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Properties of RRe,Al, (R=Y, Gd-Lu) crystals
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Large single crystals of rare-earth rhenium aluminide RRe,Al,,;, with R=Y, and Gd-Lu were grown out
of an Al-rich solution. Single crystal x-ray diffraction data confirmed the orthorhombic Cmcm structure
for all members: R=Gd-Dy with TbRe,Aly-structure type (formula unit per cell Z=8); R=Y, and Ho-Lu
with LuRe,Al;q-structure type (Z=12). There is no evidence of a localized 3d electron moment in R=Y
and Lu; R=Yb is nonmagnetic down to 1.8 K, but develops an enhanced electronic specific heat of
~95 mJ mol~! K=2. Ordering temperatures range from ferromagnetic order in R=Gd with T,=7.2(1) K,
antiferromagnetic order in R=Tb at Ty=5.0(3) K, to R=Dy, Ho, and Er giving magnetic ordering tempera-
tures of T, =1.7(1), =0.4, and 1.1(2) K, respectively. All compounds have effective moments close in value

to that of free R3* at high temperatures.

DOI: 10.1103/PhysRevB.79.174429

I. INTRODUCTION

In the past few decades, ternary rare-earth (R) transition-
metal (7) aluminide systems of RT,Alg, RTAls (T'=Cr, Mn,
Fe, Co, Ni, Cu) (Refs. 1-7) and RT,Al,, (T=Mn) (Ref. 8)
have attracted interest due to their diverse magnetic phenom-
ena. Among such high aluminum content ternaries, the prop-
erties of rhenium based systems are unexplored. The rare-
earth series of RRe,Aly, is the focus of this investigation.

In the RRe,Al;, structure, rare-earth atoms occupy two
crystallographic sites, each having a coordination number of
20 (4 Re, 16 Al neighbors). The early rare-earths of R
=Ce-Nd, and Sm adopt a tetragonal structure first reported
for CaCr,Al,y (P4/nmm),>1° with 4 f.u. per cell (Z=4). The
later rare-earths crystallize in orthorhombic structures:
R=Gd and Tb in TbRe,Al,-structure type (Cmcm,Z=8),'!
and R=Ho-Lu in LuRe,Al,-structure type (Cmcm,Z=12).1

PACS number(s): 75.50.—y

The orthorhombic structures are characterized by two R po-
sitions with m2m, 2/m site symmetries in TbRe,Al,, and
m2m, m in LuRe,Al;j-structure types. In the TbRe,Al,
structure, the rhenium atoms occupy only one position with
two Tb and ten Al neighbors in an icosahedral arrangement
(CN=12). The aluminum atoms occupy nine unique crystal-
lographic sites. Each Al has between 12 and 14 neighbors of
which two are Re atoms, one or two are Tb atoms, and the
rest are Al atoms. TbRe, Al structure consists of alternating
rectangular close packed puckered Re:Al layer (A) and the
less densely packed planer R:Al layer (B or B’). A total of
eight layers are needed to complete one translation period in
this structure (Fig. 1, left). Compared with this structure,
LuRe,Al, is essentially made from the same kind of layers,
but 12 layers are needed to complete one stacking sequence
in this structure (Fig. 1, right). In the LuRe,Al,q, the two
rhenium positions are in distorted icosahedral coordination
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of two Lu and ten Al atoms. The 12 different aluminum
atoms have between 12 and 14 neighbors, of which two are
Re and one or two are Lu atoms. For the first time, the
R=Y and Dy members of RRe,Al,, are structurally identi-
fied and physical properties of the crystals with R=Y, and
Gd-Lu members are investigated.

The substitution of rare earths accompanies changes in the
magnetic properties throughout the RRe,Al series. The an-
isotropic field- and temperature-dependent magnetizations,
as well as specific heat and resistivity data are compared.
The experimental details below are followed by structural
descriptions of these members. For each compound, the
physical property results will presented and discussed.

II. EXPERIMENTAL DETAILS

The RRe,Al}, (R=Y, Gd-Lu) crystals were grown out of
an Al-rich self-flux, similar to Ref. 8. For the preparation of
these ternaries, high purity elements (>99.9%) of R:Re:Al
in the atomic ratio of 4:8:88 were arc melted, placed in alu-
mina crucibles, and sealed into fused silica tubes under ~%
atmosphere argon. The crystals were synthesized by heating
to 1200 °C, slow cooling (~5-6 °C/h) to 875 °C, and de-
canting off the flux by means of a centrifuge. The crystals
formed as square prisms with shortest side parallel to the
c-crystallographic axis. The typical dimensions of the single
crystals were ~3 X 5X 5 mm?, however, the sizes and yields
became smaller as the rare-earth ions became heavier. The
batches with R=Yb and Lu produced the smallest crystals
with dimensions generally less than 0.5X2 X2 mm?.

