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120(5) K, respectively. Such a behavior can be attributed
either to a ferromagnetic or to a SG transition at Tso.

The dc magnetization measurements of UFe4A18 and

NpFe4A18 were performed under applied magnetic fields

from 0.03 to 0.5 T. Some of the isothermal and ther-
xnoremanent magnetization curves are displayed in Figs.
2 and 3. Upturns of the magnetization curves, under the
applied fields, indicating magnetic phase transitions, are
clearly recognized at about 145 and 130 K for UFe4A1~

and NpFe4A18, respectively. We label these upturns ToG
and will show below that they represent the upturns ob-

served by the ac susceptibility (Fig. 1), and coincide with
the freezing temperatures of the actinide ( A) moments
(2a site) aligned in a strong magnetic field as determined
by our neutron-diffraction experiments.

The samples were cooled under applied fields (FC) of
0.03 and 2 T. The appearance of thermoremanent effects,
as demonstrated in Figs. 2 and 3, is typical of spin-glass
behavior. The spin-glass transition temperature TsG is
defined as the temperature at which the thermoremanent
component of the magnetization vanishes, namely, where
the two curves shown in Fig. 3 coincide. Tsz is strongly
dependent on the applied magnetic field 8 under which
the experiment is performed and is assigned as Tso(8).
As shown in Fig. 3(a), Tso(B~0)~Too. A nonlinear
behavior of Ts&(B) is clearly demonstrated in Fig. 4. By
extrapolation to zero applied field, we derive Tso(0) as
138+5 and 118+5 K for UFe4A18 and NpFe4A14, respec-
tively.

The Fe Mossbauer studies of UFe4A18 and NpFe4A18
show the onset of magnetic hyperfine splitting below
=140 and =125 K, respectively. We label these temper-
atures Tso(0), in good agreement with our ac- and dc-
susceptibility measurements. Typical spectra are
displayed in Figs. 5(a) and 5(b). The spectra of UFe~Als
and NpFe4A18, and their temperature dependencies, are
quite similar. They are composed basically of the spectra
of two nonequivalent sites representing Fe in the 8f
(=96%) and Fe in the Al atomic positions 8j (=4%).'
The Fe spectra show nonmagnetic quadrupole splitting
from room temperature down to the respective Tso(0)
(Fig. 5). Below Tso(0) a superposition of paramagnetic
and magnetically split patterns develops. The spectra
could be satisfactorily fitted by assuming a distribution of
magnetic hyperfine fields. The hyperfine parameters for
the Fe (8f site) are summarized in Table I. The relative
fraction of the paramagnetic and magnetically ordered
Fe, as derived from the relative absorption intensities of
the magnetic and paramagnetic patterns, is given for both
samples in Fig. 6. Note the differences in the effective
quadrupole interaction between the magnetic (qM ) and
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FIG. 3. Thermoremanent dc magnetization of NpFe4A1& per-

formed at various applied magnetic fields: (a) 0.03 T, (b) 0.1 T,
{c)0.3 T. Ts~ is dependent on the applied magnetic field.
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FIG. 4. Magnetic field dependence of the spin-glass ternpera-
ture T&z, for UFe4Als{ O ) NpFe4Als{D), and ThFe4A18(6 ).
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the paramagnetic (qz) states of Fe in the 8f

and the electric field gradient (Table I).
The 237Nhe Np Mossbauer spectra of NpFe4A18 show a

magnetically split pattern, indicating local s in o d
e ow 20 K. The Mossbauer spectra at 4.2 and 130 K

are depicted in Fig. 7. The distribution of hyperfine fields
an own to 4 K is moreat the Np nucleus below 120 K and d t 4 K '

strong y pronounced compared to the Fe case. This is re-
ated to the higher sensitivity of th Ne p nucleus to

small changes in the hyperfine fields due to random distri-
butions of Al vacancies, or Fe in Al positions '

