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Magnetization studies and random-field effects in Y_,Pu,Sb single crystals
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Single crystals of three concentration®f U, _,PuSb have been grown by the mineralization technique.
They crystallize in the cubic sodium chloride structure. After encapsulation, magnetization and susceptibility
measurements have been done in the three main crystallographic directions. Effective maspens Curie
temperatures are calculated for the paramagnetic phase, as welebteMperatures for the transition to the
magnetically ordered phase. Po0.25 andx=0.50 the magnetic structure is the same as in USbh. Special
attention has been given 1o=0.75. Two transitions are observed in these samples, one to akrigtacture
below 93 K and a second one to a region with mixed trﬁ)hmd singlelz character below 55 K. Susceptibility
curves in this low-temperature region are rather complicated, but may be understood by taking into account the
random distribution of uranium and plutonium ions on the crystal lattice. The random-field model for two
different kinds of magnetic ions can explain the unusual shape of susceptibility curveg fdPWsSh.
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[. INTRODUCTION NaCl compounds in which two different magnetic ions are
present in the same crystallographic matrix.

Two of the most prominent actinide compounds are USb Rebizantet al® have grown single crystals of the solid
and PuSb because of their unusual magnetic properties. $olution U,_,PuSh withx=0.25, 0.50, and 0.75 and char-
considerable effort has been made by experimentalists @¢terized them. All samples crystallize in the NaCl-type
well as theoristgfor the experiments see Refs. 1-3, for the structure. The first physical properties characterization was
theory Refs. 4-Jto understand the mechanisms which gi\,eobtained by resistiyity measurements on these compounds at
rise to the complicated magnetic structures of PuSbh and USi€ European Institute for Transuranium Eleméhts.

So far many magnetization studies have been untertaken
on actinide monopnictide and monochalcogenide solid soluH. GROWTH OF SINGLE CRYSTALS AND PREPARATION
tions which all crystallize in the simple sodium chloride FOR SUSCEPTIBILITY MEASUREMENTS

structure. Roughly_ they can be grouped into t_hree types. The starting material PuSb was single crystalline and has
(1) The magnetic § ion (in most cases uraniuniorms & = peen prepared by the mineralization technigiéePolycrys-
compound with pnictide and chalcogenide ions standing iRg|line USh was obtained by solid-vapor reaction. Stoichio-
the samerow of the periodic table, such as, for instance, metric amounts of pelletized powder were encapsulated in a
UShTe; 4. Due to the chalcogen, an additional conductiontyngsten crucible, melted by an electron beam technique, and
electron with nominallyd character is introduced, which hy- annealed for several days at temperatures just below the
bridizes with the actinide 6 electrons. The transition from melting point. The temperature was then decreased to
one magnetic structure to another one is due to increasing000 °C in a stepwise fashion. The remaining drop down to
hybridization of the conduction electrons with actinided  ambient temperature followed the thermal inertia of the fur-
d electrons. nace. Large single crystals of,U,PuSb have been obtained
(2) In this case the solid solution is formed with ligands and could be cleaved into pieces of typicallx2x2 mn?
chosen from the sameolumn of the periodic table, i.e., for magnetization measurements.
US,Se _,. This results mainly in an increasing lattice pa- The samples investigated here were mounted in sample
rameter in going down a chosen column and corresponds toolders consisting of Plexiglas rods with a hole. The contri-
an increase of the localization of the actinide ion. bution of these sample holders to the net measured signal can
(3) The easiest way to change the magnetic interactionseach up to about 10% of the sample’s signal itself. Further-
by alloying is to use a nonmagnetic ion to form a diluted more, the sample holder signal is of combined magnetic and
magnetic system, such as, for instance, yPuSh. Thisisa geometric origin. It results in a rather complicated shape of
clean way to change the average distance between the matpe Plexiglas contribution curves as a function of both tem-
netic ions, thereby lowering the magnetic interactions beperature and applied field. Therefore, each empty container
tween them, and the valency of the diluents is usuallywas measured separately before inserting the sample in order
known. Yttrium and lanthanum are known to be trivalent,to subtract its contribution from the full measured magneti-
whereas thorium acts like a tetravalent diluent. zation. The Plexiglas rods used for; PusSb have been
It is clear that in the present study there is a qualitativetreated mechanically to have a shape which allows orienta-
difference to all magnetization studies done so far since th&on along the main crystallographic directions of the NaCl
chosen solid solution {J. ,PuShb does not fit in the scheme structure. Samples are fixed with a small amount of adhe-
given above. It is the first magnetization study on actinidesive; one example is shown in Fig. 1. The encapsulation is
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FIG. 1. Detail of sample holder including a 110-oriented I
U,_«PusSb single crystal. The outer diameter of the roe-i6 mm.

