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Abstract. We have measured the lattice parameters a(T), #(T) and ¢(T') as a function of
temperature T in the range 15 K <« T < 300 K for RZnz (R = Gd, Tb or Dy) with the
CeCuj-type crystal structure. Anisotropic thermal expansion is observed in the e(T), 5(T) and
¢(T) against T plots for all materials investigated below the magnetic transition temperatures
T;r. The linear expansivity above T, along the b direction becomes small on varying the rare
earth atom R in RZos from R = Gd to Dy to Tb. The sign of the change in ¢, Ac/e, for
GdZny below T, is positive while those for TbZny and DyZng are negative. The cell volume
in all materials expands when magnetic orderings appear. The obtained results are qualitatively
understood in terms of the phenomenological model in which the crystal field and magnetic
exchange contributions to the thermal expansion are taken into account.

1. Introduction

Rare earth (R) intermetallic compounds RZn; (R = Gd, Tb and Dy) crystallize in the
orthorhombic CeCu,-type structure [1] in which the R atoms occupy the 4e sites and the
Zn atoms the 8h ones, as shown in figure 1(a). As one of the features in this structure,
R atoms form a zig-zag chain along the & axis which is doubly separated by Zn layers
(figure 1(b)). Since the atomic arrangement of R atoms in the CeCua-type structure
has a low-dimensional character, it appears that the crystal field around R atoms for the
orthorhombic symmetry is different from tha¢ for the cubic one.

For the measurements of magnetization and magnetic susceptibility against temperature
(T), GdZn; is ferromagnetic with the Curie temperature Tr = 68 K [2] while TbZn,
and DyZn, are antiferromagnetic with the Néel temperatures Ty = 75 K [3] and 35 K
[4], respectively. The paramagnetic Curie temperatures 6, for polycrystalline samples of
RZn; with R = Ce-Tm are positive even though the materials are antiferromagnetic [4].
Such a magnetic behaviour has been undersiood on the basis of the Rudermann—Kitte]-
Kasuya—Yosida (RKKY) theory [4]. Neutron diffraction study 5] for single-crystal DyZny
has revealed that the magnetic moments for Dy at 4.2 K are ferromagnetically aligned
within the basal plane and antiferromagnetically stacked along the ¢ direction. In DyZn,,
the magnetic moment of Dy at 4.2 K is .7 ug [5] which is close to that expected for a
tripositive free fon Dy**. The values of 6, for the @ and & axes in a single crystal of DyZn,
are positive while that for the ¢ axis is negative [6]. This implies that the crystal field effect
plays an iroportant role in anisotropic magnetic properties of RZny, which is similar to that
in the case [7, 8] of RCu,.
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Figure 1. (a} The unit cell of the orthorhombic CeCua-type crystal structure and (b) the atomic
arrangement of the rare earth and zinc atoms in the &—¢ plane, in which four unit cells are
depicted. Here, open and closed circles indicate the rare earth and zinc atoms, respectively.

o
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Recently, the influence of the crystal field on the anisotropic thermal expansion in RCuy
(R = Nd [9,10], Sm {11], Er [10, 12} and Tm [12, 13]) with the CeCus-type structure has
been intensively investigated from the viewpoint of the relation between magnetic properties
and the crystal field effect. The anisotropic thermal expansion behaviour above the magnetic
transition temperature was well explained in terms of the temperature behaviour of the
thermal average of the second-order crystal! field parameters. In RZn; (R = Gd, Tb or Dy),
the values of g and b among the lattice parameters a, » and ¢ at room temperature decrease
with varying R from R = Gd to Tb to Dy while that of ¢ hardly depends on R [14]. On
the other hand, all values of @, b and ¢ in RCu; with R = Gd, Tb or Dy decrease with
varying R [15]. The variation of ¢ with R in RZn; is strikingly different from that in the
case of RCu;. This suggests that the crysta] field effect on magnetic properties in RZn;
with Tb and Dy is strongly correlated to the crystallographic character along the a, b or
¢ direction. It is of interest to investigate the origin of the appearance of various magnetic
ordering in RZn; from the viewpoint of the crystal feld effect on the thermal expansion.
So far, magneiic properties of RZn, have been extensively investigated. However, little
is known of the thermal expansion behaviour for RZn; from the above point of view, in
comparison with the case of RCus. The purpose of the present paper is to present the
preliminary measurement on the thermal expansion for RZn; (R = Gd, Tb or Dy) and to
present a simple expression on the basis of the phenomenological model in order to explain
the obtained results.

