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PrRu,Si,: A giant anisotropic induced magnet with a singlet crystal-field ground state
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The magnetic properties of PrR8i, have been investigated experimentally by specific heat, single-crystal
magnetization,}**Pr Mossbauer 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. PrRiSi, undergoes a magnetic phase transitiol gt= 16 K to an axial incommen-
surate sine-wave magnetic structure characterized by a wave vecto(0.133, 0.133, J) followed by a
first-order phase transition @ = 14.0 K to an axial ferromagnetic structure. The lowest crystal electric-field
states are the two singletf{?) and |T',) 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.
[S0163-182607)06138-9

I. INTRODUCTION experimental techniques. The organization of the paper is as
follows. In Sec. I, we present our experimental results. Sec-
Magnetic anisotropy is one of the most interesting andion Il is devoted to the determination of the low-energy
important subjects in magnetism. Ternary compoundsrystal electric-field CEPF level scheme and to the analysis
RM,X, (R = rare earth or actinideVl =3d, 4d, or &d tran-  of the magnetic properties using either the molecular-field or
sition metal, andX = Si or Ge with the tetragonal random-phase approximation. In the last section we discuss
ThCr,Si,-type structure exhibit large magnetic anisotropy.our results. In the Appendix we list the eigenvalues and as-
Among these compounds, large anisotropy has been reportédciated eigenstates of the CEF Hamiltonian.
in Pr compoundgsee Table 1 of Ref. 1 and Ref).ZThe
largest measured anisotropy has been found for P3Ru
its anisotropy field is= 400 T! This giant anisotropy is
unexplained. It has been suggested that hybridization- The measurements have been performed on polycrystal-
induced anisotropy and/or anisotropy exchange interactiotine samples, except for the magnetization and muon spin
play a significant rolé. This compound was believed to relaxation measurements, which were carried out on single
present only one magnetic phase transition to a ferromagerystals.
netic statdat Tc = 14 K. Only the Pr ions contribute to the
magnetic properties of the compound.
Interestingly enough we note that®Prhas a®H, Hund’s
rule ground multiplet as & which is the usually assumed The temperature dependence of the magnetic specific heat
ionization state of uranium in intermetallics such as the wellof PrRu,Si,, measured at temperatures ranging from 4.3 to
studied URySi, heavy fermion compount. 67 K, is presented in Fig. 1. The lattice and conduction elec-
In this paper we report a study of the static magnetictron contributions have been estimated from measurements
properties of PrRuSi, using macroscopic and microscopic on LaRw,Si, and are subtracted from the raw PrfSi,

Il. EXPERIMENTAL RESULTS

A. Specific heat

0163-1829/97/5@.4)/87528)/$10.00 56 8752 © 1997 The American Physical Society
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FIG. 1. Temperature dependence of the magnetic specific heat FIG. 3. Field dependence of the magnetization recorded on a
of PrRu,Si,. The lattice and conduction electron contribution hassingle crystal of PrRsSi, with the magnetic fieldB,,, parallel to
been estimated from measurements on Lgfy and subtracted thec axis for different temperatures 4.5 K, 10.5 K, 12 K, 16 K, 20
from the raw PrRySi, data. The solid line is the prediction of the K, 24 K, and 28 K(solid circleg. For a given field, the higher the
molecular-field approximation with the energy levels shown in Fig.temperature, the lower the magnetization is. In addition we present
11. The contribution of the two phase transitions is not taken intodata taken at 28 K witB,,, parallel to thea axis (open circles The
account. solid lines are guides to the eyes.

data. A well-defined anomaly is observed at the ferromag;jicate that the bulk magnetic moment at 4.5 K is 2§9

hetic ordgrlng temperaturgc = 14.0K. In addmon a We‘?‘k in agreement with the previously reported result o2 7*
anomaly is observed starting at 16 K (see the inset of Fig. We notice that even at a temperature twice the valugcof

1). As we will show in Secs. |l D and Il E, th|§_ anomaly the anisotropy is strong: Whereas in an applied magnetic
corresponds to a second magnetic phase transition. In Fig.

