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Unconventional enhancement of ferromagnetic interactions in Cd-doped GdFe,Zn,, single crystals
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Single crystals of GdFe,Zn;y_,Cd, (0.0 < x < 1.4) were grown and characterized through structural,
magnetic, and electronic properties using x-ray diffraction, field- and temperature-dependent magnetization,
specific heat, >’Fe Mossbauer spectroscopy, and electron spin resonance (ESR). A negative chemical pressure
effect is accompanied by an unexpected increase of 7¢ from 86 to 96 K, together with a reduction of the magnetic
effective moment and saturation magnetic moment, as evidenced by all of the experimental techniques. From the
microscopic point of view, probing at the 4 f electron level and the Fe nucleus has allowed the extraction of
important information about the configuration and the effective role of the partial Cd substitution for Zn in
this ferromagnetic system. Our 3’Fe Mossbauer spectroscopy experiments show a negligible variation of the
hyperfine field at the Fe site, and ESR experiments reveal an enhancement of the Korringa-type relaxation and
a molecular field effect as Cd is incorporated. This complex behavior is assigned to a possible reconstruction of
the Fermi surface and/or a new distribution of the d type of conduction electrons in response to the negative
chemical pressure, leading to an enhancement of the ferromagnetic transition temperature in a generalized
Ruderman-Kittel-Kasuya-Yosida interaction scenario.

DOI: 10.1103/PhysRevB.102.144420

I. INTRODUCTION

Electronic correlations play a fundamental role in the de-
velopment of new and interesting properties in materials, and
are a central topic of study by experimental and theoreti-
cal scientists due to a variety of challenges emerging from
quantum effects [1]. Canonical examples of materials with
electronic correlation features are elemental Pt and Pd [2],
known for their itinerant electrons collectively behaving as
a system just below the border of the Stoner limit, which
gives rise to a nearly ferromagnetic Fermi liquid (NFFL) [1].
Other, more complex systems were also found to feature
NFFL properties, such as TiBe, [3], MCo, (M = Sc, Y, and
Lu) [4], NisGa [5], and YFe,Znyq [6], presenting significant
challenges toward their proper physical description.

Now, when 4 f local moments are embedded in a system
with NFFL features, rich phases emerge as a result of the inter-
action between 4 f and d electrons, including the stabilization
of a ferromagnetic (FM) ground state in some systems such
as YCo, [7] and YFe,Zny [6], when Y3* ions are partially or
fully replaced by rare-earth ions. Particularly, YFe,Zn;( adopt
a cubic CeCryAlyg-type structure with space group Fd3m
(227), where the Y and Fe atoms occupy the 8a and 16d
crystallographic sites, respectively, and the Zn atoms occupy
three distinct sites (96g, 48 f, and 16¢) [8]. If Y3+ is replaced
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by Gd** ions (remaining in the same structure), the d type of
electrons are polarized in the opposite direction by the Gd**
moments, resulting in the stabilization of a remarkably high
FM transition temperature of 7 = 86 K [6,9]. This scenario
was further explored by Mossbauer experiments [10] which
reported the absence of a hyperfine field on the >’Fe site
above T =~ 90 K, implying no clear evidence for the existence
of such conduction electron polarization. However, another
microscopic exploration using electron spin resonance (ESR)
experiments in the concentrated system GdFe,Zn;, supported
the idea of a polarized cloud of electrons, and proposed a
“superexchangelike” mechanism to explain the emergence of
this FM state [11].

Due to the electronic correlations, it is expected that tuning
the system either by external pressure or by electron/hole
doping can manipulate its FM response. This route was ex-
plored by Jia er al. [12], where a small substitution of Al
for Zn (GdFe,Znyy_, Al,) drastically reduces the FM ordering
(from Tz = 86 K for x = 0.0 to T = 10 K for x = 2.44) as
well as the itinerant electronic correlation, evidenced by the
reduction of the Stoner coefficient from Z = 0.88 for x = 0.0
to Z = 0.32 for x = 2.44 in the case of crystals containing Y.
These results provide insights on the role of band filling in the
stabilization of FM interactions in a NFFL.

Another approach to explore this FM system is the di-
lution of the magnetic rare earth [13] as was the case of
Gd, Y _,Fe;Zny for 0.0 < x < 1.0, showing that FM order
of the Gd3* local moments persists down to x = 0.02, which
is an exceptionally diluted case albeit strongly coupled to
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the d type of electrons from Fe. As a result of this 4f-
d coupling, a strong deviation from the high-temperature
Curie-Weiss behavior upon approaching the ordering temper-
ature was observed and the authors associate this behavior
to an increasing coupling strength between Gd** and the
highly polarizable electronic background of YFe,Znyy which
have a strong temperature dependence following the s-d
model [13].

