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In this study the magnetic properties and the structure of GdsGe; sSi; .sSng 4 alloy were investigated by powder X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and magnetometry. The concentration of the
Sn-doping in this study is four times that used in previous studies examining the magnetocaloric properties of the Gds Ge Si> compound
doped with different metal additives. In the earlier studies it was shown the addition of about one atom percent of either Fe, Cu, Co, Ga,
Mn, or Al nearly eliminated the large hysteresis losses present in the undoped Gds GezSi> compound between 270 K and 300 K. Also,
these metal additives affected the characteristics AS,,, versus T peak, resulting in a significant increase in the refrigeration capacity of
the material, if the hysteresis losses are taken into account. By contrast, the same amount of either Sn or Bi had much smaller effects
on both the hysteresis losses and the characteristics of the AS,,, versus T peak. In this study, a larger amount of Sn doping had a lim-
ited effect on the hysteresis losses and characteristics of the AS,,, versus T peak of GdsGe-Si-. But, most importantly, it resulted in
a different microstructure compared to the compound with smaller Sn addition. The implications of the larger Sn doping on both the

magnetocaloric properties and structure of the Gds Ge>Si> compound are discussed.

Index Terms—Field-induced transition, hysteresis losses, magnetocaloric properties, Sn-doped GdGeSi compound.

1. INTRODUCTION

INCE the late 1990s, a great deal of attention has been

focused on the Gd;GesSi> compound as a potential near
room temperature magnetic refrigerant due to its large so called
“giant” magnetocaloric effect (magnetic entropy change, AS,,)
between 270 K and 300 K [1]-[4]. Unfortunately, this com-
pound also possesses large hysteretic losses in this same tem-
perature range, thereby reducing its efficiency as a refrigerant
[3], [4]. However, Provenzano and his coworkers at NIST first
showed that doping the Gd;Ge»Sis compound with about 1
atom percent of iron not only greatly decreased the large hys-
teresis losses (>90%) but also improved the characteristics of
its magnetocaloric AS,;, peak. In fact, compared to the undoped
case, the Fe-doped compound displayed a broader peak with its
peak value shifted from 275 to 305 K together with a 20%—-50%
improvement in the refrigeration capacity value, if the hysteresis
losses are taken into account [5]. The NIST group also studied
the effect of other metal additives to the Gd;GesSis compound.
From this subsequent study, the NIST group observed that the
effect of doping the compound with about one atom% of either
Al, Co, Cu, Ga, or Mn was very similar to that which had been
observed with the Fe-doping. However, in the case of doping
with the same amount of either Sn or Bi, a negligible effect on
the magnetocaloric properties was observed [6]. This work is a
follow up study to the earlier studies for the purpose of exam-
ining the effect of larger amounts of doping on the structure and
magnetocaloric properties of the Gd;GesSi» compound. Here
we present the magnetic and microstructural results of doping
the Gd; Ge,Sis compound with about 4.5 atom% Sn; this doping
level is 4 times the doping level of our earlier study [5], [6].
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II. EXPERIMENTAL PROCEDURE

The Gd;Ge; gSij gSng.4 sample of this study was pre-
pared by arc melting as in the previous studies, using a
water-cooled copper hearth in an argon atmosphere starting
with the appropriate amounts of the component elements. The
purity of the starting constituents was 99.9% mass fraction
or better, and prior to microstructural characterization and
magnetic measurements the sample was homogenized for
1 h at 1300°C in vacuum. This is the same heat treatment
previously used on the Gd;GesSiz compound doped with
different metal additives. The sample microstructure was ex-
amined by appropriate electro-optical techniques, including
X-ray Diffraction Spectroscopy (XRD), Scanning Electron
Microscopy (SEM), and Energy Dispersive Spectroscopy
(EDS), while its magnetocaloric properties were characterized
by SQUID magnetometry.

