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Abstract. The occurrence of a quadrupolar ordering within therthorhombic symmetry at

7 K in TmAu, (MoSi,-type tetragonal structure) was recently discovered with properties closely
reminiscent of the ones observed in isomorphous TmABoth the magnetoelastic couplings

and the quadrupolar pair interactions are here determined by means of third-order magnetic
susceptibility and parastriction measurements. The existence of an antiferromagnetic ordering
arourd 3 K in the quadrupolar phase leads to complex magnetic phase diagrams if ti#g (
plane, which have been established along the main crystallographic directions of the tetragonal cell
and appear to result from the balance between magnetic and quadrupolar interactions.

1. Introduction

The studies of magnetoelastic properties soared in popularity in the seventies for insulating
compounds. Rare-earth (R) orthophosphates and orthovanadates are now considered as
archetypes of the cooperative Jahn—Teller effect. Several of them exhibit a spontaneous
tetragonal-orthorhombic transition (Gehring and Gehring 1975). Large magnetoelastic
couplings are also present in R intermetallics and compete with the magnetic interactions
(Morin and Schmitt 1990); structural transitions are observed in the paramagnetic range of, for
instance, TmZn and TmAgMorin and Rouchy 1993). This coexistence has made necessary
the development of microscopic models considering both types of interaction, quadrupolar and
magnetic, in the presence of the crystalline electric field (CEF). They demonstrate the relevance
of the mean-field approximation to the description of quadrupolar orderings as well as to the
analysis of the balance between quadrupolar and spin couplings. Concerning quadrupolar
couplings, the main feature is that in insulators, the magnetoelastic coupling clearly dominates
the pair interactions mediated by phonons and induces the Jahn—Teller transition, whereas in
intermetallics, the quadrupolar ordering is driven by the pair interactions, its best evidence
being the spontaneous symmetry lowering associated with the magnetoelastic coupling.

In rare-earth intermetallics, the existence of quadrupolar interactions has been studied
mainly for cubic symmetry with record values for the spontaneous magnetostriction (1.7% for
the tetragonal symmetry lowering mode in CeZn (Schetitil 1978)) and with quadrupolar
orderings observed in the paramagnetic state as for instance in cubic TmCd and TmzZn. In
these standard systems, a close coherency has been found between different determinations of
the quadrupolar couplings. This has been facilitated by an exact knowledge of the CEF (Morin
and Schmitt 1990). Rarer are similar analyses for lower symmetries such as tetragonal or
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hexagonal owing to the large number of CEF, magnetoelastic and pair interactions coefficients
to be determined. The compound TmA@MoSir-type structure) was the first tetragonal
rare-earth intermetallic extensively studied from a quadrupolar point of view; it undergoes
at Tp = 5 K a second-order transition toja orthorhombic state; no magnetic ordering
occurs. The study of its magnetic and magnetoelastic properties was based on an extended
susceptibility formalism and leads to a fully coherent understanding of the quadrupolar state.
Recently, a similar quadrupolar ordering within therthorhombic symmetry was observed
at 7 K in theisomorphous compound TmAuwith very reminiscent properties (Kosa&tal
1998). However, in this last system, an antiferromagnetic ordering occurs around 3 K, i.e. in
the orthorhombic phase. These two tetragonal compounds constitute a set reminiscent of cubic
TmZnand TmCd. In TmCd and TmAgthe magnetic bilinear interactions are not large enough
to induce a magnetic moment on the singlet ground state and the magnetic system remains
undercritical in the ferroquadrupolar phase. In contrast, TmZn and TroAder ferro- and
antiferromagnetically, respectively. However in Tm\owing to the usual behaviour of an
antiferromagnetic system under an applied magnetic field, complex magnetic properties may
be expected in particular when studying tii& (") magnetic phase diagrams.

We present here an extensive study of the magnetic and quadrupolar properties of TmAu
We first briefly recall the relevant Hamiltonian (section 2) in order to analyse the magnetic
and/or quadrupolar response to an applied magnetic field, i.e. the first-order, third-order
magnetic susceptibilities, the parastriction associated with different symmetry lowering modes
of the tetragonal cell as well as the magnetization processes alon@dfBeaxes and any
direction of the basal plane (section 3). In section 4, low temperature magnetization processes
are studied in order to build the magnetic phase diagrams along the principal crystallographic
directions.