Here, single crystals of GdFe;Znyy_,Cd, (0 < x < 1.4)
were grown and characterized with the aim of inducing a
“negative” pressure effect, in order to map possible changes
in the system’s magnetic ground state and to further explor-
ing the aforementioned electronic interactions, as well as the
deviation from Curie-Weiss (CW) behavior near to the tran-
sition in this FM compound, in a controlled manner. Such an
approach was previously used in the closely related heavy-
fermion system YbFe,Zn;y, which showed strong suppression
of the electronic hybridization in response to the same isoelec-
tronic substitution, demonstrating an effective tool for tuning
magnetic ground states in this family of compounds [14]. We
show that inducing negative chemical pressure on GdFe;Zn;g
leads to an unexpected enhancement of the FM transition tem-
perature from 7o = 83 K for x = 0.0 to 94.5 K for x = 1.4,
accompanied by a drastic reduction of the effective and sat-
uration magnetic moments, evidencing an extreme sensitivity
of the ground state to pressure. Additionally, the microscopic
techniques of Mossbauer spectroscopy (to probe Fe sites) and
ESR (using Gd as a local probe) were used in combination to
elucidate these interesting properties and propose a new dis-
tribution of the d conduction electrons and/or a Fermi-surface
reconstruction.

II. EXPERIMENTAL METHODS

Batches of GdFe,;Znyp_,Cd, (0 < x < 1.4) single crystals
were grown by the standard self-flux method [15,16] us-
ing excess of Zn. The constituent elements were 99.9% Gd,
99.9% Fe, 99.9999% Cd, and 99.9999% Zn (Alfa-Aesar).
Initial ratios of elements were 1:2:47-y:y (y = 0-6) for the
pseudoquaternaries Gd:Fe:Zn:Cd were weighted and sealed in
an evacuated quartz ampoule and heated in a box furnace. Sin-
gle crystals were grown by slowly cooling the melt between
1000 °C and 600 °C over 100 h. At 600 °C the ampoules were
removed from the furnace, inverted, and placed in a centrifuge
to spin off the excess flux following previous reports [9].
X-ray powder diffraction of crushed crystals were performed
atroom T to determine the crystal structures [8] and analyzed
using a general structure analysis system (GSAS) [17] with
the reported crystallographic data of GdFe,Zn, as starting
model [18] (Dataset ID sd_1226969). The effective Cd con-
centrations x for all of our samples were estimated using
energy-dispersive x-ray spectroscopy (EDS) measurements in
a JEOL-JSM-6010LA scanning electron microscope with a
Vantage EDS system.

For the magnetic susceptibility (x = M/H) measurements,
we used a Quantum Design MPMS3 superconducting quan-
tum interference device (SQUID) magnetometer at various
applied magnetic fields (H < 6 T) and temperatures (2.0 K
< T < 310 K). The T-dependent specific heat (C,,) was mea-
sured in a Quantum Design Physical Properties Measurement

System (PPMS) using the standard relaxation technique at
zero field.

Temperature-dependent 5’ Fe Mossbauer spectra were ob-
tained at the Brazilian Center for Research in Physics (CBPF),
Brazil, by recording the energy-dependent y-ray transmis-
sion spectra on powdered specimens of the above-mentioned
single crystals. A 14.4-keV y-ray radiation source of °’Co
in a Rh matrix with about 50 mCi of activity, kept at room
temperature, and a standard transmission spectrometer with
sinusoidal velocity sweep were used. The temperature ranges
for the Mossbauer spectra were from 3 to 120 K. For the ESR
experiments, single crystals were crushed into fine powders
of particle size greater than 100 um, corresponding to an
average grain size (d) larger than the skin depth (§), A =
d /8 Z 10. The X-Band (v ~ 9.4 GHz) ESR experiments were
carried out in a conventional CW Bruker-ELEXSYS 500 ESR
spectrometer using a TEjq, cavity. The sample temperature
was changed using a helium gas flux coupled to an Oxford T
controller.

III. EXPERIMENTAL RESULTS

The following section is divided in two parts: macroscopic
characterizations including XRD, specific heat, field- and
temperature-dependent magnetization, and microscopic char-
acterizations combining Mossbauer and ESR experiments.

A. Macroscopic characterizations

Figure 1 shows the (x-ray diffraction) XRD patterns of
GdFe,Znyo_,Cd, (0 < x < 1.4). The refined lattice param-
eters a = 14.121(9) A for GdFe;Zn;o is in good agree-
ment with the literature [9] and a = 14.209(6) A for
GdFe,Zn ;g Cd; 4 shows an expansion of the lattice due to
Cd doping, preserving the same cubic phase. This expansion
may also be observed in the Gd-Gd distance starting from
9.985(7) A for x = 0.0 to 10.047(8) A for x = 1.4 which will
be useful in future discussions. Rietveld refinements of the
GdFe,Znjy—,Cd, (0 < x < 1.4) structure allowing Cd atoms
to partly occupy any of the three Zn sites converged to a solu-
tion where Cd prefers the 16c¢ site (see Table I) in agreement
with previous results [19]. Some peaks associated with Zn
appear because the single crystals were obtained using Zn as
a flux in the growth process and was difficult to remove from
internal parts of the crystal affecting the x> parameter.

It is worth mentioning that Cd, 4 is in the limit of the Cd
doping that GdFe,Zn;y admits by this single-crystal growth
procedure, which is consistent with our findings and previous
works [14] related to a strong preference of doping Cd atoms
toward occupying exclusively the Zn3 crystallographic site
in contrast with reported data of GdFe;Zny,_,Al, where Al
appears to selectively occupy the Zn2 site [12]. This differ-
ence could be related to the important difference of the ionic
radii of Al and Cd. To our knowledge, the ternary compound
GdFe,Cd,( has not been reported yet.

