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Quadrupolar ordering and magnetic properties of tetragonal TmAu2
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Magnetic susceptibility, magnetization process, specific heat, ultrasonic velocity, and inelastic neutron scat-
tering experiments were performed on powdered and single-crystalline TmAu2 samples. TmAu2 with a simple
body-centered tetragonal MoSi2-type structure undergoes a transition to an antiferromagnetic state atTN of 3.2
K. An anomaly at 7.0 K is observed in the temperature dependence of specific heat and magnetic susceptibility.
A very large softening beyond 50% from 300 down to 7.0 K is also observed in the temperature dependence
of the elastic constant of theC11-C12 mode. The results reveal clearly that the anomaly at 7.0 K (5TQ)
originates from a ferroquadrupolar ordering with an orthorhombicg-symmetry-lowering mode. Separation
between the ground and the first excited singlet states of 4f levels is so small in the quadrupolar ordered phase
and a transition probability between these states is so extremely large that there occurs a Van Vleck antifer-
romagnetic transition at 3.2 K by exchange-induced magnetic moments arising from the transition between the
ground and the first excited singlet states.@S0163-1829~98!03634-0#
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I. INTRODUCTION

The study of the quadrupolar interaction in rare-earth
termetallic compounds has been developed greatly during
last couple of decades.1 In particular, quadrupolar ordering
have been found in paramagnetic states of cubic Tm
TmZn, and so on.2–4 It is considered that the ordering orig
nates cooperatively from the quadrupolar interaction
tween different 4f ions and the magnetoelastic interactio
Furthermore, it is known that the quadrupolar interaction
fluences magnetic properties severely. First-order magn
transitions occur accompanied by a lattice distortion as
TbP and DySb.5–8 Under the influence of quadrupolar inte
action, DyCu has a triple-q antiferromagnetic structure wher
the Dy moments align noncollinearly along threefold axes
the cubic symmetry.9 It becomes increasingly clear that th
quadrupolar interaction plays an important role in magne
transitions or magnetic structures.

Magnetic behaviors in a rare-earth compound are
scribed by~1! the crystalline electric field~CEF! acting on
the 4f ion, ~2! the interaction between the 4f magnetic mo-
ment and applied magnetic fields~Zeeman coupling!, ~3! the
exchange interaction between the 4f magnetic moments,~4!
the magnetoelastic interaction between the 4f ion and the
lattice, and~5! the quadrupolar interaction between thef
quadrupolar moments. Magnetic ordering occurs by the
change interaction between the 4f magnetic moments an
lattice distortion sometimes occurs due to magnetostric
through the magnetoelastic coupling. In other structu
phase transitions, there is the well-known cooperative Ja
PRB 580163-1829/98/58~10!/6339~7!/$15.00
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Teller distortion caused by the magnetoelastic interacti
According to the Jahn-Teller theorem, the magnetoela
modulation of the CEF corresponds to an energy gain
degenerate 4f orbitals which is larger than the elastic ener
loss at the thermodynamic equilibrium. These propert
have been extensively studied in many systems with an
bital degeneracy as reported for cubic spinels, in particu
in mixed chromites.10 Such a phenomenon occurs in the ra
earth insulator TmVO4 with a tetragonal zircon structure.11

The interaction in the cooperative Jahn-Teller effect is m
diated by phonons in these insulators.

On the other hand, in rare-earth intermetallics, the quad
polar interaction, which is mediated by conduction electro
dominates the magnetoelastic coupling. Depending on
sign of the quadrupolar interaction, ferroquadrupolar or a
ferroquadrupolar ordering occurs. For example, the ferroq
drupolar orderings are realized in TmCd and TmZn,2–4 and
the antiferroquadrupolar orderings are realized in CeB6 and
PrPb3.12,13 Generally, the quadrupolar interaction is weak
than the magnetic interaction, so there are not many c
pounds showing quadrupolar ordering. In other words,
quadrupolar orderings were almost observed in Tm, Ce,
Pr intermetallic compounds where the rare-earth ions h
weak magnetic interactions compared to other rare ear
For studying the magnetoelastic and quadrupolar inte
tions, the measurement of elastic constants using ultras
pulse is important. The elastic constants reflect the coup
of the strain caused by ultrasonic stress to the quadrup
moment, which is described by the orbital character of
6339 © 1998 The American Physical Society
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CEF state. Therefore, it is also necessary to know the C
exactly.

