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We report on the magnetic, thermodynamic, and electronic properties of the Gd-doped Kondo-lattice
compound YbFe,Zn,, (Tx ~ 32 K) by means of T-dependent magnetization, specific heat, and electron spin
resonance (ESR) measurements. As Gd is incorporated in this system (Yb;_,Gd,Fe,;Zn,), the Yb contribution
to the Sommerfeld coefficient remains almost unaltered for x = 0.005 and 0.01 at y.¢ ~ 500 mJ mol™! K2,
however, for x = 0.05, it is reduced to Y. = 450 mJ mol™' K2, As expected for heavy-fermion systems, the
Gd** ESR experiments show an enhanced Korringa relaxation rate, b = d(AH)/(dT), due to the exchange
interaction between the Gd** localized magnetic moment and the high 4 f-conduction electrons (ce) density of
states at the Fermi level. Below Ty, the Gd** ESR g shift presents a peculiar T dependence. For x < 0.01, we
associate the g shift to an internal molecular AFM field due to the ce screening of the Yb*™ magnetic moments
in the Kondo condensate with a value of A = —2.80(1) mol Oe/emu. The negative value reflects a singlet
nonmagnetic ground-state formation, consistent with a Kondo-lattice system. Still below T, but for x = 0.05,
the Gd** ESR g shift presents a positive 7 dependence, which we now associate to an internal molecular FM
field due to a Gd**-Gd>* superexchangelike interaction via extended Fe 3d ce. A Fermi surface reconstruction
process is found to take place in the crossover from the high-7" to low-T regimes, such that a momentum transfer
dependence of the Gd>*-ce exchange interaction [J -ce(q)] in the former is lost as the Kondo condensate sets in.
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I. INTRODUCTION

Heavy-fermion rare-earth (RE) based compounds are con-
sidered fundamental systems to investigate the properties of
strongly correlated electrons [1-3]. One of their most impor-
tant features is the enhanced density of states at the Fermi
level, leading to an electron mass renormalization due to the
4 f hybridization with the conduction electrons (ce) [1-5].
A clear experimental manifestation of the above effect is the
large value of the Sommerfeld coefficient y when compared
with a reference compound lacking 4 f-type electrons close to
the Fermi surface.

As is well known, Yb-based compounds can show a full
range of magnetic ground states depending on how its 4 f
levels are situated with respect to the Fermi level and the ce.
There are metallic systems with a well defined Yb2* valence,
resulting in a Pauli-like magnetic susceptibility with y values
comparable to common metals [6]. In some cases, the com-
pounds are characterized by moderate values of y (50-100
mJ mol™! K~2) such as Yb,T Geg compounds [7] (T = tran-
sition metals), showing Yb?*-Yb®* valence fluctuating fea-
tures. In other cases, the compounds are well defined heavy-
fermion systems, with the Yb valence very close to 3+, leading
to large values of y and Kondo-like behavior at low T, as in
YbNiSis [8], YbyNipP7 [9], and YbT,Znyg [5]. In particular,
YbFe,Zn,y and YbCo,Zny, were classified as heavy-fermion
systems [5] with y values of 530 and 7900 mJ mol ' K2,
respectively. The large values for YbFe,;Zn;y and YbCo,Znyg
compounds are due to the proximity of the Yb 4f states
to the Fermi level, as revealed by DFT calculations [10].
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Assuming an electronic mass renormalization framework, the
Fermi liquid description of the specific heat follows the usual
T dependence [1-3], C, = y*T + T3, modified only by
an enhanced y* value, which was observed in YbFe,;Znyg
but for YbCo,Znyy, a strong divergence of C,/T occurs
as T approaches 0 K [5,11]. Another remarkable difference
between these two strongly correlated systems is the 7' de-
pendence of the dc magnetic susceptibility, with a clear loss of
local moment at low-T for YbFe,Zn,y and Curie-Weiss-like
behavior for YbCo,Zn,y [5]. The above differences point
toward YbFe,Zny (Tx =~ 32 K) being a good Kondo lattice
candidate to explore strongly correlated properties involving
microscopic techniques where the Fermi liquid formalism is
normally applicable.