Figure 2(a) shows Cp vs T for GdFe;Znyp—,Cd, (0 < x <
1.4). For x = 0 the FM transition at 83(1) K is in agreement
with previously reported experiments [9], however, for x =
1.4 the FM transition increases, notably, to 95(1) K. The inset
shows the increase of the FM transition temperature 7¢ as Cd
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FIG. 1. Observed (black line with plus symbol), calculated (red
line), background (green line), and difference (blue line) XRD
profiles of GdFe,Znyy_,Cd, (0 < x < 1.4) recorded at room temper-
ature. The Rietveld refinement was performed using GSAS. Asterisk
denotes Zn flux.

is incorporated in the system. Figure 2(b) shows Cp/T vs T
for the reference systems YFe,Zn;y and YFe,Zn ;5 Cd; 4. The
extrapolated Sommerfeld coefficients y = 52(1) mJ/mol K?
and 54(1) mJ /mol K? for the pure and doped samples, respec-
tively, and similar Cp vs T [see inset of Fig. 2(b)] are in good

TABLE I. Atomic coordinates and refined site occupancies from
x-ray measurements for x = 1.4.

X y z Wyck Occ
Gd 0.1250 0.1250 0.1250 8a 1.00
Fe 0.5000 0.5000 0.5000 16d 1.00
Znl 0.0566 0.0566 0.3276 96g 1.00
Zn2 0.4930 0.1250 0.1250 48f 1.00
Zn3 0.0000 0.0000 0.0000 16¢ 0.79(8)
Cd 0.0000 0.0000 0.0000 16¢ 0.21(8)
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FIG.2. (a) Cp x T for GdFe,Zn,,_,Cd, (0 <x< 14
and (b) Cp/T x T? for the reference system YFe,Zn;, and
YFe;Zn56Cd, 4.

agreement with previous reported results in YFe;Znyo [6].
This result will be useful for our discussions in the following
section.

Figure 3 presents 7-dependent dc magnetic suscepti-
bility. A typical FM transition is observed for the un-
doped compound GdFe,Znyj, in agreement with reported
works [6,9,12,13]. Consistent with the above specific-heat
results, it is also possible to see the effect of Cd substitution
leading to the increase of the FM transition toward higher
temperatures (83 K for x = 0.0 to 94.5 K for x =1.4). A
Curie-Weiss analysis, in the high-T region (200-310 K) of
all our samples, indicates a remarkable change in the mag-
netic behavior, such as the reduction of the effective magnetic
moment per formula unit p.s from 8.0 up to 6.1 wp (inset of
Fig. 3). Evaluation of the Curie-Weiss temperature for each
sample indicates an increase from 60.2(8) K for the undoped
sample to 64(2) K for x = 1.4 (Table II). The associated
values of yq related to the T-independent contribution to the
dc magnetic susceptibility are summarized in Table II and will
be discussed in the next section.
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FIG. 3. dc magnetic susceptibility of GdFe,Zn;y_,Cd, for 0.0 <
x< 14,

Figure 4 shows the magnetization M vs H for
GdFe,Znyy_,Cd, at 2 K. Once again, the dramatic effect
of the Cd substitution at the Zn site is apparent, leading to
a reduction of the saturation magnetic moment per formula
unit gy from 6.9 pg/f.u. for the x = 0 sample to 4.0 ug/f.u.
for x = 1.4, in agreement with the observed reduction of the
effective magnetic moment (see Fig. 3).

The set of parameters found to describe the above macro-
scopic physical properties are summarized in Tables II and III
for all our samples.

B. Microscopic characterizations: >’ Fe Mossbauer spectroscopy

Selected °"Fe Mossbauer spectra obtained for the x = 0
and x = 1.4 crystals between 3 and 120 K are shown in Fig.5.
The spectra at high 7 show a doublet that evolves to a broad
spectrum composed by six superimposed lines at 3 K. This
resonance doublet splitting is caused by a magnetic hyperfine
field at the Fe site, reflecting the magnetic order already ob-
served by the aforementioned techniques.

The obtained spectra were fitted within the Full Hamilto-
nian site model using the MOESSFIT software [20]. Three Fe
sites were necessary to obtain a reasonable fit for all tem-
peratures. The fitted hyperfine parameters are the isomer shift
3, the quadrupole splitting AEy, the magnetic hyperfine field
By, the angle 6 between Bj,¢, and the main component of the
electric field gradient V., the spectral area A, and the linewidth
I". We performed global fits for each sample, constraining the

FIG. 4. Magnetization (M) vs magnetic field (H) at 2 K for
GdFe,Znyy_,Cd, for 0.0 < x < 1.4 and a zoom for low magnetic
fields (inset).

values of 8, AEp, 6, and By,¢ for the sites 1 and 2, same I for
all Fe sites, and the spectral areas for each site were set to be
equal for all temperatures. According to Refs. [10,25], § and
the spectral area are expected to show 7 dependence, but we
can safely assume these parameters as 7 independent because
their variation within the temperature range we are performing
in our analysis can be neglected. The fitted spectra above and
below T¢ for each sample are shown in Fig. 5.

From our fits (Fig. 5), we find that the ratio between the
spectral areas of the main Fe sites is approximately 2:3, and
the ratio of the third site to the main sites is 1:8. These sites
successfully reproduce the experimental spectra throughout
the whole T range studied. Below T¢, the corresponding an-
gles 6 for each site are 0°, 72(1)°, and 90°, which will be
discussed in the following section. The linewidths extracted
from our fits are 0.27(3) mm/s.

