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Abstract. With the help of 185,157 NMR in Gd,Y1_,MngGeg we derive the contribution of Gd and Mn
neighbours to the hyperfine field at the rare earth site in the spiral spin phase of the intermetallic compound
GdMneGeg. The substitution of Gd for Y atoms allows the determination of the separate contribution of
remote Gd neighbours. The different temperature dependence of the hyperfine contributions of the Gd and
Mn neighbours gives the possibility to estimate the transferred hyperfine field of Mn at the rare earth site

both in magnitude and sign.

PACS. 76.60.Jx Effects of internal magnetic fields — 75.50.Gg Ferrimagnetics

1 Introduction

NMR is known to be a very sensitive method to derive hy-
perfine fields. In simple ferromagnetic intermetallic com-
pounds and for zero external field, it gives accurate data
on internal fields [1]. But also for more complicated com-
pounds and especially for magnetically diluted pseudobi-
nary compounds, it has been proven useful in estimating
the strength and the distance dependence of the spin po-
larization of the conduction electrons [2]. In the present
paper we describe some new experimental NMR results
and associated model calculations related to the pseudo-
ternary intermetallic compounds Gd,Y1_,MngGeg. The
pure (z = 1) ternary crystal of this system represents one
particular example of very many magnetically ordered in-
termetallic compounds containing both transition-metal
and rare-earth components. The nature of the 4 f — 3d ex-
change interaction in such systems is of crucial importance
to the understanding of the magnetic properties exhibited.
Because of the high degree of localization of the 4f local
moments at the rare-earth site, a significant exchange in-
teraction between the 4f and 3d moments is mediated
indirectly wvia processes involving conduction-electron po-
larizations. The main aim of the present investigation is
to delineate some of these polarizations.

The presently selected magnetic system is advanta-
geous because of its relatively simple structure, with a
single 4 f and single 3d site, with the 4 f moments residing
in sites of high point symmetry.

The system Gd;Y;_,MngGeg crystallize in the
HfFegGeg-type structure (space group P6/mmm) [3,4]. It
can be described as being built of alternate (001) layers
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Fig. 1. Crystal structure of the Gd,Y1-,MnsGes compounds
and the Kagome net of the Mn atoms.

containing Gd and Mn, respectively (Fig. 1). Whereas the
Gd atoms form hexagonal planes (H), Mn atoms form
Kagome nets (K) stacked along the c-axis with the se-
quence .. KHKKHK... [4]. Lattice constants vary linearly
from a = 5.2422 A and ¢ = 81843 A (z = 1) to
a = 52090 A and ¢ = 81110 A (z = 0). The prepa-
ration of the Gd;Y1_,MngGeg powder samples has been
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described previously [4,5]. The pure ternary system and
some pseudo-ternary Gd-Y compositions have been al-
ready the subject of numerous investigations in the past.
Of immediate relevancy are studies related to the mag-
netic structure of the system (see for example references
[6,5]), and in recent years also NMR and hyperfine field
studies [7,8]. We will refer to the latter, as appropriate,
also in the following sections.

The hyperfine field at a Gd-site in GdMngGeg can be
decomposed as follows

th(Gd) = Hcp + Hs(Gd) + HN(Gd) + HT(MD). (1)

Hcp represents the contribution due to the core po-
larization, and Hg(Gd) stems from the polarization of the
conduction electrons by the localized 4f moment at the
same site [1,2]. Hx(Gd) reflects the polarization caused
by the 4f moments at all the other Gd sites in the crys-
tal. Finally, Hr(Mn) is the so called “transferred hyper-
fine field” contribution arising from the polarization of the
conduction electrons by the 3d moments of the Mn sites
throughout the crystal. As mentioned already, the last two
contributions will be of primary interest in the study.

The paper is organized as follows: experimental NMR
measurements on Gd,Y;_,MngGeg samples, and the
identification of the measured spectral lines with specific
nuclei (and thus the determination of the associated hy-
perfine fields at relevant sites), are described in Section 2.
The quantitative delineation of the various contributions
to the hyperfine fields, and a discussion of the magni-
tudes and signs of these contributions, are presented in
Section 3.