done with a tube made from new silver alldgiving no
contribution to the detected signaealed withStycastwith
screws at top and bottom.

Ill. PARENT COMPOUNDS

Since USb can be handled easily, the accumulated knowl-
edge is much larger than that for PuSb. Uranium antimonide

orders in a tripIeIZ antiferromagnetic structure below the
Neel temperatureTy=213 K. The moments within each
magnetic domain are oriented in the directigfi¢1).'* This

arrangement is shown in Fig. 2 together with the sirfgle-
structure. The difference between these two structures can
only be resolved experimentally by applying an external per-
turbation such as external pressures or magnetic fields. The (b)

ordered magnetic moment as derived from neutron experi-

ments amounts to 2.85 .12 The electrical resistivity of USh FIG. 2. (a) Single k and (b) triple k (USb) type-1 magnetic
shows a large upturn just below the @letemperaturé®  structuregRef. 11).

which is now thought to be characteristic of the triﬁlmag— . i . )
netic structure. The complicated Brillouin zone in paramag-Ment of7the_pluton|u_m ions is 0.7& according to neutron
netic phase is folded and becomes a simple cube having sg{udps% This value is slightly smaller (0.G4) in magne-
volume only 1/4 of the original volume. Thus the number of tization experiments due to conduction glectron spins being
free carriers becomes rather small in the ordered region. Th@ligned antiparallel to the Pufa‘nomentsl. _

is also supported by the electronic specific heat coefficient, AS in the case of USb an analysis of the high-temperature
which is roughly one order of magnitude smaller COmpareosuscepub|||ty in terms of a modified Curie-Weiss law yields
to other uranium pnictide¥. .

The susceptibility has been studied by Vastal! and PquI
analyzed using a modified Curie-Weiss law. They found an
effective moment oOfuq¢=3.64ug per uranium ion and an 10
additional contribution of conduction electrons with spins
polarized antiparallel to the localized spins at the uranium
sites.

The magnetic order which evolves in PuSb below 85 K is
rather unusual; the magnetic phase diagram is displayed in
Fig. 3. It becomes antiferromagnetic with an incommensu-
rate magnetic structure. A commensurate structure with a

wave vectork=1/8 is observed only in a small region of
temperatures and magnetic fields. A further decrease of tem-
perature results in a second transition to a ferromagnetic
phase at approximately 68 ¥ Again strong anisotropy has
been found but with the magnetic moments directed along
the (100 direction® The low-temperature magnetic mo- FIG. 3. Magnetic phase diagram of PugRef. 15.
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FIG. 4. H/M for U;_,PuSb in an external field of 10 kOe. FIG. 5. Parameters calculated from Curie-Weiss fits as a func-

tion of the plutonium concentration; values pf;; and @ for

a contribution of conduction carrierg, and one calculates PuSb are taken from Ref. 18, and values of thelNemperature are
an effective moment ofi = 1.0ug per Pu ion® in accor- also includedTy is shown without error bars since it is defined as
e .

dance with the theoretical assumption of & Hround state the maximum in they vs T curves. The uncertainty in this position
in an intermediate-coupling scheme is smaller than the symbol size used here. Error bars for the effec-

tive moments are presented in the figure. Compared to the uncer-
tainty in uq¢s errors in®p can be neglected.
IV. PARAMAGNETIC STATE AND THE TRANSITION
TO THE 3k-ORDERED PHASE dependence as shown by the dashed and dash-dotted lines in
Fig. 6, and this clearly fails to explain the measurements. A
much better description can be given by strongly reducing
Sthe paramagnetic contribution. The best fits are given by
Shick solid lines in Fig. 6. From these fits one concludes that
t%nly 10% of the plutonium ions in §,5Pw, »,sSb and 25% of
the plutonium ions in YsPu s0Sb form paramagnetic mo-
Fhents. However, the susceptibility of a magnetic free ion
tends to infinity in the limitT—0. The departure of the
sceptibility from the solid lines beloWw~15 K and the
ndency to a fixed value shows up the twinlike nature of the
plutonium ions in these solid solutions: at the same time they
(i) give a minor paramagnetic contribution to the resulting
susceptibility andii) take part in the magnetic order. Driven

by uranium ionghe whole crystabrders in the tripld_é mag-
petic structure known from USb.