The fitted hyperfine parameters (5, AEp, and Bjy) are
shown in Fig. 6. From Fig. 6(a), § for the main Fe sites is
nearly 7 independent. However, it is seen that Cd doping
causes a small increase in §, a consequence of the variation in
the s density of states at the Fe nucleus caused by the negative
chemical pressure induced. The § extracted from the third
Fe site shows that the chemical environment is substantially
different from the main phase, suggesting that Fe sites may be
at sites with different local environment, such as the surface of
the crystallites or sites with defects. The doping effect is also

TABLEII. Cd concentrations (x), FM transition temperature (from Cp) Tc, FM transition temperature (from yx ) T¢, Curie-Weiss temperature
Ocw, magnetic effective moment (efr), magnetic moment of saturation (i, ), and the obtained value of x, for the GdFe,Zn;,_,Cd, system.

Conc. Te (from Cp) Te (from ) Ocw eft Msat X0

(x) (K) (K) (K) (up/fu.) (up/fu.) (1073 emu/mol Oe)
0.0 83.0(8) 82.5(7) 60.2(8) 8.0(1) 6.9(1) 4.0(1)

1.0 86.5(8) 87.5(6) 62(2) 8.0(1) 6.5(1) 12.0(1)

1.3 89.0(8) 90.0(6) 64.0(8) 7.7(1) 5.0(1) 43.0(1)

1.4 94.5(8) 95.5(7) 64(2) 6.1(1) 4.0(1) 21.0(1)
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TABLE III. Structural lattice parameters obtained from the Rietlveld refinement for GdFe,Zn;,_,Cd, (0 < x < 1.4).

Sample GdFezznzo GdFezzn]g_OCdl_o GdFeQZn18_7Cd1_3 GdFeZang_GCdM
a (A) 14.121(9) 14.169(5) 14.196(8) 14.209(6)

V (A% 2816.(3) 2844.(8) 2861.(3) 2869.(1)

p (glem?®) 7.436 7.428 7.404 7.391

x? 6.643 4.358 6.300 6.411
wRp(%) 4.47 3.58 4.60 4.64
Rp(%) 291 2.55 3.14 2.99
Gd-Gd (A) 9.985(7) 10.019(4) 10.038(7) 10.047(8)
Gd-Fe (A) 5.854(6) 5.874(4) 5.885(9) 5.891(0)

seen in AEy [Fig. 6(b)], where a reduction is observed for the
sample with x = 1.4.

The T dependence of By shown in Fig. 6(c) reflects the
onset of the magnetic order for each studied sample. From
Figs. 5 and 6(c) it is seen that there is no magnetic hyperfine
field at the Fe site above T¢, suggesting that the moment
correlations observed above T¢ either have origin in another
magnetic element or that the magnetic correlations lie below
the Mossbauer spectroscopy detection limit. Finally, the res-
onance linewidth I [Fig. 6(d)] is reflecting similar behavior
for both specimens, suggesting that the doping is not causing
a considerable line broadening.

(b) GdFeZZn18.GCd1.4

(a) Gd Fe22n20

Intensity (a.u.)

v (mm/s) v (mm/s)

FIG. 5. Temperature-dependent 3’Fe Mossbauer spectra for
GdFe,Zny,_,Cd, with (a) x = 0 and (b) x = 1.4. In addition, the Fe
sites employed for the fits are shown above and below T¢.

C. Microscopic characterizations: ESR

In order to further investigate the peculiar increase of the
FM transition temperature due to the Cd substitution, we use
T-dependent ESR to elucidate the strength of the short-range
interaction just above the FM transition temperature.
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FIG. 6. 5'Fe Mossbauer  hyperfine parameters for

GdFe,Znyy_,Cd,: (a) Chemical isomer shift § for the main
and the so-called impurity phases, (b) electric quadrupole splitting
AE (dotted lines represent the values at low temperatures above
Tc), and (c) magnetic hyperfine field at the Fe site B, and their
respective fitting curves, and (d) the resonance linewidth I" (dotted
lines represent the values found for the nonmagnetic specimens
LuFeZano and YbFeZan [10])
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FIG. 7. ESR of Gd*" at 9.5 GHz, 2 uW at T =110 K for
GdFe;Znyy_,Cd, (0.0 < x < 1.4).

Figure 7 shows the ESR of Gd** at 9.5 GHz frequency,
2 uW power, and T = 110 K for GdFe,;Zn;y_,Cd, (0.0 <
x < 1.4). The obtained spectra for all samples show the typi-
cal Dysonian line shape expected for metallic systems, with a
small detectable change in the linewidth but similar resonance
fields for all of the studied samples.

Figure 8 shows the T evolution of the Gd** ESR linewidth
AH for all our samples. The linear behavior AH = a + bT,
where a is the residual linewidth AH, and b = % the thermal
broadening of the linewidth (Korringa rate) [21] associated
to the exchange interaction between the Gd** 4 f-localized
magnetic moment and the conduction electrons (ce), Jy.. The
experiments show an increase of the Korringa rate from b =
14.0 Oe/K for the pure sample to b = 20.0 Oe/K for x = 1.4.
At temperatures close to 7¢ the linear behavior ceases for each
Cd concentration due to the Gd-Gd magnetic interactions, in
agreement with the dc magnetic susceptibility measurements.
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FIG. 8. T-dependent Gd** ESR linewidth AH for
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FIG. 9. g shift (Ag) for GdFe,Zn,,_Cd, for 0.0 < x < 1.4.

