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PrRu2Si2: A giant anisotropic induced magnet with a singlet crystal-field ground state
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The magnetic properties of PrRu2Si2 have been investigated experimentally by specific heat, single-crystal
magnetization,141Pr Mössbauer and muon spectroscopies, neutron powder diffraction, and inelastic neutron
scattering, leading to the determination of its zero-field phase diagram and its crystal electric-field energy
levels below 40 meV. PrRu2Si2 undergoes a magnetic phase transition atTN . 16 K to an axial incommen-
surate sine-wave magnetic structure characterized by a wave vectort 5 ~0.133, 0.133, 0!, followed by a
first-order phase transition atTC . 14.0 K to an axial ferromagnetic structure. The lowest crystal electric-field
states are the two singletsuG t1

(1)& and uG t2& separated by 2.25 meV. The low-temperature properties are
described by a Hamiltonian identical to that of an Ising system with a transverse magnetic field. Since the ratio
of the exchange energy to the energy splitting between the singlets is sufficiently large, it exhibits spontaneous
magnetization. The nature of the two singlet states explains the giant magnetic anisotropy. The random-phase
approximation predicts the value of the high-field magnetization but yields a low-field magnetization too small
by ; 15%. Possible application of our results to uranium intermetallic compounds is pointed out.
@S0163-1829~97!06138-9#
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I. INTRODUCTION

Magnetic anisotropy is one of the most interesting a
important subjects in magnetism. Ternary compoun
RM2X2 (R 5 rare earth or actinide,M53d, 4d, or 5d tran-
sition metal, andX 5 Si or Ge! with the tetragonal
ThCr2Si2-type structure exhibit large magnetic anisotrop
Among these compounds, large anisotropy has been repo
in Pr compounds~see Table 1 of Ref. 1 and Ref. 2!. The
largest measured anisotropy has been found for PrRu2Si2:
its anisotropy field is. 400 T.1 This giant anisotropy is
unexplained. It has been suggested that hybridizat
induced anisotropy and/or anisotropy exchange interac
play a significant role.1 This compound was believed t
present only one magnetic phase transition to a ferrom
netic state3 at TC 5 14 K. Only the Pr ions contribute to th
magnetic properties of the compound.

Interestingly enough we note that Pr31 has a3H4 Hund’s
rule ground multiplet as U41 which is the usually assume
ionization state of uranium in intermetallics such as the w
studied URu2Si2 heavy fermion compound.4

In this paper we report a study of the static magne
properties of PrRu2Si2 using macroscopic and microscop
560163-1829/97/56~14!/8752~8!/$10.00
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experimental techniques. The organization of the paper i
follows. In Sec. II, we present our experimental results. S
tion III is devoted to the determination of the low-energ
crystal electric-field~CEF! level scheme and to the analys
of the magnetic properties using either the molecular-field
random-phase approximation. In the last section we disc
our results. In the Appendix we list the eigenvalues and
sociated eigenstates of the CEF Hamiltonian.

II. EXPERIMENTAL RESULTS

The measurements have been performed on polycry
line samples, except for the magnetization and muon s
relaxation measurements, which were carried out on sin
crystals.

A. Specific heat

The temperature dependence of the magnetic specific
of PrRu2Si2, measured at temperatures ranging from 4.3
67 K, is presented in Fig. 1. The lattice and conduction el
tron contributions have been estimated from measurem
on LaRu2Si2 and are subtracted from the raw PrRu2Si2
8752 © 1997 The American Physical Society
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56 8753PrRu2Si2: A GIANT ANISOTROPIC INDUCED . . .
data. A well-defined anomaly is observed at the ferrom
netic ordering temperatureTC 5 14.0 K. In addition a weak
anomaly is observed starting at; 16 K ~see the inset of Fig
1!. As we will show in Secs. II D and II E, this anomal
corresponds to a second magnetic phase transition. In F
we display the temperature dependence of the entropy c
puted from the magnetic specific-heat data. This entr
reachesRln2 at ; 30 K, indicating that there are two leve
of equal degeneracy populated below that temperature
cluding the ground state.