One useful technique to explore systems from a micro-
scopic point of view is the electron spin resonance (ESR) that
uses a magnetic probe to extract information on the magnetic
interactions between the local probe (f or d type of localized
electrons) and the ce [12—14]. Such microscopic character-
izations in this family have been previously conducted on
GdCo,Znyy and GdFe;Zny, probing a range of interactions
from AFM in the former [15] to FM in the latter [16],
where the 4 f-ce interplay is fundamental in establishing the
magnetic order. For ESR of localized magnetic moments in
metallic hosts, the exchange interaction between the impurity
magnetic moment and the ce can be estimated from the T
dependence of the linewidth, d(dATH ) and g shift, Ag [Ag =
g — 1.993(2)], provided that the density of states (DOS) at the
Fermi level is known [17]. Thus ESR parameters are expected
to be strongly affected in a heavy-fermion system.
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With the intent of expanding the advances reached in
Gd-based compounds into the hybridized members of the
family, we have grown single crystals of Yb;_,Gd,Fe;Zny
with 0 < x < 0.05 (and Y;_,Gd,Fe,Zn,, as reference com-
pounds) to study the effects of electronic correlations on
the T behavior of the Gd** local magnetic moments by
means of ESR, magnetization, and specific heat experiments.
The combined experiments show that the Korringa relax-
ation b = % in Yb;_,Gd,Fe,Zn;, is enhanced five-
fold relative to that of Y;_,Gd,Fe;Zn, for x = 0.05, ev-
idencing the expected increase of the DOS at the Fermi
level due to the proximity of Yb 4f-type electrons that
gain partial itinerant character. The T dependence of the
Gd®* g shift (Age) is unique in showing two opposite
trends at low-T (2-18 K), which reflect those in the dc
magnetic susceptibility of Yb;_,Gd,Fe,Zn,y. Our analyses
suggest that the Gd*>* ions are probing an internal molec-
ular magnetic field of two different origins, a Kondo-like
AFM combined with FM-like couplings. Then, assuming
that ger = g(1 + Axyn.ga), We estimate the molecular field
parameter involving the exchange interaction from both
mechanisms.

II. EXPERIMENTS

Several batches of Yb,_,Gd, Fe;Znyg and
Y,_.Gd,Fe,Zn,, single crystals were grown with
0 <y <0.05 by the standard self-flux method [18,19]
using excess Zn. The constituent elements were 99.99% Yb
(Ames) and 99.9% Y, 99.9% Gd, 99.9% Fe, and 99.9999%
Zn (Alfa-Aesar). The initial ratios of elements were 1:2:47
for the ternaries Y:Fe:Zn and Yb:Fe:Zn, and 1 — x:x:2:47 for
the pseudoquaternaries Y:Gd:Fe:Zn and Yb:Gd:Fe:Zn. The
initial reagents were sealed in an evacuated quartz ampoule
and heated in a box furnace. Crystals were grown by slowly
cooling the melt between 1100 °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. The Gd concentration was estimated using dc magnetic
susceptibility measurements combining proportional amounts
of Gd and YD to fit the total value of the effective magnetic
moment. The estimated Gd concentrations were in very
good agreement with the nominal ones for all samples.
X-ray diffraction (XRD) of crushed crystals at room-T
was performed to determine the crystal structures, which
matched the cubic CeCr,Aly type [20,21,24]. A Quantum
Design MPMS3 SQUID-VSM magnetometer was used for
magnetic susceptibility (x = M/H) measurements at various
applied magnetic fields (H < 3 T) and temperatures (2.0 K
< T < 310 K). The T-dependent specific heat (C,) was
measured in a Quantum Design PPMS platform using the
relaxation technique at zero field. For the ESR experiments,
single crystals were crushed into powders of particle size
greater than 100 pum, corresponding to an average grain
size (d) larger than the skin depth (8), A =d/§ 2 10.
The x-band (v & 9.4 GHz) ESR experiments were carried
out in a conventional CW Bruker-ELEXSYS 500 ESR
spectrometer using a TEj¢, cavity. The sample temperature
was changed using a helium gas-flux coupled to an Oxford T
controller.
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FIG. 1. X-ray diffraction pattern of YbFe,Zny. (Inset) Evolution
of the cubic lattice parameter for the Yb;_,Gd,Fe,Znyy (0 Sy <
0.05) compounds.