A summary of the results on the solid solution with
x=0.25, 0.50, and 0.75 is displayed in Fig. 4, which show:

tization as a function of temperature. For comparison da
for USb (Ref. 1) and PuSKkRef. 18 are included as dashed
and dash-dotted lines, respectively. The minima in thes
curves define the ordering temperatulgs.

For temperatures higher thdg, the data can be expressed
by a Curie-Weiss law. These fits are represented by the soli
lines in Fig. 4. The intersections of the lines with thexis
give ®p. The complete set of variables resulting from this
type of fits is summarized in Fig. 5.

For concentrationg=0.25 and 0.50 the curves show an
upturn below the corresponding Bleéemperatures similar to
the case of USb, suggesting that the antiferromagneti

BR-type structure is present for these concentrations.

Besides the expected susceptibility pea gan increase o0 | U'foluxéb T
of M/H is observed below about 50 K far=0.25 and 0.50. T 500 1 i
This might be interpreted as the presence of a second mag- & | ——
netic phase which occurs at temperatuses0 K. However, =5 woooo oS e
combined neutron and x-ray magnetic scattering studies did 400 1 //—O:T/”f", T i
not indicate a second phase transition for temperatures down A | P
to ~10 K for all x.1° SE

Figure 6 showdH/M in the low-temperature region for g
x=0.25 andx=0.50 in more detail. An explanation for the =W g ° x=0.25, as measured,
broad maximum centered at 50 K for both compounds with = o g anlibu moments
low plutonium content can be that the Pu ions partly actas & 01 ~ 7 tull Pu® moments
paramagnetic diluents. A superposition of an antiferromag- I — reduced Pu** moments|
netic contribution like in USb and a paramagnetic part due to o 10 20 30 1w 0 e 70
plutonium ions should in principle account for this situation. T (K]
Using free ion P&i" wave functions? a constant suscepti-
bility for USb (which is valid only below 50 K and the FIG. 6. H/M in the AF region for small Pu concentrations; for

nominal actinide concentrations one calculates a temperatutetails, see text.
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The Neel temperatures of USbh and PuSb are 213 K and T U 'P ' S{)
85 K, respectively. Taking these values as measures for the 025+ 10.75
exchange interaction, it becomes clear that the stability range

for the 3 structure stemming from USb is larger than the
one for the magnetic structures from PuSb. Hence, in the
case of Y sPwsoSbh, when the average U-U bond distance
and the average Pu-Pu bond distance are equal, the magnetic

structure is &.

It is known that the magnetic interactions in USb and
other compounds are very long ranged. Theoretical
investigation& on this subject point out that it is necessary to
include more than the nearest-neighbor shell to describe the
magnetism in this and similar compounds sufficiently ell.

The measurements have been done in the three main crys-
tallographic directions of the sodium chloride structure. In
the magnetically ordered phase one might ask for the easy,
magnetic axis of Y_,PuSh. However, the saturation fields
for these samples are much higher than the external fields N . _ —
available with our superconducting quantum interference deSPECt 0 the applied field. This peak is taken as the definition
vice (SQUID) magnetometef70 kO8. Therefore, magneti- of the transition field and two examples fog WP, ;5Sb are
zation curves as a function of the applied field are essentiallplotted in Fig. 9. This suggests some instability in the 3
linear and independent of the crystal orientation with respecstructure, although it has not been observed with scattering

to the direction of the external field. techniques.
We propose that the remaining three dash-dotted lines in