As mentioned above, quadrupolar interactions have b
studied mainly for compounds with cubic symmetry, sin
high symmetry is advantageous for the degeneration off
levels. However, the quadrupolar ordering occurs possibl
lower symmetries such as tetragonal or hexagonal ty
Very recently, Morin and Rouchy found the quadrupolar
dering in a tetragonal TmAg2 compound with a MoSi2-type
structure.14 The ferroquadrupolar ordering occurs at 5 K, a
the structure transforms simultaneously with an orthorho
bic g-symmetry-lowering mode.

In the present work, we study the magnetic and ma
netoelastic properties of TmAu2 which is isostructural to
TmAg2 with the space groupI4/mmm. TmAu2 undergoes
a transition to an antiferromagnetic state atTN of 3.2 K and
the antiferromagnetic structure is the sinusoidally mome
modulated one described by a propagation vector
q5(d d 0) with d50.392.15 Our interest is focused on th
roles of quadrupolar interaction between Tm31 ions in this
magnetic system. We performed magnetic susceptibi
magnetization process, specific heat, ultrasonic velocity,
inelastic neutron spectroscopy~INS! measurements. Th
CEF levels and eigenfunctions are determined by the
and the magnetic susceptibility measurements. The u
sonic velocity associated with different symmetry-loweri
modes of the tetragonal cell leads us to conclude that fe
quadrupolar ordering with orthorhombic symmetry occurs
TQ57.0 K in TmAu2. The results are discussed in the ba
of the CEF levels. We also calculated the CEF levels in
quadrupolar ordered state taking the quadrupolar interac
into account which is deduced from ultrasonic velocity me
surements. As a result, the antiferromagnetic ordering atTN
53.2 K in TmAu2 which has the singlet ground state
realized due to a large transition probability between
ground and the first excited states aroundTN . Therefore, we
conclude that there occurs an exchange-induced Van V
antiferromagnetic transition atTN .

II. EXPERIMENTAL

A sample compound was synthesized by a conventio
argon arc technique. To ensure homogeneity, the ingot
turned over and remelted several times. A powdered sam
was obtained from the ingot annealed at 900 °C for a w
in tantalum foil, which was sealed in an evacuated qua
tube. The x-ray powder diffraction pattern measured us
Cu-Ka radiation exhibits only the lines characteristic of t
MoSi2-type structure, which was interpreted well by the la
tice parameters ofa53.645 Å andc58.890 Å whose val-
ues are in good agreement with those reported previo
within experimental error.15 It was also confirmed that th
sample was a single-phase compound since no indicatio
a secondary phase was found after annealing. The si
crystal was grown by the Czochralski method using a tri
furnace. The single-crystalline samples were shaped in
sphere with diameter of about 3 mm for the magnetizat
measurements and into a rectangle with about 333
33 mm3 for the ultrasonic velocity measurement.

The temperature dependence of the magnetic suscep
ity was measured in the range 2.8–300 K using a superc
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ducting quantum interference device~SQUID! magnetome-
ter. Magnetization process was measured using a vibrat
sample magnetometer under magnetic fields up to 150 k
The high magnetic fields were produced using a wa
cooled Bitter-type magnet at the High Field Laboratory f
Superconducting Materials~HFLSM! in Tohoku University.
The specific heats under magnetic fields were measured
tween 1.5 and 100 K using a usual adiabatic method.
elastic constants were determined from the velocity meas
ments of ultrasonic transverse wave propagating along tha,
c, and 110 axes by a phase-comparison method. The inel
neutron spectroscopy experiments in order to determine
CEF parameters were performed by a crystal-analyzer-t
spectrometer~CAT! at the spallation neutron source~KENS!
in the National Laboratory for High Energy Physics in Japa
The energy of the scattered neutrons of the CAT is fixed
3.9 meV by a pyrolytic graphite crystal analyzer, where t
energy resolution isD«/«;2% in a wide energy range o
1–1000 meV.16