III. EXPERIMENTAL RESULTS

The XRD pattern of YbFe,;Zny, is displayed in Fig. 1.
It is consistent with the cubic CeCr,Al,-type structure, and
the inset shows that the Gd-concentration dependence of the
refined lattice parameter a, extracted from the patterns of all
other samples, follows Vegard’s law as expected.

The presence of diluted Gd®* local magnetic moments
in the heavy-fermion YbFe,Zn,( is manifested in the low-T
Curie-like dc magnetic susceptibility data shown in Fig. 2(a),
for different concentrations (0 < x < 0.05). High-T Curie-
Weiss fitting of the inverse dc magnetic susceptibility for all
samples [Fig. 2(b)] allow extraction of the effective magnetic
moments corresponding to the actual compositions of Yb and
Gd in each case. The fittings also reveal an evolution of the
Curie-Weiss parameter Ocw, from —17 K for x = 0 to 0 K for
x = 0.05. The data of Fig. 2 show a subtle interplay between
Yb**-Yb** AFM coupling and Gd**-Gd** FM interaction
within a very small range of Gd concentration, 0 < x < 0.05.
The evolution of the system’s magnetic response from param-
agnetic for x = 0 to ferromagnetic for x = 0.05 is evidenced
in Fig. 3, which displays the low-T magnetization isotherms
(M x H). Notice that the compound GdFe,Zn;y (x = 1.00)
is a FM with T¢c = 86 K [21].

The introduction of Gd** ions affects the system not only
magnetically but also thermodynamically. Figure 4(a) shows
Cp/T x T? for Yb,_,Gd,Fe,Zn, (0 < y £ 0.05) where an
increase of the Sommerfeld coefficient (extrapolated from
Cp/T|r—o) is observed, from y = 530 mJ mol~' K2 for
x =0 to 670 mJ mol~! K~2 for x = 0.05. For comparison,
the same plot for the reference samples Y|_,Gd,Fe,Zny is
presented in Fig. 4(b), where the extrapolated values vary
from 50 to 220 mJ mol~! K2, respectively.

To further explore the interplay between the AFM and FM
coupling in this heavy-fermion system microscopically, we
have performed ESR experiments at different temperatures
in the same set of Yb;_,Gd,Fe,Znyy batches. Figure 5(a)
shows the measured ESR of Gd** in Ybg 995 Gdo.gosFe2Znyg at
T ~ 4Kand P,,, = 2mW. Fitting a Dyson line shape [22,23]
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FIG. 2. T dependence of (a) the dc magnetic susceptibility and
(b) the inverse susceptibility for Yb;_,Gd,Fe,Zn,, (0 < x < 0.05)
at H = 1000 Oe. The inset in (b) shows a zoom at low 7.

(black line) yields a negative g shift [Ag = g — 1.993(2) =
—0.051(3)] and a linewidth of AH ~ 211(20) Oe. It is worth
mentioning that no ESR signal was detected for the undoped
sample, YbFe,Zny.

After repeating the measurements and fittings for all
samples at several temperatures, a striking 7 dependence
of Ag was found [Flg S(b)] Ybo_ggsGdo_OOSFezznzo and
Ybo.99Gdg 01 FeaZnyy show small negative values within the
respective low-7 ranges, where ESR signals could be exper-
imentally observed, whereas Ybg 9sGdg osFe,Znyg presents a
crossover from negative values at high 7 to positive ones
below T' ~ 25 K, signaling different acting mechanisms upon
cooling. With respect to the T dependence of the Gd**
ESR linewidth [Flg S(C)], AH for Yb().gngd().()()erzan(),
Yb0‘99Gd0_01F62ZH20, and Yb0_95Gd0.05Fezle20 show similar
linear slopes, which result in similar values for the Kor-
ringa relaxation rates, b = 49(3), 54(3), and 50(3) Oe/K,
respectively.

Once again for comparison, the Gd** ESR experiments
were repeated for the nonhybridizing reference compound
Y0.95Gdg osFe,Znyg. The T dependencies of the ESR parame-
ters A H (Fig. 6) and Ag (inset) lead to a significantly smaller
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FIG. 3. Magnetic isotherms for Yb;_,Gd,Fe;,Zny (0 < x <
0.05)at T =2K.