B. Single-crystal magnetization

The magnetization measurements have been perfor
using a superconducting quantum interference dev
~SQUID! magnetometer. The data are shown in Fig. 3. Th

FIG. 1. Temperature dependence of the magnetic specific
of PrRu2Si2. The lattice and conduction electron contribution h
been estimated from measurements on LaRu2Si2 and subtracted
from the raw PrRu2Si2 data. The solid line is the prediction of th
molecular-field approximation with the energy levels shown in F
11. The contribution of the two phase transitions is not taken i
account.

FIG. 2. Temperature dependence of the entropy computed f
the specific heat presented in Fig. 1. The solid line correspond
the model used in that figure.
-
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indicate that the bulk magnetic moment at 4.5 K is 2.69mB ,
in agreement with the previously reported result of 2.7mB .1

We notice that even at a temperature twice the value ofTC

the anisotropy is strong: Whereas in an applied magn
field of 5.5 T the magnetization at 28 K is 2.5mB when
measured along thec axis, it is only 0.032mB for the field
applied along thea axis.

High-field magnetization measurements have been
formed in fields up to 35 T. These measurements confirm
strong anisotropy of this compound. At 4.2 K, in an appli
field of 35 T, the value of the magnetization measured alo
the c anda axes is 3.08mB and 0.39mB , respectively.

C. 141Pr Mössbauer spectroscopy

The 141Pr Mössbauer measurements~145.4 keV nuclear
transition! have been performed using a special count
technique. The current was directly integrated from the
tector, instead of counting each single event.5 All the spectra
were measured with a CeF3 source~initially 750 mCi! kept
at 4.2 K, working with an acceleration-type spectrometer
sinusoidal mode. The velocity was calibrated with a57Co:Rh
source and aa-Fe2O3 absorber at room temperature.

The 141Pr Mössbauer spectra were recorded at tempe
tures from 4.2 to 25 K. The spectrum measured at 4.2 K
shown in Fig. 4. From the splitting of the absorbtion lines
hyperfine field at the nuclear site of 281 T is deduced. T
corresponds to a Pr 4f magnetic moment of 2.76mB ~see also
Fig. 7!. The small difference between this value and t
value measured by magnetization is understood if we
member that the 5d electrons of any rare-earth ion contribu
to the bulk magnetization. This 5d moment equals; 0.1mB
and is oriented antiparallel to the 4f moment for a light
rare-earth ion6 as shown from x-ray magnetic circular d
chroism measurements.7

at

.
o

m
to

FIG. 3. Field dependence of the magnetization recorded o
single crystal of PrRu2Si2 with the magnetic fieldBext parallel to
the c axis for different temperatures 4.5 K, 10.5 K, 12 K, 16 K, 2
K, 24 K, and 28 K~solid circles!. For a given field, the higher the
temperature, the lower the magnetization is. In addition we pre
data taken at 28 K withBext parallel to thea axis~open circles!. The
solid lines are guides to the eyes.
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8754 56A. M. MULDERS et al.
D. Muon spectroscopy

Muon spin relaxation (mSR! spectroscopy has proved t
be a very powerful tool for the investigation of magne
phenomena. In this technique, polarized muons are
planted into a sample where their spins evolve in the lo
magnetic field until they decay.8 The decay positron is emit
ted preferentially along the final muon spin direction;
collecting the positrons, we can reconstruct the time dep
dence of the muon spin polarizationPZ(t). If the initial
muon beam polarization and the local field are paral
PZ(t) decreases exponentially in time with a relaxation r
l 5 1/T1 whereT1 is the muon spin lattice relaxation time
l exhibits a maximum at a magnetic phase transition.

The experiments have been carried out at the ISIS sur
muon facility located at the Rutherford Appleton Laborato
~UK!. Figure 5 showsl(T) recorded in an applied longitu

FIG. 4. 141Pr Mössbauer spectrum of PrRu2Si2 recorded at 4.2
K. The solid line is a fit with the isomer shift and the hyperfine fie
as free parameters of which a Pr 4f moment of 2.76mB is deduced.