Other temperature-dependent differences are manifested
in the resonance field (Hys), related to the g factor by the
resonance condition Av = gupH,.s, where v is the frequency,
h the Planck constant, and pp the Bohr magneton. This g
factor can be compared with the value obtained from Gd**
in insulators, g = 1.993, yielding a g shift caused by the local
polarization of the conduction electrons.

Figure 9 presents the T dependence of the Gd** ESR
g shift, Ag=g—1.993. At T 2 100 K, Ag is negative
[~—0.06(1))] for all of our samples, with a weak T depen-
dence consistent with our previous work [11]. Notice that,
within the range of 110 K <7 < 130 K where there is a
deviation of the dc magnetic susceptibility from the high-T
Curie-Weiss behavior (inset Fig. 3), the measured Ag for all
our samples present the same value of Ag = —0.06(1). How-
ever, within the interval of 90 K < 7' < 107 K and for the Cd-
doped samples, there is a clear decrease in magnitude of the
negative-g shift, assigned to the emergence of short-range FM
magnetic interactions in the Cd-doped samples (see Fig. 3).

IV. ANALYSIS AND DISCUSSION

The expected lattice expansion due to the Cd substitution
has been confirmed by the increase of the lattice parameter,
from a = 14.121(9) A for GdFe,Zny, to a = 14.209(6) A
for GdFe,;Zn g ¢Cd; 4. This results in a “negative” chemical
pressure as a consequence of the larger ionic radius of Cd
compared to Zn (Fig. 1). However, as the Gd-Gd separation
increases (Table III) with x, our Cp vs T (Fig. 2) results evolve
in the opposite way of the conventional expectation, showing
an increase of Tr from 83 K for x = 0 to 95 K for x = 1.4.
Previous experiments in this FM system under hydrostatic
pressure up to 7 kbar [9] revealed a small reduction of 7¢ with
% = —0.17(1) K/kbar, and this reduction was explained in
terms of the variation of the lattice parameter yielding no
steric effects in the suppression of the 7¢. “Positive” chemical
pressure with electron doping was also studied through Al
substitution at the Zn site [12], wherein a reduction of the elec-
tronic correlation and a strong decrease of T was observed.
Although important results were obtained, the individual roles
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of pressure and electron doping were not resolved, which is
necessary for the comprehension of those effects. The present
results obtained from XRD and Cp demonstrate that small
changes in the composition made by isoelectronic substitution
of Zn for Cd have induced significant changes in the magnetic
properties. The unexpected increase of 7¢ has led the x = 1.4
sample to reach the highest FM transition temperature (T ~
100 K) among both the RT>Zn,y family (R = Gd-Tm [22])
and the RT,Cdyy family (R = rare earth, T = Ni, Pd) [23].
Figure 3 confirms the enhancement of the FM transition tem-
perature T¢ from 82.5(7) K for x = 0.0 to 95.5(7) K for
x = 1.4, consistent with the FM bulk transition revealed from
Fig. 2. Hence, Cd effects in this FM system deserve thorough
investigation.

The Curie-Weiss temperatures ®cw were also derived (Ta-
ble II), yielding an increase from 60.2(8) K for x = 0 to 64(2)
K for x = 1.4. There is a fundamental difference between the
variation of T (ATe = 11.5 K) and O¢cw (ABcw = 3.8 K)
for x = 0 and 1.4 that comes from the deviation of the linear
behavior above 200 K for all studied samples [Fig. 3(b)]. This
deviation is justified as a polarization of the d-type conduction
electrons (electronic cloud) in the opposite direction of Gd**
near the FM transition [6], which therefore directly affects
T, but not O¢cw obtained from high-temperature extrapo-
lation. The reason behind the observed changes may be a
drastic modification of the itinerant molecular field, respon-
sible for the CW deviation. Figure 3(b) and Table II also
evidence an increasing slope of the linear fitting to the in-
verse dc magnetic susceptibility, based on the CW formalism,
resulting in decrease of the estimated magnetic effective mo-
ment from pegr = 8.0(1) g /f.u. for x = 0 (expected for Gd**+
from Hund’s rules) to pes = 6.1(1) up/fu. for x = 1.4. This
reduction indicates the emergence of a strong contribution
opposite to the Gd*" moments but still persistent at high tem-
peratures, which is in principle unexpected from the inclusion
of filled-shell Cd atoms without any magnetic moment. This
scenario reinforces the assumption of a strong modification of
the itinerant molecular field with negative chemical pressure
oriented in opposition to the Gd** magnetic moments giving
an extra contribution to the CW behavior.

It is worth mentioning that despite the reduced range of the
linear fitting of ()x-xo)~' in the pure sample (for x = 0), the
obtained values of g and g, are in very good agreement
with expected values using the Hund’s rules. This gives us
confidence to use it as a reference for the Cd-doped samples,
where is expected a complex behavior. The T-independent
term of the dc magnetic susceptibility (see Table III) comes
from Pauli paramagnetism (with electronic correlations), cage
diamagnetism, atomic diamagnetism (sample + Zn impuri-
ties), and the sample holder (already subtracted in our data).
The Cd ions could modify (in some quantitative degree, un-
known for us) those dependent/independent contributions,
affecting the yo (not systematic in agreement with Table II).
Although the Curie-Weiss analysis was used in a safe range
of temperatures, it is possible to have an extra influence in
the obtained values for . in Cd-doped samples, dependent
of the o value. We believe that comprehensive studies using
single crystals of YFe;Zny(_,,Cd,, will be necessary to clarify
this issue. These xo modifications will be a subject of a future
detailed report.

