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Evidence for Dyakonov-Perel spin relaxation in Gd** doped YFe,Zn,,
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We report on the magnetic, thermodynamic, and electronic properties of the Gd-doped nearly ferromagnetic
Fermi liquid (NFFL) system YFe,Zny, by means of dc magnetic susceptibility, specific heat, and electron
spin resonance (ESR) measurements. As Gd is incorporated (Y,_,Gd,Fe;Znyy; x = 0.005, 0.01, and 0.05), the
magnetization measurements present evidence of ferromagnetic correlations with unusual results in temperature-
dependent ESR experiments for all samples. Strong evidence of an induced conduction ESR (CESR) is found due
to the presence of Gd** ions for all of the doped samples. The usual local magnetic moment resonance associated
with Gd** 4 f localized electrons were only present for x = 0.05, coexisting with the CESR. Although YFe,Zn,
is a NFFL, no CESR was detected for the undoped sample, demonstrating the role of Gd>* as a CESR activator.
These results are discussed in terms of a highly polarized, enhanced Pauli paramagnetism of d-type electrons
and a Dyakonov-Perel-like relaxation mechanism involving spin-flip due to magnetic impurities.
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I. INTRODUCTION

Relaxation time is a fundamental parameter in the un-
derstanding of magnetic systems, and together with the spin
dephasing, it is a process of great importance in applied
physics [1]. For example, the fact that a nonequilibrium elec-
tron spin in metals has a relatively long lifetime, allowing
encoded information using the spin to travel considerable
distances, is what makes spintronics an attractive source of
technology [1]. Induced magnetic moments in spintronics
was a central topic of various research groups exploring the
spin-to-charge current conversion of metals and semimetals
coupled with magnetic materials, such as the ferrimagnetic in-
sulator yttrium iron garnet (YIG) and the ferromagnetic (FM)
metal permalloy (Py) [2-5]. Noble metals such as Pd were
used to study this magnetic moment induction because the
large magnetic susceptibility favors the magnetic proximity
effect [6] when a magnetic material such as YIG is used [7].
Those results highlight correlated systems as possible candi-
dates to improve the spin Hall angle, which plays an important
role in spintronics [7].

For mobile electrons in a metal, the spin relaxation time
T; (often called spin-lattice or longitudinal time) and spin de-
phasing time 75 (often called decoherence or transverse time)
are well defined through the equations of spin precession,
diffusion, and decay of the electronic magnetization under an
applied magnetic field [8]. Moreover, it is well accepted that
T, ~ T = 7y (spin-flip) for metallic systems [1]. Together
with 7,¢, another important parameter that characterizes the
effectiveness of spin transport is the momentum-relaxation
time 7, (from resistivity, p = m*/ nezt,,, with m* the effective
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mass, e the charge of the conduction electrons (ce), and n the
electronic density), which must be very small compared with
Ty to evaluate their utility in spintronics [9].

Two distinct spin-orbit (SO) mechanisms can contribute
to T, in materials, known as Elliott-Yafet (EY) [10,11] and
Dyakonov-Perel (DP) [12]. EY relaxation involves scatter-
ing on impurities and phonons producing SO band mixing,
which causes a proportionality between the momentum scat-
tering rate 7, and the spin relaxation rate 7,y [10,11]. DP
relaxation involves spin precession around an effective SO
field, mainly observed in noncentrosymmetric systems and
leading to a motional-narrowing effect which gives 7, in-
versely proportional to 7, [12]. Interfaces and bulk effects
present fundamental challenges in the analysis of the SO
interaction. Spin relaxation at the interfaces affects the de-
termination of the spin diffusion length A, the length scale
related to the relaxation of spin polarization away from its
source, A = /UrlT,s/3 (vg is the Fermi velocity and [ the
mean free path) that, along with interfaces with ferromagnets,
directly affects the temperature-dependent contribution of the
proximity-induced magnetism [9].