2. Formalism

The (@ = 0) magnetic properties of the 4f shell are described for a tetragonal symmetry with
the following Hamiltonian (Moriret al 1988):

H=Hcert+Hz+Hp+Ho+Hue+(Eq+Ep+Ep). 1)

The CEF termHcgF, is written using the Stevens operator-equivalent method (Stevens
1952) within a system of, y, z axes parallel to the [100], [010] and [001] axes of the body-
centred lattice cell, respectively:

Hepr = ay V903 + B (VRO + V0D + v, (V02 + Vi 0g). )
O/" are the Stevens operatosg, B;, y; the Stevens coefficient,” the CEF parameters;
we will use in this paper the parameters proposed by Kosak&(1998). The 4f magnetic

moment is coupled through the Zeeman term to the applied magneticHeldorrected for
demagnetizing effects:

Hz =—gsupgH - J. 3)
The bilinear interactions of Heisenberg type are taken into account within the mean field
approximation (MFA):
0
Hp = —(gJMB)ZE(«” -J (4)

with C the Curie constant ant the exchange interaction temperature. Within the MFA, the
two-ion quadrupolar term reads as

Ho = —K*(09)03 — KV(02)0% — K*(Pyy) Py — K°[(Py) Py, + (P.c) Pii] (5)
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with
0 __ 2
03 =3J7—J(J+1)
0;=J:-J;
P =3(J;J; +J; ) (ij = xy, yz, 7).

Only magnetoelastic contributions linear in strain and restricted to second-rank terms are
considered here; in symmetrized notation:

Hue = —(B**e™ + B*2°%) 09 — BYe” 03 — B’e’ P, — B (e P, + 65P,,). (6)
Among the straing”, ¢*/ and ¢f are usually weak in R systems, in particular for

intermetallics (see for instance Moehal 1994) and” = (1/v/2) (e, —é&,,) ande® = +/2¢,,,.
The B* are the magnetoelastic coefficients. The related elastic energy is written as

Eel — %Cgl(gal)Z + C81128a18(12 + %C82(8a2)2 + %Cg(gy)Z
+3Co(e")2 + CEl(ED? + (63)°]. 7
The C§ are the symmetrized background elastic constants in the absence of magnetic
interactions (for instancé(’)’ = (C11— C12)0 andcg = 2(Cep)0)). Ep andE are corrective
energies, which result from the MFA treatment. Minimizing the free energy with regard to the
strains gives the equilibrium strains as functions of the expectation value of the corresponding

guadrupolar operators. Replacing the8enakesH ,  (equation (6)) indistinguishable from
Ho (equation 5):

Ho +Hur = —G*(09) 03 — GY(03) 03 — G*(Pyy) Py — G°[(Po) Pox + (Py) Pyl (8)

with, for the symmetry-lowering mode&/* = Gy, + K* = (B*)?/Ch + K*(n = v, 8, €).

Inthe (@ = 0) ordered phases or in the presence of large external stresses the Hamiltonian
has to be self-consistently diagonalized with regard to the three magnetic components and
to the five quadrupolar ones. In the presence of small external stresses, perturbation theory
can be applied very fruitfully to the disordered phase. It is then possible to obtain analytical
expressions for the free energy associated with each of the five symmetry lowering modes
and then to describe the corresponding couplings. For example the third-order magnetic
susceptibility, i.e. thed® term in the field expansion of the magnetization, reads as:

X(3) _ 1 X(3) . ZGQ(XO((Z))Z . ZGM(XL(LZ))2
M A-0/Ox0* |70 1-Ga  1-Gry, |
Only thea-mode is present fal parallel to the [001] axisyg is the anisotropic magnetic
susceptibility. For each symmetry, three single-ion susceptibilities are introduced, which are
known as soon as the CEF is determingéﬁ) describes théf® term of the magnetic response
in the absence of any interaction. The strain susceptibjlity= 9(05)/d¢", is responsible
for the softening of the associated elastic constant,
(B*)* Xy
a- KMX[L)
Xf) = 3(0%)/dH? is the quadrupolar response to a magnetic field and determines the
parastriction process:

B X
— 7 13 - 2H2
Co 1—=G"x) A —(0*/C)xo0)
Each of thes* can be determined from the combinationskﬁilfg?ﬂ3 relative changes of

20037

length induced by 88, 8,83) magnetic field and measured in appropriatgr,«3) directions.