The neutron-di6'raction patterns of N F Al
UFe Ale4 8 show enhancement of several reflections on ap-
proaching low temperatures. In UF Ale4 8 a gradual
(non-Brillouin-like) enhancement of the (110) reflection
from 150 K down to 4 K is clearly recognizable (Figs. 8
and 9). The (110) reflection shows irreversibilities upon
cooling and heating as demonstrated in Figs. 9 and 10.
n addition, some weak enhancement of the (310), (112),

and (330) reflections is observed, while the (200 101)
', reflections show irregularities in the integrated
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TABLE I. Magnetic and hyperfine properties of AFe4Al, and HoFe4Al, . The SG temperatures TsG(0) are average values derived
from ac and dc susceptibilities and Mossbauer data. The freezing temperature of the 2a site, T«, is defined in the text.

Compound

hyperfine
field Bhf
(T)

effective quadrupole
interaction ("Fe)
—,
' eqg ( 3 cos'8 —1)

(mm/sec)

ratio qp/qM

spin-glass
temperature
TsG(B ~0)
(K)

freezing temperature
2a site at 7 T
TOG

(K)

ordered moment
2a site at 4 K
(p&)

'Average value.

"Fe

237N

& TsG

& TsG

UFe4Al,

10.8( 5)

0.58

+0.26

2.44

130(5)

145(5)

0.89(6)

NpFe4A18

9.5(5)

150'

0.66

+0.26

2.51

120(5)

135(5)

0.6(6)

ThFe4A18

11.4(5)

0.23

+0.14

3.28

110(20)

HoFe4Al,

10.9(5)

0.67

+0.25

2.68

178(5)

8 at 7 T

100

80
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40

20

Al
8

intensities, depending on the cooling history of the sam-
ples.

The NpFe4A18 behaves similarly with one important
difference: The enhancement of the (110) reflection starts
only at =30 K with no indication of a transition in the
region 30—300 K (Fig. 10).

For a perfectly ordered lattice, the enhancements of
the (110), (310), (112), and (330) reflections are mainly due
to an antiferromagnetic ordering of the Fe(8f) sublattice,
while the enhancements of the (200, 101), (220,211), and
(202,321) reflections arise mainly from the ferromagnetic
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FIG. 6. Relative occupation of the (a) SG state and (b)

paramagnetic state, which may serve as order parameters.
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FIG. 7. ' Np Mossbauer spectra of NpFe4A18 at 4.2 and 130
K. The magnetic hyperfine fields decrease gradually with the
temperature (see text).
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FIG. 8. Low-angle neutron-diffraction pattern of UFe4Als at
the temperature range 16-150K. Significant change of intensi-
ty is observed for the (110) reflection (see Fig. 9).
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FIG. 9. Temperature dependence of integrated neutron-
diffraction intensities of UFe4Als. The enhancements of the
{110),(310), (112), and {330) reflections are due to an antiferro-
magnetic order of the Fe site, while the irregularities in the
(200, 101) and (220,211) reflections belong to the ferromagnetic
U site.
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FIG. 10. Integrated intensity of the neutron reflection (110)
of UFe4A1, and NpFe4Als. Magnetic transitions occur below
150 and 30 K respectively.

ordering of the actinides at the 2a site. 11

The application of external magnetic fields from 2 to 7
T perpendicular to the neutron-scattering vector revealed
enhancement of the (200, 101) and (202,321) reflections,
indicating ferromagnetic alignment of the A moments
(2a site) parallel to the magnetic field direction. This
alignment is associated with strong preferred orientation
effects of the grains in the powder even at room tempera-
ture. Patterns recorded at an applied field of 7 T are
shown in Fig. 11. When switching off the applied field,
the aligned moments remain frozen in the direction of the
field for at least 48 h at 5 K. As shown in Fig. 11 at 7 T,
the (110) and (220) reflections have disappeared due to
orientation of the grains under the applied high field, es-
tablishing non-Bragg conditions for these rejections. We
have calculated the intensities of the nuclear and magnet-
ic reflections for oriented samples. As each of these
reflections contains contributions from the Fe and
sites, it is impossible to calculate the saturated ordered
moments per U and Np under applied magnetic fields.
The temperature-dependent intensities of mainly the 2a
sublattice reflections of the highly oriented UFe4A18 sam-

ple are depicted in Fig. 12. From the (200,101) and
(202,321,400) magnetic reflections, a transition is ob-
served at = 145 K, which coincides with the transition la-
beled TOG mentioned above.