Fig. 8, which are not present in the phase diagram drawn
from the neutron study, are a consequence of the random
distribution of two types of magnetic ions in the investigated
One might anticipate that further increasing the Pu consolid solution. The randomness of the positions of ions of a
tent beyondk=0.50 would lead to a behavior reminiscent of given type gives rise to the so-called random-field effects
that of PuSb. Indeed, the shape of the curvexfer0.75 in ~ Which have been studied in detail in transition element com-
Fig. 4 changes dramatically and shows two prominent tranPounds such as, for instance Es; _F,,?” Fg,Co; _,Cl,,*
sitions as is the case in plutonium antimonide. However, th@nd by theory* The starting point of the theoretical investi-
detailed phase diagram of,LdPw, 7:Sb has been investi- gations was a crystal lattice with vacant sites as depicted in
gated using neutron scattering technigtiesinexpectedly, ~ Fig. 10a), whereas the analog in magnetism can appear in a
one observes no ferromagnetism and no incommensuraferfect crystal lattice withmagnetically vacantsites as
phase at all, but a phase with a-4— magnetic structure shown in Fig. 10b). In this case only one type of magnetic

that is % at high temperature and undergoes a gradual trani_on is present, and the random environment of a magnetic ion

. - gives rise to different exchange interactions in different di-

ig';:gtg a k phase below-55 K. The wave vector does not rections. However, the present system is best described as in

Since neutrons probe the magnetic moment at a given . . . .
lattice site, whereas a magnetization study using a SQUID N 1
measures the net magnetic moment of a sample, a magnetic 60 - M 1 s
phase diagram drawn from magnetization studies can show \ "
more transition lines due to additional effects—for example, I M i
domain behavior—which are not related to microscopic ‘o o1k4sk
phase transitions. Typical magnetization data are shown in
Fig. 7 (ZFC refers to zero field cooling, FC to field cooling . ’
together with a “phase diagram” derived from the present e
work in Fig. 8. 20 - g

The borderline between paramagnetism and the two anti- | 1k+3k s 3k
ferromagnetid AF) phases is detected via a peak in the sec- M
ond derivative of the magnetization with respect to tempera- ob—— 1 s ]
ture. This is shown by the vertical solid line in Fig. 8. The 0 20 40 60 80 o 1

transition from the antiferromagnetic phasléi@ the single-
k phase(dashed line in Fig. Bpresent for temperatures be-  FiG. 8. Construction of phase diagram fop jPw, ,sSb from
tween 55 K and 93 K is rather sluggish. A superposition ofcombined magnetization and neutron studies. The transition lines

two Brillouin functions standing for the two phases results inare taken from magnetization anomalies; the assignment of struc-
a peak in the first derivative of the magnetization with re-tures is due to neutron experiments.
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FIG. 7. Typical magnetization curves for WPy, 75Sb; for clar-
curves for different fields have been shifted.

V. MAGNETIC PHASE DIAGRAM FOR x=0.75
AND RANDOM-FIELD EFFECTS

Para

H [kO¢]
\\

134433-4



MAGNETIZATION STUDIES AND RANDOM-FIELD . .. PHYSICAL REVIEW B66, 134433 (2002

S Y — T
Ug.25Pug.755b o T=70K
50 - S @ T=85K -

o 000 ©
[
o
00000020000 0000000000000 0000000 0000

20 R R AR E S
0 10 20 30 40 50 60 70

H [kOe€]

—_
Q
~

FIG. 9. First derivative of the magnetization with respect to the
applied field, showing the field-dependent transition between khe 3
and the singIéZ structures.

Fig. 10c). All ions displayed are magnetic, but the size of
the magnetic moment is different for the two types. There-
fore the exchange is still random, but the strength of the
induced effects depends on the difference of the magnetic
moments of both types. The ordered moments have been
measured to be 2.8&% and 0.74g in USb and PuSb,
respectively?> Hence, the difference in the uranium and plu-
tonium moments is expected to be quite substantial by
~2.1ug. In a magnetization experiment this leads to a
strong field dependence of random-field effects. Moreover,
the Pu-Pu exchange tends to favof100 moment align-
ment, whereas the U-U exchange favor&ldal) alignment.

An important additional point, shown by the x-ray studies, is
that the magnetic ordering in this material is never long
range, but consists of correlations %00 A.