Single crystal analyses were followed using STOE IPDS2
image plate x-ray diffractometer (Mo K« radiation).'? Given
that variations in stoichiometry may be a cause for discrep-
ancy in magnetic order, a structural evaluation of the
RRe,Al}, (R=Y, Gd-Lu) flux-grown crystals, with respect to
lattice parameters and atomic site occupancies were done.
The data were adjusted for Lorentz and polarization effects,
and numerical absorption corrections were done using the
X-SHAPE program.'# The crystal structures were refined with
the SHELXTL program suite.'

Magnetization was measured as a function of temperature,
M(T), and magnetic field, M(H), using a Quantum Design
magnetic property measurement system (MPMS). For a typi-
cal temperature sweep experiment, the sample was cooled to
1.8 K in zero-field (zfc) and data were collected by warming
from 1.8 to 300 K in an applied field. The sample was then
cooled in the applied field (fc), and the measurement re-
peated from 1.8 K. The notations llc (or M;.) denote magne-
tization measurements made with the applied field along the
[001] crystallographic direction. The orthorhombic RRe,Al,,
crystals have similar a- and b-lattice parameters and were
not oriented within the plane. The magnetization measure-
ments in the plane were done in two arbitrary directions,
~90° from each other (Lc1 and 1c¢2). Above the magnetic
ordering, the M(T) data were fitted to a modified Curie-
Weiss law where M/H=~ y=C/(T-86,)+x,, where x is the
magnetic susceptibility, C is the Curie constant, 6, is the
paramagnetic Curie-Weiss temperature, and Y, is a tempera-
ture independent. In general the fits to the data were done
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above 50 K. If the rare earth is the only moment bearing ion,
then the term C is related to the effective moment of the
rare-earth ion in paramagnetic state and
Hei=g/[J(J+1)]"2, where J is the orbital moment. For
Y* and Lu**, u.=0. The polycrystalline average
of the magnetization data may be estimated by (M/H),qy
szolyz[XHc'i_XLcl+XL02]/35 where XLel and Xic2 are the
two in-plane data sets as discussed above. For some com-
pounds, the low-temperature data are presented in the form
of d(xT)/dT,'® to infer antiferromagnetic transition tempera-
tures. For temperatures above magnetic ordering, the M(T)
data were fitted to modified Curie-Weiss law; this is done in
an attempt to remove the effects of the crystalline electric
field splitting, at least to the first order, from the effective
moment and the paramagnetic temperature.'”-!8

Because the low-temperature ordered state of GdRe,Al;,
has a ferromagnetic component, magnetization isotherms, in
the vicinity of 7., have been measured and used for the con-
struction of an Arrott plot'® in the form of M? versus
H. M™'. H, estimates the effective field inside the sample
and is found by subtracting the demagnetizing field Hy from
the applied field (Hy=NM, where N is the demagnetizing
factor dependent on sample shape). For GdRe,Al,,, demag-
netization correction of 0.4 kOe/ug was used (N=0.1 by
approximating geometry as ellipse).

Temperature-dependent electrical resistivity measure-
ments were also performed on the MPMS unit, interfaced
with a LR 700 ac resistance bridge. A 16 Hz excitation cur-
rent of 3 mA was applied. The electrical contacts were
placed on samples in the standard four-probe geometry, us-
ing Pt wires and silver epoxy (EPO-TEK H20E). The current
direction was in the ab plane for each sample. Residual-
resistivity-ratios were found from the resistivity p(7) data
and defined as RRR=p(300 K)/p(1.8 K).