we display the temperature dependence of the entropy co leld of 5d'5 IT thehmag_net_|z§1t|onlat02083 K '? 2‘;51 thelg
puted from the magnetic specific-heat data. This entropf/‘ne"“,Sure along the axis, itis only 0.032 for the fie
reachesRIn2 at~ 30 K, indicating that there are two levels @PPlied along tha axis.

of equal degeneracy populated below that temperature in- High-field magnetization measurements have been per-
cluding the ground state. formed in fields up to 35 T. These measurements confirm the

strong anisotropy of this compound. At 4.2 K, in an applied
field of 35 T, the value of the magnetization measured along

thec anda axes is 3.08g and 0.3%g, respectively.
The magnetization measurements have been performed

using a superconducting quantum interference device
(SQUID) magnetometer. The data are shown in Fig. 3. They C. ™Pr Mdssbauer spectroscopy

B. Single-crystal magnetization

The *Pr Mossbauer measuremen(ts45.4 keV nuclear
transition have been performed using a special counting
technique. The current was directly integrated from the de-
tector, instead of counting each single eveAtl the spectra
were measured with a CgFsource(initially 750 mCi) kept
at 4.2 K, working with an acceleration-type spectrometer in
sinusoidal mode. The velocity was calibrated with’@o:Rh
source and ar-Fe,O4 absorber at room temperature.

The *Pr Mossbauer spectra were recorded at tempera-
tures from 4.2 to 25 K. The spectrum measured at 4.2 K is
shown in Fig. 4. From the splitting of the absorbtion lines, a
hyperfine field at the nuclear site of 281 T is deduced. This
corresponds to a Prfdmagnetic moment of 2.76; (see also
. . i . , , I , Fig. 7). The small difference between this value and the
0 20 40 60 value measured by magnetization is understood if we re-

Temperature (K) member that the & electrons of any rare-earth ion contribute
to the bulk magnetization. Thiscbmoment equals- 0.1ug

FIG. 2. Temperature dependence of the entropy computed frorand is oriented antiparallel to thef 4moment for a light
the specific heat presented in Fig. 1. The solid line corresponds teare-earth iof as shown from x-ray magnetic circular di-
the model used in that figure. chroism measurements.
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— 1 ' 1 T T T T T dinal field of 0.2 T. This field is necessary to suppress the
depolarization due to thé*Pr nuclear magnetic moments,
the effect of which is enhanced by the large hyperfine coup-
ling constant and Van Vleck susceptibiliy.

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

N(T) presents two extrema, one at 14 K and a second
one at~ 16 K. This shows that, in addition to the phase
transition atT¢, there is a second magnetic phase transition
at Ty ~ 16 K. Although it is difficult to detecfly in the
magnetic specific-heat data, muon spectroscopy clearly
shows its signature.
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E. Neutron powder diffraction

In order to further study the transition @, we have
FIG. 4. **'Pr Massbauer spectrum of PrR8i, recorded at 4.2 performed neutron-powder-diffraction experiment in the
K. The solid line is a fit with the isomer shift and the hyperfine field temperature range 2—-19 K. These experiments have been
as free parameters of which a P thoment of 2.7f.5 is deduced.  carried out in Grenoble at the Silaeactor of the Commis-
sariat a’Energie Atomique on the DN5 linear multidetector
D. Muon spectroscopy diffractometer using an incident neutron wavelength of 2.487
A. The data were refined using thexp program®® The scat-
tering lengths Bg; = 4.15 fm,bp, = 4.58 fm, andbg, = 7.03
fm) were taken from Ref. 11, and the magnetic form factor
of Pr3* from Ref. 12. Owing to a possible preferential ori-
ntation, the calculated intensities were corrected using the
March formuld®

Muon spin relaxation £SR) spectroscopy has proved to
be a very powerful tool for the investigation of magnetic
phenomena. In this technique, polarized muons are im
planted into a sample where their spins evolve in the loca
magnetic field until they decdyThe decay positron is emit-
ted preferentially along the final muon spin direction; by
collecting the positrons, we can reconstruct the time depen-
dence of the muon spin polarizatid®,(t). If the initial M =
muon beam polarization and the local field are parallel,