9)

cr=Cl— (10)

ol

(11)
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After the determination of the CEF and of the single ion susceptibilities, the fit of the magnetic
susceptibility along the [001] axis and in the basal plane provides uséa#ithThe other
experiments give the different pairs Bf* andK# coefficients.

3. Determination of the magnetoelastic couplings

All the measurements presented here have been performed on single crystals cut in an ingot
grown by the Czochralski method. They were then annealed at°TDéfr a week. All the
analyses have been realized using the CEF parameters proposed by &tmaka

3.1. Magnetic susceptibilities

The isothermal magnetization curves were collected along the [001], [100] and [110]
directions. The first- and third-order susceptibility values were then deduced from the zero-
field extrapolation and the initial slope of Arrott plots, respectively. Within the experimental
accuracy, the first-order magnetic susceptibility is isotropic in the basal plane as expected
for the tetragonal symmetry. The CEF anisotropy is observed in favour of the basal plane
(figure 1); it is clearly larger than in TmAgin particular at high temperature, which agrees
with a V¢ parameter larger in TmAtthan in TmAg. The fit of the data indicates very weak
bilinear interactions characterized &y = 0+ 0.5 K.

300

1/y (kOe/uB)
o
—
T

[100]
[110]

! ! ! L
0 50 100 150 200 250 300
T (K)

Figure 1. The temperature dependence of the reciprocal first-order susceptibility along the [001]
axis and in the basal plane (dots: [100]; open squares: [110]). Full lines are calculated within the
tetragonal symmetry for zero magnetic bilinear excharfgeis they -quadrupolar transition.

Note that the fit at low temperature along the tetragonal axis is not as perfect as in;TmAg
this could not arise from a misorientation of the field along this axis of difficult magnetization:
indeed the measured susceptibility is lower than the calculated one; this seems to indicate a
not perfectly optimized set of CEF parameters. The first-order susceptibility along the [001]
axis is sensitive to the occurrence of the quadrupolar orderifig tiirough the reconstruction
of the level-scheme and the change in the composition of the wave functions. Along [100],
the modification of the susceptibility is due to the same reason with additional effects arising
from the partition of the sample into orthorhombic domains (inset of figure 1); fortuitously, the
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[110] first-order susceptibility is not significantly sensitive to the quadrupolar ordering. The

occurrence of the antiferromagnetic ordering is clearly observed along the three directions.
The Xﬁ) temperature dependences along the [110] and [001] axes are drawn in figure 2.

Along the [001] hard magnetization axis, the third-order magnetic susceptibility is weakly

negative; the maximum absolute value is abotxd 106 5 kOe 2 immediately above

To. The temperature variation is correctly described with= 0 K with the raising of a

small discrepancy immediately abo%. In the orthorhombic phase, it becomes weakly

positive. Along the [110] direction, the data are negative; the calculated third-order magnetic

susceptibility does not exhibit a significant dependenc&drfor G° ranging between-100,

100 mK, i.e. absolute values larger than usually observed in rare earth intermetallics. The

3-symmetry is clearly unfavoured by the CEF, the corresponding susceptibilities being weak.

In contrast, this third-order magnetic susceptibility quite sizeably depends 6h tadéue and

the best fit is obtained with a zero value, as previously observed for the first-order magnetic

susceptibility. In this direction also, a small upwards shift is observed for data immediately

aboveTy.