Specific heat, Cp(T) were measured using a Quantum De-
sign PPMS, via the relaxation method. The R=Y, Gd, Tb,
and Tm-Lu compounds were measured down to 1.8 K, and
the data for R=Dy, Ho, and Er, were collected down to 0.4 K
using a *He insert. Data were collected up to a maximum
temperature of 50 K for Gd, 30 K for Tb and Dy, and 20 K
for Ho. For the nonmagnetic compounds, a plot of C/T
against 72 gave a straight line with a slope 8 and intercept v,
associated with the lattice and electronic contributions, re-
spectively. The value of the Debye temperature (6p) can be
estimated in this low-temperature limit (8=127*R/56°). In
order to obtain the magnetic specific heat for R=Gd-Dy
members, nonmagnetic contributions (lattice and electronic
effects) were approximated by the nonmagnetic YRe,Al;,
data, and subtracted from their specific heat results. Since the
unit cell parameters and molecular weight for Y sample is
different from those of R=Gd-Dy, the C, data of Y analog
was scaled to Gd at 50 K, by multiplying 1.05. For R=Er
member, the nonmagnetic contributions were approximated
by LuRe,Al,,, as they have similar lattice parameters and
nearly the same mass (Table I). The magnetic entropy, S, was
estimated by integration of C/T vs T after an extrapolation of
the data down to the origin (i.e., for T=0 K, $§=0) via poly-
nomial fit. The fact that R In 8 was recovered for GdRe,Al,
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—_ e - sample is taken as confirmation that the scaled YRe,Al;, is
2o \IO:; % Z grl o o E :I an adequate approximation of the nonmagnetic excitations.
“1T2EE8¢°% 3¢
o — A A S X III. RESULTS AND DISCUSSION
(=)
) A. Structure of RRe;Al;, (R=Y, Gd-Lu)
2 § g § - 3 % The systematic absences and intensity statistics in all the
= g xReda ol data sets indicate that the structure of RRe,Al;, (R=Y, Gd-
g =) ;S; Q g : Lu) is C centered, centrosymmetric, and orthorhombic
S (Cmcem, No. 63). The crystallographic structure of R
B o =Gd-Dy were refined with the known TbRe,Al,,-type struc-
2a@3a =2 ture with Z=8 f.u. per cell;!! the structure for R=Y and
gl g E 5 exg < T Ho-Lu were refined with the known LuRe,Al,-structure
Acscw 7" 5 x type, with Z=12 (Ref. 12) (Table I). Within the RRe,Al,,
o~ o d = series, this is the first Cmcm structure report of YRe,Al
S ) 2810
o and DyRe,Al,,. The contraction of the structure with substi-
NSRS é § tution of a smaller R is clearly seen from the unit cell vol-
5« 3 3 ‘:): 5 3 S - umes (Table I). Single crystal x-ray diffraction measurements
- xdE g S=T e T < established the stoichiometries of samples (Table II). For
o — ad g 2 each RRe,Al;, member, the deviation from the ideal compo-
2 < sition was determined by individual refinement of the atomic
E\, S aca :l\f n occupancy parameter together with the ani.sot'ropic displgce—
El olalSzE s o = S l? ment parameter. For all compounds and .w1th1n 30, thenium
s|I|=] ] & A XS ¢ X o = sites did not deviate from full occupancies. For compounds
= d=284& g 0 with slightly deficient rare-earth sites (R=Gd, Tb, Dy, Tm,
§ S and Yb), mix occupancies with Al were not assumed, in spite
2 = 2o of the fact that crystals formed in aluminum flux. Although
‘g g azx s © - g = this is an acceptable means of crystal composition refine-
ZI|&|=| 8 == g S = ment, there is evidence of aluminum site vacancies in crys-
'% o S © = § % tzll'lshvsiith I§f= Eir? and. Lt,lu Whi.le tII;e lieﬁgeid izorznpl(z)sitions are
—_ S slightly off of stoichiometric K:Re:Al=1:2: amounts
‘2 5 (R#Y and Ho), for simplicity, they will continue to be noted
5 EESEES S & as RRe,Al;, in this report. As noted above, the refined cell
= 2l | S % : 2 ST volumes show smooth decrease expected from the lanthanoid
;5) ) e § i~ c;)ntractions, ;vitlll_ltlllf az;)maly that V/Z for YbRe,Aly, is
— SR S 8 close to V/Z for HoRe,Al,.
(=)
= s | .
5 ’cS asce % S B. Physical properties
B g S g 5 § § ; L 1. YRe,Aly) and LuRe,Aly,
S =Z= 8 - For YRe,Al,,, the magnetization signals at H=20 kOe
< are, to a first approximation, Pauli paramagnetic and slightly
— % o anisotropic with M | > M at room temperature [Fig. 2(a)].
% B%] \% % - = = " Below 50 K, there is an upturn that might indicate low con-
| = g SRg e = ;} centration of paramagnetic impurities, also evident in the
SIS § < nonlinear behavior of the field-dependent magnetization at
= low fields and (<10 kOe) at 1.8 K (data not shown). For
a LuRe,Al,, the magnetization at 20 kOe is temperature inde-
<t pendent and slightly anisotropic with M,.>M , . [Fig. 2(a),
L inset]; the field-dependent magnetization at 1.8 K is linear
= (not shown). The specific heat data increase monotonically
E with increasing temperature [Fig. 2(b)]. For YRezzAllo, by
g extrapolating a linear region found in C/T versus 7- between
T 3 ~2 and 7 K (inset), a Debye temperature of 6,~450 K and
o & = A an electronic contribution of y=16(1) mJ mol~! K=
gﬁ = & % [1.2(1) mJmol' atom™ K] are found. For LuRe,Al,,,
~ E Mo & é‘ 2 the electromc_l E;)ntrlbunon is estlmatezd at
223 12 E5 y=11(1) mJ mol™' K [0.83(5) mJ/mol atan.K.] and
NITETTSE < XK & 4 Op=460 K. The temperature-dependent resistivity data
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TABLE II. Atomic occupancy refinements for RRe,Al;, Cmcm series

Occupation # 1

Wyckoff  Gdygesz)ReaAlig  Tbyogi)Re2Allg  DygorsRes Alyg
R(1) 4c 0.933(5) 0.962(4) 0.946(7)
R(2) 4a
YRCzAllo HORCzAIIO ErRezAlg'gg(z) Tm0_985(3)R€2A110 Yb0_964(3)R€2A110 LUR62A19_6(1)
R(1) 8f 0.977(4) 0.946(5)
R(2) 4¢

[Fig. 2(c)] are consistent with a metal, manifesting
a RRR~9 (p;g k=14 uQ cm) for YRe,Al,, and ~5.4
(p1g=25 w) cm) for LuRe,Al,.