2. Experimental procedures

Polycrystalline samples were prepared in the same way as reported previously [5]. The
values of a, b and ¢ and cell volume V at room temperature are summarized in table 1.
These values are consistent with the reported ones [14]. The measurement of a(T), &(T)
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and ¢(T) at various temperatures was carried out in the temperature range between 18 K
and about 300 K using a powder x-ray diffraction method with graphite-monochromatized
Cu Ke radiation. The temperature was controlled to within £0.2 K using a silicon diode
thermometer attached close to the sample and using a helium gas closed cycle refrigerator.
In order to calibrate the scattering angle in the present experiment, the sample was well
mixed with §i powder (99.99% pure) as an internal standard whose thermal expansion was
taken from [16].

Table 1. Vzlues of lattice parameters a, b, and ¢ and cell volume V for RZns (R = Gd, Tb and
Dy).

@ b c v
RZn,  (A) (A) (A} (A%)

GdZn; 45094 7.2280° 7.5907 24741
TbZn; 44897 7.1468 7.5927 243.62
DyZna 44720 7.0880 7.5951 240.75

The coefficient of the linear thermal expansion «y, (L = a, b or ¢) is estimated by the
least-squares fitting for a linear equation L{T) = f + g7 in the temperature interval about
30 K and by differentiating L{T") with respect to T, Here f and g are the fitting parameters.
The value of the volumetric expansivity 8 is similarly estimated in the same way as that of
¢y

3. Results

The temperature dependences of a(T), b(T) and ¢(T) for GdZn; are shown in figure 2.
As T increases, a(T") increases up to about 60 K and then mote gradually increases up (o
about 300 X, A feeble kink around 60 K is observed on the temperature derivative of ¢,
de/dT, against T plots within the experimental accuracy. On the other hand, (T) and ¢(T)
decrease up to about 60 K above which both increase smoothly up to about 300 K. The
temperature where the 5(T") and ¢(T) against T plots exhibit a minimum around about 60 K
corresponds well to the reported value [2] of T (= 68 K). Hence, it is considered that the
anomalous thermal expansion below about 60 K is due to the appearance of ferromagnetic
ardering. From this, the value of T¢ is determined to be (60 £ 2) K. Below Ty, the relative
change in a below and above Ty, Aa/a, is small and negative while those in & and ¢ are
both large and positive. Here, AL/L (L = a, b and c) represents the change in lattice
parameter at O K and is defined by the following expression:

ALJL =[Lo(T < Tc} — Lo(T > Te))/ Lo(T > Te)

where Lo(T < T¢) and Lo(T > T¢) are estimated from the straight extrapolation line from
the ferromagnetic state (7 < T¢) and the paramagnetic one (T > T¢) to 0 K, respectively.
From the results of L(T) (L =a, b or ¢) in the temperature range above T¢, the values of
y, 0 and o, above To are summarized in table 2. As seen in figure 3, V(T) decreases
with increasing T up to about 60 K and then increases linearly. The value of g above T¢
is also given in table 2.

Figure 4 shows the temperature dependences of a(T), &(T) and ¢(T) for TbZny. As
seen in the figure, a(T) for ThZn, decreases up to about 55 K and then increases up to about
85 K with increasing T'. Abave about 83 K, a(7") increases more slowly with increasing
T. The temperaiure where the a(T) against T plots exhibit a minimum around about
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Figure 2. The temperature dependences of lattice parameters a, & and ¢ for GdZny, The
downward arrows indicate Tr. The solid lines are guides for the eye.