10 1 T T T T T
.. yle  [001]
0 eu o e S S o
o~ ey 4
m@
S -10f .
> i ]
< .20k | [110] TmAu, i
>
: " J
s 230 ¢ 0 =0K A
-, i . G* = 0 mK
-40 G = 0 mK -
.50 Ll 1 i I i i
0 5 10 15 20 25 30 35 40
T (K)

Figure 2. Temperature variation of the third-order magnetic susceptibility along the [110] (dots)
and [001] (squares) axes of the body-centred tetragonal cell of BmBurves are calculated with
zero bilinear and quadrupolar contributions.

Along the [100] axis (figure 3), thg,ﬁf) data are positive in the thermal range investigated,
in contrast to the values calculated without quadrupolar interactions. Quadrupolar interactions
characterized by;” = 20 mK drive the calculated variation to be positive and close to the
experimental one. In the vicinity dfy, a G value slightly smaller, around 18 mK, would
allow one a better fit.

3.2. Parastriction

In order to study the main symmetry lowering modes of the tetragonal cell, magnetostriction
data have been collected in a magnetic field applied in the basal plane successively parallel
to the [100] and [110] crystallographic directions; strain gauges were glued along the [100],
[010] and [110] and{110] directions, respectively. The isothermal changes of lefgth.( )

are then measured parallel and perpendicular to the magnetic field up to 14 T. Within these
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Figure 3. Temperature variation of the third-order magnetic susceptibility along the [100] axis of
the body-centred tetragonal cell of TmAUCurves are calculated wittf = 0 K andy quadrupolar
contributions either null (dashed line) or defined®Yy = 20 mK (full line).

experimental conditions,

gl 1 1 gl 1
A= —=——=6"2+ —¢tandr; = — — — with 4 = yors$.

V3 V6 V2 V3 /6
At every temperature the quadratic field dependence of the measured change of length has
been checked. The fact thaf andx,; are opposite fopr = y or § within the experimental
accuracy confirms that* contribution is small in comparison t@‘. Then the temperature
dependence of the initial slope of the differerige= -1, = V2¢"(H) is compared to the
predictions from the susceptibility formalism in a linearized form deduced from equation (11).
For the [100] field direction, the differenég — 1, = V/2¢7 is negative, thus so iB” . In

figure 4(a), the high temperature sIoQ&;g/|BV| = 59+ 1 MOe, gives without ambiguity
the magnetoelastic coefficient valg, = —51.5+ 1.5 K, when using the background elastic
constang = 18 x 10* K defined in Kosakat al (1998) for the fit of theC” = C1; — C1»
elastic mode.

At low temperature, the same type of discrepancy observed for the third-order magnetic
susceptibility in the tetragonal phase is present with an upwards curvature appearing below
around 20 K. This phenomenon limits the accuracy of the determinati6rY pas shown in
the inset of figure 4(a); a value 6 of 20+ 2 mK gives however the best agreement above
30 K. This effect also prevents us from observing the ‘destraining’ effects associated with the
partition of the sample into orthorhombic domains belyvas done in TmAg

This upwards curvature indicates to be too small: it is thus not driven by short range
order of quadrupolar origin, which would increase the strain. It is more likely due to short
range antiferromagnetic order, which reduces the effect of the applied field on the strain. This
also agrees with the measurgff’ absolute values, smaller than the calculated ones at the low
temperature of the disordered range, whereas along the [100] directjormdrupolar short
range order would reinforce the positing) value. As a general consequence, closEgohe
GY parameter has to slightly move down to a lower valGé & 18 mK) in order to describe
the quadrupolar properties in the present MFA model.
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Figure 4. (a) Temperature variation of the parastriction within thesymmetry. Curves are
calculated witth* = 0 K andy quadrupolar interactions, characterized by@evalues indicated.

(b) Temperature variation of th€” = C11 — C12 elastic mode; data are reported from Kosaka
et al (1998) and the theoretical variation (full line) is calculated with the quadrupolar parameters
deduced from (a) (see text).

