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Magnetization, resistivity, and specific heat measurements were performed on solution-grown single crystals
of six GdT,Zny, (T=Fe, Ru, Os, Co, Rh, and Ir) compounds, as well as on their Y analogs. For the Gd
compounds, the Fe column members manifest a ferromagnetic (FM) ground state (with an enhanced Curie
temperature T for T=Fe and Ru), whereas the Co column members manifest an antiferromagnetic (AFM)
ground state. Thermodynamic measurements on Y7,Zn,, revealed that the enhanced 7~ for GdFe,Zn,, and
GdRu,Zn,, can be understood within the framework of Heisenberg moments embedded in a nearly ferromag-
netic Fermi liquid. Furthermore, electronic structure calculations indicate that this significant enhancement is
due to a large transition metal partial density of states at the Fermi level that places these compounds close to
the Stoner FM criterion. The change from FM to AFM ordering (between the Fe and Co column materials) is
associated with the filling of electronic states with two additional electrons/f.u. The degree of this sensitivity is
addressed by the studies of the pseudoternary compounds Gd(Fe,Co;_,),Zn,, and Y(Fe,Co,_,),Zn,, which
clearly reveal the effect of 3d-band filling on their magnetic properties.
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I. INTRODUCTION

The magnetism of rare earth intermetallics, determined by
the interaction between 4f local moments and conduction
electrons, especially the d-band conduction electrons of tran-
sition metals, has been of interest to physicists for the past
several decades.!? Recently, studies of the dilute and rare
earth bearing intermetallic compounds, RT,Zn,, (R=rare
earth and T=transition metal in Fe, Co, or neighboring col-
umns), revealed varied exotic magnetic properties.> Al-
though they contain less than 5 at. % rare earth ions which,
although dilute, fully occupy a unique crystallographic site,
these compounds allow for the study of local and hybridizing
moment magnetism in a regime that approaches the single
ion limit while preserving periodicity. Previous studies of
these compounds have indicated that they can serve as model
systems for a variety of physical phenomena ranging from a
nearly ferromagnetic Fermi liquid (NFFL) (YFe,Zn,, and
LuFe,Zn,),’ to a greatly enhanced ferromagnetic (FM) order
in GdFe,Zn,,,>" all the way to heavy fermion ground states
in YbT,Zn,, (T=Fe, Ru, Os, Co, Rh, and Ir).*

The RT,Zn,, series of compounds was discovered in 1997
by Nasch et al.® These compounds assume the isostructural
cubic CeCr,Al,, structure,”” in which the R and T ions each
occupy their own single unique crystallographic site with
cubic and trigonal point symmetries, respectively, and the Zn
ions occupy three unique crystallographic sites. The coordi-
nation polyhedra for R and 7 are fully comprised of Zn,
meaning that there are no R-R, T-T, or R-T nearest neighbors
and the shortest R-R spacing is ~6 A. The nearest-neighbor
and next-nearest-neighbor shells of the R are all Zn, forming
an all Zn Frank—Kasper polyhedron around the site and iso-
lating it.° RT,Zn,, compounds had been found to form for
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T=Fe, Ru, Co, and Rh, but no thermodynamic or transport
property measurements were reported. As part of this study,
we have extended the range of known RT,Zn,, compounds
to 7=0Os and Ir series.

In rare earth bearing intermetallic compounds, R=Gd
members give the clearest indication of the strength and sign
of the magnetic interaction, without any complications asso-
ciated with crystalline electric field splitting of the Hund’s
rule ground state multiplet. In order to better understand the
RT,Zn, series of compounds, in this paper we examine the
thermodynamic and transport properties of six GdT,Zn,, (T
=Fe, Ru, Os, Co, Rh, and Ir) compounds as well as their R
=Y analogs. We found FM transitions in the iron column
members (with enhanced T values for T=Fe and Ru) and
low-temperature antiferromagnetic (AFM) transitions in the
cobalt column members. Consistent with these results, we
also found enhanced paramagnetism in the T=Fe and Ru of
YT,Zn,, analogs. For GdFe,Zn,, and GdRu,Zn,,, magneti-
zation measurements under hydrostatic pressure indicated
that their enhanced FM transitions are not primarily associ-
ated with a steric effect. A model of Heisenberg moments
embedded in a NFFL can be proposed as a way to understand
the enhanced FM transitions. Band structure calculations
were employed to explain that the remarkable differences in
magnetic ordering for different transition metal members are
a result of different d-band fillings. In order to test this fur-
ther, a series of pseudoternary compounds Y (Fe,Co,_,),Zn,
and Gd(Fe,Co,_,),Zn,, was made, which was characterized
and found to manifest a clear, systematic, and comprehen-
sible evolution from a normal to a nearly FM metal and from
an AFM state to a high-temperature FM state, respectively,
associated with a change of the d-band filling as x varies
from O to 1.
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II. EXPERIMENTAL METHODS AND CALCULATION
DETAILS

Single crystals of RT,Zn,, (R=Gd and Y; T=Fe, Co, Ru,
Rh, Os, and Ir) were grown from a Zn-rich self-flux.*!° The
initial molar ratio of starting elements (R:T:Zn) were 2:4:96
(T=Fe and Co), 1:2:97 (T=Ru and Rh), 1:0.5:98.5 (T=0s),
and 0.75:1.5:97.75 (T=Ir). High purity constituent elements
were placed in alumina crucibles and sealed in silica tubes
under approximately 0.33 atm of high purity Ar. Then, the
ampoules were heated to 1000 °C (T=Fe and Co), 1150 °C
(T=Ru), 1100 °C (T=Rh), and 1150 °C (T=Os and Ir),
held at these temperatures for 3 h, and cooled down to 600,
850, 700, and 750 °C, respectively, at which point the re-
maining liquid was decanted. The cooling rates were 5 °C/h
(T=Fe, Co, Ru, and Rh), 4 °C/h (T=0s), and 2.5 °C/h
(T=Ir). Growths such as these often had only two to three
nucleation sites per crucible and yielded crystals with typical
dimensions of 7X7X7 mm?® or larger except for the Os
compounds, which were significantly smaller (1-2 mm on
one side). The residual flux and/or oxide slag on the crystal
surfaces was removed by using diluted acid (0.5 vol % HCI
in H,O for T=Fe and Co, and 1 vol % acetic acid in H,O
for T=Ru, Rh, Os, and Ir). The samples were characterized
by room temperature powder x-ray diffraction measurements
using Cu Ko radiation with Si (a=5.43 088 A) as an inter-
nal standard. The lattice constants were obtained by using the
Rietveld refinement program RIETICA.