2. GdRezAllo

The temperature dependence of magnetization, in 100 Oe,
is shown in Fig. 3(a). The M(T) results along both crystallo-
graphic directions of M | . and M. separate into zfc and fc
branches. At low temperatures and fields, M, .>M,.. The
magnetization increases below ~8 K with irreversibility in
zfc/fc temperatures below ~7 K. The magnetization data,
measured in an applied field of 5 kOe is plotted as H/M in
the inset. The M(T) results are essentially isotropic in the
paramagnetic state. The Curie-Weiss temperatures and para-
magnetic moments are summarized in Table III. For
GdRe,Al,, the derived u.g values are close to that expected

8 60

for Gd** free ion (7.94up). Field-dependent magnetization
data at 1.8 K are shown in Fig. 3(b); and the expected
7up/Gd** is approximately reached. For one of M| direc-
tions, a coercive field of B.~2.25 kOe and remanent mag-
netization of M,~0.17ug f.u.”' [Fig. 3(b), inset] are found.
The noted hystereses in low-field zfc/fc temperature-
dependent magnetization and the field-dependent magnetiza-
tion at 1.8 K indicate that there is a small ferromagnetic
component to the ordered state in GdRe,Al,,, despite the
small negative 6, of 5.6(1) K (Table II). In order to locate the
magnetic transition temperature for GdRe,Al;,, magnetiza-
tion isotherms in the vicinity of Curie temperatures have
been measured for M . and used for the construction of
Arrott plots in the form of M? versus HoM™' [Fig. 3(c)].
According to this plot, 7.5 K<T.<7.6 K. However, since

(a) —gg LuRe AL = YReAl (b)
E | 20kOe e LuRe Al
- T4 2o
T | YReAl, = e _ -~
2 |20k0e I I | G 40p ﬁ”/
1 0 100 200 300| & M sl
S 4b T (K) - c
= = 5
2 @) 20+
lec
/\ ///c
s SR AN— ¢
O 1 1 0 -l
0 100 200 300 0 10 20 30 40 50
T (K) T (K)
150 . ;
©)
__ 100
g
o
G
3
e 50
—e— YReZAl 0
—o— LuRezAllo
0 L L
0 100 200 300
T (K)

FIG. 2. For YRe,Al;; and LuRe,Al;,, tem-
perature dependence of (a) magnetization, (b)
specific heat, and (c) electrical resistivity. Inset in
(a) is the magnetization LuRe,Al;,. Inset in (b) is
C/T versus T? dependence and linear fit of data
in the range of 1.8—~7 K.
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FIG. 3. For GdRe,Al;(: (a) temperature de-
pendence of magnetization in zero-field and field-
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the transition in GdRe,Al;, may not be purely ferromagnetic,
the use of Arrott analysis is uncertain.

The transition to long-range magnetic order can be seen in
zero-field specific heat results, displayed in Fig. 4(a), with
anomaly at 7.2(1) K. For GdRe,Al,,, this data accurately
represent its ordering temperature. The magnetic specific
heat results (C,) are depicted in the inset, along with
magnetic entropy, S/R. The eightfold ground states [for
Gd**J=7/2,R1In 8= 2.08R] are recovered. The temperature-
dependent electrical resistivity data are shown in Fig. 4(b).
The RRR for GdRe,Aly, is 4 (p; g k=31 uL cm). The p
manifests a drop below ~7.5 K (inset), consistent with a
decrease in magnetic scattering in the ordered state.

3. TbRe2A110

The magnetization as a function of temperature for
TbRe,Alyy, at 100 Oe applied field, is anisotropic at low

cooled forms at 100 Oe; (b) field dependence of
magnetization at 1.8 K; (c) Arrott plot of M? ver-
sus HoM ™! for H L c. Inset in (a) is the inverse
of zero-field-cooled magnetization at 5 kOe, with
Curie-Weiss fit above 50 K. Inset in (b) is the
behavior in low-field regions for one of H L c.

temperatures [Fig. 5(a)]. Along two crystallographic direc-
tions, magnetic ordering is clearly visible at 5.5 K, with a
second magnetic feature below 3 K, noted by the divergence
of zfc and fc results. This ferromagnetic feature may be due
to an impure phase, or short-range ordering. The magnetiza-
tion data, measured in an applied field of 10 kOe is plotted as
H/M in the inset. The inverse of the polycrystalline
temperature-dependent magnetization gives an effective mo-
ment of 9.7up, comparable to the expected free Tb**. The
Curie-Weiss temperature is —7.3(1)K, consistent with anti-
ferromagnetic exchange interactions (Table III). Metamag-
netism and slight anisotropy are evident in the 1.8 K field-
dependent magnetization [Fig. 5(b)]. At the highest measured
field of 68 kOe for M., the magnetization does not reach the
expected saturated moment of 9ug/Tb**, may be due to
crystal-field anisotropy or further, higher magnetic field
metamagnetic transitions.