2 NMR spectra of Gd,Y;_,MngGeg

The NMR spectra were obtained using a commercial spec-
trometer (Bruker CXP200). Due to the enhancement of
the rf field in the magnetically ordered Gd;Y1_,MngGeg
compounds, a tuned circuit was not required. Non-
resonant coils with inner diameters of 5 mm, typical
lengths of 10 mm and inductances of about 0.2 yH have
been used. The spectra have been taken in zero field on
powder samples sealed in glass tubes, using spin echoes. In
general, the signal intensity was computed by integrating
the Fourier transform of the second half of the acquired
spin echo.

The upper dotted “trace” in Figure 2 shows the uncal-
ibrated experimental spectrum of GdMngGeg at 4.2 K in
zero field. This one, as well as the other Gd, Y1_,MngGeg
spectra shown, were measured using an rf pulse sequence
with pulses of 2 us and 3 us, separated by an interval of
15 ps. For each curve, the signal amplitude was optimized
with respect to transmitter power. The power required was
around 0.2 W for all analysed compounds, corresponding
to a Hy amplitude of about 0.5 Oe.

Altogether four NMR transitions between 33 MHz and
80 MHz are observed. As will be outlined presently, these
could be identified as transitions of the '*>Gd and *7Gd
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Fig. 2. %®1%7Gd spectra of several Gd,Y:_MngGes com-
pounds at 4.2 K in zero field. The inset shows the energy di-
agram for the case vy < vq [11], and magnetic hyperfine field
perpendicular to the main electric field gradient axis.

isotopes, taking into account that both have a spin of
3/2 19].

The zero-field ®%157Gd spectra appear to be domi-
nated by quadrupolar interactions. However, analysis of
the spectra is complicated by the fact that the nuclear
Zeeman interaction is not negligible. For convenience, we
will use the conventional nomenclature with v represent-
ing the nuclear Zeeman frequency at zero external field,
and vq representing the nuclear quadrupolar frequency
[10]. We note that the condition vy < vq is not strictly
fulfilled as vq/vp < 5, and thus a simple perturbation ap-
proach to the problem is not appropriate. Diagonalizing
the sum-hamiltonian describing both the quadrupolar and
the Zeeman interactions (transformed into the eigensys-
tem of the electric field gradient tensor), one finds the
two relevant transition frequencies v4 and vo [8] which are
given by

3
= Z\/4Vg + 2upvg + 12

1 1
+ Z\/4I/g — 2upvg + V2 + %0

1 2 2
Uy = Z\/lll/o + 2vvq + vg

3 1
+ Z\/4Vg — 2upvq + 1/3 — 5% (2)
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The inset in Figure 2 shows these transitions in the
limit vqi > vy taking 6 = 90°. This angle describes the
direction of the hyperfine field with respect to the main
axis of the field gradient, assuming the c-axis as the pref-
ered direction because of the axial symmetry of the Gd
sites. The apparent “degeneracy” of the +3/2 energy lev-
els plotted in the inset is merely a consequence of 6 = 90°
in combination with the above limiting condition on vy.

Equations (2) were solved for vq and vy, using the
values of 1y, 7y, 5y and %71y shown for 4.2 K
in Figure 2. From these resonance positions we obtain a
quadrupole frequency of vy = 46.9 MHz (49.7 MHz) and
a Zeeman frequency of vy = 9.91 MHz (13.1 MHz) for the
isotope 1°°Gd (1*7Gd). The average ratio %7y /101y =
1.33 is in good agreement to the value 57~ /155y = 1.31
reported for GdAly [12]. The ratio 7y, /%%y, = 1.059
differs by less than one percent from the published [13]
result of 7Q/'5Q = 1.065. The above ratio-tests add
credence to the assumption that the 4 transitions shown
in Figure 2 are indeed the only ones in the spectral range
of 35-80 MHz to be associated with the two Gd isotopes,
thus confirming that the hyperfine field and with this also
the local magnetisation are in the plane perpendicular to
the c axis.