Table 2. Values of linear thermal expansivity for the principal axes, ¢., o and o, and
volumetric expansivity 8 for RZny (R = Gd, Tb and Dy). Units are 10-% K-,

RZm, <5 ap ¢ B

GdZnz 0.85£0.03 1.94£003 239001 518£008
TbZn; 0641004 0532002 2032004 320+005
DyZn; 090+£003 09812004 2244004 412::0.08

55 K corresponds well to the value of T; (= 60 K) where the magnetic structure changes
from a linear transverse sinusoidal spin structure to an antiferromagnetic one in a neutron
diffraction study {3]. Furthermore, one can see a kink around about 85 ¥ on the a(T)
against T plots. According to the preliminary measurement of magnetic properties [17] for
single-crystal TbZny, a sharp peak around 85 K was observed on the magnetic susceptibility
against T plots, This peak was assigned to the Néel temperature. Therefore, it is considered
that the temperature where da(T)/dT changes around about 85 K corresponds to the value
of Ty. As T increases, b(T) decreases up to about 85 K and then increases up to about
300 K. However, a feeble kink around about 55 K and 85 X is observed on the de(T)/dT
against T' plots. Above about 90 K, ¢(T') increases monotonically up to about 300 K. Then,



Thermal expansion in RZn; 6813

248 T 1 T 1 I

246

244

242

CELL VOLUME, A3

240+ Dy 7

o3g| RB8 -
0 100 200 300

T,K
Figure 3. The temperature dependence of cell volume for RZn; with R = Gd, Tb and Dy. The
downward and upward arrows indicate T or Ty and T,, respectively. The solid lines are guides
for the eye.

the values of T; and Ty are determined to be (55 4= 2) K and (85 &+ 2) K, respectively, in
the present study. In the range T < T, the signs of Aa/a and Ac/c are negative while
that of Ab/b is positive. The values of &, o and o, above Ty for TbZn; are summarized
in table 2. As T increases, V(T) for TbZn, decreases up to about 55 K and then increases
up to about 85 K (figure 3). Around 85 K, a feeble kink is observed on the V(T) against
T plots, As T further increases, V(T') increases up to about 300 K. The value of 8 above
Ty for TbZn; is also given in table 2,

Figure 5 shows the temperature dependences of a(T), &(T) and ¢(T) for DyZn,. As T
increases, a(T) and &(T) both decrease up to about 40 K and then increase linearly up to
about 300 K. On the other hand, ¢(T") increases steeply with increasing T up to about 40 K
and then increases more slowly up to about 300 K. The temperature where the a(T'), b(T)
and c(T) against T plots exhibit a kink around about 40 K corresponds well to the value
of Ty (= 38 K [3]). Then, it is considered that the anomalous thermal expansion is due
to the appearance of antiferromagnetic ordering. In the present study, the value of Ty is
determined to be (40 % 2) K. For T < Ty, the signs of Aa/a and Ab/b are positive while
that of Ac/c is negative. As seen in figure 3, V(T) for DyZn; decreases with increasing
T up to about 40 K and then it increases with increasing 7. The values of oy, o and o,
and § above Ty are summarized in table 2.
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Figure 4. The temperature dependences of lattice parameters @, b and ¢ for TbZna. The
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the eye.
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4. Discussion

4.1. The spatial dependence of exchange interactions

Thermal expansion studies for RCu, (R = Nd {9, 10], Sm [11], Ec {10, 12], Tm {12, 13]) have
demonstrated that the temperature dependence of the b axis is closely connected with the
atomic arrangement of the R atoms in this direction, as seen in figure 1(b). In the CeCu;-type
structure, the nearest-neighbour distance between R atoms along the b direction, r?, is shorter
than the next-nearest-neighbour ones between R atoms along the @ and ¢ directions, r* and
ré, respectively. Here, r¥ (L = a, ¢) and r® are given by r* = [(a/2)* + (0.5 — 28)%c2]'/2
(L =aorc¢)and r? = [(4/2)* + (26¢)*]/2, respectively, where a, b and ¢ are the values at
room temperature and & repregsents the difference between a positional parameter z(R) and
an ideal position for an R atom and is given by § = z(R) — 0.5. The evaluated values of
rt (L = a, b and ¢) for RZn; (R = Gd, Tb and Dy) are summarized in table 3. Here, the
value of z(Dy) (= 0.537) [5] for a Dy atom is used in calculating r“. As seen in table 3,
the value of r? decreases with varying R in RZn; from R = Gd to Tb to Dy while those of
r¢ and r® remain nearly constant.