The diluted antiferromagnet in a fieldAFF) has been
investigated in Ref. 26. Using a Hamiltonian for the Ising
model and an additional term which serves to create a ran-
dom field,

0000000000000

000000000000 0000000000000 00

—_—
(=2
~

H=-2 J;S/S'— > (h+h)S, (1)
1) 1

whereh is the externally applied field, anld, the random
exchange field acting on sp#, the authors calculated mag-
netizations and specific heats as a function of temperature
and applied magnetic field. Calculations were done in mean-
field approximation as well as in Monte Carlo simulations.
The results are qualitatively similar and the Monte Carlo
result is depicted in Fig. 1upper paneg| together with mag-
netization measurements on 4P, 755b (lower panel. The FIG. 10. (8 “Random bonds.” (b) Random exchange, e.g.,
theory was developed for a direct transition from the parata;_,U,S (sulfur ions are not displayed since their distribution is
magnetic to a magnetically ordered state. Therefore the apegula). Black, magnetic; white, nonmagneti¢c) The case of

pearance of the B structure in low fields(and aboveT  Yi-xPuSb. Black, magnetic; dotted, less magnetic.

=55 K) complicates a direct comparison, but one finds a )

remarkable agreement between our experiments and theoryVe speculate that the domains develop over a longer range
Cooling the sample in zero field allows a random devel-When the field is applied, and the subsequent realignment of

opment of the domains; however, when a field is applied thdéhem parallel to the field costs more energy. It is important to

antiferromagnetic domains show unusual behavior, whictstress that in the high-temperature stabkepBiase there are

gives rise to jumps in the magnetization, as shown in Fig. 12n0 domains, so this behavior is not expected.
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FIG. 12. Magnetization jumps in §4Pw 7sSb due to domain
wall motion (FC curve$. For comparison, one of our ZFC measure-
ments has been included. The inset shows data as a function of the
applied field to demonstrate the hysteretic behavior of both jumps.

netic ions: type A carrying a particular magnetic moment
different from the moment at lattice sites of type B. There-
fore, in a first approximation one may treat the uranium and
plutonium ions independently. Accordingly, one can try to
describe the magnetic properties of YPuSb in terms of
more general physics, neglecting effects typically found in
5f-electron magnetism.
To find the reason for the rather unexpected appearance of

the 1k phase it is useful to draw the lattice parameters of the
solid solution Y _,Pu,Sh8 Figure 15 shows that the single-

k structure is associated with an increasing lattice parameter

Ug.28PWw 75Sb (lower pane); symbols are chosen so as to provide which in the case of pl,dPu, 7sSb is reminiscent of a ficti-

direct comparison to the theory.

tious (Np,PuSb solid solution and might be compared with
pure NpSb under pressure. Clearly, th& Structure of

The observed jumps in the magnetization are only visibleJo 2P 755b is stabilized since the magnetic order of NpSb

when the sample is cooled in an applied magnetic fieldis of the same typédespite a different wave vecfjoMore-

which gives strong support for the above-mentioned expla-
nation of the magnetization behavior in terms of random-
field effects. For comparison, a measurement with the sample
cooled in zero field is included in Fig. 12. In addition, in the
inset the high-field part of a hysteresis loop is shownTor
=87.5 K. At this temperature one can follow both jumps and
their hysteretic properties, which are typical for the behavior
of domain walls. One can now analyze the positions of
jumps as a function of the applied magnetic field. This is
shown in Fig. 13 which corresponds to the upper right quar-
ter of the phase diagram presented in Fig. 8. It should be
emphasized that these effects occur exclusively in the single-

k structure because of the presence of domains.

Interestingly, the compound 4P s05b shows similar
behavior in very low fields(as well as in zero field, as
pointed out in Ref. 8 there is a difference in zero-field-
cooled magnetization data compared to the field cooled
curves below 55 K, as depicted in Fig. 14.