III. RESULTS AND DISCUSSION

Fig. 1 shows the room temperature X-ray powder diffraction
spectra of the GdsSiy (A) and the Gd;Ge,Sis (B) compounds
and of the Gd;Ge; gSi; gSng 4 alloy (C); the spectrum of the
Gd;Siy compound is analogous to that of Gd;Ge,Sis below the
orthorhombic-to-monoclinic phase transition temperature.

Thus, Fig. 1(a) and (b) illustrates respectively the typical or-
thorhombic and monoclinic crystal structures of the undoped
Gd;Ge,Siz compound below and above the phase transition
temperature of 270 K to 275 K. On the other hand, Fig. 1(c)
shows that the X-ray diffraction peaks of the Sn-doped com-
pound closely match those of the monoclinic phase, with the
exception of a slight shift of the peaks to lower angles. This sug-
gests that, at room temperature, the Sn-doped compound has a
monoclinic structure similar to that of the undoped compound,
but it has a slight increase in the lattice parameters. The lattice
parameter values of the three crystal phases of Fig. 1 are given
in Table L.
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TABLE 1
LATTICE PARAMETERS COMPARISON

a b [ Y Volume | S.G. Structure Type

GdsSiy 7.48570 14.75000 | 7.75140 90 855.93 62 Orthorhombic
GdsSi,Ge, 7.58085 14.8021 7.77995 | 93.190 871.62 14 Monoclinic
GdsSi;sGersSnos | 7.5868(1) | 14.8247(1) | 7.7876(5) | 92.764(2)] 874.87(4) | 14 Monoclinic

The data for GdsSis and GdsSi>Ges were taken from [8].
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Fig. 1. Room temperature X-ray diffraction spectra of: (A) GdsS4
(orthorhombic  phase), (B) GdsGe.Si> (monoclinic phase), and

(C) GdsGe; .5Siy.5Sng.4 compound.

Fig. 2. Backscattered scanning electron micrographs showing typical
microstructures of (a) GdsGe»Si», (b) and (¢) Gds;Ge; Si>Cug .y,
(d) GdsGe;.5Si1.5Sng.4 compounds; all the samples were heat treated in
vacuum at 1300 °C for 1 h.

The results of the X-ray diffraction analysis are consistent
with both the corresponding microstructure (examined by SEM
and EDS element analysis) and with the magnetic property
results. The SEM micrographs shown in Fig. 2 illustrate the
typical microstructure of the undoped Gd;Ge,Si; compound
(panel a) and the alloys doped with Fe (panels b and c) and
with Sn (d). From the SEM micrographs in Fig. 2 and from the
corresponding EDS chemical analyses, consistent with X-ray
results, mentioned above, Fe-doping resulted in a microstruc-
ture that consisted of a majority phase and a minority phase
rich in Fe and Si [Fig. 2(b), (¢)] [7].

The undoped compound, however, consisted of only the
single Gd;GesSis phase [Fig. 2(a)]. On the other hand, the
Sn-doped alloy displayed a dark majority phase and a light-col-
ored phase where some of the Sn had segregated away from
the majority phase. Though not shown here, the microstructure
of the compound with the smaller amount of Sn doping (~1
atom%) displayed only the single Gd;GesSi, phase with no
secondary Sn segregated to a secondary phase. Taken together
the X-ray diffraction and microstructural results of the alloy

with the two different amounts of Sn doping, as it will be dis-
cussed later, seem to suggest that for case of the larger doping,
not all the Sn atoms were accommodated substitutionally in
the crystal lattice of Gds;GesSi; compound. Consequently,
the excess atoms segregated and were incorporated into a
secondary phase. As it will be discussed further, about half of
the Sn atoms reside within the Gd;Ge,Sis crystal lattice, while
the other half is segregated. On the other hand, for the case of
the smaller doping, nearly all the Sn atoms reside within the
crystal lattice of the compound.

