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Quadrupolar ordering and magnetic properties of tetragonal TmAu,
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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 T sakaples. TmAuwith a simple
body-centered tetragonal MgSype structure undergoes a transition to an antiferromagnetic stafecdt3.2
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 th€,,-C,, mode. The results reveal clearly that the anomaly at 7.0=KT §)
originates from a ferroquadrupolar ordering with an orthorhompisymmetry-lowering mode. Separation
between the ground and the first excited singlet stated ¢dvels 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 statg80163-182€08)03634-(

[. INTRODUCTION Teller distortion caused by the magnetoelastic interaction.
According to the Jahn-Teller theorem, the magnetoelastic
The study of the quadrupolar interaction in rare-earth in-modulation of the CEF corresponds to an energy gain by
termetallic compounds has been developed greatly during thedegenerate #orbitals which is larger than the elastic energy
last couple of decadésin particular, quadrupolar orderings loss at the thermodynamic equilibrium. These properties
have been found in paramagnetic states of cubic TmCdhave been extensively studied in many systems with an or-
Tmzn, and so oA It is considered that the ordering origi- bital degeneracy as reported for cubic spinels, in particular,
nates cooperatively from the quadrupolar interaction bein mixed chromites? Such a phenomenon occurs in the rare-
tween different 4 ions and the magnetoelastic interaction. earth insulator TmVQ with a tetragonal zircon structuté.
Furthermore, it is known that the quadrupolar interaction in-The interaction in the cooperative Jahn-Teller effect is me-
fluences magnetic properties severely. First-order magnetigiated by phonons in these insulators.
transitions occur accompanied by a lattice distortion as in  op the other hand, in rare-earth intermetallics, the quadru-

_8 . .
TbP and DyS®: Under the influence of quadrupolar inter- ooy interaction, which is mediated by conduction electrons,
action, DyCu has a triplg-antiferromagnetic structure Where_ dominates the magnetoelastic coupling. Depending on the

the Dy moments align noncolllne_arly alo_ng threefold axes "Nsign of the quadrupolar interaction, ferroquadrupolar or anti-
the cubic symmetry.It becomes increasingly clear that the

. : . ; - ferroquadrupolar ordering occurs. For example, the ferroqua-
guadrupolar interaction plays an important role in magnetic : : .

. . drupolar orderings are realized in TmCd and TnfZhand
transitions or magnetic structures.

Magnetic behaviors in a rare-earth compound are de?iaqtz'fggquadrﬁpofr orde(rjmgs lare_ reahze_d m_g:aBdk
scribed by(1) the crystalline electric fieldCEF acting on rPh. enerally, the quadrupolar interaction Is weaker

the 4f ion, (2) the interaction between thef 4nagnetic mo- than the mag.netic interaction, so there are not many com-
ment and applied magnetic fiel@&eeman coupling (3) the pounds showing c_]uadrupolar ordering. In other words, the
exchange interaction between the mhagnetic momentg4) qugdrupolar o_rderlngs were almost observed in Tm, Ce, and
the magnetoelastic interaction between tteidn and the Pr intermetallic compounds where the rare-earth ions have
lattice, and(5) the quadrupolar interaction between thé 4 weak magnetic interactions compared to other rare earths.
quadrupolar moments. Magnetic ordering occurs by the exEor studying the magnetoelastic and quadrupolar interac-
change interaction between thé #nagnetic moments and tions, the measurement of elastic constants using ultrasonic
lattice distortion sometimes occurs due to magnetostrictiopulse is important. The elastic constants reflect the coupling
through the magnetoelastic coupling. In other structurabf the strain caused by ultrasonic stress to the quadrupolar
phase transitions, there is the well-known cooperative Jahrmoment, which is described by the orbital character of the
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CEF state. Therefore, it is also necessary to know the CEF T
exactly. 30

0.5 .
As mentioned above, quadrupolar interactions have been T TmAu, o o4l R
studied mainly for compounds with cubic symmetry, since  _ s ) § 03 _ﬁ\ -
high symmetry is advantageous for the degenerationfof 4 ¥ oL ¢ A g 02 ¢ cads q |
levels. However, the quadrupolar ordering occurs possibly in ﬁ N %01 o ]
lower symmetries such as tetragonal or hexagonal types. & _ s 10 15 2
Very recently, Morin and Rouchy found the quadrupolar or- R b ¢ 110-axis .

dering in a tetragonal TmAgcompound with a MoSitype
structure* The ferroquadrupolar ordering occurs at 5 K, and c-axis
the structure transforms simultaneously with an orthorhom-
bic y-symmetry-lowering mode.