P,(t) decreases exponentially in time with a relaxation rate . . . .
N = 1/T, whereT, is the muon spin lattice relaxation time. whereMy, is a corrective factor for the calculated intensity,

X exhibits a maximum at a magnetic phase transition. feor the fitted coefficient which reflects the importance of

The experiments have been carried out at the ISIS surfac%redfe;]e?]t;(all olrlentat|on, and the angle between the axis
muon facility located at the Rutherford Appleton Laboratoryan thenkl plane.

: : : . The indexation of the nuclear Bragg peaks in the para-
(UK). Figure 5 shows\(T) recorded in an applied longitu magnetic state{ = 19 K) confirms unambiguously the

ThCr,Si,-type structure for this compoun¢space group
[4/mmn): (i) one Pr atom in th€0,0,0 site, (i) two Ru
atoms in thg(0,1/2,1/4 and(1/2,0,1/) sites, andiii) two Si
atoms in the(0,0z) and (0,0,z) sites. The fit of the inte-
grated intensities gives no evidence for any mixing between
the Ru and Si atoms. A quite good agreemésliability
factor R = 0.059 is obtained forzg; = 0.363424) and f,,

= 1.11420)

The values of thd .., and zg; factors are, within the ex-
perimental uncertainty, temperature independent. All the re-
corded spectra are well described by our model as shown by
the fact that the reliability factors are never larger tifas
0.063. The lattice parameteasandc are temperature inde-
pendent. We findh = 4.1864(2) A andc = 9.755(15) A.

5 10 15 20 BetweenTy ~ 16.0 K andT; ~ 14.0 K, additional re-
flections can be identified as seen in Fig. 6. Note the intense
reflection at small diffraction angle which only exists in the

FIG. 5. Temperature dependence of {b8R longitudinal expo- INcOMmensurate phase. The new reflections, due to the onset
nential relaxation rate measured on PsBiy with By, = 0.2 T.  Of the magnetic order, can be indexed with a wave vector
The initial muon polarization is perpendicular to theaxis. The = (0.133,0.133,0 which is temperature independent. The
critical temperatures of the two magnetic phase transitions are lonagnetic moments of this sine-wave-modulated structure are
cated at temperatures for which the relaxation rate exhibits extremgaarallel to thec axis with an amplitude of 1(8)ug at 14.5
The dashed line is a guide to the eyes. K. Besides these reflections, additional intensities appear on

—3/2

, @

sifa

fcor

feoCOSa+

0.04 PrRu.Si
riu,dl, ﬁ

B, =02T
0.03 ext

;\iﬁ)\#‘\
AN

0.02

0.01

Relaxation rate (MHz)

0.00

LI L L B N L L L L L L BRLAL LM |
\-eQ—
/
-0
p e e by v v by b L

Temperature (K)



56 PrRuySi,: A GIANT ANISOTROPIC INDUCED ... 8755

procedure, i.e., spectra recorded in cooling down or in warm-
ing up the sample. This is a characteristic for a first-order
50| T=2K transition atT.. The values presented at Fig. 7 correspond
to cooling down the sample from 19 K to 2 K.
l h Below T the sine-wave phase has disappeared and only
. the ferromagnetic contribution remains with a Frsioment
z 40— A [ of 3.0(1) ug at 2 K. Although this value is slightly larger than
g the one deduced from magnetization andsslmauer mea-
: _ surements  2.8ug), it is still reasonable taking into ac-
= T=145K . B ) ) .
= 30 count the difficulty to measure precisely the intensity of the
= Bragg peaks in a textured powder sample. The temperature
2 dependence of this moment as measured by neutron diffrac-
S 20 tion is plotted also in Fig. 7.
s | TEEL Lot
=
F. Inelastic neutron scattering
104 T=19K The inelastic-neutron-scatteringNS) method has been
widely used to extract information on the energy-level
\ l scheme of rare-earth ions in intermetallic compounds. In fa-

0 - T voraplg cases it allows us to observe directly the dipolar
I I I I transitions betweer_1 thg CEF energy levels of the rare-earth

20 40 60 80 ions. In order to simplify the analysis of the INS data the
20 (degrees) measurements are performed only in the paramagnetic phase.