FIG. 5. Temperature dependence of themSR longitudinal expo-
nential relaxation rate measured on PrRu2Si2 with Bext 5 0.2 T.
The initial muon polarization is perpendicular to thec axis. The
critical temperatures of the two magnetic phase transitions are
cated at temperatures for which the relaxation rate exhibits extre
The dashed line is a guide to the eyes.
-
l

n-

l,
e

ce

dinal field of 0.2 T. This field is necessary to suppress
depolarization due to the141Pr nuclear magnetic moments
the effect of which is enhanced by the large hyperfine co
ling constant and Van Vleck susceptibility.9

We will not discuss themSR results in details. We only
analyze the ones giving information about the magne
phase diagram.

l(T) presents two extrema, one at; 14 K and a second
one at; 16 K. This shows that, in addition to the pha
transition atTC , there is a second magnetic phase transit
at TN ; 16 K. Although it is difficult to detectTN in the
magnetic specific-heat data, muon spectroscopy cle
shows its signature.

E. Neutron powder diffraction

In order to further study the transition atTN , we have
performed neutron-powder-diffraction experiment in t
temperature range 2–19 K. These experiments have b
carried out in Grenoble at the Siloe´ reactor of the Commis-
sariat àl’Energie Atomique on the DN5 linear multidetecto
diffractometer using an incident neutron wavelength of 2.4
Å. The data were refined using theMXD program.10 The scat-
tering lengths (bSi 5 4.15 fm,bPr 5 4.58 fm, andbRu 5 7.03
fm! were taken from Ref. 11, and the magnetic form fac
of Pr31 from Ref. 12. Owing to a possible preferential or
entation, the calculated intensities were corrected using
March formula13

Mhkl5F f corcos2a1
sin2a

f cor
G23/2

, ~1!

whereMhkl is a corrective factor for the calculated intensit
f cor the fitted coefficient which reflects the importance
preferential orientation, anda the angle between thec axis
and thehkl plane.

The indexation of the nuclear Bragg peaks in the pa
magnetic state (T 5 19 K! confirms unambiguously the
ThCr2Si2-type structure for this compound~space group
I4/mmm): ~i! one Pr atom in the~0,0,0! site, ~ii ! two Ru
atoms in the~0,1/2,1/4! and~1/2,0,1/4! sites, and~iii ! two Si
atoms in the~0,0,z) and ~0,0,z̄ ) sites. The fit of the inte-
grated intensities gives no evidence for any mixing betwe
the Ru and Si atoms. A quite good agreement~reliability
factor R 5 0.059! is obtained forzSi 5 0.3634~24! and f cor
5 1.114~20!

The values of thef cor and zSi factors are, within the ex-
perimental uncertainty, temperature independent. All the
corded spectra are well described by our model as shown
the fact that the reliability factors are never larger thanR 5
0.063. The lattice parametersa andc are temperature inde
pendent. We finda 5 4.1864~2! Å and c 5 9.755~15! Å.

BetweenTN ; 16.0 K andTC ; 14.0 K, additional re-
flections can be identified as seen in Fig. 6. Note the inte
reflection at small diffraction angle which only exists in th
incommensurate phase. The new reflections, due to the o
of the magnetic order, can be indexed with a wave vectot
5 ~0.133,0.133,0! which is temperature independent. Th
magnetic moments of this sine-wave-modulated structure
parallel to thec axis with an amplitude of 1.8~1!mB at 14.5
K. Besides these reflections, additional intensities appea

o-
a.
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56 8755PrRu2Si2: A GIANT ANISOTROPIC INDUCED . . .
the nuclear Bragg reflections that can be accounted for b
ferromagnetic contribution with the magnetic moments alo
thec axis. At 14.5 K the ferromagnetic moment is 1.0~1!mB .
The temperature dependence of the ferromagnetic mag
moment and of the amplitude of the incommensurate mo
lation are presented in Fig. 7. The ratio of the intensities
the two magnetic components depends on the experime

FIG. 6. Neutron-powder-diffraction patterns from paramagne
(T 5 19 K!, incommensurate plus ferromagnetic (T 5 14.5 K!, and
ferromagnetic (T 5 2 K! phases of PrRu2Si2.

