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Studies of magnetic properties for the GdsZrioFes5Coi10Mos W2 Bis glassy alloy are presented. The amorphous
structure of melt-spun ribbon of investigated alloy was confirmed by X-ray diffractometry. The Curie temperature
Tc was determined analyzing M (H) dependences measured at various temperatures as well as from M (T') depen-
dence measured at low constant magnetic field. Furthermore, the isothermal magnetic entropy changes | — ASu|
were calculated from the magnetization curves to assess the possibility of potential application of studied samples

as active elements in magnetic refrigerators.
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1. Introduction

The growing interest in magnetocaloric materials was
caused by using them in cooling systems operating near
room temperature. Moreover, in recent years, the mag-
netocaloric effect was also used in the power industry to
convert industrial waste heat to electricity [1]. There are
three physical quantities that designate the usefulness of
magnetocaloric materials: the magnetic entropy change
|-ASh|, the adiabatic temperature change | —AT,q4|, and
the relative cooling power (RCP) [2]. An ideal magnetic
refrigerant material should exhibit large values of both
| —ASy| and | —AT,4|, as well as high RCP around room
temperature at the low magnetic field [3]. High magnetic
entropy change was found in Gds(Si2Ges) [4], MnAs [5],
and MnFe(P,As) alloys [6]. The first order magneto-
structural phase transition and the appearance of hys-
teretic losses were observed for these alloys. Although
these materials reveal significant | — ASy/| and | — ATy
their major drawbacks are low RCP and complex process-
ing route. Despite relatively low | — ASys| and | — ATq]
values, due to second order magnetic phase transition,
the amorphous alloys seems to be an interesting alterna-
tive for their large RCP and low processing costs.

Until now we have performed studies of the mag-
netocaloric effect for deZI‘10F658_1-C010M05W2B15
(where z = 0, 1, 2, 3, 4, 5 at.%), that have shown
good glass forming abilities for all investigated composi-
tions [7]. Furthermore, increase in Gd contents resulted
in the increase of the Curie temperature of amorphous
phase [8]. Besides, in all cases a broad | — ASy| peak
around T was observed [8-10|. Therefore the aim of the
present work was to investigate the influence of further
admixture of Gd on structural and magnetocaloric prop-
erties of the GdzZrigFes5Co19MosWoB5 alloy.

*corresponding author; e-mail: k.kotynia@po.edu.pl

2. Sample preparation
and experimental methods

The GngI‘loFe550010MO5W2B15 alloy was obtained
by the arc-melting of the high purity (99.98%) con-
stituent elements Gd, Zr, Fe, Co, Mo, W with the ad-
dition of pre-alloyed Fe-B. Alloy composition represents
nominal atomic percentage. To protect oxidation during
melting the titanium was used as a getter. The ingot
was re-melted seven times to guarantee a homogeneity
of the alloy.

The ribbon was prepared by the melt-spinning tech-
nique at a surface velocity of the copper roll of 32 m/s.
Both the arc-melting and melt-spinning techniques were
performed under an Ar atmosphere to avoid oxidation.

The phase structure was investigated by the X-ray
diffractometry (XRD) using the Bruker D8 Advance
diffractometer with Cu K, radiation and the LynxEye
detector. The data were recorded using the Bragg-
Brentano continuous-scan method in 20p range between
30 and 100 degrees.

The field dependences of magnetization were recorded
in the field cooling mode (FC) by SQUID MPMS XL-7
Quantum Design system. The magnetic measurements
M (H) were performed in the temperature range between
150 K and 350 K. Based on those results the Arrott plots
were constructed. Magnetocaloric effect MCE was esti-
mated by calculation of the temperature dependences of
magnetic entropy change | — ASy,| for various changes
of external magnetic fields according to the Maxwell
thermodynamic formula [11]:

H

ASM(TH):/(aMé?H)>HdH, (1)
0

where T is temperature, M (T, H) is magnetization, H is
external magnetic field.

(696)
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3. Results

X-ray diffraction pattern measured for the melt-
spun ribbon of the GdgZrigFes5Co19MosWoB15 alloy
is shown in Fig. 1.

A broad peak between 20 = 30 deg and 50 deg
suggests amorphous structure of the rapidly solidified
ribbon.

One of the most important parameters which fa-
cilitates the potential applicability of a material in
the magnetic refrigeration is the Curie temperature T¢.
In order to determine T¢ we have used four methods de-
scribed below.

Intensity

30 40 50 60 70 80 90 100
20 [deq]

Fig. 1. XRD pattern measured for melt-spun ribbon of
the GngI‘10F€55CO10MO5W2B15 alloy.

3.1. Determination of Tc from dM/dT dependence

The temperature dependence of magnetization was
shown in Fig. 2.

The M(T) curve is typical for the amorphous mate-
rials. The magnetization gradually decreases with the
increase of temperature around 7. For this purpose
the dM/dT derivative was calculated and T¢ reaching
316 K was determined as a temperature corresponding
to the minimum value of dM/dT.

3.2. Determination of T using critical exponent
in Heisenberg model

In amorphous alloys the change of magnetization
around the Curie temperature proceeds gradually, unlike
in the case of crystalline counterparts (where magnetiza-
tion radically drops at Tc). Therefore it is more difficult
to designate precisely the T¢ in glassy samples. To solve
this problem for the same M (T') dependence as shown
in Fig. 2 one can use the relation [12]:

M (T) = M, (0) (1—;{0>ﬁ, (2)
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Fig. 2. Temperature dependence of magnetization

M(T) and its derivative dM/dT measured at
poH =0.01T for the GdsZrigFes5Co10MosW2B15 al-
loy ribbon.
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Fig. 3. The temperature 7" dependence of normalized

magnetization M/Mmax measured for the amorphous
ribbon sample of the GdsZrioFes5Co10Mos W2Bi5 alloy.
Inset — the modified (M/Mmax)l/ﬁ vs. T curve, where
B is the critical parameter (8 = 0.365) for the Heisen-
berg model.

where M (T) is magnetization at temperature T', Mg(0)
is saturation magnetization at 7' = 0 K, and S is criti-
cal exponent which for the Heisenberg model is equal to
0.365 [13]. The temperature T' dependence of the normal-
ized magnetization (M/Myayx)'/? calculated using the
formula (2) and determination of T = 316 K were shown
in Fig. 3.