III. RESULTS AND DISCUSSION

Figure 1~a! shows the temperature dependence of
magnetic susceptibilitiesx, along thea, c, and 110 axes of
the single-crystalline TmAu2. These were measured under

FIG. 1. ~a! Temperature dependence of the magnetic susce
bilities of single-crystalline TmAu2 along thea ~circles!, c ~full
circles!, and 110 axes~triangles! where the magnetic field of 1 kOe
is applied. The inset shows the susceptibility along thec axis in a
precise scale.~b! Temperature dependence of the reciprocal susc
tibilities along thea ~open circles!, c ~full circles!, and 110 axes
~triangles! of TmAu2 . The solid lines indicate calculated suscep
bilities along thea andc axes using the CEF parameters~see text!.
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applied field of 1 kOe in order to avoid a field-induced tra
sition which occurs at a low magnetic field as described la
The Néel temperature is determined to beTN53.2 K from
antiferromagnetic cusps observed clearly in thex-T curves
along thea and 110 axes. The magnetic susceptibilities
low temperatures, unexpectedly, are not isotropic in the b
plane in spite of the tetragonal symmetry. The inset in
figure shows again the temperature dependence of the m
netic susceptibility along thec axis in a precise scale. A
small anomaly is surely observed at 7.0 K in addition to
anomaly atTN . It is noted that the anomaly at 7.0 K is rath
smaller than an expected value originating from a magn
ordering. This anomaly at 7.0 K is similar to that originatin
from the quadrupolar ordering in TmAg2.14 It will be clari-
fied that the anomaly at 7.0 K originates from a ferroquad
polar ordering, which will be evidenced by the other expe
mental results and discussed on the basis of the 4f levels
under the CEF calculation. As shown in Fig. 1~b!, the recip-
rocal susceptibilityx21-T curves along thea, c, and 110
axes satisfy the Curie-Weiss law above 50 K. Paramagn
Curie temperatures are determined to beup

a510.23 K, up
110

51.90 K, andup
c5229.74 K, respectively. Effective para

magnetic moments are also determined to bemeff
a

57.51mB /f.u., meff
11057.67mB /f.u., and meff

c 57.47mB /f.u.,
respectively, whose values almost agree with the theore
one of 7.56mB for the Tm31 ion. In Figs. 1~a! and 1~b!, the
solid lines are calculated using the CEF parameters de
mined by the results of the INS, magnetic susceptibility, a
ultrasonic velocity measurements. The calculated cur
agree qualitatively with the observed curves.

Figure 2 shows the inelastic neutron scattering spectr
TmAu2 and YAu2 observed at a scattering angle of 43° at
K. The well-defined excitations are observed obviou
around 3.0, 5.8, 8.8, and 12.2 meV. All peaks are attributa
to those by magnetic excitations, since no peak is found
this energy region in YAu2 whose spectrum shows a phono
contribution. In the figure, the solid line is a fitted curv
using a refined set of the CEF parameters. The broad p
by phonon scattering are observed at a 16–40 meV regio
both spectra of TmAu2 and YAu2. The temperature depen

FIG. 2. Inelastic neutron spectra of TmAu2 ~open circles! and
YAu2 ~triangles! at 20 K. The solid line is fitting curve using th
CEF parameters~see text!. The peaks A, B, D, E, and F indicate th
transitions from the ground stateG5

(1) to G1
(1) , G3

(2) , G5
(2) , G2 , and

G4
(1) , respectively~see Table I!. The peaks C and G show the tra

sitions from the first excited stateG1
(1) to G5

(2) and G5
(3) , respec-

tively.
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dence of the magnetic susceptibilities, and the inelastic n
tron spectra of TmAu2 are explained satisfactorily by
unique set of the CEF parameters obtained by the pre
procedure. The Hamiltonian for the crystalline electric fie
interactionHCEF of the tetragonal symmetryD4h of Tm31

ion is given by

HCEF5B2
0O2

01B4
0O4

01B4
4O4

41B6
0O6

01B6
4O6

4 . ~1!