The magnetoelastic coefficient here deduced from the slopg/Qfe? is larger than in
isomorphous TmAg this is related to the large background elastic constant determined in
Kosakaet al (1998) () = 18 instead of 13 x 10* K). The magnetoelastic contribution to
G” = 20+ 2 mK, G}, = (B")?/Cy = 145+ 0.9 mK, leads then to a quadrupolar pair
coefficientk” = 64+2 mK. These values are significantly different from the values determined
in Kosakaet al (1998)(|B”| = 334 K andK” = 10.6 mK, G},, = (B?)?/C} = 6.2 mK
andG” = 16.2 mK) from the only study of th€” ultrasonic mode, the analysis of which is
also based on a two-parameter fit. Figure 4(b) shows that the present vakieardK” lead
to a good fit ofC* using the same elastic background as in Kosskd (1998). In conclusion
of this study of they symmetry-lowering mode, the set 8f, K andG?” leads to coherent
descriptions of thd, value, the third-order magnetic susceptibility, the parastriction and the
C? ultrasonic mode (table 1).

At low temperature, the spontaneous orthorhombic strain may be calculateds
BY/Ck(03) ~ —5 x 1073, instead of—4 x 102 in TmAg,. The main consequence of
the relatively large hardness of tlig elastic constant observed in Kosaitaal (1998), then
of the largeB” magnetoelastic coefficient here deduced is that the ratio of the pair interaction
coefficient and the magnetoelastic contributiéf),/ G}, . ~ 0.4, is the smallest observed in
rare-earth intermetallics exhibiting a quadrupolar transition. For instance JniAgZn and
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Table 1. Quadrupolar parameters within threorthorhombic symmetry in TmAu

B" (K) K" (mK)  G® (mK)
iy (18-20)
Parastriction —-5154+15 20+ 2
CY=Cy;1—C12 -—-515+15 5 20
To 22

TmCd are driven to order by the pair interactioks ( G}, , ~ 1.4, 4 and 9, respectively), with

the more or less efficient help of the magnetoelastic coupling. This latter essentially provides
one with the best evidence of the ordering, i.e. the spontaneous symmetry-lowering strain.
In contrast, TmAW is the first studied intermetallic mainly ordered by the magnetoelastic
coupling in a Jahn-Teller process. The large strength ofythmagnetoelastic coupling,
observed in TmAy, has to be confirmed by systematic determinations in the isomorphous
RAu, compounds.

For thes-symmetry also); andi; are opposite, but about 20 times smaller than for the
y-symmetry in the same experimental conditions. These small values confirm the weakness of
the §-symmetry-lowering mode, as already proved by the third-order magnetic susceptibility
and the absence of any significant softening in €gg temperature variation in figure 4 of
Kosakaet al (1998).1, — A, data are positive as is the strain field susceptibij@ﬁ,, thusB?®
is positive. If using as elastic background = 2CZ, ~ 130 x 10* K value deduced from
Kosakaet al (1998) (a value twice that in the RAgeries), the slope of the high temperature

variation of,/C¢/|B?| would lead toB® ~ +120 K, then toG3,, = (B%)?/C) = 12 mK,
a value which has no effect on the quadrupolar properties owing to the weakness of the
8 quadrupolar susceptibilities. The quadrupolar mode has been not studied specifically;
however for the two modes studiex, + A, = 2(e%1//3 — (1/./6)c*?) is very weak, less
than 102 of the [ — 2l1°) value; thea mode is then quite negligible as observed in
TmAg, and, more generally, in rare earth intermetallics. In conclusion of this sectiop, the
symmetry-lowering mode is here confirmed to overwhelmuath&symmetry ones.

The quadrupolar parameters here determined, as well as thé*nhilinear exchange
coefficient, will be kept constant in the following.

3.3. Magnetization in the basal plane

The same quality of the fits is also preserved in the following experiment. The magnetization
vector was measured as a function of the orientation of the magnetic field in the basal plane. The
sample can rotate round its [001] axis perpendicular to the field. Three pairs of compensated
coils measure simultaneously the flux variations parallel and perpendicular to the field during
the displacement of the sample parallel to the field. The maximum field is 7.5 T, the accuracy
on the magnetic components is abolddy 5, the positioning angles are determined within
+0.15 degrees and the temperature is regulated wit@i91 K.