Subsequent single-crystal x-ray analyses were made by
using a STOE image plate diffractometer with Mo K« radia-
tion, which used the supplied STOE software.!! The data
were adjusted for Lorentz and polarization effects, and a nu-
merical absorption correction was done. The structural solu-
tions were refined by full-matrix least-squares refinement us-
ing the Bruker SHELXTL 6.1 software package.'? The atomic
disorder in the crystals was checked by refining site occu-
pancies.

The magnetization measurements under hydrostatic pres-
sure were performed in a piston-cylinder, clamp-type pres-
sure cell made of a nonmagnetic Ni-Co alloy, MP35N, in
Quantum Design superconducting quantum interface device
(SQUID) magnetometers. Pressure was generated in a Teflon
capsule filled with a 50:50 mixture of n-pentane and mineral
oil. The pressure dependent superconducting transition tem-
perature of 6N purity Pb was employed to determine the
pressure at low temperatures.'®> The pressure cell design al-
lows for the routine establishment of pressures in excess of 8
kbar at low temperatures.'*

Measurements of the electrical resistivity were made by
using a standard ac four-probe technique. The samples were
cut into bars, which typically had lengths of 2-3 mm, paral-
lel to the crystallographic [110] direction. ac electrical resis-
tivity measurements were taken on these bars with f
=16 Hz and /=0.5-0.3 mA in Quantum Design physical
property measurement systems: PPMS-14 and PPMS-9 in-
struments (7=1.85-310 K). Temperature dependent specific
heat measurements were also performed by using the heat
capacity option of these Quantum Design instruments. dc
magnetization was measured in Quantum Design SQUID
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FIG. 1. (Color online) The lattice constants (a) of GdT,Zn,, and
YT,Zn,, versus the Goldschmidt radius (r) of the transition metal
with coordination number 12 (Ref. 22)

magnetometers in an applied field =55 kOe or 70 kOe and
in a temperature range of 1.85-375 K.

In general, when making magnetization measurements on
FM samples, some attention must be paid to the effects of
demagnetizing fields.!> However, this correction is small in
the case of Gd7,Zn,, because of the diluted nature of the
magnetic moments. Considering that the magnetization is
mainly from eight Gd** ions per unit cell, one estimates the
maximum demagnetizing field as follows:

8(7—'%3)3 =2380 Oe. (1)
(14 A)

Experimentally, in the measurements of magnetization
isotherms near the T, the demagnetizing field can introduce
an error for platelike samples. To avoid this error, rodlike
samples were measured with an applied magnetic field along
their long axis. This minimized the demagnetizing factor
and, therefore, the demagnetizing field.

The electronic structure was calculated by using the
atomic sphere approximation tight binding linear muffin-tin
orbital method,'®!7 which used the experimental values of
the lattice parameters and atomic positions from this work.
The exchange-correlation term was calculated within both
the local-spin-density approximation, which was param-
etrized according to von Barth-Hedin,'® and the generalized
gradient approximation with the Perdew—Burke—Ernzerhof
functional.'” A mesh of 16 k points in the irreducible part of
the Brillouin zone was used. The 4f electrons of the Gd
atoms were treated as polarized core states. Despite its ap-
parent simplicity, this approach reproduces the electronic and
magnetic properties of rare earths, which is in good agree-
ment with experiment.?! In order to reproduce the AFM
ordering in GdCo,Zn,,, the magnetic moments of two Gd
atoms in the unit cell were aligned in opposing directions.

D,(Max) =4

III. RESULTS AND ANALYSIS
A. Structure refinements

Figure 1 shows that the lattice parameters, determined by
the refinement of powder x-ray diffraction, increase as the
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TABLE I. Atomic coordinates and refined site occupancies for GdFe,Zn,, and GdRu,Zn,; each of the
unique crystallographic sites were refined individually. The total number of reflections and the number of
refined parameters are 7887 and 8336, and 17 and 17 for GdFe,Zn,, and GdRu,Zn,,, respectively.

Atom Fd3m Occupancy X y z U
(A?)
GdFe,Zny, a=14.1232(16) A, R;=0.0286
Gd 8a 1 0.125 0.125 0.125 0.006(1)
Fe 16D 1 0.5 0.5 0.5 0.006(1)
Znl 96g 1 0.0587(1) 0.0587(1) 0.3266(1) 0.014(1)
Zn2 48f 1 0.4893(1) 0.125 0.125 0.010(1)
Zn3 16¢ 1 0 0 0 0.021(1)
GdRuyZn,g, a=14.2564(16) A, R,=0.0335
Gd 8a 1 0.125 0.125 0.125 0.008(1)
Ru 16D 1 0.5 0.5 0.5 0.007(1)
Znl 96g 1 0.0589(1) 0.0589(1) 0.3260(1) 0.015(1)
Zn2 48f 1 0.4888(1) 0.125 0.125 0.011(1)
Zn3 16¢ 1 0 0 0 0.023(1)

transition metal varies from 3d to 5d for both GdT,Zn,, and
YT,Zn,,. The error bars, smaller than the symbols in the
plot, were estimated from the standard variation of multiple
measurement results on one batch of samples. In addition to
the refinement of powder x-ray diffraction, the crystallo-
graphic atomic site occupancies and positions were refined
using single-crystal x-ray diffraction data on the crystals of
GdFe,Zn,; and GdRu,Zn,,. As shown in Table I, both com-
pounds were found to be fully stoichiometric within 3¢. The
atomic site positions are very close to the isostructural com-
pounds reported before.® It should be noted though that the
similar atomic number values for Zn and Fe made it difficult
to completely resolve possible mixed site occupancies.