60— 150 : :
5 08 ], o (®)
Ry s @
Yo z GdRe Al
40+ EE 0 AL 05 100} FIG. 4. For GdRe,Al;(, temperature depen-
'g Yo ITO K20 30 £ dence of (a) specific heat and (b) resistivity. The
- & a inset in (a) is the magnetic specific heat in the
f 172K 2 form of Cy/T and also entropy change (S). The
S 20r = 50¢ inset in (b) is the enlarged low-temperature re-
l GdRe Al | - gion, with location of specific heat anomaly
| 30 marked as Cp,
(a) 0 5 10 15
0 L L L L 0 L L
0 10 20 30 40 50 0 100 200 300
T (K) T(X)
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TABLE III. For RRe,Al;, paramagnetic effective moment
(Ktefr), paramagnetic Curie-Weiss temperature (6,), and temperature
independent term (x,). The moment () found at 1.8 K and at
~60 kOe is also listed. The x|, represents the polycrystalline
averaged magnetization data (see text).

Metf 0, ® Xo
(8) (K) (18) (emu/mol)
GdRe,Al;,
lle 7.8 -6.9(4) 52 0.0007(1)
le 7.9 -5.5(2) 6.5 0.00004(2)
le 8.0 -5.6(1) 6.2 0.00038(2)
Xpoly 7.9 -5.6(1) 0.00014(2)
TbRe, Al
lle 9.4 6.2(2) 5.7 0.0006(1)
le 10.4 -29.8(3) 4.0 —-0.0025(1)
le 9.4 -2.2(2) 4.5 0.0009(1)
Xpoly 9.7 -7.3(1) —-0.00019(4)
DyRe,Al;,
lle 10.4 —12.4(5) 6.6 0.0017(2)
Le 10.2 5.5(3) 6.6 0.0009(1)
lec 10.5 -5.9(4) 6.3 -0.0007(2)
Xpoly 103 -3.1(2) 0.0012(1)
HoRe,Al;,
lle 10.8 -2.7(2) 7.3 —-0.0001(1)
le 10.9 -12.1(2) 52 -0.0018(1)
le 10.5 -2.6(2) 6.2 0.0001(1)
Xpoly 10.7 -3.8(1) -0.00052(4)
ErRe,Al;q
lle 9.5 -7.5(1) 6.1 -0.00034(3)
le 9.7 -0.3(3) 4.7 -0.0004(1)
le 9.4 -2.6(1) 42 0.00009(5)
Xpoly 9.5 -3.5(1) —-0.00019(2)
TmRe,Al;,
lle 72 -22.8(7) 34 0.0011(1)
le 7.8 10.8(3) 4.4 —-0.0015(1)
le 8.0 —-16.4(4) 2.9 —-0.0014(1)
Xpoly 7.6 -9.0(2) -0.00013(3)
YbRe,Al,
lle 44 —-128(3) 0.0013(1)
le 4.9 —-161(4) 0.0002(1)
Xpoly 4.7 -151(3) 0.0006(1)

The specific heat data show a transition at 5.0(3) K [Fig.

6(a)]. The estimated magnetic contribution to specific heat is
shown in the inset, alongside entropy. The total entropy be-
low Ty is found to be ~80% R In 2, and much less than the
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expected value of 2.56R(J=6). This signifies contribution
from crystal-field effects. Tb, a non-Kramer ion, may have a
singlet ground state, with the first excited level within ~Ty
so as to allow for magnetic order in TbRe,Al;, at Ty
=5.0(3)K. The electrical resistivity decreases with lowering
temperature and shows a clear drop below ~5 K, due to the
loss of spin disorder scattering in the antiferromagnetic or-
dered state [Fig. 6(b)]. The p(T) data manifest a RRR of only
3.2 and p; g k=110 wQ cm. The feature in p(T) coincides
with the position of averaged polycrystalline d(xT)/dT peak
and C(T) anomaly [Fig. 6(c)].

4. DyRezAllo

The magnetization as a function of temperature at 100 Oe
from DyRe,Al,, is nearly isotropic with M;.~M | . [Fig.
7(a), top inset]. There is no magnetic feature down to 1.8 K,
with overlapping zfc/fc results. The inverse of the
temperature-dependent magnetization (Fig. 7(a), Table III)
gives a polycrystalline effective moment of 10.3ug, close to
the free ion per=10.65up value for Dy’*; 6,=-3.1(2)K.
Field-dependent magnetization isotherms at 1.8 K (shown in
inset) rapidly rise up to ~10 kOe, and continue to rise more
gradually, with M;.>M | .. No metamagnetic states are evi-
dent and the moment at ~60 kOe is not the full g/ value of
the free 10ug/Dy.