The upper parts of figure 5 show the two componeMg; andM , 4, of the paramagnetic
moment during the rotation of a constant field in the basal plane, for two temperatures above
and belowT,. Ther/2 periodicity is perfectly respected by the two componedy is
maximum (minimum) for a field along th@00 ((110)) axes. Asin atorque experimem,
vanishes as soon as the field points in a high symmetry direction. Its variation is periodic in the
experimental conditions, with extrema shifted towards(t)) axes. The same analysis is
valid for theM, variation; it exhibits an angular point along t{iel 0) axes, more pronounced in
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Figure 5. Upper part: components parallel and perpendicular to the field of the paramagnetic
moment as functions of the direction ot T field in the basal plane at 8 and 5 K. Lower part:

the angle between the field and the paramagnetic moment according to the field direction. Lines
are calculated with* = 0K, G® = 0 mK andG? = 18 mK (solid lines) 0iG” = 20 mK (dashed

lines).

the quadrupolar phase. Tlig; variations of the two components are described by calculations
with G® e (18, 20 mK). Note that the effect of the symmetry coefficientG”, vanishes for

oy =45, i.e. H | (110 in agreement with symmetry considerations. The calculations are
presented here faG’ = 0 mK, but do not significantly depend @&’ values ranging from
—100 to +100 mK. Belowrly, the partition of the sample in orthorhombic domains is not
considered in the calculations. This partition into domains contributes to round off the angular
dependence close to thig10 direction as observed at 5 K. However it can be noted that the
experimental variation may be also described usigy aoefficient around 16 mK.

From the values o#f; andM, 4, itis possible to calculate the angig; — ¢, between
the field and the paramagnetic moment. The variations in the lower parts of figure 5 show
that the anisotropies of both the magnetization and the energy are strongly determined by the
y quadrupolar interactions. As soon Bkis no longer parallel to the initial [100] axis, the
moment moves away from this direction and lies between the field and the qb88saxis.

For a magnetic field applied along the [100] direction of the tetragonal phase, the
magnetization and its field derivative are closely described at high temperatures as shown
in figure 6. Here also, decreasing” parameter values are required when lowering
the temperature down t@,, which could be a way for our model to compensate the
antiferromagnetic short range effect closé€to

4. Magnetic phase diagrams

We have then determined the magnetic phase diagrams irithE)(plane. Magnetization
measurements have been collected down to 1.5 K in the same cryomagnets as previously;
additional data have been obtained at lower temperatures using a dilution refrigerator.
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2 T T T T T
TmAu2
[100]
1.6 @*___OK—
G’ = 20 mK|

---G' =18 mK

0 1 2

3 4
uH (T)

Figure 6. Experimental and calculated field derivative of the magnetization curves along the [100]
direction of the tetragonal cell. Lines are calculated with= 0 K andG” = 18 mK (hatched
lines) orG” = 20 mK (solid lines).

Isothermal and isofield measurements have been carried out for the three main directions
of the tetragonal symmetry. Isothermal magnetization curves are particularly well suited for
locating the transition lines nearly parallel to the horizofitedxis, while isofield curves are
efficient in the case of transition lines more parallel to the vertitalxis. Except in the low
temperature range of the antiferromagnetic range, the transitions are indicated by very subtle
anomalies and, to achieve a better accuracy in their determination, the temperature or field
derivatives of the magnetization have been used.

4.1. Magnetic phase diagram along the [100] axis

Entering the quadrupolar phase when decreasing the temperature is marked by a change of
slope of the isofield magnetization (figure 7). The change in sign of the curvature observed
immediately belowl’, between 0.05 and 0.2 T variations is likely due to a more efficient hold

of the magnetic field on orthorhombic domains in 0.2 T than in 0.05 T: the increase of the
magnetic moment occurs when the majority of the domains have their orthorhombic [100]
axis of easy magnetization along the field. As usually, tkelNemperature is marked by a
maximum of the isofield magnetization; the temperature dependence of this latter depends on
the field value, which reveals the existence of several magnetic phases.