B. ThFe4Als

The ac susceptibility of this compound is shown in Fig.
13. A transition with maximum at = 110 K is clearly ob-
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FIG. 11. Low-angle neutron-diffraction pattern of UFe4A18

under applied magnetic field of 7 T perpendicular to the neutron

beam. The disappearance of the (110) and (220,211) reflections

is due to preferred orientation. Note that the powder grains
remained highly oriented even after heating to room tempera-
ture. This figure should be compared to Fig. 8.

served. This transition is not of the sharp cusp type, and
an upturn is already detectable at = 130 K. The
neutron-diffraction patterns show enhancements of the
(110), (310), (112), and (330) reAections below 90 K. As
an example, the integrated intensity of the (110) re6ection
is shown in Fig. 14. This has been previously interpreted
as a result of antiferromagnetic ordering of the Fe(8f)
sublattice. "

The Fe Mossbauer spectra reveal the onset of a mag-
netic hyperfine field splitting below =100 K, confirming
the neutron-diffraction results, but somewhat lower than
observed by the ac- and dc-susceptibility data.

50
I

100
I I I 1

150 200
TEMPERATURE (K)

I

250

FIG. 13. ac susceptibility of ThFe4A18.

The dc magnetization measured in a field of 0.03 T
shows a magnetic transition at = 105 K. Ther-
moremanent magnetization effects at various applied
fields are shown in Fig. 15. These effects point to a mag-
netic frustration in this compound. TsG(B), the SG tem-
peratures at applied magnetic fields, are given in Fig. 4.
Tso(0)=100 K is derived by extrapolation, in accord
with the maximum observed in the ac susceptibility. The
source of the frustration will be discussed below.

In summary, both UFe4A18 and NpFe4A18 show the
following experimental results.

(a) A cusp in the ac susceptibility, the maximum of
which we define as Tso(0) at 130 and 120 K, respective-
ly.

(b) Irreversible components in the isothermal and ther-
moremanent dc magnetization below Tso(B) (Tso is

] 000
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FIG. 12. Temperature dependence of integrated intensities of

magnetic reflections of UFe4A18 under an applied field of 7 T.
This figure should be compared with Fig. 9.
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FIG. 14. Integrated intensity of the (110) reflection in

ThFe4Al, .
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4- IV. DISCUSSION
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FIG. 15. Thermoremanent dc magnetization of ThFe4A18
performed at various applied magnetic fields: (a) 0.03 T, (b) 0.1

T, and (c) 0.3 T. The sample was cooled under external magnet-
ic fields of 0.03 and 2 T.

Tso(7 T)~0 and Ts&(0 T)~Too =const.

As pointed out in the Introduction, all these findings can
be related to the establishment of a spin-glass state, and

Tso(B) represents the SG transition temperature. Also,
ThFe4A18 should be assigned a spin-glass system with

Tso(0) = 110(20) K, but its magnetic behavior is different
as compared to the U and Np intermetallics (see Table I).

dependent on the applied magnetic field 8).
(c) Onset of magnetic hyperfine fields at the Fe nu-

cleus (8f site) and the Np nucleus (2a site) around
&so(0).

(d) High sensitivity to stoichiometry, cooling history,
and annealing procedures.

(e) No indication of long-range magnetic order (mag-
netic Bragg scattering) at the A site in the vicinity of
Tso. However, we find indication of the non-Brillouin-
like behavior deduced from the enhancement of the (110)
magnetic reflection of the Fe sublattice below TsG.