FIG. 7. Temperature dependence of the 4f magnetic moment
measured by neutron diffraction in PrRu2Si2. Below 14 K an axial
ferromagnetic structure is observed~solid circles!. Between 14 and
16 K a second magnetic structure is observed characterized b
incommensurate sine-wave modulation witht 5 ~0.133,0.133,0!
~open circles!. In addition the 4f magnetic moment measured
three temperatures by141Mössbauer spectroscopy is present
~solid triangles!. Both data sets show that the ferromagnetic tran
tion at 14 K is first order.
a
g

tic
u-
f
tal

procedure, i.e., spectra recorded in cooling down or in wa
ing up the sample. This is a characteristic for a first-ord
transition atTC . The values presented at Fig. 7 correspo
to cooling down the sample from 19 K to 2 K.

Below TC the sine-wave phase has disappeared and o
the ferromagnetic contribution remains with a Pr 4f moment
of 3.0~1!mB at 2 K. Although this value is slightly larger tha
the one deduced from magnetization and Mo¨ssbauer mea-
surements (; 2.8mB), it is still reasonable taking into ac
count the difficulty to measure precisely the intensity of t
Bragg peaks in a textured powder sample. The tempera
dependence of this moment as measured by neutron diff
tion is plotted also in Fig. 7.

F. Inelastic neutron scattering

The inelastic-neutron-scattering~INS! method has been
widely used to extract information on the energy-lev
scheme of rare-earth ions in intermetallic compounds. In
vorable cases it allows us to observe directly the dipo
transitions between the CEF energy levels of the rare-e
ions. In order to simplify the analysis of the INS data t
measurements are performed only in the paramagnetic ph
Since our specific-heat measurements14 indicate that an CEF
energy level is located at low energy, we have carried out
measurements on a sample with the Pr ions partly substit
by nonmagnetic La ions. The substitution is expected to
press the magnetic ordering temperature but not to dra
cally modify the CEF acting on the Pr ions. We have chos
La0.5Pr0.5Ru2Si2 because magnetization measureme
show that it is still paramagnetic at 2 K.

The INS measurements have been performed in Gren
with the DN6 time-of-flight spectrometer located at the Sil´
reactor. Thermal neutrons of incident energyEi517 meV
were used to record spectra at 3.2 K, 18.3 K, 52 K, and 3
K. Additional scans atEi569 meV were performed at tem
peratures 3.4 K and 52 K. The spectra were collected
scattering angles between 23° and 103°.

We have corrected the spectra for the background sig
yielding the total normalized response referenced to a va
dium standard. The angular dependence of the scattere
tensity allowed us to separate unambiguously the magn
contribution to the scattering~proportional to the square o
the magnetic form factor, which decreases when the w
vector q increases! from the phonon contribution~propor-
tional to q2). As shown in Fig. 8 and Fig. 9, in the energ
range 1–40 meV we have detected only two inelastic pe
corresponding to crystal-field excitations at 2.25~5! meV and
28.4~1! meV. The high-energy peak displays a clear tempe
ture dependence as indicated in Fig. 10. While at 3.4 K
energy and the full width at half maximum are, respective
28.4~1! meV and 3.1~1! meV, at 52 K they are 27.7~1! meV
and 3.8~1! meV, respectively. The thermal behavior of th
high-energy peak is consistent with the presence of the l
energy CEF excitation~see Sec. III B!.

III. ANALYSIS OF THE EXPERIMENTAL RESULTS

We will first write the Hamiltonian which should accoun
for our experimental results and describe some of our d
with the CEF part of this Hamiltonian. Then, using the co

c
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8756 56A. M. MULDERS et al.
plete Hamiltonian, we will attempt an analysis of our ma
netic data, first in the framework of the molecular field a
proximation, then in the random-phase approximation. T
latter analysis considers only the lowest two CEF levels.