In the present work, we study the magnetic and mag--
netoelastic properties of TmAuwhich is isostructural to
TmAg, with the space group4/mmm TmAu, undergoes
a transition to an antiferromagnetic stateTatof 3.2 K and
the antiferromagnetic structure is the sinusoidally moment-
modulated one described by a propagation vector of
g=(6 & 0) with 5=0.392%° Our interest is focused on the
roles of quadrupolar interaction between ¥'mions in this
magnetic system. We performed magnetic susceptibility,
magnetization process, specific heat, ultrasonic velocity, and
inelastic neutron spectroscopyNS) measurements. The
CEF levels and eigenfunctions are determined by the INS
and the magnetic susceptibility measurements. The ultra- 0 l l l l l
sonic velocity associated with different symmetry-lowering 0 50 100 ,113?) 200 250 300
modes of the tetragonal cell leads us to conclude that ferro-
quadrupolar ordering with orthorhombic symmetry occurs at  FIG. 1. (a) Temperature dependence of the magnetic suscepti-
To=7.0 Kin TmAW,. The results are discussed in the basisbilities of single-crystalline TmAy along thea (circles, ¢ (full
of the CEF levels. We also calculated the CEF levels in theircles, and 110 axegtriangles where the magnetic field of 1 kOe
qguadrupolar ordered state taking the quadrupolar interactiois applied. The inset shows the susceptibility along ¢rexis in a
into account which is deduced from ultrasonic velocity mea-precise scaleb) Temperature dependence of the reciprocal suscep-
surements. As a result, the antiferromagnetic orderirfat tibilities along thea (open circleg c (full circles), and 110 axes
=3.2 K in TmAw, which has the singlet ground state is (triangles of TmAu,. The solid lines indicate calculated suscepti-
realized due to a large transition probability between thebilities along thea andc axes using the CEF parametésee text
ground and the first excited states arodnd Therefore, we
conclude that there occurs an exchange-induced Van Vieditucting quantum interference devicBQUID) magnetome-
antiferromagnetic transition aty . ter. Magnetization process was measured using a vibrating-
sample magnetometer under magnetic fields up to 150 kOe.
The high magnetic fields were produced using a water-
cooled Bitter-type magnet at the High Field Laboratory for

A sample compound was synthesized by a conventionapuperconducting Material$iFLSM) in Tohoku University.
argon arc technique. To ensure homogeneity, the ingot wakhe specific heats under magnetic fields were measured be-
turned over and remelted several times. A powdered sampfveen 1.5 and 100 K using a usual adiabatic method. The
was obtained from the ingot annealed at 900 °C for a weelelastic constants were determined from the velocity measure-
in tantalum foil, which was sealed in an evacuated quartZNents of ultrasonic transverse wave propagating along,the
tube. The x-ray powder diffraction pattern measured using> @hd 110 axes by a phase-comparison method. The inelastic
CuXK, radiation exhibits only the lines characteristic of the N€utron spectroscopy experiments in order to determine the
MoSi,-type structure, which was interpreted well by the lat- CEF parameters were performed by a crystal-analyzer-type
tice parameters od=3.645 A andc=8.890 A whose val- SPectromete(CAT) at the spallation neutron Sourd¢ENS)
ues are in good agreement with those reported previousiy the National Laboratory for High Energy Physics in Japan.
within experimental errof® It was also confirmed that the |he energy of the scattered neutrons of the CAT is fixed at
sample was a single-phase compound since no indication 69 MeV by a pyrolytic graphite crystal analyzer, where the
a secondary phase was found after annealing. The singRN€rgy resolution i\e/e~2% in a wide energy range of
crystal was grown by the Czochralski method using a triarcl—1000 me\:
furnace. The single-crystalline samples were shaped into a

x‘1(103 gfemu)

Il. EXPERIMENTAL

sphere with diameter of about 3 mm for the magnetization Il RESULTS AND DISCUSSION
measurements and into a rectangle with about 33 '
X3 mn? for the ultrasonic velocity measurement. Figure Xa) shows the temperature dependence of the