The values of 8,, as a measure of exchange integral, for polycrystailine samples of RZn;
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Figure 5. The temperature dependences of lattice parameters «, b and ¢ for DyZnz. The
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Table 3. Values of the nearest-neighbonr distance between R atoms along the b direction, #¥,
and the next-nearest-neighbour distance between R atoms along the ¢ and ¢ directions, r* and

r®, respectively, for RZna (R = Gd, To and Dy).

rforrt

]

RZnz (&) &)
GdZnz  3.96 3.65
TbZny  3.95 3.61
DyZny 3.95 3.59

and RCu; are tentatively plotted as a function of r?, from which we can estimate the spin
polarization between R atoms against . Here, 8, = (6 + {9;’ + 87)/3 where B!f‘ (L =a,
b or ¢) refers to the paramagnetic Curie temperatures along each principal axis. The inset
of figure 6 shows the values of 8, for RCu; as a function of r¥, where z(Ce) = 0.5377
[1] in CeCu; is used in calculating #°. The data for @, and the lattice parameters at room
temperature are mainly taken from [7], [8] and [15] except those for TmCus [13]. As seen
from the 8, against r plots for RCuy, the sign of 8, varies from positive to negative as
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r increases. Similarly, the values {2,3] of 8, against r? for RZn, are plotted in the same
figure (see the mset of ﬁgurc 6). The value of 6, for RZn; increases up to that for GdZn,
6, = 70 K; r* = 3.65 A) and then decreases with increasing r*, It is noted that the
up~down behaviour of 8, for RZny against r is remarkably different from that for RCu;,

From the 6, plots for R.an, the ferromagnetic exchange interaction couples with R atoms
in the same distance range 3.5 A <r <39 A and its magnitude is strongly spatially
dependent on the distance between R atoms along the b direction. In comparison with the
6p—r plots for RCusz, the up-down behaviour in RZn; implies that the RKKY interaction has
a predominant role in the magnetic properties of RZn2. Under these situations, the positive
thermal expansion along the b direction in all cases of RZn; investigated is expected in the
temperature range below T;,.

7.60

7.58

7.54

7.52

1 ]
0 100 200 300
T, K
Figore 6. The temperature dependence of lattice parameters ¢ for RZnz with R = Gd, Tb and
Dy. The inset shows the paramagnetic Curie temperature 6, for polycrystalline samples of RCugz

{open circles) and RZn» (open squares) as 2 function of distance r. Data for RCnz and RZn,
are mainly taken from [7] and [3], and [4], respectively. The solid lines are guides for the eye.

4.2. The phenomenological model

In the previous studies [9-13] of the thermal expansion in RCus, it has been shown that
the thermal expansion in the paramagnetic temperature range is well explained in terms of
the contributions originating form the crystal field and magnetoelastic interactions. First,
we describe the crystal field and magnetoelastic Hamiltonians and elastic energy which are
similar expressions to those proposed in the previous studies [9-13] of thermal expansion
for RCus. In the unstrained lattice, the crystal field (CF) Hamiltonian Her is [18]

Hep(e = 0) = VROI(I) + V2ZOR(JT) + VPO + V2O + VEOHT) + VEOUD)
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+VS05(0) + V¢ 05(J) + V5 0§(J) )

where V/ and O are the crystal field parameters and the Steven’s operator equivalents
with the total angular momentum quantum number J, respectively. In the strained lattice,
the one-ion magnetoelastic {me) Hamiltonian H,,, [19] for orthorhombic symmetry is

Hye(e) = £1(B}o0F + B}, 02) + £2(BY 09 + BY, 03) + £3(B1, 0F + Bl 03
+B%4(J1la + o) + BPes(Nyda + Ly i) + Bres(ads + Jad2) (2

where Bl, B}, B?, B?, B* are the magnetoelastic coupling parameters, & (i = 1-6)
the component of the strain tensor and J; the components of the total angular momentum

operator. Within the harmonic hypothesis, the elastic (el) energy F,; is written [20] as

1 2 2 2 2 2
Fu(e) = 3(enel + cngl + cugd) + c1n€182 + 13183 + c38283 + cuasl + Cs564 + Ces8e

(3

where ¢;; are nine independent elastic constants for the orthorhombic symmetry.