Korringa relaxation rate of b = 11(1) Oe/K, and to negative
g shifts of order Ag = —0.10(2) at low T, comparable to
those at high T of the Yb-based sample with the same Gd
concentration.

IV. ANALYSIS AND DISCUSSION

It is evident from the set of data presented in the previous
section that strong electronic correlation effects can be probed
by different low Gd** doping concentrations in YbFe,>Zn.
Let us start by analyzing the specific heat results within the
framework of such correlations. The low-T linear behavior of
C,/T=y"+ BT? for Yb;_,Gd,Fe,Zny [Fig. 4(a)] leads to
an enhancement of the Sommerfeld coefficient as a function
of the Gd content. This is an unexpected result since the
substitution should be removing Yb 4 f-ce from the Fermi
level and introducing the localized Gd 4 f electrons. The
puzzle may be resolved by the response of the reference
compound Y;_,Gd,Fe,Zn;, with the same Gd** concentra-
tion, which also reveals an increase in y. In this case, it is
clearly associated to an enhancement of magnetic entropy and
consequently of the magnetic component in the specific heat
Cmag rather than mass renormalization effects. Hence proper
analysis of the electronic effects in the heavy-fermion system
requires evaluation of a reduced effective Sommerfeld coef-
ficient, ygf[f:Yb = YGa:vb — YGa:y- This “corrected” electronic
parameter will be important later in our discussion of the
Yby.99Gdg 01 Fe,Zny sample behavior.

Now let us analyze the magnetic effects. The T-
dependent magnetic susceptibility and its inverse (Fig. 2)
for Yb,_,Gd,Fe,Zny, reveal a competition between AFM
and FM interactions. The Curie-Weiss parameter is negative
for x =0 (Bcw = —17 K), corresponding to AFM coupling
between Yb-Yb and leading to an effective negative exchange
Jﬁg_Yb. With increasing Gd concentration, fcw decreases until
it essentially vanishes for x = 0.05, leading to J&if ., ~ 0.
However, the magnetic isotherms (Fig. 3) make it clear that
such suppression is not due to weakening of the AFM in-
teraction, but rather that the system acquires an increasingly
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FIG. 4. Cp/T x T?> for (a) Yb,_,Gd,Fe,Zny,, and (b)
Y],XGdXFezznzo with 0 S X g 0.05.

relevant FM component. This FM behavior is presumably as-
sociated to Gd-Gd interaction, yet different from that reported
in the reference system Y;_,Gd,Fe,Znyy [21], where 4 f-ce
are absent.

Therefore the magnetic behavior indicates that long-range
FM and short-range Kondo-like interactions should coexist
and be competing in the heavy-fermion system. A micro-
scopic characterization of these magnetic interactions may
then help understand such competition. ESR of rare-earth
ions diluted in metallic hosts is a useful local technique
to investigate the properties of materials, since it directly
probes the nature of the interactions between the localized
magnetic moment and its neighborhood. To avoid CEF effects,
Gd** 4f7 (L = 0) was chosen as an ideal probe to explore
noncorrelated systems [15,25] and also Stoner-type correlated
systems of this family [16]. A Dysonian fitting of the 7-
dependent ESR results in all our samples allowed extraction
of the two most important observables, the linewidth, AH,
and the g shift, Ag [as exemplified in Fig. 5(a)], given by
Refs. [17,26],

Ag = Jrce(O)nF ey
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where J;..(0) is the effective exchange parameter between
Gd>* and ce in the absence of ce momentum transfer, nrF is
the “bare” density of states at the Fermi surface, (J]%C_e(q)) F
is the average over the Fermi surface of the square of the g-
dependent effective exchange parameter in the presence of ce
momentum transfer, ¢ = |koy — kin| [26], kp is the Boltzmann
constant, and (5 is the Bohr magneton.

The linear T dependence of AH observed for our three
samples (AH = a + bT) implies a Korringa relaxation rate,
b, almost unaltered with the Gd** concentration [Fig. 5(c)].
This allows us to use the Hasegawa dynamic model in the
unbottleneck regime for analysis of the exchange-coupled
localized magnetic moment and ce [27].