As afunction of the field, the isothermal magnetization exhibits two well marked anomalies
around 2.5 and 10 kOe for temperatures lower than 2 K; however the high-field transition is
broad and the field derivative reveals it to be multiple, triple at 1.6 K (figure 8 upper part).
This behaviour exists down to 0.1 K. Broad anomalies, as encountered at 2.0 K, may also
correspond to field scans more or less parallel to a vertical transition line i#thg)(phase
diagram. Between about 2.0 K afiyy, the magnetization curves are quite complex as, for
instance, the isothermal curves at 2.3 and 2.5 K.

The results of the two types of measurement are reported in figure 9. A good agreement is
observed between them and a complex phase diagram is then deduced; the spontaneous phase
occurring atTy, called phase | in the following, is observed to be stable down to 0.1 K. Close
to Ty, in fields larger than 4.2 kOe it is replaced by a triangle-shaped phase, phase Il. At low
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Figure 7. Temperature variation of the isofield magnetic moment measured along the [100] axis
for the magnetic fields indicated. Data are collected in decreasing temperature; the values collected
in 0.05 T are multiplied by a factor of four.
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Figure 8. Field dependence of the magnetic moment and its field derivative measured in increasing
field parallel to the [100] direction for the temperatures indicated; curves are shifted upwards by
the values indicated for each temperature.

temperature and in magnetic fields higher than 2.5 kOe, it vanishes in favour of phase I,
characterized by a ferromagnetic component; this latter haé a g component along the
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Figure 9. Magnetic phase diagram along the [100] direction (open squares: from temperature
variations of the magnetization in constant magnetic fields; black dots: from field variations at
constant temperatures).

field direction. Phase IIl does not spread out up to the paramagnetic phase, being separated
from it by phase IV. This latter, very narrow in temperature, then in magnetic field, seems to
persistdown to 0.1 K. At low temperature, it appears to be separated from phase Il by phase V,
very narrow in field and not easily defined between them (see the field derivative at 1.6 K in
figure 8).

The transition line between antiferromagnetism and polarized paramagnetism looks as
usual in an antiferromagnet and the small low-temperature coordinate, 11 kOe, agrees with the
weakness of the antiferromagnetic interactions characteriz€d by 3.1 K; its shape is a little
bitless round as usually around the border of phase II. At low temperature, when the anisotropy
is fully active, the sequence of the different phases may be qualitatively understood as a kind
of devil's staircase from the pure antiferromagnetism towards the polarized paramagnetism.
The line between phases | and Il may result from the different behaviours under field of
the magnetic moments system and the quadrupoles one. Spontaneously in an orthorhombic
domain, the magnetic moments are frozen along the [100] easy magnetization axis determined
by the quadrupoles (the anisotropy between the [100] easy magnetization and [010] hard
magnetization axes was observed to be very large in isomorphous J)mAg a small
external field, they align themselves perpendicular to the applied field as in any collinear
antiferromagnet; thus the quadrupolar axis is also perpendicular to the field, which tends to
destroy the quadrupolar ordering and this geometry is quite unfavourable to the minimization
of the quadrupolar energy, larger than the bilinear one. In large fields, here larger than 2.5 kOe,
this situation becomes unstable and the full system rotates to an Ising-like configuration with the
external field parallel to the [100] easy magnetization axis, a fraction of the magnetic moments
being reversed in order to give rise to the ferromagnetic component. The positive slope of the
phase I-lll line in the H, T) plane results then from the complex balance of the magnetic and
quadrupolar energies according to the temperature. In order to be confirmed, this qualitative
analysis obviously requires, first, a complete determination of the structure associated with
each of the different phases by means of neutron diffraction, second, a quantitative analysis
by numerical calculations considering the various couplings as done for the complex magnetic
properties of cubic NdZn, also ruled by quadrupolar and magnetic interactions (Amara and
Morin 1996).
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4.2. Magnetic phase diagram along the [001] and [110] axes