70 ‘ : ATy
Y
| Up.25Pug 755b Y *‘
.\ \\
60 x\ )} _
.\ Y
A
o) \ \Q\_
g. 50 w i | Para |
= -‘% A
\.\ ‘\
40 - .
e
30 L g 1 1
70 80 90 100
T [K]

FIG. 13. Detail of the magnetic phase diagram gfPu, 755b

It should be emphasized that the occurrence of randomisee Fig. § shown with solid triangles are the experimentally ob-
field effects requires the coexistence of two types of magserved positions of sudden domain wall motions in ith@ plane.
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1.0 — T T T [ VI. SUMMARY
| UgsoPug.s0Sb o 0.1kOe, FC : . .
0.307 7050 ;@a o 0.1kOe, ZFC In all studies done so far on actinide NaCl structured bi-
0.8 g % . nary and pseudobinary compounds it was chosen to either
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change the concentration of aniofesg., USKTe, _, (Ref.

11)] or to dilute the magnetic actinide ions with nonmagnetic
Y, La, or Th{as in PyY,_,Sb(Ref. ) orin U,Y,_,Sb(Ref.

28)]. In the present work a qualitatively new type of single-
crystalline sample has been investigated: WPuSbh is the
first series of NaCl-structured pseudobinary compounds that
contains two types of magnetic actinide constituents, ura-
nium and plutonium.

Substituting uranium with plutonium results in a decrease
of the ordering temperature from its value for UG43 K)
down toTy=155 K for Uy 5P 505b. The average effective
magnetic moments and paramagnetic Curie temperatures
have been calculated from a simple Curie-Weiss law. Hence,

FIG. 14. M/H for Up 5P 50Sb in low fields. in the paramagnetic temperature range no crystal field tran-

sitions or additional contributions due to conduction elec-
over, high-pressure resistivity studies on Np@kef. 27  trons are observedi.; and®p decrease as expected from
showed a magnetic phase transition and it was suggested tHi¢ comparison with parameters for the end compounds. The
the pressure-induced magnetic phase is of siRgigpe. triple-k magnetic structure characteristic for USb stays stable

On the other hand, one can decrease the lattice parameﬂ@rth:]S concentfration rangE. g a _
in going up in the pnictogen column of the periodic table  1N€ case of Yoy 75Sb deserves special attention. For

starting from NpSb. The same effect appears again: in addf-hls high Pu concentrat!on one WQUId an.t|C|'pate the_occur-
i - ) ) o rence of a ferromagnetic phase since this is found in pure
tion to the X structure typical for neptunium pnictides p,sh |n contrast to the expected ferromagnetism inxthe
singlek phases are observed in NpAs and NpP.

=0.75 sample at low temperature, the composition changes

The possible influence of the lattice parameter can also bgom triple K at high temperature to single at lower tem-
seen without referring to neptunium compounds. The pmtoperature below=~55 K. The magnetic propagation in both
nium pnictides with small lattice constants order ferromag-phases ig=0.25 rlu, so that the stacking sequence is,4

netically. Staying in this column of the periodic table one,_ apove a field of roughly 35 kOe theklantiferromag-
observes a trend to establish antiferromagnetic structur€Satic structure is stable for all<Ty .2t is found also with

At e PPy o, 455 2o 1 & il bt gheriemperure magne St ofpre PSh.
) P though the physical origin for the stability of thé Structure

a singlek AF structure and does not show a further transition
to ferromagnetism. Therefore, if one imagineg,dPu, 755b
as plutonium antimonide with too large a lattice parameter

one would anticipate an enlarged stability range frahti-

ferromagnetic structures.

is not well understood, close inspection of the trends for the
evolution of magnetism in actinide monopnictides led us to
gualitative arguments for its appearance ig,lPuw, 75Sb.

A striking feature of the phase diagram deduced from
magnetization curves is the appearance of additional features
for certain regions of temperatures and magnetic fields.

6.26 . . . These features occur exclusively in the singlghase and
are associated with domain behavior in the sirglehase.
6.25 For instance, in the low-temperature range there is a differ-
ence between the ZFC and FC magnetization data. A model
6.24 has been proposed which can explain these differences. It is
based on the distribution of uranium and plutonium ions onto
= 603 the available lattice sites. If two species of randomly distrib-
© uted magnetic ions carry considerably different amounts of
6.92 magnetic moments, then a random field stemming from its
surrounding will act on each ion. The random-field model,
691 originally developed for solid solutions containing transition
metals, can explain our experimental findings for
. . . Uo.25P . 755b.
USb 0.25 0.5 0.75 PuSb
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