Previously reported data on intermediate valence sys-
tems, as was the case of YbInCuy, reveals a contribution
of the RKKY interaction between Gd>* and Yb’' in the
linewidth at relatively high temperatures and high concentra-
tions [28]. This extra contribution due to the ce polarization
mechanisms may be manifested in our system, especially
for the x = 0.05 sample, and will be explored in further
investigations.

The T dependence of both Ag and AH for x = 0.05
[Figs. 5(b) and 5(c)] separates the sample response in two
regimes: a high-7' (T > 25 K) noninteracting paramagnetic
regime and a low-T (T < 25 K) regime with interacting
magnetic ions. Note that below the Kondo temperature Tx =~
32 K, the Yb ions become screened by ce, losing their
localized magnetic moments and allowing us to ignore direct
Gd-Yb interactions. In the high-T paramagnetic region (T 2
Tk), the ESR data for this sample gives b ~50(3) Oe/K
and, concomitantly, shows Ag ~—0.10(4) as a representative
value. For a single ce band at the Fermi level and absence
of g dependence of the exchange interaction (i.e., absence of
ce momentum transfer) [26], these two observables should
be related as b = ;Tki(Ag)z [see Egs. (1) and (2)]. From
Ag ~—0.10, we estimate b ~234 Oe/K, which is too large
compared to the experimental value. This suggests a g depen-
dence for the Gd-ce exchange parameter J..(q).

Following the procedure described in previous work [16],
using the above-discussed effective Sommerfeld coeffi-
cient yfgﬁ 4 = 480(6) m] mol~! K? and within a free
electron model approximation, we estimate np = 101
states eV~! fu spin. Then, a rough estimate of the exchange
parameter gives J..(0) = —0.99(6) meV and (Jy.c.(q))r =
0.46(6) meV in the paramagnetic regime (away from correla-
tion effects). These values are smaller than the ones obtained
for GdFeyZnyg [Jdce(0) = —20 meV and (Jgace(q))F =
11.4 meV] [16], which is expected given the stronger long-
range magnetic interaction and higher ordering temperature
in the latter system.

It is worth mentioning that for our reference compound of
Yo.95Gdg osFeaZnyg, we found b ~11 Oe/K (Fig. 6). There-
fore the enhancement of the relaxation process due to the Yb
itinerant 4 f-ce is about fivefold, revealing the enhanced den-
sity of states at the Fermi level. We should also mention that
for samples with Gd content x = 0.005 and 0.01 in YFe;Zny
a resonance with a strong ce character was observed. These
observations will be a subject of a future detailed report and
we argue here that they do not affect the analysis of the Gd**
ESR in the YbFe;Zny( system.

We now focus on the low-T region (T < Tk), where
AH and Ag present quite different 7 and Gd concentration
dependence (Fig. 5), reflecting a correlated regime that we
shall attempt to elucidate. Under this regime, AH shows a
thermal broadening similar to that in the paramagnetic region
for the highly diluted Gd samples [Fig. 5(c)] but for x =
0.05, the low-T AH tends to level off towards a constant,
concentration-dependent, residual inhomogeneous linewidth,
A H,es. Thus the thermal broadening of AH points out the
presence of a Korringa relaxation for the low-T and the
absence of strong magnetic interaction effects.

Furthermore, for the low-concentration samples, Ag is
negative, small, and T-dependent [Fig. 5(b)], whereas for the
x = 0.05 sample, Ag is not only strongly 7T-dependent, but
changes sign. Hence, below Tk, the Hasegawa dynamic model
cannot be applied to this system in a straightforward manner.
Here, a negative T-dependent Ag for the lowest concentration
samples suggests the presence of an internal 7 -dependent
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FIG. 7. Comparison of the temperature dependence of the dc
magnetic susceptibility and effective g shift for Ybg 99Gdg o1 FeaZnyg.
The inset shows how the latter relates to the susceptibility following
the molecular field model (see text).
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AFM field, whereas the sign change for the x = 0.05 sample
reflects the onset of an internal 7-dependent FM magnetic
field below Tk, in accordance with the magnetization data.