Consistent with the above hypothesis but now at low tem-
peratures, Fig. 4 shows a strong reduction of the magnetic
saturation moment from g = 6.9(1) ug/f.u. for x =0 to
Usat = 4.0(1) up/fu. for x = 1.4. It is worth noting that the
calculated Rhodes-Wohlfarth ratios (Ze“) of 1.14 for x =0
and 1.53 for the threshold x = 1.4 validate a localized mag-
netic moment description for all measured samples but leaves
an open scenario of a possible small coexistence with emer-
gent itinerant magnetic moments when Cd is in the system.

An extra contribution to the magnetism for this FM com-
pound was proposed from XRMS, XMCD, and XANES
experiments by Mardegan et al. [24], where Gd*" ions induce
a small magnetic moment in the 4p states due to the short Gd-
Zn distances, leading to another possible interpretation of the
observed results in this work. In order to probe those effects
locally and elucidate the correct mechanism involved, it is
necessary to explore the system by microscopic techniques.

We have used the Fe nucleus as a probe below the FM
transition by °’Fe Mossbauer spectroscopy. In particular, we
observe the interaction of the d electrons associated to the Fe
atom and their local surroundings. Fits of our spectra using
one Fe site [10] and two Fe sites with a fixed spectral area ratio
of 1:3 [25] were tested, but neither model gave satisfactory
fits. Our analysis gave a spectral area ratio of 2:3 for the main
sites, which could be explained if we consider the direction
of V_, along the [111] axis, taking into account that the Gd
atoms themselves form a corrugated honeycomb lattice and
the Fe atoms form a pyrochlore lattice. In this case, % of the
Fe atoms are sensing the transferred FM field from the Gd
moments pointing along the [111] direction (6 = 0°), and the
remaining % of the Fe sites correspond to the Gd moments
pointing off the [111] axis (6 = 72°).

The quadrupole splitting AE(, above T¢ varies upon doping
from —0.64(2) mm/s (x = 0) to —0.57(2) mm/s (x = 1.4).
Since we are dealing with metallic crystals, the conduction
electrons involved in the V,; are not necessarily bound to an
atom and cannot be categorized strictly as external or local. In
this case, V, can be simplified to [26]

Ve = VE = K(1 = yoo)V.2" e

z

where V is the main component of the electric field gradient
(EFG) for local electrons belonging to impurities or additional
contributions, K is an empirical factor accounting for the
nature of the EFG due to conduction electrons, ¥, is the cor-
responding antishielding factor, and Vl‘m is the contribution
to the EFG from the crystal lattice. The K constant varies be-
tween 1 and 2 depending on the strength of V.. We performed
lattice sums of V*" just by calculating the contribution of
each atom in the unit cell, obtaining the V;; elements of the
EFG tensor and performing numerical diagonalization of the
matrix to obtain V2. Afterward, we take K = 1in Eq. (1) (see
Ref. [26]) to obtain V.. To obtain AE&“’” we use the following
expression:

eZQsz

2 9
where e is the electron charge and Q is the quadrupole mo-
ment of the Fe nucleus in its excited spin state I = % Q=

160 mbarn). We obtained AE&“‘C = —0.61 mm/s for x =0

AEG" = 2)
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and AEg‘lc = —0.56 mm/s for x = 1.4. By comparing these
calculations with the experimental values of AE(, we notice
that the calculated values are very close to the experimental
values, meaning that the effect of impurities via a hypothetical
VS can be neglected, and confirming the isoelectronic Cd
doping in GdFe,Zny,. Furthermore, the tendency toward an
isotropic Fe local environment by Cd doping, seen previously
as a decrease of AE( for increasing a lattice parameters, is
also confirmed [10].

Another interesting feature observed from Fig. 6(b) is that
below T¢ is observed a further decrease of AE,. This can be
explained by considering that any dipolar field acting at the
Fe nucleus is proportional to the electronic contribution to
V.., or Bp = upq, where up is the Bohr magneton and ¢ is
the electronic contribution to V,,. This is an indication of the
presence of a transferred hyperfine field from the Gd moments
to the Fe nucleus, which will be considered below.

Figure 6(c) shows the temperature dependence of By ex-
tracted from the fits. We fitted the By, with the function

B0 =5y 01 - ()T )

where B),r(0) is the value of the hyperfine field at absolute
zero temperature, T is the magnetic transition temperature,
and o and B are exponents that are associated with the behav-
ior of By at temperatures close to 0 and Tc, respectively. The
values of the above-mentioned parameters for the x = 0 sam-
ple are B, (0) = 2.193) T, Tc = 81.6(7) K, @ = 1.7(2), and
B = 0.50(6); whereas for the x = 1.4 sample we get B;,¢(0) =
2.16(3) T, Te =91.8(9) K, @ = 2.0(4), and 8 = 0.36(6).