B. GdT,Zn,, (T=Fe, Co, Ru, Rh, Os, and Ir)

Before discussing each of the GdT,Zn,, compounds sepa-
rately, an overview of their temperature and field dependent
magnetization serves as a useful point of orientation. In Fig.
2, the temperature dependent magnetization (M) divided by
the applied field (H) reveals the primary difference between
the Fe column members of this family and the Co column
members. For T=Fe, Ru, and Os, there is an apparent FM
ordering (with remarkably high and moderately high values
of T for T=Fe and Ru, respectively), whereas for T=Co,
Rh, and Ir, there is an apparent low-temperature AFM order-
ing.

The nature of the ordering is further confirmed by the
low-temperature magnetization isotherms presented in Fig.
3. It should be noted that for each of the six Gd7,Zn,, com-
pounds, the 1.85 K magnetization isotherms, which were
measured with the applied field along [100], [110], and [111]
crystallographic directions, were found to be isotropic to
within less than 5%. This magnetic isotropy is not unex-
pected in Gd-based intermetallics, in which magnetism is
mainly due to the pure spin contribution of the 4f shell of
Gd?*. For T=Fe, Ru, and Os, magnetization is representative

of a FM-ordered state with a rapid rise and saturation of the
ordered moment in a field of the order of the estimated de-
magnetizing field (with the magnetic domain wall pinning
being low in these single crystalline samples). For T=Co,
Rh, and Ir, the field dependent magnetization data are con-
sistent with AFM-ordered states that can be field stabilized to
fully saturated states in large enough applied magnetic fields.
This fully saturated state is observed for GdCo,Zn,,, which
is associated with a spin-flop transition near H=31 kOe,
whereas the maximum magnetic field in the equipment used
(55 kOe) could not saturate the magnetic moment of the
GdRh,Zn,, and GdIr,Zn,, samples. The measured saturated
moments for T=Fe, Ru, Os, and Co samples are clustered
around the Hund’s rule ground state value of Gd**(7up).
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FIG. 2. (Color online) Temperature dependent magnetization of
GdT,Zn, divided by the applied field H=1000 Oe.
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FIG. 3. (Color online) Field dependent magnetization of

GdT,Zny, at 1.85 K for an applied magnetic field along all three
principal directions: [100], [110], and [111].

Figure 4 presents temperature dependent H/M data for
the six Gd-based compounds. For this low magnetic field,
H/M approximately equals the inverse susceptibility
[1/x(T)] in the paramagnetic state. Except for GdFe,Zn,,
the data sets of 1/x(T) of these compounds are linear and
parallel to each other over the whole temperature range of
the paramagnetic state, manifesting a Curie-Weiss (CW) be-
havior, x(T)=C/(T- 6.), where C is the Curie constant and
Oc is the paramagnetic Curie temperature. Similar C values
are extracted from the nearly parallel lines that give similar
effective moments (u.;=8up) that are close to the value of
Hund’s rule ground state of Gd**(7.94u;), without any ap-
parent contribution from local moments that could be asso-
ciated with the transition metal (see Table II below). This is
consistent with the low-temperature saturated moments that
are close to the theoretical value of g =7ug (Fig. 3). In
contrast, 1/x(T) of GdFe,Zn,, obeys a simple CW law only
above ~200 K and evidently deviates from it at lower tem-
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FIG. 4. (Color online) Applied field (H=1000 Oe) divided by
the magnetizations of Gd7,Zn,, as a function of temperature. The
solid line represents the high-temperature CW fit for GdFe,Zn,.

peratures (see discussion below). Nevertheless, its high-
temperature CW behavior yields u.s close to the other val-
ues. The sign of the 6. values is consistent with their
magnetic ordering type, except for GdCo,Zn,,, which mani-
fests an AFM order but with a positive, albeit small, 6
(Table II). This anomalous - value for GdCo,Zn,, com-
pared to the values for 7=Rh and Ir members, leads to a
much larger susceptibility near the Néel temperature Ty (Fig.
2).

GdFe,Zn,, has the most conspicuously anomalous
behavior.? Figure 5 presents a blowup of the low field M/H
data as well as the results of measurements of temperature
dependent specific heat (C,) and electrical resistivity (p) in
zero applied magnetic field. The specific heat data manifest a
clear anomaly at T-=85*1 K [inset of Fig. 5(b)]. The re-
sistivity data, although collected from a sample from a dif-
ferent batch, show a clear break in slope (or maximum in
dp/dT) at To=84=2 K. The determination of the ordering
temperature from magnetization data requires a more de-
tailed analysis. Figure 6 presents a plot of M* versus H/M
(an Arrott plot*}) from data collected on the same batch of
sample used for C, in the vicinity of T¢. The isotherm that
most closely goes linearly through the origin is the one clos-
est to T, giving a value of 88 K.3 All of these measurements
are consistent with a transition temperature near 86 K. It

TABLE II. Lattice constant a (+0.002 A), residual resistivity ratio RRR=r(300 K),R(2 K), paramagnetic
Curie temperature 6, effective moment . [from the CW fit of x(7) from 100 to 300 K, except for
GdFe,Zn,; see text for details], magnetic ordering temperature, T or Ty, and saturated moment w,, at 55
kOe along the [111] direction on GdT,Zn,y, compounds (T=Fe, Ru, Os, Co, Rh, and Ir).

T Fe Ru Os Co Rh Ir
a (A) 14.1226 14.2462 14.2567 14.0587 14.1994 14.2129
RRR 8.1 7.6 5 12.8 12.8 15.7
Oc (K) 46 23 3 3 -10 -8
Mt MB 7.9 8.2 8.1 8.2 8.0 8.1
Tc (K) 86 20 4.2
Ty (K) 5.7 7.7 4.1,2.8%
Msar MB 6.5 7.25 6.9 7.3

*Two magnetic transitions were found.
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FIG. 5. (a) Temperature dependent magnetization (M) of
GdFe,Zn,, divided by the applied field (H=1000 Oe), (b) specific
heat (C,), and (c) resistivity (p) and its derivative with respect to
temperature (dp/dT). Inset in (b): The magnetic part of specific
data estimated as AC,=C,(GdFe,Zny)—C,(LuFe;Zn,) near T.
Inset in (c): p over the whole temperature range of 2-300 K.

should be noted that 7. values for different batches of
samples can vary by as much as =3 K, even though the
single-crystal x-ray diffraction measurements do not suggest
evident crystallographic differences.