Here, Ol
m is the Stevens equivalent operators expressed

the angular momentumJx , Jy , andJz . The 4f multiplet of
Tm31 (J56) split into seven singlets and three double
(2G11G212G312G413G5). The eigenfunctions and al
lowed transitions among these CEF levels have been s
marized by Blanco, Gignoux, and Schmitt.20 TheB2

0 value is
at first estimated approximately from the reciprocal susc
tibilities of the single crystal using the relations as follows17

x [001]
21 2x [110]

21 5
3

2

~2J21!~2J13!

5C
B2

0 ,

x [001]
21 ~T!12x [110]

21 ~T!53
T2u*

C
, ~2!

whereC is the Curie constant andu* the paramagnetic Curie
temperature. From the present data as shown in Fig. 1~b!,
Dx21(5x [001]

21 2x [110]
21 ) is estimated to be 37.27 kOe/mB

at 300 K. The average of the Curie constant is determi
to be 1.285 kOe/mB (7.57mB /f.u.). From Eq.~2!, conse-
quently, theB2

0 and u* values are estimated to be 0.97
and 27.03 K, respectively. ThisB2

0 value was used as th
initial parameter in order to estimate the fourB4

m and
B6

m parameters. These parameters should explain the
level obtained from the INS spectra and the susceptibi
curves. The fitting was done based on the express
of magnetic susceptibility.19 The CEF parameters are re
fined to be B2

050.967 K, B4
050.950 mK, B4

4525.27
mK, B6

050.163 mK, andB6
451.20 mK. Table I summa-

rizes the CEF level spacing and eigenfunctions. The anal
reveals that the ground state is aG5

(1) doublet and the first
excited stateG1

(2) is a singlet which locates at 3.58 K from
the ground state.

The temperature dependence of the elastic consta
transverseC66, C44, and C11-C12 ultrasonic modes, are
shown in Fig. 3. A very large softening beyond 50% fro
300 down to 7.0 K was observed in theC11-C12 mode. This
fact is surely one of the results which evidences the occ
rence of the quadrupolar ordering atTQ57.0 K. Such a
phenomenon is very similar to that of TmAg2 .14 The dotted
line indicates C0

g which is the elastic constant if th
quadrupole-strain interaction is switched off in the figu
The solid line is a fitted curve using the CEF, magnetoel
tic, and quadrupolar interaction parameters. The elastic
ergy of the crystal can be expressed by the elastic strain.
ultrasonic pulse induces the elastic strain, which perturbs
CEF levels of 4f electrons. The microscopic origin of thi
interaction can be considered as the quadrupolar momen
the 4f electronic states with an orbital angular mome
coupled to the appropriate strains. The interaction betw
the quadrupolar moment and the elastic strain appears s
tively in the temperature dependence of elastic consta
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TABLE I. All eigenfunctions calculated using the CEF parameters ofB2
050.967 K, B4

050.950 mK, B4
4525.27 mK, B6

0

50.163 mK, andB6
451.20 mK.

Energy~K! Label G i Eigenfunctions

209.0 G4
(2) 20.6224u26&20.3356u22&10.3356u2&10.6224u6&

198.1 G3
(1) 20.6796u26&20.1954u22&20.1954u2&20.6796u6&

133.3 G5
(3) 20.9467u23&10.2983u1&10.1215u5&

0.1215u25&10.2983u21&20.9467u3&
105.0 G4

(1) 0.3356u26&20.6224u22&10.6224u2&20.3356u6&
99.4 G1

(2) 0.7065u24&10.0431u0&10.7065u4&
99.2 G2 20.7071u24&20.7071u4&
70.6 G5

(2) 0.2657u23&10.5098u1&10.8182u5&
0.8182u25&10.5098u21&10.2657u3&

34.6 G3
(2) 20.1954u26&10.6796u22&10.6796u2&20.1954u6&

3.6 G1
(1) 20.0305u24&10.9991u0&20.0305u4&

0.0 G5
(1) 20.1821u23&20.8069u1&10.5619u5&

0.5619u25&20.8069u21&20.1821u3&
b
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Th
Theoretical description of the interaction has been studied
many researchers.10,18,21 In many intermetallic rare-earth
compounds, the quadrupolar interaction also influences
temperature dependence of the elastic constants.22 The scat-
tering of the conduction electrons by the electric quadrupo
moments of 4f electrons leads to a quadrupolar interacti
such as the RKKY mechanism. When the quadrupolar m
ment at different rare-earth ion sites fluctuates incoheren
the molecular field approximation~MFA! is applicable. Both
the quadrupolar and magnetoelastic terms can be grou
together in the total quadrupolar Hamiltonian14