From these results, 7¢- increases with Cd doping, in agree-
ment with our Cp and magnetization results. The different «
and B obtained from the fits suggest a tendency to different
mechanism for the magnetic order in the doped sample. The
deviation of o from the expected value within the Bloch’s %
law as doping increases can be related to different magnetic
excitation mechanisms, whereas the decrease of S can be
associated with the change in the critical behavior of the
magnetic state induced by Cd doping. This can be caused
by preformed internal fields above T¢, responsible for the
deviation of x ! from the Curie-Weiss law above T¢. These
preformed internal fields, whose origin may be the polariza-
tion of the electronic cloud, may be below the Mossbauer
spectroscopy sensitivity to small hyperfine fields. However,
it can be seen in Fig. 6(d) that I" decreases below T to
values close to those reported for nonmagnetic LuFe,;Zn;j in
Ref. [10] (~0.25 mm/s), and this decrease could be explained
by a correct estimation of the total hyperfine field at lower
temperatures, including the contribution of this electronic
cloud polarization field seen above T¢.

The nature of B, ;(0) can be elucidated by considering the
main contributions to Bj¢, namely, dipolar fields Bp and from
the Fermi contact field B¢, the latter composed by a core po-
larization term and a conduction band polarization term (B¢ =
B.p + Bcep). We estimate that Bp ~ 0.5 T for GdFe;Znyg, and
the corresponding difference (B¢ = By — Bp >~ 1.7 T) can
be associated to intrinsic, itinerant Fe moments, whose mag-
netic moments per Fe atom should be between 0.11 up and
0.2 wp. We consider that the equivalence between (g, and By,

should be between 10.4 T /up15.2 and T /up. A similar result
was inferred from Mossbauer spectra of DyFe,Zny, [25].
Ideally, the increase of T¢ should be related to an increase
in Byy. Thus, the absence of such correlation in our results
could be partially explained by a compensation of the increase
of the core polarization hyperfine field B, (bound to Fe) by
an increasing band polarization hyperfine field B, (doping
effect), which may be coming from the redistribution of the
polarized d type of ce at the Fermi surface. These two effects
overlap leading to a negligible variation of B;#(0) but with an
increase in T¢, and since B, and B, are both changing, the
overall behavior is expected to change, affecting « and 8. This
hypothesis will be confirmed below with our ESR results.

At this point, it is clear that the effects of Cd doping on the
FM system GdFe,Zn;, are to increase the Gd-Gd separation,
to increase the FM transition temperature, and to decrease
the magnetic effective and saturation moment, with a possible
itinerant local field modification. We thus turn to the analysis
of the ESR results for 7 2 105 K, i.e., in the paramagnetic
region. Figure 8 shows an increase in the thermal broadening
of the ESR linewidth (Korringa rate) from b = 14.0 Oe/K to
b = 20.0 Oe/K as the Cd concentration increases from x = 0
to 1.4, whereas the g shift (Fig. 9) remains about the same with
a value of Ag~ —0.06. This is an indication that there is no
bottleneck nor dynamic effects in this system [27]. In a single
d-band ce model for GdFe;Zny;_,Cd, and for an exchange
interaction de(O)S’f - 54, [in the absence of ce momentum
transfer [28], ¢ =0, i.e., (Jrq(q))r = Jr.q(0)], between the
localized 4 f-electron spins of Gd3t, S r, and those of the
ce, 54, the g shift. and the Korringa rate b are correlated as
follows [29]:

Ag = Jra(0)np 4)
and
d(AH) mkg , , kg 2
b= = —J5,(0On = —(Ag), )
ar a4 T gy 8

where np is the “bare” density of states at the Fermi surface,
kg is the Boltzmann constant, ;¢ is the Bohr magneton, and g
is the Gd>* g value. Then, as wkg/gup = 2.34 x 10* Oe/K,
for a g shift of Ag~ —0.06 one may expect a Korringa rate
of about 85 Oe/K using Eq. (2), which is much larger than
the maximum measured value of b = 20.0 Oe/K for x = 1.4.
Since there is only a 4% change in the Sommerfeld coeffi-
cient with the Cd doping [see Fig. 2(b)], there should be no
considerable change in the density of states ny at the Fermi
level and therefore a strong g dependence of the exchange
interaction Jr,(q) is evident in this system. Hence, as the
Cd concentration increases, there should be a concomitant
increase of the average of the exchange interaction over the
Fermi surface (Jr4(q))r. Then, for an exchange interaction
that depends on the ce momentum transfer g and electronic
correlations the above equations read as