The temperature dependence of the magnetic susceptibilragnetic susceptibilitieg, along thea, ¢, and 110 axes of
ity was measured in the range 2.8—300 K using a supercorthe single-crystalline TmAu These were measured under an
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dence of the magnetic susceptibilities, and the inelastic neu-
tron spectra of TmAg are explained satisfactorily by a
unigue set of the CEF parameters obtained by the present
procedure. The Hamiltonian for the crystalline electric field
interactionHcgr of the tetragonal symmetr,, of Tm®*

ion is given by

Intensity (arb. units)

Heer= B30+ BJ0S+ B0+ B0+ BgOs. (1)

Here, O" is the Stevens equivalent operators expressed by
1 ) LAY A A R A skt o the angular momentuy, J,, andJ,. The 4f multiplet of
"2 00 2 4 6 8 10 12 14 Tm®* (J=6) split into seven singlets and three doublets
Energy Transfer (meV) (2T +T,+2I'3+ 2T, +3I'g). The eigenfunctions and al-
lowed transitions among these CEF levels have been sum-
FIG. 2. Inelastic neutron spectra of TmApen circles and  arized by Blanco, Gignoux, and SchnffThe Bg value is
YAu, (triangles at 20 K. The solid line is fitting curve using the at first estimated approximately from the reciprocal suscep-

CEF parametergsee text The peaks A, B, D, E, and F indicate the tibiliti ; ; ; .
es of the single crystal using the relations as follot{s:
transitions from the ground staf&) to 'Y, TP, T?, T',, and gie ey ¢

1"21), respectively(see Table). The peaks C and G show the tran- _ B 3(2J-1)(23+3) 0
sitions from the first excited state{”) to 'Y and 'Y, respec- Xjooy~ X100~ — 5¢  D2:
tively.
N . . Y i - - T—6*
a_p'plled fl_eld of 1 kOe in order to aqu a field mduped tran X[O(l)l](T)_{—zX[liO](T):?’T’ )
sition which occurs at a low magnetic field as described later.

Th?f Nel tempg{rature IS ditermmdedlto ?9.23'2 K from whereC is the Curie constant angl the paramagnetic Curie
antiferromagnetic cusps observed clearly in §h& curves temperature. From the present data as shown in Rig, 1

along thea and 110 axes. The magnetic susceptibilities at Xfl(:X[foél]_XfﬁO]) is estimated to be 37.27 kQe4

low temperatures, unexpectedly, are not isotropic in the bas%t 300 K. The average of the Curie constant is determined

plane in spite of the tetragonal symmetry. The inset in th
figure shows again the temperature dependence of the m% be 1.285 KOgkg (7.57us/f.u.). From Eq.(2), conse-

0 * i
netic susceptibility along the axis in a precise scale. A uently, theB; and 6 values are estimated to be 0.970