FIG. 3. Temperature dependence of the elastic constant
transverseC66, C44, and C11-C12 modes. TheC0

g is the back
ground elastic constant deduced from the CEF calculation.
solid line is the calculated curve.
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HQT52Ga^O2
0&O2

02Gg^O2
2&O2

22Gd^Pxy&Pxy

2G«@^Pyz&Pyz1^Pzx&Pzx#, ~3!

where the total quadrupolar parametersGm are defined as

Ga5
~Ba1!2C0

a222Ba1Ba2C0
a121~Ba2!2C0

a1

C0
a1C0

a22~C0
a12!2

1Ka, ~4!

Gg5
~Bg!2

C0
g

1Kg, ~5!

Gd5
~Bd!2

C0
d

1Kd, ~6!

G«5
~B«!2

C0
«

1K«. ~7!

The equivalent operators of quadrupolar moment are
pressed as follows:O2

053Jz
22J(J11), O2

25Jx
22Jy

2 , and
Pi j 5

1
2 (JiJj1JjJi), where (i , j 5xy,yz,zx). The Bm’s and

Km’s are the magnetoelastic coefficients and the quadrup
interaction parameter between the rare-earth ions, res
tively. The Cm’s are the elastic constants:Ca15 1

3 (2C11
12C1214C131C33), Ca252 1

3 (C111C1224C1312C33),
Cg5C112C12, Cd52C66, andC«52C44. The experimen-
tal results of the temperature dependence of the elastic
stants reveal that an orthorhombicg-symmetry lowering
mode is dominant, and hence the following discussion w
be limited to theg mode. The temperature dependence
elastic constants is described by treating the quadrup
strain interaction as a perturbation:18

Cg~T!5C0
g~T!2~Bg!2

xg~T!

12Kgxg~T!
, ~8!
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whereC0
g(T) is the background when there exists no ma

netic interaction.xg(T) is the well-known strain susceptibil
ity which implies the quadrupolar response of t
4 f -electronic system.23

The analysis for the elastic softening inC11-C12 mode
providesBg533.4 K andKg510.6 mK. The total quadru
polar parameter is givenGg522.5 mK. This quadrupola
ordering is ferrotype because ofKg.0.

In the quadrupolar ordered phase betweenTQ andTN , the
crystal structure is considered to transform from tetragona
orthorhombic which is caused by the ferroquadrupolar ord
ing. The strain originated from quadrupolar ordering is
orthorhombicg-symmetry-lowering mode, and then the o
dering parameter iŝO2

2&. Taking the dominantg strain
mode into account, the Hamiltonian is rewritten as

H5HCEF2Gg^O2
2&O2

2 . ~9!

The ordering parameter̂O2
2& depending on temperatur

can be obtained by self-consistent diagonalization of Eq.~9!
and minimization of the free energyF(T)52T ln Z
1(Gg/2)^O2

2&2 with regard to^O2
2&. The calculated result o

the temperature dependence of low-lying CEF levels
tweenTQ andTN is shown in Fig. 4. The present CEF mod
predicts that the ground stateG5

(1) doublet separates below
TQ accompanying with the structural phase transition cau
by the ferroquadrupolar ordering, that is, the one sing
(ug&) goes toward the lowest energy, and the other sin
(ue2&) goes toward higher energy with decreasing tempe
ture belowTQ . The separation betweenug& and ue2& is d2

513.8 K at TN . On the other hand, the first excitedG1
(2)

singlet lowers and approaches the new singlet ground s
ug& with decreasing temperature and locates in a lower
ergy level than theue2& singlet just belowTQ . The separa-
tion betweenug& and ue1& is d157.2 K atTN .