Conduction electron spin resonance (CESR) experiments,
together with temperature-dependent magnetoresistance, are
crucial to estimate the spin-flip time 7,y [9,13]. Using the
CESR line width (AH) in the former and A in the latter, com-
bined with the resistivity p, can provide crucial interpretations
of the involved mechanisms. However, the detection of CESR
is sometimes not straightforward. Occasionally, an external
magnetic agent may be used to polarize the ce and facilitate
their resonance detection, as was the case with Au and Cu
slabs (covered on each side [13] or one side [14] by a thin FM
film) in transmission CESR (TCESR) setups.

YFe,Zny is a similar system to elemental Pd in terms of
correlation, being characterized as a nearly FM Fermi liquid

©2023 American Physical Society


https://orcid.org/0000-0002-5113-1233
https://orcid.org/0000-0002-1492-1199
https://orcid.org/0000-0002-3796-3244
https://orcid.org/0000-0001-6692-7915
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.014401&domain=pdf&date_stamp=2023-01-03
https://doi.org/10.1103/PhysRevB.107.014401

M. CABRERA-BAEZ et al.

PHYSICAL REVIEW B 107, 014401 (2023)

(NFFL) [15] with Z = 0.88 [16], featuring enhanced magnetic
susceptibility (x &~ 1.8 x 1073 emu/mol at T = 300K) [17],
a Sommerfeld coefficient of y = 53 mJ mol~ ' K2, and mag-
netic effective moment of perr = 1.1 ug/Fe [16]. In this case,
the large e-e correlations are not sufficient to split the ce
band but are large enough to make the compound exhibit
strongly enhanced Pauli paramagnetism [16]. Motivated by
such an enhanced magnetic susceptibility, we have detected
and investigated CESR in YFe,;Znjy. Our results suggest an
alternative way for future exploration of various compounds
of the RT>Znyy family using ce as a local probe, providing
access to the involved relaxation time. Consequently, it is
possible to evaluate complex correlated materials and their
applicability in spintronics.

II. EXPERIMENTAL METHODS

Batches of Y;_,Gd,Fe;Znyg single crystals (0 < x < 0.05)
were grown by the standard self-flux method [18,19] us-
ing an excess of Zn. The constituent elements were 99.99%
Y (Ames), 99.9% Gd, 99.9% Fe, and 99.9999% Zn (Alfa-
Aesar). Initial ratios of elements were 1:2:47 for the pure
ternary Y : Fe : Zn, and 1 — x:x:2:47 for the pseudoquater-
naries Y : 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
1000 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 [17]. The Gd concentration was estimated using dc
magnetic susceptibility measurements assuming an effective
magnetic moment of 7.94ug for Gd**. The estimated Gd
concentrations were in very good agreement with the nom-
inal ones for each sample and in agreement with previous
studies [20]. X-ray powder diffraction of crushed crystals
at room T was performed to determine the crystal struc-
tures, which were found consistent with previous data for
the CeCr,Alyg-type cubic structure [20,21]. For the magnetic
susceptibility (x = M/H) measurements, we used a Quan-
tum Design Superconducting Quantum Interference Device
Magnetometer (MPMS3-SQUID) at various applied magnetic
fields (H < 1T) and temperatures (2.0 K< 7 < 310 K). The
T -dependent specific heat (C,) was measured in a Quantum
Design Physical Properties Measurement System (PPMS) us-
ing the relaxation technique at zero field. For the electron spin
resonance (ESR) experiments, single crystals were crushed
into fine powders of particle size >100 um, corresponding to
an average grain size (d) larger than the skin depth (§), A, =
d /8 2 10. The X-Band (v ~ 9.4 GHz) ESR experiments were
carried out in a conventional reflection CW Bruker-ELEXSYS
500 ESR spectrometer using a TE ¢, cavity. The sample tem-
perature was changed using a helium gas-flux coupled to an
Oxford T controller.