The =zero field spectra of the compounds
Gd;Y1_,MngGeg show essentially no structural change
with decreasing Gd concentration down to = = 0.7
(Fig. 2). This implies that the local magnetisation
remains in a plane perpendicular to the c-axis for all
of these compounds. The Zeeman frequency of both
isotopes increases with decreasing concentration, the
quadrupole frequency shows a little decrease (Tab. 1).
The low-frequency transitions of both isotopes approach
each other whereas the transitions at the higher frequency
broaden.

A severe line-broadening is observed for the compound
with x = 0.5, and additional transitions appear. The new
transitions, not predicted by equation (2), indicate that
the assumption of a hyperfine field lying perpendicular to
the c-axis is no longer strictly valid at this concentration.
We could still discern some of the original transitions, and
extrapolated signals have been used to analyse and derive
some approximate values for the hyperfine and quadrupole
frequencies also for x = 0.5, assuming 6 = 90°.

3 Delineation of the Gd hyperfine field

The hyperfine field values at the Gd nuclear site are ob-
tained by substracting the Lorentz field from the effec-
tive fields 271/, using the frequencies listed in Table 1
(second column). No demagnetization field correction is
needed because of the vanishing macroscopic magnetiza-
tion. The last column in Table 1 lists the results for each
concentration and isotope in field units.

For further analysis, we must determine the sign of
the Gd hyperfine field, perhaps better defined as the di-
rection of the hyperfine field (parallel or antiparallel) with
respect to the total resultant unit-cell magnetization. In
many cases this sign is determined from the frequency
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Table 1. Zeeman-, quadrupole frequencies and hyperfine fields
of 155,157 Gd.

r Py /MHz 'y, / MHz HLP® / kOe
1.0 991 46.9 74.6

0.9 104 46.5 78.2

0.8 11.1 45.9 83.4

0.7 11.1 45.8 -

05 - - -

x ¥7py ) MHz  ®7y, / MHz HLY" / kOe
1.0 13.1 49.7 75.7

0.9 13.7 49.1 79.3

0.8 14.6 48.3 84.0

0.7 15.7 47.5 90.6

05 17.8 46.0 94.0

shift in external field, but for Gd in the present com-
pounds this is not possible due to the nonlinear relation in
equation (2). Thus, we shall use a simple reasoning based
on reported relevant attributes. It was concluded previ-
ously that each Mn atom carry approximately 2up, and
the six Mn atoms in the ferrimagnetic unit-cell point in
parallel, with a resultant moment of approximately 12up
[6,5,8,14]. The Gd atom in metallic systems carries always
a well localized moment of 7ug. We also note that mag-
netization measurements in the ferrimagnetic phase of the
system always yield a resultant total moment of approxi-
mately ps = (12 — 7x)pup per unit-cell [14]. The only way
to reconcile all these facts is by concluding that the Gd
moment points antiparallel to the direction of the vector-
sum of the 6 neighoring Mn moments, and therefore also
antiparallel to the direction of the resultant total moment
of the unit-cell, fg.

We now make use of the fact that by far the dominant
contribution to the hyperfine field in Gd is usually the neg-
ative core polarization term Hcp of equation (1) [1], and
here “negative” means pointing antiparallel to the direc-
tion of the Gd moment. The resulting — usually smaller —
total hyperfine field at the Gd site Hy¢(Gd) of equation (1)
will also point antiparallel to the Gd moment, and there-
fore parallel to the Mn magnetization in the unit-cell. We
define this direction in the unit-cell as “positive”.

The magnitude of the Gd core polarisation in our
present system is estimated as 332 kOe [1,2] and in view
of the above sign determinations we can write also

Hcp = 4332 kQOe. (3)

We wish to examine now which of the possible different
statistical Gd configurations is reflected in the observed
spectra for x < 1.0. To characterise the contributions of
the Gd neighbours to the hyperfine field, it is important to
calibrate the relative Gd signal intensities observed in the
different compounds. This can be elegantly accomplished
by the help of the Ge(2) spectra. For this site the effective
field does not change with varying Gd concentrations [14],
depending only on the transfered hyperfine field contribu-
tions from Mn moments. That means that the 3Ge NMR
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Fig. 3. a) Concentration dependence of the hyperfine fields
of 15157Gd (T = 4.2 K). b) Normalized signal amplitudes of
the '7Gd resonance at 42 MHz for different concentrations
(points). The solid and broken curves labeled by n; show the
theoretical dependencies for different Gd occupation values n
in the first shell, according to equation (4).