Figure 5~a! shows the temperature dependence of the s
cific heat of TmAu2 under magnetic fields of 0 and 5.5 kO
along thea axis, where the specific heat of the isostructu
YAu2 compound is also shown by solid lines. The phon
contribution estimated from the specific heat of YAu2 is neg-
ligibly small below 10 K compared with the magnetic part
TmAu2 . Under zero magnetic field, anomalous specific he
are observed at 3.2 and 7.0 K, which originate from
antiferromagnetic ordering and the ferroquadrupolar ord

FIG. 4. Temperature dependence of the low-lying CEF lev
calculated betweenTQ andTN .
-
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ing, respectively. Under the field of 5.5 kOe, the anomalo
specific heats are observed at 2.2, 2.5, and 7.0 K. The ne
appeared transition at 2.2 K corresponds well to the fie
induced transition from the antiferromagnetic state to an
termediate one atHc1

a shown in Fig. 6~a! as described later
Figure 5~b! shows the temperature dependence of the
tropy of the electronic contribution under zero field. It
remarkable that the value of the entropy reaches nearlyR ln 2
aroundTN and reaches nearlyR ln 3 aroundTQ . This result
is explained well by the present CEF model, that is,
ground stateG5

(1) doublet and the first excitedG1
(2) singlet are

regarded as a pseudotriplet aboveTQ . The ground stateug&
singlet and the first excitedue1& singlet behave as a pseud
doublet betweenTQ andTN . We note that the antiferromag
netic transition occurs atTN53.2 K in TmAu2 in spite of
the singlet ground stateug& in the quadrupolar ordered phas
The transition probability between the groundug& and the
first excitedue1& singlet states is extremely large compar
to several other transitions at temperatures betweenTQ and
TN . Therefore, the magnetic transition realized in TmAu2 is
a Van Vleck antiferromagnetic one occurring because of
exchange induced magnetic moment between the groundug&
and the first excitedue1& singlets. When two singlets ar
separated by an energyd and neglecting all the other state
determination of the pole ofx(q,v,T) gives the following
relation according to the random phase approximat
~RPA!19

v~q!5dH 12
2

d
uM u2J~q!tanhS d

2TD J 1/2

, ~10!

where J(q) is the Fourier transformation of bilinear mag
netic exchange integral andM the transition probability be-

s

FIG. 5. ~a! Temperature dependence of the specific heat
TmAu2 under the applied magnetic field of 0~open circles! and 5.5
kOe ~crosses!. The solid line shows that of YAu2 . ~b! Temperature
dependence of the entropy in TmAu2 without the applied field.
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tween the two levels. As is clear in this equation, when
uM u2J(q) value is so large that thev(q) value becomes zero
a magnetic transition occurs in spite of the singlet grou
state. In the case of TmAu2, it is obtained to beuM u2
540.46 andJ(q)50.11 K in the condition ofv(q)50 at
TN53.2 K andd57.2 K. Usually, the value ofJ(q) in Tm
compounds with a doublet ground state is estimated to
aboutTN . In TmAu2, J(q) is much smaller than in the usua
cases. In TmAg2 with the same crystal structure as TmAu2,
no magnetic transition occurs.14 The low-lying CEF levels in
TmAg2 consist of the ground stateG5

(1) doublet and the first
excited stateG1

(2) singlet which have an energy separation
14.0 K. Even belowTQ55.0 K, the first excited state re
mains at a higher level than two singlets separated from
doublet by the quadrupolar ordering. Moreover, the tran
tion probability between the ground and the first excited s
glets in the quadrupolar ordered phase is very small c
pared to that of TmAu2. Consequently, it is considered that
Van Vleck transition in TmAg2 does not even occur.

Figure 6~a! shows the magnetization processes (M -H
curves! at 1.5 K measured in magnetic fields up to 50 kO
along thea, 110, andc axes, respectively. Two field-induce
transitions are observed atHc1

a 52.7 kOe and Hc2
a

59.3 kOe along thea axis. A saturation magnetization o
M sat

a 56.9mB /f.u. is obtained by theM -H curves measured
under the fields up to 150 kOe along thea axis. Two field-
induced transitions are also observed atHc1