GdRu,Zn,, also manifests a relatively high FM ordering
temperature. Figures 7(b) and 7(c) present temperature de-
pendent specific heat and electrical resistivity measurements
for GdRu,Zn,, in zero applied magnetic fields, both of which
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FIG. 6. Arrott plot of magnetic isotherms for GdFe,Zn.
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FIG. 7. (a) Temperature dependent M/H for GdRu,Zn,, (H
=1000 Oe), (b) C,, and (c) p and dp/dT. Inset in (b): The magnetic
part of specific data estimated as AC,=C,(GdRu,Zny)
- C,(LuRu,Zny). Inset in (c): p over the whole temperature range.

show clear evidence of ordering with 7-=20=*=1 K. Figure 8
shows that, similar to GdFe,Zn,, the T of GdRu,Zn,, can
be inferred from an Arrott plot analysis. These measurements
were performed on samples from the same batch, and the
different methods for determining 7 agree to within =1 K.

GdOs,Zn,, appears to order ferromagnetically at a T,
value as low as the Néel temperatures found for the Co col-
umn members of the GdT,Zny, family (see below). As
shown in Figs. 9(b) and 9(c), the specific heat and resistivity
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FIG. 8. Arrott plot of magnetic isotherms for GdRu,Zn,.
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FIG. 9. (a) Temperature dependent M/H for GdOs,Zn,, (H
=1000 Oe), (b) C,, and (c) p and dp/dT. Inset in (c): p over the
whole temperature range.

data manifest features consistent with a magnetic phase tran-
sition near 4 K. However, the C, data, with a broad shoulder
above this temperature, do not manifest a standard \ type of
feature and may indicate a distribution of 7~ values or mul-
tiple transitions. The Arrott plot for GdOs,Zn,,, although
having nonlinear isothermal curves, is also consistent with a
FM transition between 4 and 4.5 K (Fig. 10). Such a nonlin-
ear feature in the isothermal curves is also found in Refs. 24
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FIG. 10. Arrott plot of magnetic isotherms for GdOs,Zn,,. The
demagnetizing field D,, cannot be ignored for this low 7~ and was
estimated from the geometric factor of the sample (D~ 0.03).
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FIG. 11. (a) Temperature dependent susceptibility (y) and
d(xT)/dT of GdCo,Zny, (b) C, and C,/T, and (c) p and dp/dT.
Inset in (c): p over the whole temperature range.

and 25 and may be associated with the complex magnetic
phenomena in the critical region rather than with a simple
clearly defined Landau type second order phase transition.

In contrast to the Fe column compounds, the Co column
compounds all appear to order antiferromagnetically with
values of Ty between 4 and 7 K. Figures 11-13 present the
low-temperature magnetic susceptibility, specific heat, and
electrical resistivity data for GdCo,Zn,,,> GdRh,Zn,,, and
GdIr,Zn,,, respectively. In addition to these data,
d[ x(T)T]/dT (Ref. 26) and dp /dT (Ref. 27) have been added
to the susceptibility and resistivity plots, respectively.
GdCo,Zn,, and GdRh,Zn,, manifest clear A\-type anomalies
in their temperature dependent specific heat, with similar fea-
tures appearing in their dp/dT and d[ x(T)T]/dT data. From
these thermodynamic and transport data, we infer Ty of
57%x0.1 Kand 7.7*+0.1 K for GdCOzznzo and Gdhaano,
respectively. Below their Ty, the susceptibility shows a slight
increase with decreasing temperature. However, the tempera-
ture dependent C, and C,/T data show no anomaly except
for the one associated with T, [Figs. 11(b) and 12(b)].
GdIr,Zn,, shows a somewhat broader feature at Ty
=4.1+0.1 K, and there may be a lower temperature transi-
tion near 3 K indicated in the magnetization data, although
this is not clearly supported by corresponding features in
either specific heat or resistivity data. A summary of the ther-
modynamic and transport measurements on the six Gd7,Zn,,
compounds is presented in Table II.
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over the whole temperature range.

A logical question that comes to mind when comparing
Tc for the Fe column members with the lattice parameter
data shown in Fig. 1 is whether the drop in T, as the tran-
sition metal moves down the column, is associated with a
steric effect. This can be addressed experimentally by mea-
suring the T, under hydrostatic pressure. The temperature
dependent low field magnetizations for GdFe,Zn,, and
GdRu,Zn,, were measured under pressures up to 7 kbar. The
pressure dependence of T)(q, the temperature at which the
magnetization equals 10% of the maximum low-temperature
magnetization and which is used as a caliper of T, of each
compound is plotted in Fig. 14. The fact that both com-
pounds manifest decreases in 7, with increasing pressure
indicates that the difference between GdFe,Zn,, and
GdRu,Zn,, is not primarily a steric one. By approximating
the bulk modulus of these compounds to be a generic 1
Mbar, one can estimate that GdRu,Zn,, under 10 kbar of
hydrostatic pressure will have its lattice parameter reduced
by 0.03 A (25% of the difference between the lattice param-
eter of GdFe,Zn,, and GdCo,Zn,). If the cause of the T,
suppression was purely steric, such a change in lattice pa-
rameter should (at the very least) result in a dramatic in-
crease in the 7. values of GdRu,Zn,, rather than the ob-
served gradual decrease.

C. YT,Zn,, (T=Fe, Co, Ru, Rh, Os, and Ir)

In order to better understand the behavior of GdFe,Zn,,
and GdRu,Zn,, with respect to the rest of the GdT,Zn,,
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FIG. 13. (a) Temperature dependent yx and d(x7)/dT of
GdlIr,Zny, (b) C,, and (c) p and dp/dT. Inset in (c): p over the
whole temperature range.

compounds, it is useful to examine the properties of the non-
magnetic analogs: the Y7,Zn,, compounds. The temperature
dependent magnetization data (divided by the applied field)
and the low-temperature magnetization isotherms for these
six compounds are presented in Figs. 15 and 16, respectively.
YFe,Zn,, and YRu,Zn,, show great and intermediate en-
hancements of paramagnetic signals, respectively, whereas
the rest of the materials manifest an ordinary and weak, ei-
ther paramagnetic or diamagnetic, response that is expected
of non-moment-bearing intermetallic compounds.