A. Hamiltonian

The complete Hamiltonian used for describing the m
netic properties is written as the sum of three terms:

H5HCEF1Hexch1HZ . ~2!

Using the equivalent-operator method and thez axis being
parallel to the@001# direction, the CEF termHCEF is written
as

FIG. 8. Spectral response of La0.5Pr0.5Ru2Si2 recorded atT
5 3.2 K for an incident neutron energyEi 5 17 meV. The solid and
open circles are for measurements performed at average scat
angles of 25.5° and 95°, respectively. The scattering at small an
is dominated by the CEF transition. The lines are guides to the e

FIG. 9. Spectral response of La0.5Pr0.5Ru2Si2 recorded atT 5
3.4 K for an incident neutron energyEi 5 69 meV. The solid and
full circles are for measurements performed at average scatte
angles of 25.5° and 95°, respectively. The scattering at small an
is dominated by the CEF transition, whereas at 95° phonon ex
tions dominate the spectrum with a maximum intensity at; 17
meV. The lines are guides to the eyes.
-
-
is

-

HCEF5B2
0O2

01B4
0O4

01B4
4O4

41B6
0O6

01B6
4O6

4 , ~3!

where theOl
m’s are the Stevens-equivalent operators andBl

m

are CEF parameters.15

Hexch describes the magnetic exchange interaction
tween the Pr31 total angular momentaJ andHZ accounts for
the Zeeman coupling.

B. Crystal-field determination

We first consider the CEF part ofH. Its diagonalization
provides the CEF eigenvalues and eigenstates, leading to
raising of the degeneracy of the 4f ground multiplet. For the
Pr31 ion (J54) in the tetragonal point groupD4h , the mul-
tiplet splits into five singlets (Gt1

(1), G t1
(2), G t2, G t3, G t4) and

two doublets (G t5
(1) , G t5

(2)). The G j ’s are the irreducible rep-
resentations of the point group. The eigenvalues and ass
ated eigenstates can be expressed analytically in terms o
Bl

m parameters. They are given in the Appendix.
The large magnetic moment observed at low tempera

in combination with the specific-heat and INS data allows
to specify the nature and location of some of the CEF lev

We first notice that atT!TC the magnetic moment is s
large that the CEF ground state must contain theu64& states;
i.e., it is eitheruG t1

(1)&, uG t1
(2)&, or uG t2& ~see the Appendix!.

uG t1
(1)& is the ground state ofHCEF because it has the lowes

energy~we have discarded the accidental caseb1 5 0!. This
state is a nonmagnetic singlet. It is known that a large m
netic moment can be generated at low temperature fro
magnetic singlet only if there is at least one CEF ene
level located at an energy comparable to the excha
energy.16–18Since PrRu2Si2 is an axial ferromagnet, the ex
change field is proportional to aJz matrix element. Therefore
the first excited CEF state,ufirst&, must be such tha

ing
es
s.

ng
es
a-

FIG. 10. Comparison of the spectral response
La0.5Pr0.5Ru2Si2 recorded at 3.4 K and 52 K with an incident ne
tron energyEi 5 69 meV and at scattering angle of 25.5°. We on
display the data recorded in an energy-transfer window cente
around the high-energy CEF transition. This comparison shows
both the energy and the full width at half maximum of the CE
transitions are temperature dependent. The dashed lines are g
to the eyes.
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^G t1
(1)uJzufirst& is nonzero. The only possible first excited sta

is uG t2& since theuG t1
(2)& state is located at higher energy~see

the Appendix!.
The CEF dipolar transitions observed by INS are induc

by the Jz , J1 , or J2 operators. The neutron cross secti
I ( i , f ) between an initial statei and a final statef is given by

I ~ i , f !5I 0Fsin2uu^ i uJzu f &u21
~22sin2u!