The characteristic minimum as the influence of the crystal field in the paramagnetic
temperature range has been observed in the thermal expansion of RCu; [9-13]. Such a
thermal expansion behaviour was well explained in terms of Hor(e), Hue{g) and Fy(e).
However, a minimom behaviour in a(T), 5(T) and ¢(T) for the present compounds has
not been observed in the paramagnetic temperature range. This is the striking difference
between the thermal expansion behaviour of RZn, investigated presently and that of RCus,.
Although we have not considered the contribution from quadrupole pair interactions to
thermal expansion, it has been pointed out that these interactions play an important role
in the magnetically ordered state in rare earth equiatomic intermetallic compounds [21].
The crystal symmetry below and above T;, in all RZn, investigated is the same as the
orthorhombic one. Then, it is considered that the quadrupole pair interactions have a small
contribution to the thermal expansion anomaly in the present system. Together with the
considerations described in 4.1, the magnetic exchange contribution to the thermal expansion
besides the CF and magnetoelastic ones may be important in anisotropic thermal expansion
behaviour in RZn; (R = Gd, Th, Dy) below 7,.. The magnetic measurements [6, 17] for
RZn; (R = Tb, Dy, Ho and Er) have revealed that the effective Bohr magaeton per R ion
is in good agreement with that expected in a respective free-ion value. These situations
remind us of the exchangestriction in the localized system. In the present paper, we will
propose the most simple expresston in order to explain qualitatively the obtained results.

We assume that the anisotropic Heisenberg-type exchange (ex) Hamiltonian H,, may
be written as follows:

Hole) =3 h(e)Se-Si+ Y hE)S - Si+ Y RS - S @)

nnd 2 rn,3

where [;(g;) is the directional- and the strain-dependent exchange integral between R atoms
at sites k and /, S represents the spin of R at a site k and 3, ; refers to summation over
all pairs of nearest neighbours (nn) along the { (= 1, 2 and 3) direction. Here, we confine
ourselves to consider only the strain along the principal axes. In the small-strain limit, we
assume that f;{g,) (i = 1, 2, 3) may be written, in a similar way to the study [22] of lattice
deformation in MnO, as follows:

(&) = (1 —msy) (5a)
I(82) = L(1 — na8y) (5b)
I3(g3) = I(1 — n383) (5¢)
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where I; represents the exchange integral in the unstrained state and 7; is the dimensionless
parameter ; = —3Inf; /3 [ng;.
Hence, the total free energy F,;(e) as a function of a strain & below T, is written as

Frot(T,8) = Fue(T, &) + Feu (T, €) + Fulg) ©)

where the first, second and third terms on the right-hand side are the magnetoelastic,
exchange and elastic parts of the free energy, respectively. In (6), the magnetoelastic
part F..(T, &) and the exchange one F,.(T, ¢} may be written in terms of Hy.(¢) (2) and
Hex(e) (4) as

Fpe(T, 8} = —kpT In[Tr GXP("Hm(s)/kB ]

For (T, 8} = —~kygT In[Trexp(~He: (€)/ kpT)]
where kg is the Boltzmann constant. The equilibrium situation can be found by minimizing
the total free energy (6) with respect to ¢;. In that case, it is noted that 8F, (¢)}/8s; =

{8 H,p (€)/8g;), where the angular brackets denote a thermal average over the ensemble.
The equilibrium conditions for &1, &2 and &3 are

{0H (e} a1} + 3F (e)/3e; =0
{0 Hy (€)/52) + 8 F () /3e2 = O
{8 Hyor(e)/e3) + dF(£)/BE3 =

Substituting (1)—{4) vields three simultaneous linear equations in £1, £7 and £3:

™

c11&L + C126z + cu3€3 + Bip{03) + B, (03) — 11??1(2 Sk Sa) =0 (8a)

an.l

1281 + c282 + ex3e3 + B3, (09} + B (0F) — 12’?2(2 Sk - SI) =0 (8b)

nn2

€381 + €382 + ¢3383 + B3D(O°} + B31 - Im;(Z Sy ) 0. (8c)

nn,3

These equations may be written in the matrix form:

Bjo(03) + B},(03) — 11m<zsk 'Sz)
nn,i
€1 €12 O3 £€)
(6‘12 e 623) (82) = — | Bp(03) + B}, (03) ~ 12??2<Zsk ‘SI) : )
€13 €23 (33 £3 nn.2
Bjo{03) + B3 (03) — 13773(25';: . S:)

nn, 3

Note that the elastic compliance coefficient x;; is given [23] as a cofactor of ¢y /(determinant
of the ¢); the equilibrium strain for efq (f =1, 2 and 3) is found to be