To complete our analyses of the T-dependent Ag trends
shown in Fig. 5(b), we select Ybg 99Gd o1 Fe,Zny to repre-
sent the low concentration samples. Since the magnitude of
the negative Ag increases for T < 12 K, it is evident that a T-
dependent AFM internal field is shifting the Gd** resonance
toward higher applied external fields (also observed for the
x = 0.005 sample). We describe this internal field in terms of
a molecular field model, driven by the magnetic susceptibility
of the Kondo system YbFe;Znyg (xyp), which leads to geg =
g(1 + XAxyp) [29], where XA is the molecular field constant.
This scaling, Agesr & gAxyb, is strongly supported by the
very similar 7 dependence of both Ag and yy, (see Fig. 7)
showing the same maximum at 7 < 12 K. Then, plotting
|Agerr| as a function of xyp (inset of Fig. 7), we extract
the molecular field parameter A = —2.8(1) mol Oe emu~!
in Ybg99Gdg g1 Fe,Zn,g, which we attribute to the screening
of the Yb** local moments by ce polarization as the Kondo
condensate sets in at low 7.

This comparison also allows to estimate A gerr = -0.038(5)
associated to a xyp (red dotted line in the lower part of the
main graph) as the system adopts an enhanced Fermi-liquid
ground state below T ~2 K, from the 4 f-ce hybridization.
This estimated low-7 g shift leads to a Korringa relaxation
of b = 35(8) Oe/K, which is, surprisingly, comparable to the
measured values for our three samples, indicating little or no
q dependence in the exchange interaction. Hence these results
suggest that the Fermi surface should undergo a reconstruction
process from T > Tk (strong g dependence of the exchange)
to T < Tk (absence of ¢ dependence).

Finally, for the higher concentration sample,
Ybg.95Gdg.osFerZnyy, the T-dependent Ag displayed in
Fig. 5(b) shows a strong positive increase at low 7. In

contrast with the low concentration samples, here, it is
evident that a T-dependent FM internal field is shifting the
Gd** resonance toward lower applied fields. We shall again
describe this internal field in terms of a molecular field driven
by the magnetic susceptibility [Fig. 2(a)] of this sample,
and proceed to a similar analysis of gesr = g(1 + A* xyb:Gd)
as shown in Fig. 8. This analysis gives a molecular field
parameter A* = 0.03(1) mol Oe emu~' that accounts for the
Gd-Gd interaction. The difference between A (Yb-Kondo
condensate) and A* (Gd-FM state) naturally reflects the
nature of the interactions involved in their magnetic
susceptibilities. We thus conclude that the progressive
Gd substitution in this system has allowed the tuning of an
interplay between short-range Kondo-like and long-range FM
superexchange-like magnetic interactions.

V. CONCLUSIONS

In this work, we have shown that very low substitution
levels of hybridizing Yb** ions by magnetically localized
Gd3* ions, in the Kondo-lattice compound YbFe,;Znyg, allow
tuning of a subtle low-T" coexistance and competition between
a Kondo condensate and a ferromagnetic ground state.

Our experimental data reveal two very distinct regimes,
with crossover driven by the Kondo temperature (Tx = 32 K)
and the Gd concentration. For higher Gd concentration
(x 2 0.05) and T 2 Tk, the system behaves as a regular
metallic paramagnet where the Fermi surface allows for a ¢
dependence of the exchange interaction between the localized
Gd>* ions and the ce. Conversely, for low Gd concentrations
(x £0.01) and T < Tk, a noticeable coexistence of two
competing magnetic states is evident, a Kondo AFM-like state
and a FM one. Under this regime, our Gd*>* ESR experiments
suggest that the Fermi surface undergoes a reconstruction
process where the exchange interaction between the Gd**
ions and the ce does not depend on the ce momentum transfer,
i.e., there is no significant ¢ dependence of the exchange
interaction (Jy.¢.(0) = (Jrce(q))r). We were also able to
apply a molecular field model to calculate the molecular field
parameter in the Kondo condensate state (low x) and for FM
interactions (high x).

In summary, our low-7 Gd°™ ESR experiments were able
to probe important features characteristic of a Kondo system
doped with magnetic impurities, which tends to experience
FM coupling. We point out that it has been proven possible to
extract microscopic information using ESR experiments in a
strongly correlated system, by tuning the competition between
long- and short-range magnetic interactions.

d3+
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