11053.4 kOe and

FIG. 6. ~a! Magnetization curves of TmAu2 at 1.5 K in magnetic
fields up to 50 kOe along thea, 110, andc axes.~b! The observed
and the calculated magnetization processes along thea andc axes at
4.2 K in the quadrupolar ordered state. The dots indicate the
served curve. The solid and the broken lines indicate the calcul
curves usingGg of 22.5 and that of 0 mK, respectively.
e

d

e

f

e
i-
-
-

Hc2
110512.5 kOe along the 110 axis. High-field measurem

also shows that the magnetization reaches a saturation v
of M sat

11055.2mB /f.u. TheM sat
110 value is close to the magneti

moment component ofM sat
a (4.9mB /f.u.5M sat

a cos 45°).
Moreover, Hc1

110 and Hc2
110 are almost Hc1

a /cos 45° and
Hc2

a /cos 45°, respectively. These results indicate that the
moments align along thea axis. It is interesting that the
magnetic moments align along thea axis with large magnetic
anisotropy, although it is expected that the anisotropy
small in the basal plane with tetragonal symmetry. This
sult ensures that the structural phase transition from tetra
nal to orthorhombic phase atTQ occurs. Figure 6~b! shows
the observed and calculated magnetization processes a
the a andc axes in the quadrupolar ordered phase at 4.2
The magnetization process betweenTQ and TN can be cal-
culated by diagonalizing the Hamiltonian self-consistently
follows:

H5HCEF2gJmBH•J2Gg^O2
2&O2

2 . ~11!

The second term expresses the Zeeman coupling betwee
4 f magnetic momentM5gJmB^J& and the applied fieldH
which is corrected for demagnetization effects. In the figu
the dots indicate the observed curve. The solid and the
ken lines are the calculated curves usingGg of 22.5 and 0
mK, respectively. The calculated magnetization curves us
Gg522.5 mK along thea andc axes are in good agreeme
with the observed curves, especially the initial part of t
curves, compared to the calculated curves using only
CEF term (Gg50 mK). The anomalous magnetizatio
curve along thec axis around 40 kOe indicates the structu
phase transition from the orthorhombic to tetragonal pha
where the quadrupolar order is destroyed by the magn
field. The deviation from the observed value is attributable
the magnetic exchange interaction, since the measured
perature of 4.2 K is just aboveTN .

Figure 7 shows theH-T phase diagram of TmAu2 under
the fields applied along thea axis which is drawn by the
results of the specific heat, magnetization curve, and ul
sonic velocity measurements. The Tm moments are force
align along thea axis with a large magnetic anisotropy
where the tetragonal symmetry aboveTQ is broken below
TQ . This originates in the large magnetic anisotropy in t
basal plane through the structural transformation.

b-
ed

FIG. 7. Phase diagram of TmAu2 under the magnetic fields ap
plied along thea axis.
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IV. CONCLUSIONS

In this paper, the study of the magnetic and magnetoe
tic properties makes it clear that quadrupolar ordering in
tragonal TmAu2 intermetallics occurs. The analysis of th
elastic constant of theC11-C12 mode reveals that this qua
drupolar ordering is ferroquadrupolar type with an orth
rhombic g-symmetry-lowering mode. The five CEF param
eters are deduced from inelastic neutron scattering spe
and the magnetic susceptibilities in TmAu2. Antiferromag-
netic ordering also occurs belowTQ . The temperature de
pendence of the low-lying CEF level scheme betweenTQ

andTN was calculated. We conclude that the magnetic tr
sition in TmAu2 is a Van Vleck antiferromagnetic one oc
curring because of the exchange-induced magnetic mom
between the ground and first excited singlets.

A neutron diffraction experiment at low temperatures
J

o

a

s-
-

-

tra

-

nt

now in progress in order to observe the structural phase t
sition at TQ and to determine the magnetic structure. It
expected that the quadrupolar interaction severely influen
the magnetic structure. Furthermore, we plan to observe
low-lying CEF levels around transition temperatures w
high resolution inelastic neutron spectroscopy.
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7F. Lévy, Phys. Kondens. Mater.10, 85 ~1969!.
8E. Bucher, R. J. Birgeneau, J. P. Maita, J. P. Felcher, and T.

Brun, Phys. Rev. Lett.28, 746 ~1972!.
ity,

o-

ku

Nii-
n.

O.
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