&7 = —(ka Bly + 12 Bl + ki3 BHOF) — (1 BY| + k12 By, + 113 B3)(03)

+K1111m( Z St - Sx) + K:zhﬂz( T Sz) + ’C=313'13< > S S[) (10}

2 nr,3

where (03) and (O?) are the thermal average of O (m = 0,2; n = 2) which has been
given in [12]. If & is the number of nearest neighbours of any particular spin along the
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i direction, then we could write (ZM.,- Se + 8t) = &{8; - 8) ({ =1,2,3). Then (10) may
be rewritten as

&1 = —{;1 By + 2 BYy + ki3 Bi) Oy — (k) B}, + w2 BY, + k3 BI(OF)

+{kinhimér + kindamba + i3 lynsEa) (S - Si) (11)
and finally the equilibrium strain in (11) leads to the expression

g =J(09) + IHON + Tu(S -8y i=1,23 (12)
where

10 = —(i;1 By + k12 BYy + k:3BLy) (13a)

N} = —(n By + k12 By + 03 By) (136)

Ty = knhimér + knbamébs + ki3 l3m383. (13¢)

In (12), £7%, &5 and &;? correspond to the relative change in lattice parameters Ac/c,
Aga/a and Ab/b, respectively, for the orthorhombic symmetry, in the same way as that
(12] defined previously. Therefore, the observed anisotrapic thermal expansion below T,
is determined in terms of the temperature behaviour of (09), (03) and (S - Sr). The above
expressions are similar to those [10, 12] obtained previously except the presence of the third
term in (12).

4.3. Thermal expansion

From the present measurement of the iattice parameters for RZn; (R = Gd, Tb or Dy), the
following features are obtained. (i) The anomalous thermal expansion is observed at the
temperature which is associated with the appearance of magnetic orderings in all materials,
(i1) Aa/a for GdZn; is small and negative while those for TbZns and DyZn; are both large
and positive. (i) Ab/b for all RZny is positive and it increases with varying R in the
order R = Gd, Dy and Tb. (iv) Ac/c for GdZn; is positive while those for TbhZn; and
DyZn, are small and large negative, respectively. (v) The absolute value of the change in
¢, |Ac/cl, below T.. increases with the number of 4f electrons for ThZn, (4f% for Tb**)
and DyZn, (4f* for Dy*t). (vi) The magnitude of o above T;, for RZn, decreases with
varying R in the order R = Gd, Dy and Tb: ,(GdZny) > ap(DyZn,) > op(ThZng). Here,
T}, represents collectively the magnetic transition temperature such as T or Ty. (vii} The
value of &, above T,, is of nearly the same order of magnitude in all materials investigated.
Since there are many unknown parameters in (13) which determines the coefficients I1?,
l'If and T, we will qualitatively discuss the features (i)-(vii) in terms of (12).

The magnetic structures for ThZny and DyZn, have been proposed where the magnetic
moments for Tb and Dy atoms are ferromagnetically aligned within the a—b plane while
they are antiferromagnetically stacked along the ¢ direction [3,5]. This implies that in both
cases of ThZn, and DyZn, the signs of £]%, &7 and £;7 in the antiferromagnetic state are
negative, positive and positive, respectively. This is consistent with the features (i1)—(iv)
because in a band magnet the magnetic moments generally tend to become large when a cell
volume expands. In comparison with the features (ii){iv) between ferromagnetic GdZn,
and antiferromagnetic TbZn, and DyZn,, the signs of &7 and £57 are opposite but that
of &5? is the same. According to (12), the magnitude of sf"' may be determined in terms
of the relative magnitude of I1°, I1? and T'; if T19, IT? and I'; contribute positively, &
may become large in comparison with that of the unstrained state and if they contribute
negatively it may become small. In the case of GdZny, the anisotropic thermal expansion
may be explained if the signs of coefficients in the third term of (12) are 'y > 0, I'; < 0 and
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I's > 0. Here, the temperature dependence of {S; - 5;} is assumed to be a smooth function of
T, Under this situation, it seems that the Gd moments in GdZn, are antiferromagnetically
aligned along the a direction while they are ferromagnetically aligned aiong the b and
¢ ones. Such an expected alignment of magnetic moments in GdZny; may be opposite to
the one which has been proposed [3,5] in TbZny and DyZn,;. This means that the crystal
field effect plays an important role in the stability of the antiferromagnetic alignments of
magnetic moments for R atoms observed in the ground state for TbZn; and DyZn,. From
these situations for TbZn; and DyZn,, it is considered that the magnitude of 1'[? and I‘I%
(f = 1,2) is significantly larger than that of the corresponding I';. When we take into
account the features (ii) and (iv), 119 and I1? may have opposite sign while I3 and IT3
have the same one,