(f) The application of external magnetic fields causes
alignment of the randomly oriented 5f moments parallel
to the direction of the field. We show that

During the past decade, unusual, irreversible magnetic
phenomena have been reported on the body-centered
tetragonal RFe4+„Ais (R =rare earth) (Ref. 6) and
A Fe4+ Al, systems. ' Only recently were arguments
put forward correlating these irreversibilities with the es-
tablishment of a spin-glass state in the R and Fe sublat-
tices. ' Based on our experimental results, in the
present discussion we argue that the UFe4A18,
NpFe4A18, and ThFe4A18 compounds should be assigned
concentrated spin-glass systems.

An essential proof for a SG state comes from the Np
and Fe Mossbauer spectra which reveal magnetic split-
tings, indicating local spin ordering below Tso(0). The
reduction in the quadrupole interaction by a factor of =2
between the paramagnetic and magnetic states derived
from the Fe spectra is an indication that the direction
of the Fe moments and electric field gradient are perpen-
dicular. This is usually taken as an argument for a con-
ventional magnetic ordering and against the SG picture.
We put forward another possible explanation, namely,
that the Fe spins are randomly frozen within the tetrago-
nal basal plane perpendicular to the tetragonal c direc-
tion, ' where frustration in the 8f sublattice comes from
the confliction between the ferromagnetic and antiferro-
magnetic components of the Fe moments, leading to
asymmetric (odd) basal plane configurations in the
I4lmmm tetragonal structure (G type). " Such a frustra-
tion is described basically by the Anderson model for a
d =2 SG system. ' This would explain the frustration
observed experimentally in both ThFe&Als (Refs. 12 and
16) and YFe4Als, ' where no conflicting interaction be-
tween the 2a and 8f sites occurs.

The broad distribution of the hyperfine fields in the
temperature region between 4.2 and 120 K as observed at
the Np nucleus (Fig. 7) is in accord with the establish-
ment of a SG state.

When decreasing the temperature, the data of UFe4A18
given in Figs. 9 and 10 show a linear enhancement of the
(110), (310), (112), and (330) reflections. This points to a
gradual spin freezing of the Fe sublattice below 140 K. It
could be correlated to the frustration of antiferromagnet-
ic iron moments at the 8f site in the tetragonal symme-

try, similar to ThFe4A18 and YFe4A18 intermetallics, and
could hint to a hierarchica1 configurationa1 ordering, '

where an antiferrornagnetic state should be reached at
lowest temperatures. In fact, previous analysis of the
present neutron-diffraction data revealed that, below 16
K, the Fe(8f) sublattices of the A Fe4A1~ ( A =Th, U, Np)
intermetallics are antiferromagnetically ordered, indepen-
dently of the actinide partner. ' However, the neutron
data indicate the presence of a nonsaturated magnetic or-
der at the U and Np sublattices even at 4.2 K. For this
reason the magnetic character of the 3 site was further
tested by neutron diffraction under external magnetic
fields; after switching off the field, at 4.2 K, the U and Np
moments stayed ferromagnetically aligned, frozen paral-
lel to applied field for longer than 48 h. This was de-
duced from the enhancement of the (200, 101) and
(202,321,400) magnetic reflections (Fig. 12). It means
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that spin freezing conditions exist also in the 3 site, and
the question is whether the freezing temperature of the
actinide moments under field coincides with TsG. The
comparison of the neutron-diffraction experiments with
and without applied magnetic field (as shown, e.g. , for U)
in Figs. 9 and 12 confirms the establishment of an aligned
spin state at the U and Np sublattices below =145 and
130 K, respectively, in agreement with the magnetic tran-
sitions observed by our ac- and dc-susceptibility and
Mossbauer data. We label the ordering temperature of
aligned 3 spins, frozen ferr orna gnetically, To&. As
shown, Too & Tso(B) and serves as the upper limit of the
freezing temperature (ferromagnetic and antiferromag-
netic), of both the 2a and 8f sites.