The specific-heat measurement gives a broad feature be-
tween 12 and 5 K, probably associated with a crystal electric
field (CEF) splitting of Hund’s ground-state multiplet [Fig.
7(b)]. The specific heat rises sharply below 3 K and results in
a lambda anomaly at 1.7 K. Without 7<1.8 K magnetiza-
tion data, it is not possible to distinguish between ferromag-
netic or antiferromagnetic ordering. For DyRe,Al,;, mag-
netic entropy rapidly increases up to the magnetic transition
temperature (inset). The magnetic entropy change up to 7',y
is approximately R In 2, indicating a doublet ground state.
The entropy at 30 K is 1.5R, small compared to the expected
R In 16 value (=2.77 R) for Dy**, indicating the presence of
strong crystalline electric field splitting. The electrical resis-
tivity [Fig. 7(c)] decreases with decreasing temperature down
to 1.8 K, with RRR of ~5.6 and p, g k=30 u cm.

5. HORezAllo

The temperature-dependent magnetization data on
HoRe,Al;; show no ordering down to 1.8 K [Fig. 8(a), top
inset]. The high-temperature magnetization data follow the
Curie-Weiss [Fig. 8(a)] and from the polycrystalline average
Mer=10.7up (Ho**:10.6 up theory) and 0,=-3.8(1) K
(Table TII). The field-dependent magnetization measurement
is shown in Fig. 8(a), bottom inset. The M., has relatively a
steeper rise at low fields and gives 7.3up under 65 kOe,
smaller than the expected saturation value of 10ug.

The specific heat data show a broad feature between 6 and
1 K, probably associated with crystal electric field contribu-
tion, and a steep rise below 1 K [Fig. 8(b)]. HoRe,Al,, prob-
ably has an ordering temperature at or slightly below 0.4 K.
The electrical resistivity [Fig. 8(b), inset] decreases with de-
creasing temperature with RRR of ~3.4 and p;gk
~86 w{)cm.
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]f”“oﬂ TbRe Al (b) P
% 210 —
L5+ i 100 Oe e
— R FIG. 5. For TbRe,Aly: (a) temperature de-
T‘B 1.0k : 2, pendence of magnetization in zero-field and field-
é ' % cooled forms at 100 Oe; (b) field dependence of
as magnetization at 1.8 K. Inset in (a) is the inverse
p= 0 520 of zero-field-cooled magnetization at 10 kOe,
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% e / TbReZAllO 0&FE—— the behavior in low-field regions
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6. ErRezAl 10

The magnetization as a function of temperature at 100 Oe
for ErRe,Al, is paramagnetic down to 1.8 K [Fig. 9(a), top
inset], with overlapping zfc/fc data and M;,>M | .. The mag-
netization measurements at 10 kOe are nearly isotropic [Fig.
9(a)] and the Curie-Weiss fit to the high temperature, poly-
crystalline results yield values of wu=9.5ug (Er**:9.58uy
theory) and 6,=-3.5(1) K. The magnetization does not
reach saturation at 68 kOe (bottom inset).

The specific heat result has a feature probably due to CEF
between 10 and 3 K, followed by an anomaly at
Thmag=1.1(2) K [Fig. 9(b)], most likely associated with mag-
netic order. The magnetic entropy change up to 7, is ap-
proximately R In 2, indicative of a doublet ground state or
two closely spaced singlets. The continuous increase in S
above T); indicates that the electronic levels this compound
is CEF split with closely spaced sublevels (top inset). The

temperature dependence of electrical resistivity gives a RRR
of 3.6, and p; g k=49 uQ cm (bottom inset).

7. TmRe2A110

The magnetization as a function of temperature at 1 kOe
for TmRe,Al,, has M. <M , . [Fig. 10(a), top inset] with the
overlap of the zfc/fc data down to 1.8 K and shows no sign
of long-range magnetic order. The inverse of the
temperature-dependent polycrystalline magnetic susceptibil-
ity follows the Curie-Weiss above 50 K [Fig. 10(a), Table III]
and yields a polycrystalline effective moment of 7.6ug/Tm
and an averaged 0p=—9.0(2) K. The calculated effective
moment is close to that expected for Tm**(7.57ug). Field
dependent magnetization isotherms at 1.8 K are shown in
Fig. 10(a), bottom inset. The moment at ~60 kOe is not the
full gJ value of the free 7ug/Tm.