Similar procedures were used for magnetic fields parallel to the [001] axis (figure 10 upper
part). Only the transitions corresponding to the quadrupolar and antiferromagnetic orderings
are observed in the two magnetization behaviours. Isofield variations give clear indications
specially in low fields for almost vertical transition lines and isothermal processes do the
same for nearly horizontal transition lines. The magnetic phase diagram is then quite simple
and easy to understand at least qualitatively: quadrupoles and magnetic moments point
perpendicular to the external field, which has to break both arrangements. The [001] polarized
paramagnetic state is achieved when 8¢) quadrupolar component vanishes. As long as

it persists, it delays the rotation of the magnetic moments towards the field and allows the
antiferromagnetism to exist in higher fields than expected from its weak energy and the only
CEF anisotropy. This requires magnetic fields as lagg@ & at 0.1 K.
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Figure 10. Upper left part: isofield magnetization variations as functions of the temperature;
the magnetization values in 0.5 T are multiplied by a factor of 5.5; right part: field derivative of
the isothermal magnetization; the 2daB K curves are shifted upwards by 0.3 antl @3 T2,
respectively. Lower part: the magnetic and quadrupolar phase diagram deduced for a[001] direction
of the applied magnetic field (open squares: from temperature variations of the magnetization in
constant magnetic fields; black dots: from field variations at constant temperatures).

Along the [110] axis, no anomaly is observed concerning the quadrupolar ordering; this
agrees with symmetry considerations; indeed in the tetragonal phase, a[110] magnetic field can
only induce a(P,,) quadrupolar component associated with the corresporfdgygnmetry.

In the orthorhombic phase no clear anomaly may be associated with any modification of
the quadrupolar structure. At lower temperatures, in the magnetic range, the magnetization
processes are reminiscent of the ones observed along the [100] one (figure 11). The resulting
phase diagram consists of the same magnetic phases as along the [100] axis, the critical field
values being larger, in aratio not too far from the cosine of the angle between the two directions.
Owing to the profile of the field derivative of the isothermal magnetization around 14 kOe, it
appears that phase V does not exist.
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Figure 11. Upper left part: isofield magnetization variations as functions of the temperature;
right part: field derivative of the isothermal magnetization; the 2.1 K curve is shifted upwards
by 5 uz T-1. Lower part: the magnetic phase diagram deduced for a [110] direction of the
applied magnetic field (open squares: from temperature variations of the magnetization in constant
magnetic fields; black dots: from field variations at constant temperatures).

5. Conclusion

Following the initial study of Kosakat al (1998), we have determined in afirst step the strength
of the quadrupolar couplings in TmAuUThis compound exhibits properties very reminiscent
of the ones observed in isomorphous TmAgdheir description using the CEF level scheme
proposed by Kosaket alis quite satisfactory in the basal plane although reduced discrepancies
may exist for properties observed along the tetragonal axis. In particulay, gu@drupolar
coefficients are coherently determined from the analysis of the elastic constant, parastriction
and third-order magnetic susceptibility measurements. We may note the existence of some
antiferromagnetic short range effects below about 15-20 K. The elastic congtanésd
C?, measured by Kosalet al appear harder by a factor of aboyt34than in TmAg. Since
the y parastriction is of the same order of magnitude in both compounds, this leads to an
absolute value of the magnetoelastic coefficidit, increased by the same ratio in TmAu
The main consequence is that the balance betweei th@air contribution and thes?, ,
magnetoelastic one is modified, this latter term becoming dominant; Trappears then
to be the first rare-earth intermetallic to undergo a quadrupolar transition governed by the
magnetoelastic coupling and not by the pair interactions. It is important to check the starting
point of this analysis, i.e. the increased hardness of the;,RAu

The main interest of TmAwu is the coexistence of quadrupolar interactions with
antiferromagnetic ones, large enough to induce an antiferromagnetic ordering in the
quadrupolar phase. This coexistence leads to magnetic phase diagrams obviously more
complex than in the case of ferromagnetic and ferroquadrupolar orderings belonging to the
same tetragonal symmetry as in cubic TmzZn. The complexity mainly originates from the
conflict between quadrupoles which look for an alignment parallel to the external field and
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antiferromagnetic moments which lie along the quadrupolar axis, but prefer to be perpendicular
to the field. The remaining problems are to determine the different structures present according
to the temperature and field values, which is under way, and to quantitatively explain the
magnetic properties using the different couplings here determined.
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