A decrease of Tso with increase of 8 is predicted by
several theoretical models for Fe(3d) spin glasses. ' '

The majority of the experimental results are in favor of
the de Almeida —Thouless (AT) approach, indicating a
nonlinear behavior of r, =1—Tso(B)lTso(0) ~B . As
the itinerant character of the 5f and 3d electrons in a
metal are similar, we expect the AT line to hold also for
the U and Np spin glasses. As shown in Fig. 16, an AT
line taking t9= —', fairly fits the experimental data.

Interesting is the decrease of TsG with an increase of B
and the relation Tso(B~0) ~ Too. This behavior is to-
tally different as compared to HoFe4A18, where TOG
represents a transition from an aligned to a random SG
state, and increases with the increase of the applied field
B. In addition, Tso))Too(B). For the present A SG
systems under a strong applied magnetic field, TOG is
nearly a constant and serves as the ordering temperature
of a phase transition. These differences may be explained
on the basis of the large spatial distribution of the 5f
electron wave functions, revealing a long-range character
of the interactions in a 5f SG system. Mediated by the
Al 3p electrons, f pand f delectron-hybridi-zation leads
to practically the same freezing temperatures of the
A (2a) and Fe(8f) sites. The localized character of the
4f-electron moment seems to be the reason for the unusu-
al behavior of ToG in HoFe4A18, as seen, e.g., in the field
dependencies of To& and Tsz.

Our data provide sufficient arguments for declaring
UFe4A18 and NpFe4A18 spin-glass systems for which the
relative occupation of the paramagnetic state, as derived
from the Mossbauer ' Fe spectra (Fig. 6), may serve as
the ordering parameter q. '

It remains to explain the source of the randomness of
the spin orientation and the reason for the conflicting in-
teractions: At low temperatures the U and Np sublat-
tices in the AFe4A1~ systems tend to order ferromagneti-
cally, while the Fe sublattice orders antiferromagnetical-
ly. " As shown above, there exists a priori frustration
within the antiferromagnetic spin configuration of the Fe
as observed for YFe4Alz and ThFe4A18. But the main
frustration in the present system is due to the conflicting
Ruderman-Kittel-Kasuya-Yosida interaction between the
Fe and A moments (compare, for example, Figs. 3 and
15). The random distribution of Al vacancies together
with Fe ( =4%) atoms at the Sj site is also a source for
randomness in the system. ' In total, this leads to the
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establishment of a SG state in both RFe4A18 and AFe4A1~
( A =U,Np) compounds. The sharp cusps observed in y„
in the present compounds is thus in accord with the SG
picture. For comparison we show the ac susceptibility of
the isostructural HoFe4A18, which in a previous publica-
tion was shown also to be a SG. The absence of a cusp
or, at most, an extremely broad maximum is observed
(Fig. 1). Therefore, in general, the presence of a cusp in
the ac susceptibility for a frozen spin system, dilute or
concentrated, is not necessarily indicative of a SG transi-
tion, and it is an insufficient criterion for declaring a SG
state. Snap shots with different time windows
(Mossbauer, ac- and dc-susceptibility, and neutron-
diffraction methods) must be used to confirm the presence
of a SG state.

V. CONCLUSIONS

We have shown that the spin-glass temperature Tso(B)
is a reproducible parameter independent of the observa-
tion time window. This argues for a true thermodynamic
phase transition at TsG. Unfortunately, specific-heat
measurements are not available for the present systems.
Such measurements, in particular after switching off an
applied magnetic field, would help to clarify this point.
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FIG. 16. ~c =1—TsG(B)/TsG{0) vs the applied field 8. The
solid line represents the de Almeida-Thouless line with 0=

3

(Ref. 20) (see text). The dashed line is a guide to the eye. (6)
ThFe4Als, (0 ) UFe4Als, and (CI) NpFe4Als.
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