4
~ u^ i uJ1u f &u2

1u^ i uJ2u f &u2!G , ~4!

whereI 0 is a constant andu the angle between the scatterin
vector and the quantization direction. SinceI (G t1

(1) ,G t2)
5 16I 0sin2usin2b1, this transition is intense only if sin2b1 is
not too small. It corresponds to the peak seen atD 5 2.25~5!
meV. The only other possible neutron transitions from
ground state are to theuG t5

(1)& and uG t5
(2)& states~see the Ap-

pendix!. The uG t5
(1)& state being the lowest in energy, we a

tribute the peak observed at 28.4~1! meV to the transition
from the ground state to this state. We haveI (G t1

(1) ,G t5
(1)) 5

I 0(22sin2u)(sinb1sinb21A5cosb1cosb2)
2. Since probably

usinb1u&1 ~see Sec. III C!, I (G t1
(1) ,G t5

(1)) .
I 0(22sin2u)sin2b2. Because the high-energy CEF excitati
is intense, we infer a substantial value for sin2b2.

Possible CEF levels below 28.4 meV which are invisib
to the INS technique@i.e., I (G t1

(1) , f ) small# are not likely
because their presence would strongly enhance the Sch
anomaly even below 67 K~see Sec. III C!. The crystal-field-
level scheme deduced from the analysis is drawn in Fig.

We have observed that the high-energy neutron p
~28.4 meV! has temperature-dependent characteristics~see
Fig. 10!. This is easily understood because while at low te
perature the observed peak is only produced by the neu
transition from the ground stateuG t1

(1)& to the uG t5
(1)& state, at

high temperature the ground and first excited states par
pate in the observed neutron transition. This explains the
that at 52 K the observed peak is wider and located at lo
energy than at low temperature.

FIG. 11. Crystal-electric-field energy-level scheme of the Pr31

ions in PrRu2Si2 deduced in this work. The inelastic neutron inve
tigation did not detect any other states below 40 meV. The
states not mentioned in the figure are most likely located above
meV. They do not influence the magnetic properties at low te
perature. Theb1 andb2 values are nearp/2.
d

e

tky

1.
k

-
on

i-
ct
er

In summary, the CEF ground state and first excitat
state are singlet states well separated in energy from
other CEF states. Therefore the low-temperature magn
properties of PrRu2Si2 should be understood by considerin
the Pr13 ions as two-level systems interacting on a lattice.
the next section we use this level scheme to further ana
our data.

C. Analysis of the data in the molecular-field approximation

Both Trammell and Bleaney recognized a long time a
that exchange forces induce magnetic ordering in a sin
CEF ground state if these forces are strong enough.16,17 An
expression for the magnetization of the 4f electrons atT50
is obtained in the molecular-field approximation:17

M4f~T50!54gJmBsinb1F12tanh2S D

2kBTC
D G1/2

, ~5!

wheregJ is the Lande´ factor (gJ 5 4/5 for Pr31), mB the
Bohr magneton, kB the Boltzmann constant, andD
5 Et22Et1

(1) . Our measurements giveD 5 2.25 meV and
TC 5 14 K. The observed INS peak intensity as well as t
size of the magnetic moment indicates a value of sin2b1
close to 1. Using sinb151 and Eq.~5! we deduce the maxi-
mum value thatM4 f(T50) can reach: 2.18mB . This is much
lower than the experimental value of 2.8mB .

To explain the observed moment value within t
molecular-field approximation,D should be reduced substan
tially or the magnetic ordering temperature should be dra
cally raised; i.e., we should haveD/2kBTC 5 0.53 instead of
0.93. The first possibility is excluded since an INS transiti
is clearly observed at 2.25 meV and also the entropy sh
no sign of a singlet below; 20 K. The second possibility is
also excluded since specific heat,mSR, and neutron diffrac-
tion indicate magnetic transitions at 14 and 16 K.

In addition, the shape of the magnetization curve as p
sented in Fig. 7 is more rectangular than a Brillouin cur
This is a signature of a first-order transition. In contrast
this, the molecular-field approximation predicts that the f
romagnetic transition is second order~see Fig. 12!.