T T T T T

86.5 GdFeZan
Oy AT dP=-0.17(1)K/kbar 1250
._/O
86.0 - e

(K)
o

= 8551

S g
850} GdRuzn, ", //
dT /dP=-0.073(2)K/kbar o 1235

0 2 4 6 8
T(K)

10%
o "L

FIG. 14. (Color online) Pressure dependent T, (a caliper of
T¢) of GdFe,Zn,, and GdRu,Zny . The dash lines are the linear fits
of the data.
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FIG. 15. (Color online) Temperature dependent magnetization
of YT,Zn,, under applied field H=50 kOe.

Measurements of the low-temperature specific heat (plot-
ted as C,/T versus 7?2 in Fig. 17) also indicate a clear differ-
ence between YFe,Zn,, YRu,Zn,, and the other members
of the Y7»Zn, series: Enhanced values of the electronic spe-
cific heat are found for 7=Fe and Ru. As previously
reported,’ YFe,Zn,, can be considered as a compound that is
close to the Stoner limit. The simplest way to see this is to
recall that in this limit, whereas the Pauli paramagnetism is
enhanced by a factor of (1 —Z)7!, the electronic specific heat
is not.?® This means that the term Z in the enhancement
factor can then be inferred from the experimentally deter-
mined low-temperature values of 7y, and x,. In common
units,

2
Z=1-137x 102 2I/mAK)
Xo-dia(€mu/mol)

2)

where Xo_zi.=Xo,» With the core diamagnetism subtracted.
From the core diamagnetism  values (-2.3
X107 emu/mol for YFe,Zn,, and YCo0,Zn,, -2.5
X 10™* emu/mol for YRu,Zn,, and YRh,Zn,, and -2.9
X 107 emu/mol for YOs,Zn,, and YIr,Zn,,),?°> Z can be
inferred to be 0.88 and 0.67 for YFe,Zn,, and YRu,Zn,,
respectively (Table III). For reference, this can be compared
to Z=0.83 and 0.57 for elemental Pd and Pt, respectively
(Table IV),*° which are thought to be canonical examples of
NFFL. These enhanced Z values indicate that YRu,Zn,, and,

0.06 : : ; . i
-
YTZZn20 .__."..Fe
T=1.85 K, H/[111]
0.04} __,.-"' |
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= _,.-""'
w
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} .-"...... M
”“ eSS EmNENSEsEEsEmESSEs=EEERE
0,00 !a¥are, SRR S Err e T
o Co 4 Os
Q Rh 2 1Ir L . .
0 10 20 30 40 50 60

H (kOe)

FIG. 16. (Color online) Field dependent magnetization of
YT22H20 at 1.85 K.
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FIG. 17. (Color online) Low-temperature specific heat of
YTzlezo.

in particular, YFe,Zn,, are extremely close to the Stoner
limit (Z=1). In contrast, the Z values of the rest of the mem-
bers are less than 0.5, which is comparable with the esti-
mated value of the canonical example of the “normal metal”
Cu, Z=0.29.3! It is worth noting that during the estimation of
the Z values, the contribution from Landau diamagnetism is
ignored. As it is inversely proportional to the square of the
effective mass of the conduction electrons,?? the Landau dia-
magnetic contribution becomes more significant for those
members that have smaller 7y, values. Thus, based on the
thermodynamic measurements, the Pauli susceptibility val-
ues, even after the core diamagnetism correction, are still
underestimated. Due to this uncertainty, the Pauli suscepti-
bility values after the core diamagnetism correction for
YOs,Zn,y, and YRh,Zn,, albeit positive, are still less than
the unenhanced values (Z=0) corresponding to their v,.

D. Electronic structure

Band structure calculations, performed on the representa-
tive nonlocal moment members, Y7,Zn,, (T=Fe, Co, and
Ru), as well as on their local moment analogs, GdT,Zn,,
can shed further light on their diverse magnetic properties.
Figure 18 shows the result of the total and partial density of
states (DOS) for each element for YFe,Zn,,. At the Fermi
level Ep, the total DOS manifests a sharp peak, leading to the
relatively large DOS at the Fermi level [N(Eg), see Table V]
and, therefore, to a large band contribution to the electronic
specific heat, Yp,nq=37 mJ/mol K2. This result is consistent
with the experimentally measured electronic specific heat 7,
with a mass enhanced factor of A=0.43 if one assumes 7,
=(1+\)Ypana- This mass enhanced factor, containing both
electron-phonon and electron-electron contributions, is close
to that for Pd (A ~0.5) as well as for Ni;Ga (A ~0.6) 33. The
peak-shape DOS at E is not unusual for the NFFL systems:
Similar calculation results have been obtained for Pd,*
YCo,, and Ni;Ga (Ref. 33) by using similar techniques.
The large peak at about —7 eV corresponds to totally filled d
states of Zn atoms. Figure 18 also shows the significant con-
tribution of the Zn atoms’ electronic states to the total DOS
in the whole energy spectrum, whereas the Fe atoms’ elec-
tronic states are mostly localized in the vicinity of Ej, al-
though they are dilute in this compound (1/10 of Zn). In
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TABLE III. Lattice constant a (+0.002 A), low-temperature susceptibility x,, the values after core
diamagnetism correction X(_ui, linear coefficient of the specific heat y,, Debye temperature 65, and the
Stoner enhancement factor Z on Y 7,Zn,, compounds (T=Fe, Ru, Os, Co, Rh, and Ir).

T Fe Ru Os Co Rh Ir
a (A) 14.1020 14.2226 14.2263 14.0395 14.1834 14.1937
X0 5.73 1.14 -0.256 0.212 -0.076 -0.034
X0-dia 5.96 1.39 0.034 0.442 0.174 0.256
Y% ° 53 34 12.4 18.3 16.4 14.1
op (K) 123 124 125 121 127 124
VA 0.88 0.67 0.43 0.24

aTaken as M(50 kOe)-M(30 kOe),20 kOe in units of 107 emu/mol.