signal, for example at 27 MHz (z = 1.0), should be equal
to the respective signal in each of the other (x # 1.0) com-
pounds, and its amplitude I,(Ge) for each sample can be
used as a calibration standard. Accordingly, values of the
intensity ratio I,(Gd)/I;(Ge) for all the samples provide
a properly normalised Gd signal intensity as function of x,
shown as filled points in Figure 3b. The echo intensities of
all the measured signals were first extrapolated to 7 = 0
to correct for echo decays.

To interpret the concentration dependence of the Gd
hyperfine field, we consider the possible statistical occu-
pations of neighbored Gd places. For a Gd concentration
x and a neighbor shell ¢ with V; sites, the probability for
the occurrence of n; Gd ions in the ith shell is [15]

N;!
= ——1 (1 — g)NeTnigns 4
w(em) = =y (LY@
with
N1:6,R1=a
N2:2,R2:C

N3 =6, Rs = /3a. (5)

The European Physical Journal B

The curves in the lower part of Figure 3 show the de-
pendence of the intensity (x x w(z,nq1)) for different oc-
cupations n; of the nearest Gd neighbour shell on the Gd
concentration . The measured intensities are in very good
agreement with the curve for a completely filled nearest
neighbour shell. Therefore the measured hyperfine field at
the Gd nucleus can be written as

Hig(Gd) = Hop + Hs(Gd) + 6 Hon(Gd)
+ xHrN (Gd) + HT(MH) (6)

whereby Hy,,(Gd) is describing the part of the hyperfine
field transferred from a single Gd nearest neighbour. Fig-
ure 3 explains thus also the rapid decrease of the Gd sig-
nal intensity with decreasing Gd concentration, assuming
only the 6; configuration contribute to the observed sig-
nal. The absence of resolved signals from n; configurations
with n < 5 is probably a manifestation of the severely dis-
turbed symmetry of the EFG in such configurations.

Equation (6) includes also a term describing the lin-
ear dependence between the hyperfine field and the Gd
concentration, shown in the upper part of Figure 3. In
the way written, the parameter Hrn represent the con-
tribution to the hyperfine field in a sample with z = 1.0
arising from all the N; Gd moments with i > 2, d.e all
the remaining Gd moments except those in the nearest
neighbour shell. Since the sign of the hyperfine field was
already established as positive, the slope of the curve in
Figure 3a yields directly

Hgn(Gd) = —40.65 kOe (7)

Substracting the core polarization contribution, the
hyperfine field derived from the intercept at = = 0 yield
the summed contributions of the nearest Gd neighbours
6Hnn(Gd), the term Hg(Gd), and the transferred hyper-
fine field contribution of Mn moments.

We turn now to the Hp(Mn) term. The temperature
dependence of the Gd hyperfine field in Figure 4 gives
the possibility to estimate the transferred hyperfine field
of Mn. Only an outline of the analysis is currently pre-
sented, and for some of the theoretical details, the reader
is referred to references [8,17]. The local magnetisation
of Gd can be described using a Brillouin function with a
spin of 7/2. Assuming the same functional form also for
the total Gd hyperfine field, we can write

v (T) _ g/J'BHeH
m = B7/2(I<;137T) : (8)

We can try now to fit the parameter in the right side
of equation (8) to the experimental points from Figure 4.
Using only values for T' < 140 K, we obtain the fitted
curve My, and an effective exchange coupling constant of

ASd kg = 40.8 K (9)

is derived for GAMngGeg. The predicted critical temper-
ature, lying near the phase transition between ferrimag-
netic and flat spiral spin structure [16], is around 215 K.
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Fig. 4. Temperature dependence of the *>'°"Gd Zeeman fre-
quencies for different Gd;Y1--MngGes compounds. The solid
and broken lines are fits based on a Brillouin function for
S = 7/2. My: fit without Hr(Mn) contribution. Ms: fit with
Ht(Mn) contribution.