Although the molecular-field approximation does not pr
vide a reasonable description of the low-field magnetizat
measurements, it should be useful to understand the spe
heat data since they should be dominated by the effect of
CEF levels, i.e., by the Schottky anomaly. We do not attem
to describe the specific heat related to the magnetic ph
transitions. The solid line in Fig. 1 represents the calcula
specific heat with a singlet atEt2 5 2.25 meV and a double
at Et5

(1) 5 28.4 meV. BelowTC the effect of the molecular
field is taken into account. The related entropy curve
shown in Fig. 2. The discrepancy between the model and
experimental data is small, taking into account the fact t
the magnetic phase transitions are not described. Note th
extra singlet between 2.25 and 28.4 meV yields a too la
specific heat~and entropy!. This is a strong indication tha
there are no other CEF levels below 40 meV, apart from
ones already identified~see Fig. 11!.

The magnetic anisotropy measured at high field is c
trolled by the nature of the CEF energy levels and the Z
man effect due to the field; i.e., the effect of the molecu
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field is small. Therefore the computation of the high-fie
anisotropy should be reliable. At 5.5 T we compute 2.87mB
and 0.03mB for Bext parallel and perpendicular toc, respec-
tively. At 35 T we have 3.14mB for Bext parallel toc, which
is very closed to the experimental value~3.08mB) and
0.19mB for Bext perpendicular toc which is twice as low as
the experimental value, but this could be explained by
slight misalignment of the crystal which would have impo
tant consequences for a so strongly anisotropic crystal. Th
calculated values are then globally consistent with our d
and the previously published results.1

D. Analysis of the magnetic properties in the random-phase
approximation

We have just showed that the molecular-field approxim
tion fails to provide a description of the low-field magne
zation. Referring to previous works on singlet magnets,19 this
is not surprising.

Since the two singlets are close together, collective e
tations of the singlet ground state take place.20–23 These ex-
citations are passed on from one atom to another, a pro
similar to that observed in spin waves. The most sim
theory which attempts to account for these excitations is
random-phase approximation~RPA!. In the paramagnetic
state its Hamiltonian reduces to the Ising Hamiltonian in
transverse field. The energy spectrum of the excitati
shows a dispersion with a minimum energy gap atk 5 0
~zone center!. The shape of the dispersion and the size of
energy gap depend on the exchange strength and the re
temperaturekBT/D. ReachingTC from either above or be
low, the energy gap decreases towards zero. This reduc
of the energy gap is an effective channel to depopulate
singlet ground state and therefore, in the RPA,TC is reduced
compared with the molecular-field approximation. Also t
RPA magnetization curve is more rectangular due to
effect and the transition to the paramagnetic state beco
first order. In Fig. 12 we present its predictions using
formalism of Ref. 21. It provides a better description than

FIG. 12. Calculated magnetization curve in the molecular-fi
approximation~dashed line! and the random-phase approximatio
~solid line!. The arrow indicates the value of the magnetic mom
of the 4f electrons as deduced from magnetization and Mo¨ssbauer
measurements.
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molecular field approximation: It predicts that the transiti
is first order and yields a larger moment at low-temperatu
But this moment is still; 15 % smaller than observed.

IV. DISCUSSION

Our study has shown that the RPA of Ref. 20 gives
better description of the low temperature properties
PrRu2Si2 than the molecular-field approximation. We no
that kBTC is of the same order asD and strong correlations
effects are hence expected. However, these effects are
sufficiently taken into account in the RPA. Since the CE
parameters of PrRu2Si2 are now well defined, this com
pound provides a good system to test theoretical predict
for these correlation effects. In addition, inelastic-neutro
scattering experiments on single crystals could reveal the
ture of the dispersion.

We now discuss the phase diagram of PrRu2Si2. We first
note that NdRu2Si2 exhibits the same magnetic structu
below TC and betweenTC andTN .24 Only the values ofTC
andTN are different. This type of phase diagram, which h
been found in many rare-earth-based intermetallics, has b
successfully explained by Gignoux and Schmitt with a pe
odic field model taking into account the crystal-fie
anisotropy.25 It appears that the exact boundaries of the m
netic phase diagram is determined by the real variation of
wave-vector-dependent exchange interaction and the cry
field.