Jq(0
Ag= fld( )Fd ©)
P
and
J? 7
b= kg FdMK(ad) , (7
gUB (I —aq)
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where o is the Stoner parameter, K («;) the reduction factors
of the Korringa relaxation for core polarization [30,31], and
F; = % factor associated with the orbital degeneracy of the
unsplit (no crystal-field effects) bands at the Fermi level.
Thus, using the Sommerfeld coefficient y from Fig. 2(b)
[nFq = 3.05(1) states eV/f.u. in agreement with density
functional theory calculations [11]], the experimental val-
ues for the g shift (—0.06), the Korringa rates b (14 Oe/K
for x =0 and 20 Oe/K for x =1.4), « =0.51, K(x) =
0.6063 [11,30,31] (assuming similar correlation parameters
in the analysis [30]) for GdFe,;Zn;¢ in Egs. (3) and (4) we
estimate J¢;(0) = —20(6) meV (for x =0.0 and 1.4) and
(Jra(q))r = 11.4(6) meV for x = 0 and 13.4(7) meV for x =
1.4. These results lead us to conclude that the lattice expansion
by the Cd doping does not change the d-ce polarization at
the Gd** ions but enhances the ce spin-flip scattering on the
Fermi surface. This enhancement is associated to a modifica-
tion of the Fermi surface and/or to a redistribution of the ce on
the Fermi surface. A redistribution of d-ce may be the origin
for the unexpected increase of the FM transition temperature
T and also for short-range FM correlations above ~100 K
that deviate the susceptibility from the high-T CW behavior
(inset Fig. 3). It is worth mentioning that our ESR result
could be reasonably well described within a single-band d-ce
model. Therefore, these results do not support the suggestion
put forward by Mardegan et al. [24] that Zn 4p-ce may be
also participating at the Fermi surface, which would manifest
in our results as a multiband case giving Cd concentration
dependence of the g shift in the paramagnetic region [28].

Figure 9 shows that for 85 K < T < 105 K there is
an evident 7 dependence of the g shift in consequence of
long-range set-in FM correlations that give rise to a Cd con-
centration dependent internal local FM magnetic field at the
Gd>" sites. With this and near to the FM transition, the mea-
sured g of each sample must be understood as an “effective”
value (gesf) with the T dependence related to an internal
molecular field as gesr = g[1 & A, x] [32,33], where yx is the
GdFe,Znjy_,Cd, (0.0 < x < 1.4) magnetic susceptibility for
85 K < T < 105 K and A, the associated molecular field
constant for each x.

This approach is very well supported by the strong similar-
ities in the temperature dependence of these two independent
measurements, such as the g shift and the dc magnetic sus-
ceptibility, shown in Fig. 10(a) for 85 K <7 < 110 K.
Nonetheless, the obtained values have to be taken with care
in view of the different magnetic field applied in each tech-
nique leading just a rough estimation of the molecular field
constant A.

In a real material, the internal magnetic field (I-Zm) is re-
lated to the magnetization (]l71 ) and to the external magnetic
field (ﬁext) as I—Zm = I—Texl + AM, where XA is the molecular
field constant [34]. This A is also related to the FM transition
temperature as 7c = AC, where C is the Curie constant.

Remembering the resonance condition hv = gupH; s men-
tioned above and based on Fig. 10(a), it is possible to infer
the behavior of the internal molecular field with the Cd
concentration x near to the FM transition. With this and
taking the modulus, it is possible to plot Hiyy = Hyes(low T)-
H,s(high T)) as a function of the associated magnetization
(M) at the same temperature as shown in Fig. 10(b). The

(a) 4.54 .‘ ‘\' \‘ ' . Gd':ezlzn20
4.0 N .
351 " A‘ \‘T " GdFezzn19.oCd1.Q_ 0.00
3.0] AN ‘} 4 GdFezn, Cd,,
o 2.5 % . \I ‘\% v GdFeZan»GCdM
S 20] NS 1-0.02
€ 151\ EIEC I - o
S N N o <
E 104 S %;‘ . .
< 05] { {‘}-{ﬁ___- Tghe _4__;-0.04
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FIG. 10. (a) Comparison of the temperature dependence of the dc
magnetic susceptibility and effective g shift for GdFe,Zn,,_,Cd, for
0.0 < x < 1.4 near to their respective FM transition and (b) internal
magnetic field [Hiy = Hyes(low T')-H,s(high T') vs magnetization (M)
evaluated at the same temperature.

estimated molecular field constants A, for each x reveals
an increment from Aoy = 0.03(4) mol Oe/emu to Ay4 =
0.19(4) mol Oe/emu consistent with the obtained increment
in the FM transition temperature when Cd is added despite
the observed reduction of the Curie constant related to the
effective magnetic moment p.¢. Due to the difference in the
magnetic field strength in each technique, those extracted
molecular field constants must be renormalized by a factor
of % since the resonance field is near to 3000 Oe and the
magnetic field used in dc susceptibility measurements was
1000 Oe. Thus, it was possible to associate the enhancement
of the FM transition temperature to the modification of the
itinerant molecular field of d type of conduction electrons
from Fe. This modification also leads to a reduction of [t
and [, in view of an antiparallel cloud of d-type conduc-
tion electrons present above and below the FM transition
temperature as was explored by two different spectroscopic
techniques.

V. CONCLUSIONS

Single crystals of the GdFe;Zny,_,Cd, were success-
fully grown for 0.0 < x < 1.4 and characterized by XRD,
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magnetization, heat capacity, ESR, and Mossbauer. The small,
isoelectronic Cd inclusion in the lattice was found to produce
drastic and unexpected effects, leading to an enhancement
of the ferromagnetic Gd-Gd interaction while reducing the
effective magnetic moment and saturation moment. ESR and
Mossbauer experiments confirm the unconventional form of
ferromagnetic ordering in the pure and doped system, and
a redistribution of the polarized d type of ce/Fermi-surface
modification, proposed to be responsible for the FM ordering
in doped samples. This effect has led to the doped sample

with x = 1.4 achieving the highest FM transition temperature
among the RT;X;o families (R = rare earth, 7 = transition
metal), X = Zn, Cd).
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