Since our specific-heat measureméhisdicate that an CEF
FIG. 6. Neutron-powder-diffraction patterns from paramagneticenergy level is located at low energy, we have carried out the
(T = 19 K), incommensurate plus ferromagnetic € 14.5K),and  measurements on a sample with the Pr ions partly substituted
ferromagnetic T = 2 K) phases of PrRyBi,. by nonmagnetic La ions. The substitution is expected to de-
press the magnetic ordering temperature but not to drasti-
the nuclear Bragg reflections that can be accounted for by gally modify the CEF acting on the Pr ions. We have chosen
ferromagnetic contribution with the magnetic moments alond a, ;Pr, sRu,Si, because magnetization measurements
thec axis. At 14.5 K the ferromagnetic moment is (LQug . show that it is still paramagnetic at 2 K.
The temperature dependence of the ferromagnetic magnetic The INS measurements have been performed in Grenoble
moment and of the amplitude of the incommensurate moduwith the DN6 time-of-flight spectrometer located at the Siloe
lation are presented in Fig. 7. The ratio of the intensities okeactor. Thermal neutrons of incident eneri§y=17 meV
the two magnetic components depends on the experiment@lere used to record spectra at 3.2 K, 18.3 K, 52 K, and 300
K. Additional scans aE;=69 meV were performed at tem-

UL L L peratures 3.4 K and 52 K. The spectra were collected for
~ 30 _ ¢ ¢ ¢ +++ _ scattering angles between 23° and 103°.
= o A N ++++ ] We have corrected the spectra for the background signal,
?{ 25 F it 3 yielding the total normalized response referenced to a vana-
= . ¢ 3 dium standard. The angular dependence of the scattered in-
S 2.0 c PrRu.Si o E tensity allowed us to separate unambiguously the magnetic
£ 15 o ¥ 6 3 contribution to the scatterin¢proportional to the square of
g - o ferromagnetic b3 the magnetic form factor, which decreases when the wave
L 1.0 _ ) ¢+ = vector g increases from the phonon contributiofpropor-
o s © sine modulated 3 tional to g%). As shown in Fig. 8 and Fig. 9, in the energy
2 05 - A Pr Mossbauer “ 3 range 1-40 meV we have detected only two inelastic peaks
S E ] corresponding to crystal-field excitations at 225meV and
00 | 7 28.41) meV. The high-energy peak displays a clear tempera-
Lo L 1 1 ture dependence as indicated in Fig. 10. While at 3.4 K the
0 5 10 15 energy and the full width at half maximum are, respectively,
Temperature (K) 28.41) meV and 3.11) meV, at 52 K they are 27(T) meV

and 3.81) meV, respectively. The thermal behavior of the

FIG. 7. Temperature dependence of thie Magnetic moment  pigh_energy peak is consistent with the presence of the low-
measured by neutron diffraction in Pri&i,. Below 14 K an axial energy CEF excitatiofisee Sec. Il B.

ferromagnetic structure is observésblid circles. Between 14 and

16 K a second magnetic structure is observed characterized by an

incommensurate sine-wave modulation with= (0.133,0.133,0 IIl. ANALYSIS OF THE EXPERIMENTAL RESULTS

(open circleg In addition the 4 magnetic moment measured at

three temperatures by*Mossbauer spectroscopy is presented We will first write the Hamiltonian which should account
(solid triangleg. Both data sets show that the ferromagnetic transi-for our experimental results and describe some of our data
tion at 14 K is first order. with the CEF part of this Hamiltonian. Then, using the com-
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FIG. 8. Spectral response of b.&PrysRu,Si, recorded atT FIG. 10. Comparison of the spectral response of