In Fig. 3, the M versus H loops measured at various temper-
atures for the Sn-doped alloy [Fig. 3(a)] of the present study
are compared to those of the alloy containing a smaller amount
of tin [~1 atom%, Fig. 3(b)] from the earlier study [8], in the
260 K to 320 K temperature range. Both sets of loops show the
presence of hysteresis and the amount of hysteresis loss as a
function of temperature is roughly the same for both Sn-doped
alloys (Fig. 4).

In Fig. 5(a) and (b) are shown respectively the M versus
T data and the entropy change, AS,,, versus T plot for
a AH = 3980 kA/m (5 T) of the following: Gds;GesSis
Gd5G61_8Si1_8Sn0_4, and Gd5Gel_9Si2Cu01 alloys.

The M versus T plots for both the Gd;Ge2Sia compound
and the Gd;Gep 9SioCugy; alloy were obtained at a con-
stant field value of 796 kA/m (1 T), whereas that for the
Gd;Ge; gSi; gSng 4 alloy was measured at 79 kA/m (0.1 T).
Fig. 5(a) shows a sharp transition around the Curie tempera-
ture for the undoped Gd;GeoSia compound, occurring at the
orthorhombic-to-monoclinic crystal phase transition (=275 K).
Fig. 5(a) also shows a smooth ferromagnetic-to-paramagnetic
smooth transition at T'¢ for the Cu-doped Gd;Ge; 9SioCug;
alloy (=305 K) and a not too sharp transition at T¢ for the
Sn-doped Gd;Ge; gSi1 gSng 4 alloy (=245 K). Thus, with
respect to the undoped compound, the Sn-doped alloy exhibits
a smoother transition and a lower Curie temperature. Consistent
with the M versus T plots, the AS,;, versus T peak for each is
centered at its corresponding Curie temperature [Fig. 5(b)], but
with varying heights and peak widths. The smoother transition
and a smaller but broader AS,, peak of the Sn-doped alloy
are accompanied by smaller hysteresis, as compared to those
of the undoped compound [5], [6]. When the hysteresis losses
(Figs. 3 and 4) are taken into account and the net refrigeration
capacity (RCxgr) is calculated by the method outlined in [7]
and using the integrals of the AS,,, versus T plots of Fig. 5(b),
a RCygr of about 340 J/kg-K for AH = 3980 kA/m (5 T)
was computed for the Gd;Ge; gSi; gSng 4 alloy. This value
is similar to the RCygr values computed for the other metal
additives [6]. However, the RCngr value for the alloy with the
smaller amount of Sn doping (~1 atom%) was only 260 J/kg-K,
which is close to that of the undoped compound [5], [6].

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 30, 2009 at 13:08 from IEEE Xplore. Restrictions apply.



3050

80
-2-260 K
g g
3 t
< <
5 s
g g
% b
g )
© ©
s =
0 1000 2000 3000 4000
Field (kA/m)

IEEE TRANSACTIONS ON MAGNETICS, VOL. 44, NO. 11, NOVEMBER 2008

-2=-260 K
-+=270 K
-*-280 K
==290 K
=0=300 K
=310 K
=x=320 K

2000
Field (kA/m)

4000

Fig. 3. M versus H loops for Gd;Ge; s Siy.sSng.4 (right) and Gd;Geq .9 Siz2Sng.; (left) compounds.
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Fig. 4. Hysteresis loss versus temperature plots for the GdsGe,.sSi1.5Sng.4
and Gd5G61_8Si1_88ﬂ0_1 alloys.