The coupling strength is in good agreement with the fer-
romagnetic coupling constant obtained earlier [14] for the
Gd sublattices using mean-field model calculations.

The curve My, however, does not account well for the
observations at T > 150 K, neither for the pure ternary
system [8] nor for the mixed Gd-Y samples shown in Fig-
ure 4. As is evident from the presented data, a signifi-
cant additional contribution to the hyperfine field at the
Gd site is unraveled as we get nearer to the predicted
transition point around 215 K. As equation (8) does not
include the thermodynamics of the Mn contributions to
the hyperfine field, it is reasonable to conclude that the
apparent extra contribution at higher temperature reflects
the non-vanishing magnetization of the Mn sublattice even
close to the transition temperature. Even before any mod-
eling, we can conclude intuitively that this contribution is
positive with respect to the “rest” of the Gd hyperfine
field. A more quantitative treatment related to the pure
ternary system was discussed recently [8,17]. A mean-field
model calculation was used, which included, in addition
to the field determined by the thermodynamics of the Gd
sublattice, also a colinear Mn-induced term. The latter
was scaled with the sublattice magnetization of the Mn
[14,17]. The fitted model calculation is plotted as curve
M; in Figure 4, yielding for the Mn transferred hyperfine
field a value of

Hry(Mn) = +33 kOe. (10)

Finally, we can collect now all the known terms in
equation (6) to find
Hg(Gd) 4+ 6Hy,n(Gd) = —249 kOe (11)

and this concludes our analysis of the Gd hyperfine field
in the GAMngGeg system. For convenience, we list again
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Table 2. Delineation of the various contributions to the hy-
perfine fields at '5>%7Gd.

Term Value/kOe
Hys (Gd) + 75.1
Hcp + 332
Hrn —40.65
Hr(Mn) + 33
Hs(Gd) + 6Hun(Gd)  —249

in Table 2 the numerical values for the relevant terms dis-
cussed in this section.

4 Summary and concluding remarks

We have shown that with the NMR of '5%157Gd in
Gd;Y1_:MngGeg only the configurations with 6 nearest
Gd neighbours contribute to the Hx(Gd) term in our ex-
perimentaly resolved Gd NMR spectra, independent of the
concentration in the range 0.5 < x < 1.0. From these spec-
tra, the value of the total hyperfine field at the rare-earth
site, Hus(Gd), was determined for the pure ternary com-
pound GdMngGeg. The substitution of Gd atoms by Y
atoms allows the determination of the separate contribu-
tion of remote Gd neighbours [Hrn(Gd)] to the Hx(Gd)
term. The different thermodynamic behaviour of the Gd
and Mn sublattice magnetizations enabled an estimate of
the transferred hyperfine field of Mn at the rare earth site
in magnitude and sign. From the presence of a signifi-
cant Gd hyperfine field around 220 K we may also deduce
the existence of some Gd magnetization at this temper-
atures. This probably indicates that within the ferrimag-
netic phase above 215 K, Gd moments are magnetized
through the transferred conduction electron polarization
of the Mn sublattice. If that is indeed case, then the ex-
istence of the low temperature flat spiral spin structure
in GdMngGeg could be linked with spontaneous ordering
of the Gd moments caused by effective Gd-Gd exchange
interactions.

One final remark before concluding. It is intuitively
obvious in the present context that Hy,,(Gd) is related
to the indirect exchange interaction Jg between neigbor-
ing Gd moments, whereas Hp(Mn) is related to the in-
direct exchange interaction Jsr_34 between Gd and Mn.
It is therefore somewhat disapointing that while we could
determine the experimental value of Hrp(Mn), only the
algebraic sum of 6H,,(Gd) + Hs(Gd) could be deter-
mined presently. Since Hg has no direct relevancy to in-
direct exchange interactions, a further separation of the
two terms remains a deserving goal. In principle one could
achieve such separation by measuring the Gd NMR signal
in Gd;Y1-,MngGeg in the limit of very small x. With
saturating external field and sufficiently low temperature,
the Gd (n; = 0) frequency will reflect only the Hr(Mn)
and Hg(Gd) contributions, and a complete separation is
possible with the known value of Hr.
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