= 3.2 K for an incident neutron enerd = 17 meV. The solid and  La, sPrq sRU,Si, recorded at 3.4 K and 52 K with an incident neu-
open circles are for measurements performed at average scatteritrgn energyE; = 69 meV and at scattering angle of 25.5°. We only
angles of 25.5° and 95°, respectively. The scattering at small anglagisplay the data recorded in an energy-transfer window centered
is dominated by the CEF transition. The lines are guides to the eyearound the high-energy CEF transition. This comparison shows that
both the energy and the full width at half maximum of the CEF
plete Hamiltonian, we will attempt an analysis of our mag-transitions are temperature dependent. The dashed lines are guides
netic data, first in the framework of the molecular field ap-to the eyes.
proximation, then in the random-phase approximation. This
latter analysis considers only the lowest two CEF levels. Hepr= Bgog+ BSOEH BﬁOﬁJngognL Béo“, 3)

A. Hamiltonian

o - where theO["s are the Stevens-equivalent operators Bfid
The complete Hamiltonian used for describing the mag—,o cgp parametel<.

netic properties is written as the sum of three terms: M., describes the magnetic exchange interaction be-

tween the P¥" total angular momentdand?, accounts for
= + +Hy. : z
H=THeert Hexent Hz @ the Zeeman coupling.
Using the equivalent-operator method and thaxis being
ggrallel to thel001] direction, the CEF ternicgg is written B. Crystal-field determination
We first consider the CEF part 6{. Its diagonalization
| T T - T T T - T provides the CEF eigenvalues and eigenstates, leading to the

. I raising of the degeneracy of thé ground multiplet. For the

£ 10F LaysProsRuSi, | 1| E;=69mevV | Pr3* jon (J=4) in the tetragonal point group;, , the mul-

5 T . l tiplet splits into five singletsI({Y, I'?), I'y,, I's, T's) and

g 081 134k | ] two doublets T§), T'#)). TheT;’s are the irreducible rep-

& i : i _ resentations of the point group. The eigenvalues and associ-
g 0.6 - - | ated eigenstates can be expressed analytically in terms of the
3 1 | ] B[" parameters. They are given in the Appendix.

‘é 04 | The large magnetic moment observed at low temperature
o ' . in combination with the specific-heat and INS data allows us
5 02 & 7 to specify the nature and location of some of the CEF levels.
%’ r ! 7 We first notice that al < T the magnetic moment is so

0.0 - large that the CEF ground state must contain|thé) states;

i.e., itis either|l{P), T3, or |T',) (see the Appendix
IT{}) is the ground state of{cgr because it has the lowest
energy(we have discarded the accidental chge= 0). This

FIG. 9. Spectral response of h&r, RU,Si, recorded afl = state is @ nonmagnetic singlet. It is known that a large mag-
3.4 K for an incident neutron enerds; = 69 meV. The solid and Netic moment can be generated at low temperature from a
full circles are for measurements performed at average scatteringlagnetic singlet only if there is at least one CEF energy
angles of 25.5° and 95°, respectively. The scattering at small angld§Vel located at an energy comparable to the exchange
is dominated by the CEF transition, whereas at 95° phonon exciteenergy->"*®Since PrRySi, is an axial ferromagnet, the ex-
tions dominate the spectrum with a maximum intensity~atl7 ~ change field is proportional to matrix element. Therefore
meV. The lines are guides to the eyes. the first excited CEF statelfirst), must be such that

-40 20 0 20 40
Energy transfer (meV)
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. In summary, the CEF ground state and first excitation
40 - PrRu,Si, state are singlet states well separated in energy from the
other CEF states. Therefore the low-temperature magnetic
$ 30| IT> = sin B, [£3> — cos B, |F1> propeit;e.s of PrRySi, should be understood by considering
g r the Pr"* ions as two-level systems interacting on a lattice. In
Z 20 F the next section we use this level scheme to further analyze
o r our data.
o)) L
G 10 F
sy 0> =2712(l4> ~ |-4>) C. Analysis of the data in the molecular-field approximation
ot —mm o |F{,“>=2‘“2sin B, (14> + |-4>) Both Trammell and_BIeaney recog_nlzed a_long t|me_ ago
_ cos B, 0> that exchange forces induce magnetic ordering in a singlet
! CEF ground state if these forces are strong endfighAn