P 300F T T
E 1= @4 (b)
200 5 - 2 /1 TbRe Al |
E ! In2 §' ‘}
e = = £
= tzO ;8m ‘;‘ ,g
E U0 10 20 3 £ g
< T(K) ¢ o 150+ 108
% 10t {1 2 ;
= l 5K \;- Pac P
& AL 106 g
i 0 5 10 15 FIG. 6. For TbRe,Al,,, temperature depen-
TbRe Al | dence of (a) specific heat and (b) electrical resis-
0 L L 0 L L tivity. Inset in (a) is the temperature dependence
0 10 20 30 0 100 200 300 of magnetic specific heat and entropy change (s)
T(X) T (K) for TbRe,Al;. Inset in (b) is the enlarged low-
4 temperature p(7T) region, with location of specific
) © heat anomaly marked as C,. (c) For TbRe,Al,,
g 115 the average susceptibility form d(xT)/dT (H
5 ) TbRe Al _ =100 Oe), also p(T) and C(r) data overlapped
o4 2 ! \ 2o = below 15 K.
RS £ ot 410
2 F =~ 1 Tj
© 10 ‘A"“A.."\\ =)
g |0 ] T— =
2 4 15 ©
|O' \—-—-—-‘ﬁ»/
100- . L 0
0 5 10 15
T (K)
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The specific heat results are shown in Fig. 10(b). There is
a broad anomaly in region of 12-3 K, and a second devel-
oping below 2.5 K. For TmRe,Al;, there is probably no
magnetic ordering. The temperature dependence of electrical
resistivity [Fig. 10(b), inset] gives a RRR of 3.7, with
P18 K%82 /.LQ cm.

8. YbRezAllo

The magnetization as a function of temperature at 1 kOe
is shown in Fig. 11(a). The data are anisotropic below
~100 K, with M,.>M , .. The zfc/fc data along each mea-
sured crystallographic direction overlap with approximately
linear behavior in field-dependent magnetization (bottom in-
set). For M | . there is a broad maximum at ~60 K, which is
likely due to Kondo/mixed valence. The inverse of magneti-
zation data as a function of temperature is reminiscent of a
Curie-Weiss law with a very large paramagnetic Curie tem-

6
~afi 100 DyRe Al _E 15 = (b)‘
g 10 kOe el 10 & £
20f =2 Le 20F % B n2 5 /
S = 2" 05 2 /
P = o 0 s3] 1“
= 0 = 5% 10 20 30" £
g E T (K) £
= : M
S 10t =0}
T &) l 1.7K
/" 18K
éo(k“ge)ﬁo % FIG. 7. For DyRe,Al;,, (a) the inverse of
f DyRe Al zero-field-cooled magnetization at 10 kOe with
0 . (a) 0 . . Curie-Weiss fit above 50 K, temperature depen-
0 150 300 0 10 20 30 dence of (b) specific heat and (c) resistivity. In
T (K) T (K) (a), the top inset is the temperature dependence of
(©) ' magnetization in zero-field and field-cooled
150+ / forms at 100 Oe and bottom inset is the field
v dependence of magnetization at 1.8 K. Inset in
(b) is the temperature dependence of magnetic
’g 100 specific heat and entropy change (s).
G
2
a sol DyRe Al |
0 L L
0 100 200 300
T (K)

perature of —151(3) K (top inset), indicative of antiferro-
magnetic correlations perhaps corresponding to the energy
scale of valence fluctuations. The derived polycrystalline ef-
fective magnetic moment of 4.7ug/f.u. is close to the value
for a free Yb>* ion (uep=4.54up).

YbRe,Al;, does not order magnetically down to 1.8 K
[Fig. 11(b)], as indicated by specific heat results [Fig. 11(b)].
By extrapolating a linear region found in C/T versus T? be-
tween ~2 and 6 K (inset), a Debye temperature of 6
~405 K and an electronic contribution of 7y
=94(1) mJ mol™! K2 [7.2(1) mJ/mol atom K?] are found.
The temperature dependence of electrical resistivity [Fig.
11(c)] gives a RRR of 3.1 (p; g x =42 u€) cm), with no fea-
ture in resistivity around 60 K. The occurrence of a AT? term
in the resistivity (inset), is suggestive of a low-temperature
Fermi-liquid state. For fits below ~6 K, A coefficients is
0.0011(1) u cm K2,