3.3. Determination of the phase transition
and T using Arrott plots

The magnetization curves were measured at various
temperatures between 150 K and 340 K in external mag-
netic fields up to 7 T.
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Fig. 4. Arrott plots, i.e. M? versus poH/M for
the GdsZrioFes5CoioMosW2B15 glassy alloy in as-cast
state.
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Fig. 5. Spontaneous magnetization pr of

GngI‘10F€55CO10MO5W2B15 alloy ribbon vs. tem-
perature T'.

In order to determine the type of the mag-
netic phase transition and confirm T value obtained
from previous measurements, the Arrott plots were
constructed (Fig. 4).

The shapes of the Arrott plots are typical for alloys
in which the second order phase transtion from ferro- to
paramagnetic state around the Curie temperature takes
place.

From M?(poH /M) curves the relation M2, versus tem-
perature T was constructed and T was determined. M, Szp
values determined using extrapolations of the linear parts
of M? vs. puogH/M curves. Each MZ, value was read
as the interception of those extrapolations with M? axis
(presented in Fig. 5).

The T¢ calculated in this way reaches 315 K, which
is in good agreement with the values obtained using two
previously described methods.

3.4. Determination of Tc using poH(T) diagram

Another approach to verify T value was presented
in Figs. 6-8. The magnetization isotherms M (uoH) were
cut across by constant magnetizations M; = My, Mo,
]\437 M4, ,2\457 and M@ (Flg 6)

0.06 154 K
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—_ AT=6K
;\E’ o.o4 — =05 M,
<E. 0.03 | . M,
sl —= 0K !

0 01 | - M2

. [ M

0.00 F—— . . . : , :
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Fig. 6. The magnetic field po H dependences of magne-
tization M measured at various temperatures from 154
to 340 K (AT = 6 K) for the amorphous ribbon of the
GngI‘1oF€55COloMO5W2B15 alloy.

260 280
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Fig. 7. poH(T) plot for the
Gd3ZI‘10F€55COloMO5W2B15 alloy ribbon.

amorphous

As a next step, the magnetic fields pgH; ; correspond-
ing to the particular constant magnetizations M; were
read from M (uoH) curves measured at various temper-
atures (from Fig. 6).

The temperature dependences of poH;; corresponding
to constant magnetizations M; are presented in Fig. 7.

Subsequently the linear parts of pugH(T) curves
were linearly extrapolated to the zero magnetic fields
and corresponding 7T; temperatures were determined.
Finally, the relation M; vs. T; was constructed and
presented in Fig. 8.
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Fig. 8. M; versus 1; for the amorphous
Gdgzr10F655CO10M05W2B15 alloy ribbon.
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Fig. 9. Temperature dependence of the magnetic

entropy changes | — ASy| for the
GdsZrioFes5Co10Mos W2B15 alloy ribbon.

amorphous

The Curie point was determined as an extrapolation
of M;(T;) curve to M = 0. The T value obtained using
this method reached 312 K.

This value is slightly lower than those obtained by pre-
vious methods. However, it is more likely that twofold
extrapolation used in this approach gives rise to potential
systematic error.

3.5. Magnetocaloric effect

In order to assess the magnetocaloric effect in the in-
vestigated alloy the magnetic entropy change | — AS)y]|
vs. temperature T at various changes of magnetic fields
were calculated using Eq. (1), based on measurement
of M(H) curves presented in Fig. 6. The tempera-
ture dependences of | — ASy/| were shown in Fig. 9.

In all cases | — ASy/| reaches maximum around the Curie
point. The maximum value of | — AS}?*| reached
1.75 J/(kg K) for the change of external magnetic field
up to poH =7 T.

Based on our previous studies of the amorphous
deZr10F€58_x0010M05W2B15 (x = O, 1) alloy rib-
bons the increase of Gd contents to 3 at.% caused
an increase of the Curie temperature without significant
change of | — ASTP¥|.

4. Conclusion

The XRD studies of the melt-spun ribbon samples
of the GngI‘loF€55COloMO5W2B15 alloy have shown
their glassy structure. For this reason four different
methods allowing to determine the Curie temperature,
were used. All used methods have shown similar T¢ val-
ues reaching 316 K. Relatively large T in comparison to
the amorphous Gd,ZrigFess_.Co10MosWoB15 (z = 0,
1) alloy ribbons can be related to a higher Gd content
in the studied sample. The tunable T¢ around room
temperature makes these alloys potentially useful for de-
velopment of magentocaloric regenerators. Furthermore,
construction of the Arrott plots confirmed a presence of
second order phase transition around 7.

Magnetic entropy change exhibits maximum at
the Curie point (= 315 K) and reaches 1.75 J/(kg K) for
the change of external magnetic field up to 7 T. Obtained
values of | — ASyy| peaks for various changes of external
magnetic fields are comparable to those obtained for the
Gd,ZrioFess—Co10MosWoBy5 (x = 0, 1 alloy ribbons.
Furthermore, wide bump of | — ASj;| vs. T suggests that
the RCP should be large for the investigated alloy and
seems to be promising for application.
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