Quantitative analysis results that were obtained from the SEM
micrographs and the corresponding EDS area maps (not shown)
indicated that about half of the tin in the alloy was contained in
the minority phase. From the EDS analysis and X-ray diffrac-
tion results it was concluded that the other half of the Sn atoms
reside substitutionally in the Gd;Ge,Si, lattice. These results
obtained for the Gd;Ge; gSij gSng 4 alloy reinforce the pre-
vious conclusions from the study on alloys containing smaller
amounts of metal doping [5], [6]. These conclusions stated that
small amounts of non-Sn or Bi doping nearly eliminate the large
hysteresis losses in the Gd; Ge,Si; compound while at the same
time significantly changing the characteristics of its AS,,, versus
T peak. This is because the presence of the doping metal sup-
presses the reversible field-induced first-order monoclinic-to-
orthorhombic phase transition in the compound between 270
K and 300 K temperature range [7]. That is, the metal doping
causes a retention of the orthorhombic phase by partially de-
pleting the silicon in the Gd;Ge»Sis compound as an additional
minority phase is formed that is rich of both silicon and the
doping metal. On the other hand, the present results obtained
on the Gd;GesSis compound containing a higher level of Sn

doping clearly show that the field-induced monoclinic-to-or-
thorhombic phase transition is not entirely suppressed. Conse-
quently, even the higher amount of Sn doping did not result in
the complete retention of the orthorhombic phase. This is be-
cause there is still sufficient silicon present in the majority phase
to keep it from forming the orthorhombic structure at high tem-
peratures, while the Sn containing minority phase was being
formed. This result is consistent with the elemental analysis
maps of the Gd;Ge; gSi; sSng 4 alloy which showed the ob-
served minority phase contained little Si. Therefore, the appear-
ance of the minority phase in the present Sn-doped alloy does
not signify a depletion of Si in the majority phase as occurred for
the case of the Gd;Ge,Sia compound doped with either Fe, Cu,
Ga, Mn, Co, or Al [5], [6]. Therefore, the higher Sn doped alloy
of the present study still displayed the large hysteresis loss sim-
ilar to that of the Gd;Ge,Sis alloy containing a smaller amount
of Sn doping [6]. Consistent with the retention of relatively large
amount of hysteresis loss in the Sn doped alloy of the present
study, there was not a large reduction in the magnetocaloric ef-
fect peak height, compared to that computed for the Gd;Ge, Sis
compound [5].

IV. CONCLUSION

The present study conducted on the Gd;Ge; gSi; gSng 4
Sn-doped compound re-enforces the previously stated hypoth-
esis that the formation of a minority phase, rich both in Si and of
the corresponding doping element (with attendant partial deple-
tion of Si in the parent majority phase), is the key for eliminating
the hysteresis losses in the Gd;Ge,Sia compound because the
partial depletion of Si suppressed the reversible field-induced
orthorhombic-to-monoclinic crystal phase transition. In fact,
comparison of the X-ray diffraction spectra, taken at tempera-
tures considerably below the phase transition temperature with
a spectrum measured at room temperature on the Fe-doped
compound showed that in the range of temperature from 2 K
to 350 K (where the magnetic measurements data were taken),
the Fe-doped alloy retained the orthorhombic crystal structure
and thus the orthorhombic-to-monoclinic crystal phase tran-
sition did not occur [7], [8], [9]. Consequently, the reversible
field-induced monoclinic-to-orthorhombic phase transition,
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Fig. 5. (a) M versus T plots at 796 kA/m (1 T) constant field for Gd; Ge.Si> compound, Gd;Ge1.5Si1.sSng.4 and GdsGe; .9Si>Cug.; alloys. (b) —AS versus T
plot for AH = 3980 kA/m (5 T) for Gd;Ge,Si> compound and GdsGe; sSiy §Sng 4, and GdsGe; 4Si2Cuq ; alloys.

observed in the dopant-free compound, was also suppressed.
On the other hand, the presence of hysteresis losses observed
in the Sn-doped compound indicates that the reversible mon-
oclinic-to-orthorhombic field-induced phase transition is only
partially suppressed. The SEM and EDS results together with
observed slight increase in the crystal lattice parameter values
(determined from the X-ray diffraction data), suggests that
about half of the Sn atoms in the Gds;Geq gSii gSng4 com-
pound reside substitutionally in the Ge-Si crystal lattice sites.
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