small anomaly is surely observed at 7.0 K in addition to the?Nd —7.03 K, respectively. Thlﬁg.value was used as the
anomaly afT . It is noted that the anomaly at 7.0 K is rather initial parameter in order to estimate the fo&j' and
smaller than an expected value originating from a magneti®s parameters. These parameters should explain the CEF
ordering. This anomaly at 7.0 K is similar to that originating level obtained from the INS spectra and the susceptibility
from the quadrupolar ordering in TmAd* It will be clari- curves. The fitting was done based on the expressions
fied that the anomaly at 7.0 K originates from a ferroquadru0f magnetic susceptibility? The CEF parameters are re-
polar ordering, which will be evidenced by the other experi-fined to be BJ=0.967 K, B3=0.950 mK, Bj}=—5.27
mental results and discussed on the basis of thdegels mK, B2=0.163 mK, andBg=1.20 mK. Table | summa-
under the CEF calculation. As shown in Figb}l, the recip- rizes the CEF level spacing and eigenfunctions. The analysis
rocal susceptibilityy *-T curves along thea, ¢, and 110 reveals that the ground state isl“él) doublet and the first
axes satisfy the Curie-Weiss law above 50 K. Paramagnetigxcited statd{?) is a singlet which locates at 3.58 K from
Curie temperatures are determined to&lgec 10.23 K, ‘9;1»10 the ground state.
=1.90 K, and0,°)=—29.74 K, respectively. Effective para- The temperature dependence of the elastic constants,
magnetic moments are also determined to b€;  transverseCg, Cyy, and Cy;-Cy, ultrasonic modes, are
=75lug/fu., ui’=7.67ug/fu., and uSy=7.47ug/f.u.,  shown in Fig. 3. A very large softening beyond 50% from
respectively, whose values almost agree with the theoretic&00 down to 7.0 K was observed in tg,-C,, mode. This
one of 7.5G.5 for the Tn?* ion. In Figs. 1a) and 1b), the  fact is surely one of the results which evidences the occur-
solid lines are calculated using the CEF parameters deterence of the quadrupolar ordering @,=7.0 K. Such a
mined by the results of the INS, magnetic susceptibility, andehenomenon is very similar to that of TmAg* The dotted
ultrasonic velocity measurements. The calculated curvelne indicates C{ which is the elastic constant if the
agree qualitatively with the observed curves. guadrupole-strain interaction is switched off in the figure.
Figure 2 shows the inelastic neutron scattering spectra ofhe solid line is a fitted curve using the CEF, magnetoelas-
TmAuU, and YAU, observed at a scattering angle of 43° at 20tic, and quadrupolar interaction parameters. The elastic en-
K. The well-defined excitations are observed obviouslyergy of the crystal can be expressed by the elastic strain. The
around 3.0, 5.8, 8.8, and 12.2 meV. All peaks are attributabl@ltrasonic pulse induces the elastic strain, which perturbs the
to those by magnetic excitations, since no peak is found ifCEF levels of 4 electrons. The microscopic origin of this
this energy region in YAuwhose spectrum shows a phonon interaction can be considered as the quadrupolar moment of
contribution. In the figure, the solid line is a fitted curve the 4f electronic states with an orbital angular moment
using a refined set of the CEF parameters. The broad peaksupled to the appropriate strains. The interaction between
by phonon scattering are observed at a 16—40 meV region ithe quadrupolar moment and the elastic strain appears sensi-
both spectra of TmApand YAw. The temperature depen- tively in the temperature dependence of elastic constants.
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TABLE I. All eigenfunctions calculated using the CEF parameters B§=0.967 K, B9=0.950 mK, B}=—5.27 mK, B2
=0.163 mK, andB¢=1.20 mK.

Energy(K) LabelT’, Eigenfunctions

209.0 re —0.6224—6)—0.3356—2) +0.33562) + 0.62246)

198.1 NS —0.6796—6)—0.1954— 2)—0.19542) — 0.67966)

133.3 re —0.9467—3)+0.29831) +0.12145)
0.121%—5)+0.2983—1)—0.94673)

105.0 rey 0.3356—6)—0.6224—2) +0.62242) — 0.33566)

99.4 r 0.706%—4)+0.04310) +0.70654)

99.2 r, —0.7071-4)—0.70714)

70.6 re 0.2657—3)+0.50981) + 0.818245)
0.8182—5)+0.5098— 1)+ 0.26573)

34.6 re —0.1954—6)+0.6796—2) +0.67962) —0.19546)

3.6 N —0.0305—4)+0.99910) — 0.03054)

0.0 re —0.1821—3)—0.80691) + 0.56195)

0.5619—5)—0.8069— 1) —0.18213)

Theoretical description of the intergction has peen studied by Hor= —G“(Og)og—GV(O§>O§—G‘5(PXy>PXy
many researchef8:'®?! |n many intermetallic rare-earth

compounds, the quadrupolar interaction also influences the —G°[(Pyp)Py,+ (P2 Py, 3
temperature dependence of the elastic constarftke scat-

tering of the conduction electrons by the electric quadrupolawhere the total quadrupolar paramet&@* are defined as
moments of 4 electrons leads to a quadrupolar interaction