III. EXPERIMENTAL RESULTS

Figure 1 shows C,/T x T? for Y;_,Gd,Fe>Zny (0 < x <
0.05), where the system remains almost unaltered for x =
0.005 and 0.01, but an enhancement occurs due to an ad-
ditional magnetic component Cy,, for x = 0.05. A fourfold
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FIG. 1. C,/T vs T?* for Y_,Gd,Fe;Zny (0 < x < 0.05).

increase of C,/T |r=o for T < 8 K is clearly observed due to
the interaction of localized Gd** magnetic moments in this
sample.

Figure 2(a) presents dc magnetic susceptibility data. The
low-T Curie-Weiss behavior indicates the presence of diluted
Gd** localized magnetic moments in the YFe,Zn»y matrix for
three concentrations (0 < x < 0.05) compatible with previous
results [20]. The inset shows In(y) vs In(7") to improve the vi-
sualization of the data where strong differences were observed
as Gd>* enters the sample. Figure 2(b) shows the inverse of
the magnetic susceptibility as a function of temperature. In
the paramagnetic regime, T 2 70 K, a gradual decrease of
the high-T slopes results from the increase in effective mag-
netic moment per formula unit, according to the increasing
Gd** concentration (see inset). Nominal and effective con-
centrations were comparable with the previous study [20] of
Y_,Gd,Fe;Znyy (0 < x < 1) using energy-dispersive x-ray
spectroscopy, lattice constant evolution (not shown here), and
CW fitted curves, which give us confidence about the effective
x values of Gd. For T < 70 K, the system starts to show
magnetic correlations, likely antiferromagnetic for x < 0.005
and FM for x 2 0.01.

Figure 3 shows the ESR at 7 =81 K of the
Y0.995Gdg gosFe2Znyy sample and that for its reference
compound YFe;Znyy, both in the paramagnetic regime.
A well-defined resonance with the Dysonian line shape
is observed for the doped sample; however, within our
ESR sensitivity, no resonance could be clearly detected for
the reference compound YFe,Zny,, despite the enhanced
Pauli-like dc magnetic susceptibility and large Stoner
parameter (Z = 0.88, larger than Pd).

To investigate the origin of the observed resonance, we
analyze the line width (AH), the g shift, (Ag = gexp — &ins)s
where gi,s = 1.993 is the g factor of Gd?* in insulators, and
the integrated intensity (Fig. 4). An increase of the linewidth
at low T is revealed, contrary to the expected for a localized
magnetic moment in a metallic host (AH = a + bT) [22].
Below 20 K, the resonance suffers a strong broadening, mak-
ing it difficult to perform reliable resonance analyses. The
obtained Ag is positive and almost 7 independent [Ag =
0.12(3)] (lower inset) above T =~ 70 K, indicating weak FM
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FIG. 2. Temperature dependence of the dc magnetic suscep-
tibility and the inverse of magnetic susceptibility (inset) for
Yl,deXFezznzo (0 5 X < 005)
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FIG. 3. Electron spin resonance (ESR) spectra of
Yo0.995Gdo.posFe,Znyy  (red line) and its reference YFe,Zny

(blue line). The former shows a Dysonian conduction ESR (CESR)

induced by Gd**.
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FIG. 4. Temperature dependencies of the electron spin reso-
nance (ESR) linewidth (main graph), the integrated intensity of
the ESR signal (upper inset), and the g shift (lower inset) for
Y0.995Gdo.00sFe2Znog.

local polarization caused by d-type ce. The integrated inten-
sity of the ESR signal (top inset) is nearly 7 independent,
characteristic of CESR, which is always proportional to the
Pauli-like magnetic susceptibility of the material (I o< xpauii,)
contrasting with the Curie-Weiss behavior expected for 4 f lo-
calized magnetic moments. These results strongly suggest that
the observed resonance can be safely attributed to a CESR.
Hence, the magnetic doping with Gd>* ions seems to activate
the CESR of d-type ce without the observation of the Gd**
ESR, which is unusual.