HoRe Al (a) 300, (b)
~ 100 Oe 20
4 10 kOe 20 E
2012 §
52 g FIG. 8. For HoRe,Al;,, (a) the inverse of
T “[Lc —_ = . . .
= = S < e | zero-field-cooled magnetization at 10 kOe, with
g 0 g 0 “}0(1280 300 Curie-Weiss fit above 50 K, and (b) temperature
s —.‘M dependence of specific heat. Insets of (a) are the
= 10r //ﬁ—‘— = 10+ temperature dependence of magnetization in
T &) zero-field and field-cooled forms at 100 Oe (top)
18K HoRe Al and field dependence qf magnetization at 1.8 K
> 30 40 €0 2" 0 (bottom). Inset of (b) is the temperature depen-
0 ) H (kOe) 0 . dence of electrical resistivity.
0 150 300 0 10 20
T (K) T (K)
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FIG. 9. For ErRe,Al;,, temperature depen-
dence of the (a) inverse of zero-field-cooled mag-
netization at 10 kOe, with Curie-Weiss fit above
50 K magnetization and (b) specific heat. Insets
of (a) are the temperature dependence of magne-
tization in zero-field and field-cooled forms at
100 Oe (top) and the field dependence of magne-
tization at 1.8 K (bottom). Top inset of (b) is the
temperature dependence of magnetic specific heat
and entropy change (s); bottom inset of (b) is the
dependence of resistivity.

FIG. 10. For TmRe,Al,,, temperature depen-
dence of the (a) inverse of zero-field-cooled mag-
netization at 10 kOe, with Curie-Weiss fit above
50 K, and (b) specific heat. Insets of (a) are the
temperature dependence of magnetization in
zero-field and field-cooled forms at 1 kOe (top)
and field dependence of magnetization at 1.8 K
(bottom). Inset of (b) is the temperature depen-
dence of electrical resistivity.

FIG. 11. For YbRe,Al,, temperature depen-
dence of (a) magnetization at 1 kQOe, (b) specific
heat, and (c) resistivity. The bottom inset in (a) is
the field dependence of magnetization at 1.8 K.
Top inset in (a) is the inverse of temperature de-
pendence of magnetization at 20 kOe above 5 K,
along with the polycrystalline averaged data;
Curie-Weiss fits are done above 125 K. The inset
in (b) is the C/T versus T? dependence and linear
fit of data in the range of 1.8 to 7 K. Inset of (c)
is the linear fit in p versus 7> between 1.8 and 6
K.
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IV. CONCLUSIONS

The high-temperature magnetic behavior of all of the rhe-
nium containing RRe,Al;, compounds, with the exception of
the R=Y and Lu, is local momentlike and the effective mo-
ments calculated are essentially the free R3* ion values for
R=Gd-Yb. These ug values along with 6, constants are
listed in Table III. The polycrystalline averaged Curie-Weiss
temperatures are small and negative for R=Gd-Tm. This in-
dicates that the coupling of the magnetic moments is weak.
One effect that is characteristic of the indirect exchange in-
teraction of R** ions by the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction is the scaling of quantities that are de-
pendent on value of exchange interaction (6, and Ty;) and de
Gennes factor, dG=(g,—1)2J(J+1) (Ref. 20); here g, is the
Landé g factor and J is the total spin angular momentum.
Although there is approximately constant values of paramag-
netic Curie-Weiss temperature for the RRe,Al;, family the
trend of magnetic ordering temperature versus dG is reason-
able (Fig. 12). For GdRe,Al,, magnetic interaction between
the Gd moments is the strongest of all members, as expected
(J=7/2), with T,=7.2(1) K. TbRe,Al,;, orders antiferro-
magnetically at Ty=5.0(3) K. For R=Dy, Ho, and Er mem-
bers, Tpae=1.7(1), =0.4, and 1.1(1) K, respectively. The
non—-de Gennes ordering among these latter members is
probably associated with crystal-electric-field induced
anisotropies. For R=Tm, the magnetic order is probably lost,
evidenced by gradual upturn in specific heat below 3 K.
YbRe,Al,j is found to be an example of a correlated electron
system with an enhanced -electronic specific heat of
~95 mJ mol~! K2. If this is associated with a ground state
doublet, then yTx ~R In 2 gives Tx ~60 K, a value that is
consistent with the loss of local moment character in the
lower temperature x(7) data.

All RRe,Al;, compounds described here are metallic. The
RRR values across the series ranges from ~3 to 9. As a
relation between RRR and the crystallographic quality of the
sample is generally drawn, our values would suggest a fair
crystal quality. Although some of RRe,Al;, are found to be
slightly rare-earth deficient (R=Gd, Tb, Dy, Tm, and Yb) or
aluminum deficient (R=Er and Lu), no correlation is seen
between the values of RRR based on bulk resistivity mea-
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FIG. 12. For RRe,Al;, members, paramagnetic Curie-Weiss
temperatures, fp, and magnetic ordering temperatures, Ty, as a
function of de Gennes factor, dG.

surements and site vacancies in crystals. Based on this, it
appears that the slight crystallographic off-stoichiometries
noted are not significant (Table II). On one hand, the moder-
ate RRR values may imply small plane defects such as stack-
ing faults or stoichiometric line defects, i.e., edge disloca-
tions, which would increase the value of residual resistivity,
lowering RRR. On the other hand, some of the scattering in
RRe,Al,, compounds may have magnetic origin at low tem-
peratures, as RRR in the nonmagnetic R=Y and Lu give
highest values.
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