such as the RKKY mechani'sm. When the quagirupolar mo- (Bal)ZCgZ_ZBalBazcng+(BaZ)ZCgl
ment at different rare-earth ion sites fluctuates incoherently, G@= T 5 +K*9, (4)
the molecular field approximatioiMFA) is applicable. Both CoCo—(Co
the quadrupolar and magnetoelastic terms can be grouped
together in the total quadrupolar Hamiltontan (B7)2
G’= » +K?, (5)
Co
T T I T
63 LA LLTAV c N (85)2
= ®*een,,. 66 - _
62 f ........ G‘S——(S + K(S, (6)
61 - 0
60 -
- | | | | £\2
2 12fF Cus . LR @
x 1 - Co
o 10 ] ] | ] -
E ; The equivalent operators of quadrupolar moment are ex-
2 Co pressed as followsOI=3J2—J(J+1), 05=J2—J2, and
© 8 T Pij=%(JiJj+J]—Ji), where {,j=Xy,yzzx). The B#'s and
7 TrAu K*’s are the magnetoelastic coefficients and the quadrupolar
w (C,,-C )2 2 interaction parameter between the rare-earth ions, respec-
6~ N tively. The C#'s are the elastic constant€**=1%(2C,;
. +2C,+4C 3+ Cg), C*?=—13(Cyy+C,—4C3+2C39),
Bl =33.4K C?=Cy;—Cy,, C°=2C¢s, andC?=2C,,. The experimen-

41 K'=10.6 mK — tal results of the temperature dependence of the elastic con-
stants reveal that an orthorhombigsymmetry lowering
mode is dominant, and hence the following discussion will

L L ' L be limited to they mode. The temperature dependence of
0 50 1°°T(K) 150 200 250 elastic constants is described by treating the quadrupole-

strain interaction as a perturbatidh:

FIG. 3. Temperature dependence of the elastic constants of

transverseCgg, Cy4, and Cy;-C1, modes. TheC{ is the back

ground elastic constant deduced from the CEF calculation. The CY(T)=C¥(T)—(B")?

solid line is the calculated curve.

XA(T)

1-Kx,(T) ®
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:Eb E 20— — YAu, n
5 = t
3
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3 4 5 6 7 8 10 .
T (K) Rln3

FIG. 4. Temperature dependence of the low-lying CEF levels g 8- P - 7]
calculated betweeilig and Ty . ; oL Rin2 |
whereC}(T) is the background when there exists no mag- § 4L ]
netic interaction,(T) is the well-known strain susceptibil- & /
ity which implies the quadrupolar response of the L / -
4f-electronic syster’ )

The analysis for the elastic softening @y,-C;, mode 0 L L ' '
providesB”=33.4 K andK?=10.6 mK. The total quadru- 0 2 4 Tk 6 8 10
polar parameter is give®?=22.5 mK. This quadrupolar &)
ordering is ferrotype because K> 0. FIG. 5. (8) Temperature dependence of the specific heat of

In the quadrupolar ordered phase betwggrandTy, the  TmAu, under the applied magnetic field of(@pen circlesand 5.5
crystal structure is considered to transform from tetragonal t&Oe (crosses The solid line shows that of YAu (b) Temperature
orthorhombic which is caused by the ferroquadrupolar orderdependence of the entropy in TmAwithout the applied field.
ing. The strain originated from quadrupolar ordering is an
orthorhombicy-symmetry-lowering mode, and then the or- ing, respectively. Under the field of 5.5 kOe, the anomalous
dering parameter i€02). Taking the dominanty strain  Specific heats are observed at 2.2, 2.5, and 7.0 K. The newly

mode into account, the Hamiltonian is rewritten as appeared transition at 2.2 K corresponds well to the field-
induced transition from the antiferromagnetic state to an in-
: a - :
H=HCEF—G7<O§)O§. (9) termediate one dtlg; shown in Fig. 6a) as described later.

Figure 5b) shows the temperature dependence of the en-

The ordering paramete¢O2) depending on temperature tropy of the electronic contribution under zero field. It is
can be obtained by self-consistent diagonalization of(@y. eémarkable that the value of the entropy reaches nédriy
and minimization of the free energyF(T)=—TInZ groundT_N and reaches nearRIn 3 aroundTq . This res:ult
+(G12)(02)2 with regard to(O2). The calculated result of is explained well by the present CEF model, that is, the
the temperature dependence of low-lying CEF levels bedround statd’") doublet and the first excited{® singlet are
tweenTq andTy is shown in Fig. 4. The present CEF model regarded as a pseudotriplet abdvg. The ground statég)
predicts that the ground Stafégl) doublet separates below singlet and the first excitefg,) singlet behave as a pseudo-
To accompanying with the structural phase transition causegou.b let beFv_veeﬂ'Q andT¥ ' lNSeznoée_ th$t tge a-ntlfer-r oma}:g-
by the ferroquadrupolar ordering, that is, the one singlepet'c_tranSItlon oceurs aty=o. In TMAL, In spite o
(lg)) goes toward the lowest energy, and the other single N smglet. ground statg) in the quadrupolar ordered phase.
(le,)) goes toward higher energy with decreasing temperaf-_he ”ar_‘s'gon prc_)balblllty between the gerlIth;i} and the d
ture belowT,. The separation betwedg) and|e,) is &, irst excited|e;) sing et states is extremely large compare
~13.8 K atTy. On the other hand, the first excitdtf?) to several other transitions at temperatures betwiggand