Figures 5 and 6 present the ESR spectrum and
ESR parameters (AH, Ag, and integrated intensity) for
Y0.99Gdg o1 FeaZnyg, respectively. These results show, in gen-
eral, a similar trend to those found for the x = 0.005 sample,
i.e., increase of the linewidth at low 7 (main graph) and a
small increase of the g shift, Ag = 0.15(3). However, there is
now a slight increase of the integrated intensity toward low
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FIG. 5. Electron spin resonance (ESR) spectrum of

Yo0.99Gdg o1 FesZnyy (blue line) and respective Dysonian fitting
(black line).
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FIG. 6. Temperature dependencies of the electron spin reso-
nance (ESR) linewidth (main graph), the integrated intensity of
the ESR signal (upper inset), and the g shift (lower inset) for
Yo0.99Gdo .01 FeaZny.

T, hinting at the presence of localized magnetic moments,
whereas for these first two samples, no evidence of the usual
Gd** resonance was detected for T > 4 K.

Figure 7 shows the evolution of the ESR spectra for the
most concentrated sample Y 95GdgosFe,Znyy at a few rep-
resentative temperatures. Above 7 = 30 K, the resonances
are like those obtained for the x = 0.005 and 0.01 samples,
i.e., a CESR (left blue dotted line). Conversely, below T ~
30 K, a strong resonance coming from Gd** ions arises, with
Dysonian-like line shape, as expected for Gd** ions in a
metallic host and as previously reported for GdFe,Zn, [23]
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FIG. 7. Electron spin resonance (ESR) spectra at selected tem-
peratures for Y(.9sGdo osFe,Zny, showing two different resonances
coming from conduction electrons and Gd** 4 f localized electrons.
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FIG. 8. Temperature dependencies of the electron spin reso-
nance (ESR) linewidth (main graph) and the g shift (inset) for
Y0.05Gdo.0sFe2Znyy.

(right red dotted line). It is noteworthy that the spectrum for
T =~ 30 K features the coexistence of both resonances.

After extracting the ESR parameters from the full set of
observed spectra, a clear distinction between a CESR and a lo-
calized ESR can be resolved. Figure 8 shows AH vs T (main
graph), Ag vs T (lower inset) with two very well-defined
regions, and the integrated intensity (upper inset) comparing
CESR with Gd** ESR. Above T ~ 30 K, the resonance as-
signed to CESR presents similar features to those samples of
lower Gd** concentrations. Toward low T, a broadening of
the CESR and a narrowing (Korringa-like relaxation [22]) are
observed for the localized magnetic moment of the Gd** ions.
Moreover, the g shift of Ag ~ 0.28(3) measured for the CESR
suggests an even stronger local FM polarization caused by a
mean field of d-type ce associated, again, with the presence of
Gd** (see inset of Fig. 8).

In the crossover region 30 K < T < 40 K, there is an
overlapping of two broad resonances, making it difficult to
extract the ESR parameters because both resonances coexist
around g = 2.0. The large CESR linewidth at high T may
be due to an incomplete motional narrowing [24,25] of the
g-value distribution on the Fermi surface, which may also lead
to some small positive g shift.

IV. ANALYSIS AND DISCUSSION

The observation and comprehension of a CESR in simple
metals such as Na, Li, Ag, Cu, and Al was a subject of
intense experimental and theoretical efforts in the middle of
the last century [13,26-28]. Conversely, for complex metallic
systems such as intermetallic compounds, it has always been a
challenge to look for a CESR, which was difficult to find due
to the various delicate ingredients that may contribute to its
observation. Among these ingredients, we can mention (i) the
intricate band structure of the material introducing a large g-
value distribution [24,25], yielding an extremely broad CESR;
(i1) many-body and motional narrowing effects; and (iii) small
ce mean free path due to various scattering processes such as
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Coulomb interaction, SO coupling (SOC), and phonons [29].
Nonetheless, it was shown that, in a simple metal such as
Pd, where an electron-electron (e-e) exchange coupling leads
to an enhanced Pauli paramagnetism (Stoner parameter Z
= 0.83), it was possible to observe the TCESR [30]. Using
the same transmission technique in FM films deposited on
foils of Cu [14] and Au [13], the TCESR was observed with
an enhanced resonance intensity. Based on these results and
using the usual reflection technique for itinerant weak FM
compounds such as ZrZn;, ScsIn, and TiBe,, the CESR could
be clearly observed [31]. However, simultaneous observation
of the ESR of localized magnetic moments such as Gd** and
ce in a given material was only hinted at in Ag using both
techniques, transmission and reflection [32], but the presence
of a bottleneck effect left an ambiguity in the identification
of the observed resonances such as ce and localized magnetic
moments.