®In units of mJ/mol K2.
“Equation (2) is invalid for T=0s and Rh; see text.

order to estimate the enhancement factor Z, we used the par-
tial N(Ey) values for the transition metal and the results for
exchange integrals / obtained by Janak in Ref. 36. The re-
sults, listed in Table IV, show that the theoretical Z value of
1.3 for YFe,Zn, is in between the values for elemental Pd
(Z=0.9) and Fe (Z=1.6, before band splitting)—the canoni-
cal examples of nearly ferromagnet and “strong” ferromag-
net systems. This result indicates that YFe,Zn,, may indeed
be even closer to the Stoner criterion than Pd. As we can see,
the theoretical value is overestimated by +=30% compared to
the experimental one. The total DOS at Er mainly corre-
sponds to the hybridization of the 3d band of Fe and the p
band of Zn; the 4d band of Y, although hybridized with the
other two, contributes significantly less (Fig. 18).

The dominant effect of the d-band filling on the magnetic
properties of Y7,Zn,, manifests itself more clearly if one
compares the electronic structure of the three Y7,Zn,, com-
pounds: T=Fe, Co, and Ru (Fig. 19). The total and Co-partial
DOSs of YCo,Zn,y, are similar to those of the YFe,Zn,,
analog, with the twice smaller Co-partial DOS at Ej being
understood from the DOS of YFe,Zn,, after shifting the
Fermi energy 0.3 eV higher, which corresponds to the addi-

tion of two extra valence electrons/f.u. On the other hand, the
electronic structure of YRu,Zn,, has the same Fermi level
position as YFe,Zn,, because of the same valence electron
filling. However, its total and Ru-partial DOSs are lower than
those of YFe,Zn,,. This difference is not unexpected since
the 4d band is usually broader than the 3d band in the elec-
tronic structure of intermetallics. The calculated N(Ej) for
YCo,Zn, is one-half of the value for YFe,Zn,,, whereas the
value for YRu,Zn, is slightly larger for YCo,Zn,, (Table
V).

The electronic structure calculation for the three
GdT,Zn, analogs, based on the treatment of 4f electrons in
core states, can also shed light on the effect of a submerging
Gd** local moment in these electronic backgrounds (Y ana-
logs). Our calculations demonstrate that in the ordered state,
Gd and transition metals carry magnetic moments (see Table
IV). Magnetic moments of Gd atoms are about 7.4 u for the
FM-ordered compounds and 7.3up for the AFM-ordered
compound, which are significantly smaller compared to the
result for elemental Gd,”*?! i.e., 7.6u5. The magnetic mo-
ment additional to Hund’s value (7uz) comes from the po-
larization of Gd 6p and 5d states by magnetic 4f electrons.

TABLE IV. The calculated DOS in St/eV cell [N(Eg), one cell has 2 f.u.], averaged DOS per atom
[N(EF)/N yomsl> partial DOS at transition metal atom [N{E)], exchange energy in eV for transition metal
atom (/) (Ref. 36), calculated Stoner enhancement factor for transition metal atom [Z,,;=Ny(Ep)I], estimated
Stoner enhancement factor (Z) by Eq. (2), and magnetic moment in ug for Gd and transition metal, 7, in

GdT»Zny, compounds.

Magnetic moment

Compound N(Ep)  N(Ep)/Nyoms Nr(Ep) I Zal VA Gd T

Pt (elemental) 2.2 2.2 2.2 0.57

Pd (elemental) 2.6 2.6 2.6 0.34 0.88 0.83

Fe (elemental) 35 35 35 0.46 1.62

YCo,Zny 16.32 0.35 1.28 0.49 0.63 0.43

YFe,Zn,, 31.35 0.68 2.86 0.46 1.32 0.88

YRu,Zny, 18.72 0.41 1.0 03 03 067

GdCo,Zny, 14.92 7.25 0.00
GdFe,Zny, 17.95 7.37 ~0.84
GdRu,Zny, 17.15 7.34 ~0.04
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FIG. 18. (Color online) The DOS of YFe,Zn,, (in St/eV cell)
and partial DOS (in St/eV cell). E corresponds to zero energy. The
red solid line in (a) corresponds to the total DOS and the blue
dashed line to the PDOS of Y atoms. The red solid line in (b)
corresponds to the PDOS of Zn and the blue dashed line to the
PDOS of Fe atoms.

The negative coupling between Gd and transition metals in-
duces magnetic moments on these atoms in a direction op-
posite to the Gd magnetic moment. In agreement with the
high DOS of Fe atoms in YFe,Zn,,, the induced magnetic
moment on Fe atoms (—0.84up) is the largest among all ex-
amples. The smaller DOS of Ru atoms in YRu,Zn,, corre-
lates with a smaller induced magnetic moment on Ru in
GdRu,Zny (—0.04up). The induced magnetic moment on Co
is zero because of the compensation of interactions with Gd
in AFM GdCo,Zn,,. The calculated total magnetic moments,
ie., 7.25ug, 6.53ug, and 7.30ug, for GAdT,Zn,, (T=Co, Fe,
and Ru, respectively) are in good agreement with the experi-
mental values of w,, i.e., 7.3up, 6.5ug, and 7.25uy (see
Table IT). The DOS for GdFe,Zn,, [Fig. 20(a)] demonstrates
a significant splitting between the occupied and empty 3d
states of Fe, which is in agreement with sizable Fe magnetic

YFeoZnyg ]

DOS (St/eV cell)

YCo,Zny, 1

-3 -25-2-15-1-05 0 05 1 15
E(eV)

Yoacte]

FIG. 19. (Color online) The DOS of (a) YFe,Zn,j, (b)
YRu,Zny, and (¢) YC0,Zny near Ep (in St/eV cell) (solid line) and
PDOS of Fe, Ru, and Co atoms (blue dashed line) (in St/eV cell).
Er is shown by vertical lines. 518 and 522 corresponds to the num-
ber of valence electrons in the unit cell calculated in the rigid band
approximation from the DOS of YFe,Zn,.
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FIG. 20. (Color online) The red solid line corresponds to the
DOS of (a) FM-ordered GdFe,Zn,,, (b) FM-ordered GdRu,Zny,
and (c) AFM GdCo,Zn,q near Eg (in St/eV cell) and partial DOS of
Fe, Ru, and Co atoms (blue dashed line) (in St/eV cell). Ej is shown
by vertical lines. 518 and 522 corresponds to the number of valence
electrons in the unit cell calculated in the rigid band approximation
from the DOS.

moments, whereas this splitting is almost negligible in the
case of Ru-based compounds [Fig. 20(b)].