The c(T) against T plots above T, for all materials investigated show a similar
temperature dependence, as seen in figure 6. This suggests that the thermal expansion along
the ¢ direction in RZn; is due to a common origin. The meaning of the magnetoelastic
coupling parameters leo and BJ,.’1 corresponds to the strain derivative of the second-order
CF parameters, Bl, ~ 8V/3z; and B}, ~ 8V}?/3e;, respectively, which originate from
two contributions, the ligands and the conduction electrons [24]. The former contribution
is related to the electronic environment around the R** jon and the latter one the electronic
states of the conduction band which are modified by the strain. The study [24] of the
magnetoelasticity in cubic rare earth intermetallic compounds DyCu and DyZq has suggested
that the main difference in the contribution of the conduction electrons to the magnetoelastic
coefficients for these compounds is the hybridized mixing between the conduction band and
d orbitals; the predominant type of d orbital for DyCu and DyZn is the ty, and the e, type,
respectively. The latter d orbital points in the ¢ direction when we take the quantization axis
as the z one. From the structural feature in the CeCuy-type structure, the shortest distance
corresponds to one between R and Zn atoms along the ¢ axis. Hence, it is considered that
the magnetoelastic coefficient along the ¢ axis in RZn; depends strongly on the modification
of the conduction band through the e,-type d orbital. Therefore, the opposite signs of IT9
and F1% may be due to the modification of conduction band along the ¢ axis. Under these
situations, the feature (v) can be understood in terms of the change in the relative magnitude
of 11} and T13 with the number of 4f electrons.

For supplementary information, the feature (i) means that the stability of the
ferromagnetic state in GdZn; is mainly realized accompanying with small negative
contraction along the & direction and large positive expansion along the £ and ¢ ones
with decreasing T, The thermal expansion behaviour concerning b(T) and ¢(T) has been
similarly reported in the antiferromagnet GdCuy [25]. However, in GdCu; a(T < Ty)
exhibits a large negative expansion as T decreases. This is remarkably different from the
case of GdZn;. In comparison with the 8,—r plots for RZn; and RCu;, the value of fp at re
in GdZny (** = 3.96 A) may be smail and negative while in GdCuy (r* =3.79 A) 1t may
be large and negative. This situation may be related to the small change in a(T < T¢) of
GdZn;. In order to obtain further information on the crystal field and anisotropic thermal
expansion, neutron diffraction studies of single-crystal RZn, are highly desired.

5. Conclusions
From the measurements of the powder'x-ray diffraction patterns, the temperature dependence

of the lattice parameters for RZn; (R = Gd, Tb and Dy) has shown the anisotropic thermal
expansion behaviour along the a, b and ¢ directions below T,.. The positive expansion
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of b(T) below T, for all RZn, investigated is qualitatively explained in terms of the
positive contribution to the thermal expansion which originates from the ferromagnetic
exchange interaction between R atoms, together with the consideration of the 6,-r plots. In
comparison with the thermal expansion for RZn, (R = Gd, Tb and Dy), the present results
indicate the necessity of taking into account the magnetic exchange contribution besides the
crystal field one. From these situations, we proposed a phenomenological model in which
the total free energy consists of the magnetoelastic, elastic and anisotropic Heisenberg-type
exchange ones in order to explain the anisotropic thermal expansion in the magnetic states.
On the basis of the present model, the present results concerning the different behaviour in
Aafa, Abfb and Ac/c for RZn, could be explained in terms of the change in the signs of
the phenomenological parameters 117, I1? and I;.
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