Our experimental results described above assure us that a
gentle increase of FM correlations of YFe,Zn;( allows us to
observe coexistence of both resonances in Y;_,Gd, Fe,Zn,.
Note that the 7 and Gd concentration dependence of both
resonances are different from that of Ag : Gd [32], suggesting
an unbottleneck regime for this system, so we can assume that
both resonances are indeed decoupled. Thus, the Gd** mag-
netic moments polarize the ce for all available concentrations,
and the g shift increases with x, from 0.12 to 0.25 with respect
to the g value of Gd*t in insulators (insets in Figs. 4, 6, 8) due
to their proximity. Notice that the Pd CESR g shift is Ag =
0.25 [30].

We begin with the analysis of the local moment ESR
(LMESR), only present for x = 0.05 and below 7 ~ 30 K.
The Gd*" ESR linewidth broadens, following the usual linear
T dependence AH = a+ bT, which leads to a Korringa-
like relaxation parameter b = 11(1) Oe/K. This accounts
for the relaxation between the Gd** ions and ce due to ex-
change interaction, accompanied by a negative g shift of Ag ~
—0.10(3), in agreement our previous work in the concen-
trated system GdFe,Zny [33]. This gives a ratio b/(Ag)*> ~
1.1 x 10° Oe/K involving these two quantities, which is an
order of magnitude <2.34 x 10* Oe/K expected for unbot-
tleneck simple metals [34]. Thus, a strong g dependence of
the exchange interaction Jy¢ ..(q) may be expected for the
Y0.9sGdg osFer,Znyy sample, as already reported in the con-
centrated sample GdFe,Znyy [34-36]. This is the expected
behavior for a 4f localized magnetic moment in a complex
metallic host with intricate band structure [23,33].

Let us now analyze the information coming from itiner-
ant magnetic probes formed by the ce (CESR) present for
x = 0.005, 0.01, and 0.05. ESR experiments give access to
important electronic properties such as 7,r, from the CESR
linewidth AH = % together with the measured g shift of the

ce, which is related with the spin relaxation process affected
by the SO potential [10].

This particular g shift is the difference between the g value
of the metal considered and the free-electron g value (2.0023)
and can be taken as a rough measurement of the SO interaction
if the EY relation [10,11] is fulfilled by our system.

The spin relaxation mechanism is described by the EY
theory [29] as the SOC which induces spin-up and spin-down
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FIG. 9. Conduction electron spin resonance (CESR) linewidth
divided by the resistivity for various metals (adapted from Beuneu
and Monod [29]) and for Y,_,Gd,Fe,Zn;, vs the square of the g
shift. The lines are of slope one, the dashed line corresponds to the
simplest form of the Elliott relation, and the dotted line represents
the line near Mg and our samples.

mixing. The admixture strength is given by the so-called SO
admixture coefficient ¢ « ﬁ, where L is the matrix element
of the SOC for the conduction band and the near-lying band
with an energy separation of AE. EY formalism establishes
that momentum scattering processes induce spin transitions
for the admixed states, leading to spin relaxation [Eq. (1)] and
a shift in the g factor compared with the free electron [Eq. (2)]

as follows [37,38]:

1 (L\1 X
a—‘h(ﬁ) T_p’ ()
L
Ag:g—go=azE, )

where o) and o, are band-structure-dependent constants.
Combining both equations we obtain the so-called Elliott re-
lation:
1_ate 3)
f % Tp
The above equation correlates measurements of CESR—
linewidth (related with 7,r)and g shift Ag, with resistivity p
(related with 7,). The low-temperature dependence of 7,
T3, plus 7, o« T~ as the transport momentum scattering
time, were included in the Elliott relation [37,38]. In such a
form, the relation was explored and confirmed for Na, K, Rb,
Al, Cs, Ag, Cu, and Au (solid black line of Fig. 9) but showed
deviations for Be, Mg, and Pd (results digitalized from Be-
uneu and Monod [29]), leading to g—% =~ 10 for these metals.