— . N y

singlet lowers and approaches the new singlet ground staflt-aN' Therefore, the magnetic transition realized in TraAsl

i . ; a Van Vleck antiferromagnetic one occurring because of an
|g) with decreasing temperature and locates in a lower en:

. : exchange induced magnetic moment between the grfnd
ergy level than thee,) singlet just belowT,. The separa- ' ) X .
tion betweer|g) and|e;) is 5,=7.2 K atTy. and the first excitede;) singlets. When two singlets are

Figure 5a) shows the temperature dependence of the Spes_eparated by an energyand neglecting all the other states,

cific heat of TmAy under magnetic fields of 0 and 5.5 kOe ?;i{c?yn?ézgrggnthetgoﬁewEghzzj-lr—% gl\ézsséhzmlrlggxgtion
along thea axis, where the specific heat of the isostructuraI(RPA)lg 9 P PP
YAu, compound is also shown by solid lines. The phonon
contribution estimated from the specific heat of YAs neg- 2 S5\)12
ligibly small below 10 K compared with the magnetic part in o(Q)=8]1— =M |2J(q)tan)‘(—) ] , (10
T e é 2T
TmAuU,. Under zero magnetic field, anomalous specific heats
are observed at 3.2 and 7.0 K, which originate from thewhere J(q) is the Fourier transformation of bilinear mag-
antiferromagnetic ordering and the ferroquadrupolar ordernetic exchange integral ard the transition probability be-
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70 | T — 12 T T T T
6.0 a-axis —
' . ] 10 TmAu, -
501 ild T 110-axis —s g H // a-axis
o # Hez — —]
= = i _ PN
E 40 *//—:;;:- 3 oL |
2 30| 2 110: : 15K - < Ferro quadrupolar Para-
= II;I/ Her ! ¢ = 4 phase magnetic
201 £ . e B phase
i C-axis e
0.0 ..:._.....--.------ | | 1 0 | | |
0 10 20 30 40 0 5 4 6 3
H(kOe) T (K)
8 T I I I T I T FIG. 7. Phase diagram of TmAwnder the magnetic fields ap-
a-axis plied along thea axis.
R e
- \ H3°=12.5 kOe along the 110 axis. High-field measurement
= - . .
< also shows that the magnetization reaches a saturation value
£ of M1°=524p /f.u. TheM X value is close to the magnetic
> moment component ofM&, (4.9ug/f.u.=MZ, cos 45°).
2 K. Moreover, H? and H.° are almostH2/cos 45° and
® HZ,/cos 45°, respectively. These results indicate that the Tm
0 | | | | I moments align along tha axis. It is interesting that the
0 20 40 60 80 100 120 140 magnetic moments align along thexis with large magnetic
H (kOe) anisotropy, although it is expected that the anisotropy is

small in the basal plane with tetragonal symmetry. This re-
sult ensures that the structural phase transition from tetrago-
nal to orthorhombic phase at, occurs. Figure @) shows

bt_he observed and calculated magnetization processes along
Jhe a andc axes in the quadrupolar ordered phase at 4.2 K.
The magnetization process betwegg and Ty can be cal-
culated by diagonalizing the Hamiltonian self-consistently as