E. Gd(FexCOI_x)Zano and Y(Fexc()l_x)zzﬂzo

Based on the distinct difference between the RFe,Zn,,
and RCo,Zn,, compounds and motivated by the band struc-
ture calculations, a systematic study of R(Fe,Co,_,),Zn,, for
R=Gd and Y was carried out. In order to check x of
Gd(Fe,Co,_,)»Zn,, and Y (Fe,Co,_,),Zn,, energy dispersive
spectra (EDS) measurement, a direct method for the determi-
nation of elemental concentrations, and powder x-ray diffrac-
tion measurement were employed. Figure 21 presents the
EDS measurement results for the Gd series and the lattice
constants for both series. The linear variation of lattice con-

T T T T T

100F Gd(FeCo, )2, 5 2 1142
m  EDS results 7
go.75 + O lattice constant @
@ 4 41410
° 0.50 A o
w U. r -
= p >
3 g 114.08 8
<025} . =
Zooo} & {14.06
Y(Fe,Co, ),Zn,,
;ﬂ/ 4 lattice constant | 14.04
0.00 0.25 0.50 0.75 1.00
Norminal x

FIG. 21. (Color online) Lattice constants of the series of
Gd(Fe,Co;_,)»,Zny, (open circle) and Y(Fe,Co,_,),Zny, (solid tri-
angle). Fe concentration of Gd(Fe,Co,_,),Zn, series inferred from
EDS measurements (solid square).
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FIG. 22. (Color online) Zero field cooled M/H (H=1000 Oe)
of Gd(Fe,Co;_,),Zn,, series versus temperature for x=1.00, 0.88,
0.75, 0.50, 0.25, and O from right to left. Note that the data from
two samples of x=0.88 are shown. Inset: Magnetic phase transition
temperatures, obtained from the resistivity data, for
Gd(Fe,Co;_,)»Zny.

stants with x for both series is compliant with Vegard’s law,
which is consistent with the results of EDS. Due to these
results, the nominal x value is used from this point onward.

Figure 22 shows the magnetization divided by the applied
field as a function of temperature for Gd(Fe,Co,_,),Zn,,
which indicates FM ordering for x>0.25. It should be noted
that due to the zero-field-cooling process and the differing
demagnetizing fields associated with the different sample
shapes, the low-temperature magnetization in the FM state is
not unique. As x is increased from O to 1, the polarizability of
the electronic background [Y (Fe,Co;_,),Zn,,] increases, and
there is a monotonic but superlinear increase in 7,,,, (inset of
Fig. 22), which is reminiscent of the x dependence of Z in-
ferred from measurements on Y (Fe,Co;_,),Zn,,.> It is worth
noting that the two samples with x=0.88 fall on this mani-
fold, despite their slightly different 7~ values. Placing Gd*?
ions into the matrix close to the Stoner limit seems to result
in an enhanced sensitivity of small sample-to-sample varia-
tions. This sensitivity to the small disorder is not uncommon
for the strongly correlated electronic system, particularly for
the ones close to the Stoner criteria. For example, the differ-
ent samples of ZrZn,, the canonical example of a weak fer-
romagnet, manifest a ~10% difference in their 7’s.>’

The nature of the ordering for the whole series is further
confirmed by the low-temperature magnetization isotherms
(Fig. 23). For x=0.5, the magnetization is representative of a
FM-ordered state with a rapid rise and a saturation of the
ordered moment in a field of the order of the estimated de-
magnetizing field, whereas the spin-flop transition near H
=31 kOe as well as the linear magnetization below it con-
firm a clear AFM-ordered state for GdCo,Zn,,. For x=0.25,
the magnetization is not a typical FM one: The saturation
appears at ~10 kOe, which is much larger than the esti-
mated maximum demagnetizing field. Such an anomaly may
indicate the existence of frustration for 0 <x=0.25. The
saturated moment extracted from the magnetization values
under a 55 kOe applied field along the [111] crystallographic
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FIG. 23. (Color online) Low-temperature (7=1.85 K) magneti-
zation versus applied field for the Gd(Fe, Co,_,),Zn, series. Inset:
Saturated moments as a function of x.

direction varies monotonically from the slightly enhanced
value of 7.3up for GdCo,Zn,, to the slightly deficient value
of 6.5up for GdFe,Zn,.>

IV. DISCUSSION

The band structure calculation indicates that with the
same structure and similar lattice parameters, the diverse
magnetic properties of Gd7,Zn,, and Y7,Zn,, are mainly
dependent on the d-band conduction electrons from the tran-
sition metal site. The different d-band fillings of the Fe col-
umn members and the Co column members are associated
with the different signs of the magnetic coupling of Gd**
local moments and, therefore, the different types of magnetic
ordering. Furthermore, the high and intermediately high
N(Ep) of 3d and 4d subbands of Fe and Ru, respectively, are
associated with the strongly correlated electronic states of
YFe,Zn,; and YRu,Zn,,, as well as with the strong coupling
between the Gd** local moments in GdFe,Zn,, and
GdRu,Zn,, and, therefore, high magnetic ordering tempera-
tures. The induced negative moment on the Fe site is not
unexpected in intermetallic systems consisting of a heavy
rare earth and a more than half-filled 34 transition metal,'38
which can be understood in terms of the hybridization be-
tween the 3d electronic wave function of the transition metal
and the 5d electronic wave function of the rare earth.?