expression for the magnetization of thé dlectrons af =0
FIG. 11. Crystal-electric-field energy-level scheme of th&'Pr is obtained in the molecular-field approximatith:
ions in PrRySi, deduced in this work. The inelastic neutron inves-
tigation did not detect any other states below 40 meV. The five
states not mentioned in the figure are most likely located above 40 M 4(T=0)=4g;upSinB;
meV. They do not influence the magnetic properties at low tem-
perature. The3, and B, values are neatr/2.

12

)

1—tank hoTe

whereg; is the Landefactor (g; = 4/5 for PP"), ug the
(1) . ) . . . Bohr magneton, kg the Boltzmann constant, and\
(T{1’|3,/firsty is nonzero. The only possible first excited state _ E,—E®. Our measurements give = 2.25 meV and

is |T'z) since the|I'{{’) state is located at higher enersee T~ 14 K. The observed INS peak intensity as well as the

the Appendix. = _ size of the magnetic moment indicates a value ofgin
The CEF dipolar transitions observed by INS are inducedoge to 1. Using sifi;=1 and Eq.(5) we deduce the maxi-

by theJ,, J., or J_ operators. The neutron cross section, m value thaM 4 (T=0) can reach: 2.185 . This is much
I(i,f) between an initial stateand a final staté is given by |qwer than the experimental value of 2.§.
(2—sirf6) To explain the observed moment value within the
Sir?6|(i| I, F) |2+ ————(|(i] 3, |F)]? molecular-field approximatiord should be reduced substan-
4 tially or the magnetic ordering temperature should be drasti-
cally raised; i.e., we should have/ 2kg T = 0.53 instead of
+ (i |J_|f>|2)}, (4) 0.93. The first possibility is excluded since an INS transition
is clearly observed at 2.25 meV and also the entropy shows

wherel, is a constant and the angle between the scattering N0 Sign of a singlet below- 20 K. The second possibility is

vector and the quantization direction. Sind:(?l"ﬁ),ﬂg) also excluded since specific heaiSR, and neutron diffrac-

= 16l osir6sir?B,, this transition is intense only if sfiB; is tion in(?jigf':\.te mallqgnegc tran?itihons at 14 .and. 16 K.
not too small. It corresponds to the peak seef at 2.255) In addition, the shape of the magnetization curve as pre-

meV. The only other possible neutron transitions from thesented in Fig. 7 is more rectangular than a Brillouin curve.

(1) () _ This is a signature of a first-order transition. In contrast to
ground state are to thé's’) and|I's’) states(see the Ap this, the molecular-field approximation predicts that the fer-

pgndix). The|F§§)> state being the lowest in energy, we at- romagnetic transition is second ordsee Fig. 12

tribute the peak observed at 26L% meV to th(% tra(?)snmn Although the molecular-field approximation does not pro-
from the ground state to this state. er havBi".I's") = vide a reasonable description of the low-field magnetization
lo(2— sir?d)(sinB;sinB,+/5cog,c05B,)>.  Since probably measurements, it should be useful to understand the specific

(i, ) =1,

sing=1 (see Sec. G (TP TIE) = heatdatasince they should be dominated by the effect of the
| o(2—sirP6)sin’B,. Because the high-energy CEF excitation CEF levels, i.e., by the Schottky anomaly. We do not attempt
is intense, we infer a substantial value for?gn to describe the specific heat related to the magnetic phase

Possible CEF levels below 28.4 meV which are invisibletransitions. The solid line in Fig. 1 represents the calculated
to the INS techniqudi.e., I(I'?),f) smalll are not likely  specific heat with a singlet &, = 2.25 meV and a doublet
because their presence would strongly enhance the Schottlgy E%) = 28.4 meV. BelowT the effect of the molecular
anomaly even below 67 Ksee Sec. Ill ¢ The crystal-field- field is taken into account. The related entropy curve is
level scheme deduced from the analysis is drawn in Fig. 11shown in Fig. 2. The discrepancy between the model and the