In recent years the physics of uranium intermetallics h
attracted much attention. The family of compounds with t
ThCr2Si2 crystal structure is particularly interesting since
offers the possibility to study the effect of the hybridizatio
of the f electrons with the 6d andp electrons in a systemati
way.26 Interestingly, the uranium 5f shell may have the sam
electronic structure as the Pr31 4 f shell. The ground state
and the first excited state may even be the same a
PrRu2Si2.26 Therefore our results should help for the unde
standing of the origin of the large magnetic anisotropy fou
in some uranium compounds. Our work suggests that an
fective crystal-field Hamiltonian could be an efficie
method for the description of the anisotropy.

In the ThCr2Si2 crystal structure family, URu2Si2 is be-
ing studied intensively since it is a heavy-fermion superc
ductor. Its magnetic properties have been investigated w
the Hamiltonian used for PrRu2Si2, treated in the molecular
field approximation.27,4 Although URu2Si2 has a very small
moment and PrRu2Si2 a large moment, our work indicate
that the results of the molecular-field approximation sho
be taken with caution. Recently Sikkemaet al. have ana-
lyzed the properties of URu2Si2 with a mean-field-like
approximation.28 Again we point out that this approximatio
may lead to erroneous results.
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APPENDIX: EIGENVALUES AND EIGENSTATES
OF THE CEF HAMILTONIAN

We list the eigenvalues and associated eigenstates o
CEF Hamiltonian in terms of theBl

m parameters. We firs
define four intermediate parameters. We seta1 5 215120B6

0

1120B4
0 224B2

0, b1 5 A140(12B4
41360B6

4), a2 5 11340B6
0

1900B4
0 212B2

0, andb2 5 A7(60B4
42180B6

4). The eigen-
values are

Et1
~1!5210080B6

01960B4
014B2

02~a1
21b1

2!1/2, ~A1!

Et1
~2!5210080B6

01960B4
014B2

01~a1
21b1

2!1/2, ~A2!

Et255040B6
01840B4

0128B2
0 , ~A3!

Et3527720B6
02660B4

028B2
02180B4

412520B6
4 ,

~A4!

Et4527720B6
02660B4

028B2
01180B4

422520B6
4 ,

~A5!

Et5
~1!5210080B6

02360B4
025B2

02~a2
21b2

2!1/2, ~A6!

Et5
~2!5210080B6

02360B4
025B2

01~a2
21b2

2!1/2. ~A7!

We note the following relations:

Et1
~1!2Et25a12~a1

21b1
2!1/2 ~A8!
R.
s.

n

s,
s,

cl

ro

ct

at
the

and

Et1
~2!2Et25a11~a1

21b1
2!1/2. ~A9!

These relations mean thatEt1
(1) < Et2 < Et1

(2) . In addition we
haveEt5

(1) < Et5
(2) .

The eigenstates are better written in terms of mixi
angles because their normalization is then obvious. O
notations are not so transparent.4 For that purpose we defin
two anglesb1 andb2 through their tangent:

tanb i5
~ai1Aai

21bi
2!

bi
. ~A10!

The eigenstate expressions are

uG t1
~1!&5221/2sinb1~ u4&1u24&)2cosb1u0&, ~A11!

uG t1
~2!&5221/2cosb1~ u4&1u24&)1sinb1u0&, ~A12!

uG t2&5221/2~ u4&2u24&), ~A13!

uG t3&5221/2~ u2&2u22&), ~A14!

uG t4&5221/2~ u2&1u22&), ~A15!

uG t5
~1!&5sinb2u63&2cosb2u71&, ~A16!

uG t5
~2!&5cosb2u63&1sinb2u71&. ~A17!

We notice that when analyzing data it is more practical a
physical to consider the energy difference between the C
levels and the two mixing angles than theBl

m parameters.
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