. o . follows:
tween the two levels. As is clear in this equation, when the

M|2J(q) value is so large that the(q) value becomes zero, _ 22

|a r|nagnetic transition occurs in spite of the singlet ground H=THeer— QangH-J= G(0)0;. (1)
state. In the case of TmAu it is obtained to be/M|?
=40.46 andJ(q)=0.11 K in the condition ofw(q)=0 at
Tn=3.2 Kandé=7.2 K. Usually, the value ad(q) in Tm
compounds with a doublet ground state is estimated to b
aboutTy. In TmAu,, J(q) is much smaller than in the usual

cases. In TmAg W'.t.h the same crystal st'ructure as Trr;_Au mK, respectively. The calculated magnetization curves using
no magnetic transition occut$ The low-lying CEF levels in G7=22.5 mK along the andc axes are in good agreement

TmAg, con5|st20f the ground stafél) doublet and the firSt with the observed curves, especially the initial part of the
excited statd"{?) singlet which have an energy separation of crves, compared to the calculated curves using only the
14.0 K. Even belOWTQZS.O K, the first excited state re- CEF term G?’:O mK) The anomalous magnetization
mains at a higher level than two singlets separated from thgyrve along the axis around 40 kOe indicates the structural
doublet by the quadrupolar ordering. Moreover, the transiphase transition from the orthorhombic to tetragonal phase,
tion probability between the ground and the first excited sinyyhere the quadrupolar order is destroyed by the magnetic
glets in the quadrupolar ordered phase is very small comfie|d. The deviation from the observed value is attributable to
pared to that of TmAgl. Consequently, it is considered that a the magnetic exchange interaction, since the measured tem-
Van Vleck transition in TmAg does not even occur. perature of 4.2 K is just abovEy, .

Figure Ga) shows the magnetization processed-i Figure 7 shows théi-T phase diagram of TmAuunder
curves at 1.5 K measured in magnetic fields up to 50 kOethe fields applied along the axis which is drawn by the
along thea, 110, ancc axes, respectively. Two field-induced results of the specific heat, magnetization curve, and ultra-
transitions are observed aH%;=2.7 kOe and Hf,  sonic velocity measurements. The Tm moments are forced to
=9.3 kOe along thea axis. A saturation magnetization of align along thea axis with a large magnetic anisotropy,
M&,=6.9ug/f.u. is obtained by theM-H curves measured where the tetragonal symmetry aboVg is broken below
under the fields up to 150 kOe along taexis. Two field-  T,. This originates in the large magnetic anisotropy in the
induced transitions are also observedgt’=3.4 kOe and basal plane through the structural transformation.

FIG. 6. (8) Magnetization curves of TmAuat 1.5 K in magnetic
fields up to 50 kOe along the 110, andc axes.(b) The observed
and the calculated magnetization processes along émelc axes at
4.2 K in the quadrupolar ordered state. The dots indicate the o
served curve. The solid and the broken lines indicate the calculat
curves usings” of 22.5 and that of 0 mK, respectively.

The second term expresses the Zeeman coupling between the
4f magnetic momenM =g;ug(J) and the applied fieldd

which is corrected for demagnetization effects. In the figure,
fhe dots indicate the observed curve. The solid and the bro-
ken lines are the calculated curves us@®@y of 22.5 and 0
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V. CONCLUSIONS now in progress in order to observe the structural phase tran-

In this paper, the study of the magnetic and magnetoelassi'tlon atTq and to determine the magnetic structure. It is

tic properties makes it clear that quadrupolar ordering in teexpected that the quadrupolar interaction severely influences

tragonal TmAy intermetallics occurs. The analysis of the the magnetic structure. Furthermore, we plan to observe the
elastic constant of th€,,-C;, mode reveals that this qua-

low-lying CEF levels around transition temperatures with
drupolar ordering is ferroquadrupolar type with an ortho—hlglh resolution inelastic neutron spectroscopy.

rhombic y-symmetry-lowering mode. The five CEF param-

eters are deduced from inelastic neutron scattering spectra
and the magnetic susceptibilities in TmAuAntiferromag-

netic ordering also occurs beloW,. The temperature de- The authors would like to thank Professor K. Suzuki and
pendence of the low-lying CEF level scheme betwden his collaborators, IMR, for kind support in the magnetomet-
andTy was calculated. We conclude that the magnetic tranric measurement using the SQUID magnetometer. We would
sition in TmAL, is a Van Vleck antiferromagnetic one oc- also like to thank Professor T. Suzuki, Department of Phys-
curring because of the exchange-induced magnetic momeitts, Tohoku University, for support in the specific heat mea-
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