We have observed that the high-energy neutron peakxperimental data is small, taking into account the fact that
(28.4 meV has temperature-dependent characterigie®  the magnetic phase transitions are not described. Note that an
Fig. 10. This is easily understood because while at low tem-extra singlet between 2.25 and 28.4 meV yields a too large
perature the observed peak is only produced by the neutraspecific heatand entropy. This is a strong indication that
transition from the ground stat&{’) to the|T'{)) state, at there are no other CEF levels below 40 meV, apart from the
high temperature the ground and first excited states particbnes already identifie(see Fig. 11
pate in the observed neutron transition. This explains the fact The magnetic anisotropy measured at high field is con-
that at 52 K the observed peak is wider and located at lowetrolled by the nature of the CEF energy levels and the Zee-
energy than at low temperature. man effect due to the field; i.e., the effect of the molecular



8758 A. M. MULDERS et al. 56

L B R L molecular field approximation: It predicts that the transition
- 3.0 E E is first order and yields a larger moment at low-temperature.
3 C ] But this moment is stil~ 15 % smaller than observed.
= 20F 3 IV. DISCUSSION
g 15 F . B Our study has shown that the RPA of Ref. 20 gives a
g TF PrRu;Si, \\ ] better description of the low temperature properties of
o 10k \ 4 PrRu,Si, than the molecular-field approximation. We note
o F  —— RPA \ : thatkgTc is of the same order as and strong correlations
> 05 - ——  molecular field \ = effects are hence expected. However, these effects are not
> C \ ] sufficiently taken into account in the RPA. Since the CEF
0.0 F —— ] parameters of PrRBi, are now well defined, this com-
L S B pound provides a good system to test theoretical predictions
0 5 10 15 for these correlation effects. In addition, inelastic-neutron-
Temperature (K) scattering experiments on single crystals could reveal the na-

ture of the dispersion.

FIG. 12. Calculated magnetization curve in the molecular-field \we now discuss the phase diagram of PsBiy. We first
approximation(dashed ling and the random-phase approximation note that NdRySi, exhibits the same magnetic structure
(solid ling). The arrow indicates the value of the magnetic momentbe|ow-|-C and betweerT ¢ and Ty 24 Only the values off
of the 4f electtrons as deduced from magnetization andsdbauer andTy, are different. This type of phase diagram, which has
measurements. been found in many rare-earth-based intermetallics, has been
successfully explained by Gignoux and Schmitt with a peri-
odic field model taking into account the -crystal-field
. anisotropy? It appears that the exact boundaries of the mag-
and 0.035 for Bey parallel and perpendicular i respec- netic phase diagram is determined by the real variation of the

Flvely. At 35T we have 3.145 for Be, parallel toc, which wave-vector-dependent exchange interaction and the crystal
is very closed to the experimental valy8.08ug) and field.

0.13ug for_ Bex: perpendicular te which is twice as_low as In recent years the physics of uranium intermetallics has
th.e exp_erlmental value, but this copld be explamed by %ttracted much attention. The family of compounds with the
slight misalignment of the crystal Wh'ch woulgl have impor- ThCr,Si, crystal structure is particularly interesting since it
tant consequences for a so strongly anisotropic CTYSta'- The?ﬁfers the possibility to study the effect of the hybridization
calculated va_lues are then globally consistent with our dat%f thef electrons with the @ andp electrons in a systematic
and the previously published results. way 2 Interestingly, the uraniumfSshell may have the same
electronic structure as the Pr 4f shell. The ground state
D. Analysis of the magnetic properties in the random-phase and the first excited state may even be the same as in
approximation PrRu,Si,.? Therefore our results should help for the under-

We have just showed that the molecular-field approximastanding of the origin of the large magnetic anisotropy found
tion fails to provide a description of the low-field magneti- in some uranium compounds. Our work suggests that an ef-
zation. Referring to previous works on singlet magrtéthjs ~ fective crystal-field Hamiltonian could be an efficient
is not surprising. method for the description of the anisotropy.