In addition to the electronic structure calculations, the re-
markable high-temperature FM ordering of GdFe,Zn,, and
GdRu,Zn,, can be understood in the conceptually simple
context of large Heisenberg moments associated with the
Gd** ion (S=7/2), which is embedded in the NFFL associ-
ated with YFe,Zn,, and YRu,Zn,,. This framework has been
employed to understand the anomalous high-temperature FM
ordering in some systems of local moments in NFFL hosts,
such as dilute Fe, Co, or Gd in Pd or Pt (Refs. 40 and 41) and
RC0,(R=Gd-Tm).*>* In these systems, the itinerant elec-
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FIG. 24. (a) H/M (H=1000 kOe) of GdFe,Zn,, as a function
of temperature. The dash line represents the Curie—Weiss fit above
250 K. (b) Temperature varied 6. (c) Temperature varied w.g. (See
text.)

trons of the host (Pd, Pt, or YCo,) are polarized by the local
moments (Fe, Co, or R** ions), strongly couple them, and
result in high-temperature local moment ordering and in-
duced moment of the host.

The substitutional series of Gd(Fe,Co,_,),Zn,, and
Y (Fe,Co,_,),Zny, provides the versatility to study the corre-
lation between the local moments and the highly polarizable
host. When x is varied from O to 1, by tuning the d-band
filling, the inferred values of Z for the Y(Fe,Co,_,),Zn,, se-
ries, representing to some extent the polarizability, increase
superlinearly from 0.43 to 0.88,% giving rise to the highly
nonlinear increase of the magnetic ordering temperature for
the Gd(Fe Co,_,),Zn,, series (Fig. 22). This correspondence
between the Z values and the magnetic ordering temperatures
is even consistent with the T~ value for GdRu,Zn,, although
the itinerant electrons of the transition metal are 4d, not 3d.
Given Z=0.67 for YRu,Zn,, a similar Z value of the host is
between x=0.5 and 0.75 for Y(Fe,Co,_,),Zny,.> The T,
value for GdRu,Zn,, is also between the 7. values of x
=0.5 and 0.75 for Gd(Fe,Co,_,),Zny.

This conceptually simple framework can also help to un-
derstand the curious temperature dependence of the 1/ x(7T)
data for GdFe,Zn,,. Figure 24(a) shows the temperature de-
pendent H/M in an applied field (H=1000 Oe), with a
dashed line presenting the CW fit above 250 K. As shown
before, the fit gives the value of the effective moment (g
=7.9up), which is comparable with the effective moment of
the 4f electrons of Gd** in Hund’s ground state. The devia-
tion from the CW law below 250 K has been explained as a
result of temperature dependent coupling between Gd>* local
moments by means of a strongly polarizable electronic
background.®> Assuming a constant u., one can extract the
temperature dependence of 6 from the 1/y data. As shown
in Fig. 24(b), 6. is essentially constant (~45 K) above 275
K and then increases monotonically as temperature de-
creases, tracking x(7T) of YFe,Zn,, (Fig. 15).

The correlation of the temperature dependent y and the
polarizability of the electronic background can also be seen
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FIG. 25. (Color online) (a) H/M (H=1000 kOe) of

Gd(Fe,Co;_,),Zn,, as a function of temperature. (b) Temperature
varied 6. (See text.)

in the susceptibility of the Gd(Fe,Co,_,),Zn,, series. Figure
25(a) presents temperature dependent H/M under the applied
field H=1000 Oe. Linear and parallel to each other at the
high-temperature region, the data sets start to deviate at
lower temperatures, especially for large x. As discussed be-
fore, the temperature dependent 6. values were extracted
with the assumption of an invariant w.g. Figure 25(b) shows
that 6. varies strongly, much weakly, and negligibly as x
=1, 0.88, and =0.75, respectively. For each x, the variation
of 6 tracks x(T) of the Y(Fe,Co,_,),Zn,, series.?

An alternative method of analyzing the y(7) data assumes
that some induced moment exists above T and is aligned
locally antiparallel to the Gd moment (in essence, forming a
composite moment). Assuming an invariant 6., values of C
can be inferred from the following:

it 3

Figure 24(c) shows the monotonic decrease in g With a
temperature decrease down to 110 K, at which it shows a
minimum value of 6.6ug. From 100 K to T, w. starts to
increase in a highly nonlinear fashion. This increase in the
Mer Value is not unexpected in the vicinity of 7 in the FM
system and could be due to the short range ordering or for-
mation of magnetic clusters of the local moments.** The de-
crease in g in this scenario would be the result of the
formation of magnetic droplets consisting of the Gd*? local
moments and the oppositely polarized electron cloud from
the highly polarizable host. Such magnetic droplets are not
unprecedented in analogous systems above 7. For example,
a “giant moment” was observed in a dilute Fe-Pd alloy*®; the
deficient w.g of local moments was also found in the RCo,
series (R=Gd-Tm) (Ref. 46) above T. Given that the pri-

104408-12



VARIATION OF THE MAGNETIC ORDERING IN...

mary difference between these two alternative explanations
is in whether or not the itinerant electrons are polarized
above T, measurements of Mossbauer spectra on the Fe
sites at various temperatures can resolve this paradox.

V. SUMMARY

Six GdT,Zn,, (T=Fe, Ru, Os, Co, Rh, and Ir) compounds
have magnetic properties that differ dramatically between the
Fe column and Co column members. The Fe column mem-
bers order ferromagnetically with the enhanced transition
temperatures for the 7=Fe and Ru members, whereas the Co
column members manifest low-temperature AFM ordering.
In a related manner, the 7=Fe and Ru members of the
YT,7Zn,, family manifest typical properties associated with
NFFLs. Band structure calculation results for the 7=Fe and
Ru members reveal that the large DOS at the Fermi level are
correlated with the enhancement in their magnetic properties.
The data on the pseudoternary series of compounds
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Gd(Fe,Co,_,),Zn,, and Y (Fe,Co,_,),Zn,, further display the
effect of different 3d-band filling on the magnetic properties
of these two series. The conceptually simple framework of
the Heisenberg moments embedded in the NFFL was dis-
cussed to understand the enhanced transitions for GdFe,Zn,,
and GdRu,Zn,; and the curious temperature dependence of
the 1/ x versus T data for GdFe,Zn,.
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