The dashed line represents the case of :% ~ 1. Deviations

from the Elliott relation for polyvalent metals (such as Mg
and Al) were explained by enhanced SOC [39,40].
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adapted from Jia et al. [20].

One way to understand the nature of the observed CESR in
our system is to compare it directly with the above described
CESR in those alkali metals. For this purpose, we use the mea-
sured Ag, AH combined with previously reported resistivity
measurements [20] in the system Y;_,Gd,Fe;Zn;, evaluated
at two reference temperatures 7' =~ 40 K (upper points) and
T ~ 80 K (lower points) and plotting %ATH(Tref) vs A% (Tier)
following the Beuneu and Monod [29]. Our experimental
points for the observed CESR with x = 0.005, 0.01, and
0.05 at these two reference temperatures were included in the
comparison of alkali metals in Fig. 9 (near dotted line where
&~ 0.01), giving a clear deviation from the EY relation.

This deviation was already observed in pure intermetallic
systems such as MgB, and AlB,, where the linewidth does
not follow the resistivity trend [41,42].

This important result raises the question about the true
relaxation mechanism involved in our detected CESR. Equa-
tion (3) gives the relation i x % [37] which does not work

for Gd** doped YFe,Znyo. This is expected if we consider
that the system involves an internal magnetic impurity which
both induces and coexists with CESR, different from the de-
tected CESR in the explored alkali metals.

One way to evaluate the involved mechanism is to plot the
dependence between 7,y and 7,. Thus, we plot ﬁ (xTyp)

and % (xt,) (Fig. 10), resulting in TLf o 1, like that of
the DP mechanism for systems lacking inversion symme-
try [12,43,44]. In the DP formalism, a momentum-dependent
internal magnetic field makes the electron spin precess, with
an associated frequency. The interaction between them causes
flipping of the electron spins, hence spin relaxation. Although
this scenario was proposed for noncentrosymmetric systems
as is the case of Pt [9], in our system, the inclusion of Gd3t
magnetic impurities (activators of the observed CESR) may
create an internal space-dependent magnetic field, causing the
spin-flip. This mechanism could account for the observation
of a Dysonian-like line shape with A/B ~ 1.97, where % [0
00. Here, Tp is the diffusion time because the ce remain pre-
cessing around the local magnetic field [45]. Similar behavior
was observed for Pt where the EY mechanism is dominant
at room temperature, but at cryogenic temperatures, the DP
mechanism becomes dominant [9]. Comparing the reported
values of 7, estimated for Pt at high T (13.5 x 107s) and
low T (16.5 x 10~'3s) with those obtained for YFe,;Znyo
(g &~ 1.26 x 10~'%s for 7 > 100 K and T ~ 5.68
x 107"'s for T &~ 20 K), the necessity of exploring the
intermetallic system YFe,Zn, for spintronic applications is
clear.

V. CONCLUSIONS

In this paper, we have observed resonances with CESR fea-
tures from d-type ce in YFe,Zny, induced by the addition of
Gd**, allowing the characterization of local properties in this
NFFL system. The local weak FM polarization of the referred
electrons was monitored through the behavior of both CESR
and ESR of 4f Gd** localized electrons. This approach has
allowed us to evaluate the involved relaxation mechanisms,
comparing our system with the EY and DP formalisms. From
our analysis, no usual EY relaxation was observed, and a
DP-like relaxation is proposed as being responsible for the
relaxation caused by an internal magnetic field due to the
CESR activators. Our results then suggest the NFFL system
YFe,Znyy as relevant to spintronics at high temperatures,
based on their repercussions in the spin diffusion length A
governed by the DP mechanism.
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