Since the two singlets are close together, collective exci- In the ThCiSi, crystal structure family, UR4Si, is be-
tations of the singlet ground state take pla&&3These ex- ing studied intensively since it is a heavy-fermion supercon-
citations are passed on from one atom to another, a procegéictor. Its magnetic properties have been investigated with
similar to that observed in spin waves. The most simplghe Hamiltonian used for PrRSi,, treated in the molecular-
theory which attempts to account for these excitations is théeld approximatiorf.”* Although URw,Si, has a very small
random-phase approximatiofRPA). In the paramagnetic moment and PrR4Si, a large moment, our work indicates
state its Hamiltonian reduces to the Ising Hamiltonian in athat the results of the molecular-field approximation should
transverse field. The energy spectrum of the excitationde taken with caution. Recently Sikkenedal. have ana-
shows a dispersion with a minimum energy gapkat 0 lyzed the properties of URiBi, with a mean-field-like
(zone center The shape of the dispersion and the size of theapproximatiorf.? Again we point out that this approximation
energy gap depend on the exchange strength and the relatingay lead to erroneous results.
temperaturekg T/A. ReachingT from either above or be-

field is small. Therefore the computation of the high-field
anisotropy should be reliable. At 5.5 T we compute 287

low, the energy gap decrease; towards zero. This reduction ACKNOWLEDGMENTS
of the energy gap is an effective channel to depopulate the
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compared with the molecular-field approximation. Also theintensity measurements in neutron spectroscopy. The re-
RPA magnetization curve is more rectangular due to thisearchers from Delft and Amsterdam universities would like

effect and the transition to the paramagnetic state becomée thank the Dutch Scientific OrganisatigNWO) for sup-

first order. In Fig. 12 we present its predictions using theport. The SR measurements were partly supported by the
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Ef —Ep=ai+(ai+b})'2 (A9)
APPENDIX: EIGENVALUES AND EIGENSTATES These relations mean thaf>) < E,, < E{?). In addition we
OF THE CEF HAMILTONIAN haveEQ) < EQ) |

We list the eigenvalues and associated eigenstates of the The eigenstates are better written in terms of mixing
CEF Hamiltonian in terms of th8™ parameters. We first angles because their normalization is then obvious. Other
define four intermediate parameters. Weaset — 1512032 notations are not so transparérffor that purpose we define
i 12032 — 2480, b, = \/m(lz_,’jJF%CBé), a, = 1134032 two anglesB; and 3, through their tangent:

+900B] —12BY, andb, = \/7(60B;—180B¢). The eigen- (a;+ JaZ1bD)
values are taﬂgizb— (A10)
i
(G5 0 0 0_ /.2 2\1/2
Ei1'=—1008®g+960B,+4B,—(a;+by) ™ (Al) The eigenstate expressions are
E{f'=—1008Bg+960By+4B3+ (ai+b)) "% (A2) IT(D)=2-V2s5ing, (|4) + | — 4)) — cogB,|0), (A1)
E,=5040B3 + 84(B3+ 2887, (A3) D@y =2-Y2c088,(|4) +| —4)) +sinB,[0), (A12)
Eis=2772@2— 660B]— 8B3— 180B} + 252(Bg, T o) =2"Y2(|4)—|—4Y), (A13)
(A4)
ITw)=2""4[2)-]-2)), (AL4)
E,,= 27722 — 660B0— 8B+ 18(B%— 252(B%, e
(A5) ITw)=2"Y4|2)+|-2)), (A15)
Els'=—1008@5 - 360B{—5B5— (a3 +b5)*  (A6) Ty =sinB,| +3) — cosB,| 7 1), (A16)
E{2)=—1008B2—360BS—5B5+ (a3+b3)Y2 (A7) T2 =cosB,| = 3) +sinB,| ¥ 1). (A17)
We note the following relations: We notice that when analyzing data it is more practical and
w 2 Lo physical to consider the energy difference between the CEF
Eii’ —Ep=a;—(a;+hby) (A8)  levels and the two mixing angles than tBf' parameters.
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