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We report on magnetization, magnetostriction, and magnetocaloric-effect measurements of poly-
crystalline LaFe11.74Coo.13511.13 and LaFei1.21 Coo.65511.11 performed in both pulsed and static mag-
netic fields. Although the two compounds behave rather differently at low fields (~ 5 Tesla), they
show quite similar values of the magnetocaloric effect, namely a temperature increases of about
20 K at high fields (50-60 Tesla). The magnetostriction and magnetization also reach very similar
values here. We were able to quantify the magnetoelastic coupling and, based on that, applied the
Bean-Rodbell criterion distinguishing first- and second-order transitions.

INTRODUCTION

Magnetocaloric materials are the basis for a solid-state
alternative to conventional compressor-based refrigera-
tion at ambient temperature [1-4]. The rapidly develop-
ing class of magnetic refrigerators, heat pumps, and air-
conditioning units based on these materials is considered
to be environment-friendly, silent, compact, and energy
efficient [5]. The magnetic cooling technology is based
on materials exhibiting magnetic or magneto-structural
phase transitions which are responsible for a large en-
tropy change in the magnetic and structural subsystems
upon application or removal of an external magnetic field.
This, in turn, results in a large magnetocaloric effect
(MCE) [6].

The magnetocaloric effect is defined as the change of
the temperature, T', and entropy, S, caused by the vari-
ation of an applied magnetic field. Under adiabatic con-
ditions, S remains constant and the magnetocaloric ef-
fect can be characterized quantitatively by the observed
adiabatic temperature change, AT,4. Alternatively, by
keeping T constant during a field sweep (isothermal con-
ditions), the magnetocaloric effect results in a heat trans-
fer, @), between the sample and environment. Thereby,
Q = TAS,,, where AS,, is the isothermal magnetic-
entropy change [7, 8].

Both, AT,; and AS,, comprehensively characterize
magnetocaloric materials in terms of their potential ap-
plication in magnetic refrigeration [9]. However, experi-
mental data on AT,y are still rather scarce in literature.
Mostly, the MCE is determined by measuring the isother-
mal, M(H)r, or isofield, M(T)y, magnetization with
subsequent calculation of AS,,(T") by using Maxwell re-
lations. AT,y and AS,, can also be extracted indirectly
from S — T diagrams determined by use of temperature-

dependent heat-capacity data measured in different mag-
netic fields [10]. However, the conventional S — T dia-
grams describe states at thermal equilibrium, which for
materials with first-order transitions are challenging to
determine due to metastability and hysteresis. Since in a
magnetic refrigerator the magnetocaloric materials usu-
ally are magnetized and demagnetized very quickly, the
standard equilibrium S — T" diagrams are only of limited
use [11, 12].

Indeed, the typical thermal-cycle design frequency of a
magnetic refrigerator is in the range of 1 — 10 Hz (corre-
sponding to a magnetic-field change rate of 2 — 50 T/s),
whereas in literature mainly reports on steady-field ex-
periments are found with typical field-change rates of
0.01 T/s determined by the use of superconducting mag-
nets. In order to determine the MCE near real op-
erational conditions it is necessary to measure directly
adiabatic temperature changes by using fast-sweeping
magnets, such as standard electromagnets or assemblies
of permanent magnets (e.g. nested Halbach cylinders).
These allow to measure AT,y at frequencies up to 1 Hz
with magnetic-field changes of up to 2 T/s [13, 14].

In this work, we report on measurements of AT, in
pulsed magnetic fields which provide us with a compre-
hensive access to the dynamic MCE and the high-field
properties of materials with first- and second-order tran-
sitions. This allows to investigate dynamic effects of
magnetic refrigerants with relevant frequencies. Non-
destructive pulsed magnets have typical pulse durations
of 10 — 100 ms, which perfectly match the envisioned op-
eration frequencies of magnetic refrigerators. Thereby,
the magnetic-field change can be as fast as 1000 T/s.

Another important issue we are addressing in this
manuscript is tuning the system between first- and
second-order transitions. Often phase transitions from



the paramagnetic (PM) to the ferromagnetic (FM) state
are of second-order. Such reversible transitions are
accompanied by rather modest magnetocaloric effects.
In contrast, some materials show first-order transitions
when entering the FM state in applied magnetic fields.
Thereby, abrupt volume changes occur at the critical
temperature, resulting in rapid magnetization changes.
As aresult, large field-induced heating and cooling effects
are observable which make these materials very promis-
ing magnetocaloric refrigerants.

The big advantage of materials with first-order tran-
sitions is the relatively small magnetic field needed for
switching between the PM and FM states. This allows
the usage of permanent magnets in magnetic-cooling de-
vices. On the other hand, a severe drawback is the ther-
mal and magnetic hysteresis at the first-order transition.
This drastically reduces the MCE when applying fields
under cycling conditions [11, 15-17]. Strong research ef-
forts are directed towards materials design leading to re-
duced hysteresis.

In some materials we can shift the transition from first
to second order by adjusting their composition slightly.
An important goal is to reach the tricritical point [18, 19]
where the first-order transition becomes second order.
This allows to utilize the entropic benefits of the first-
order transition without the reduction of the MCE due
to hysteretic losses.

La(Fe,Si)13-based compounds (with cubic NaZns-type
structure) are among the most promising magnetocaloric
materials. They show a large magnetocaloric effect and
have been widely studied in quasi-static magnetic fields
from the perspective of fundamental and applied research
[21-23]. AT,q4, AS,,, and the Curie temperature, T¢, of
La(Fe,Si)13 alloys can be widely adjusted by small addi-
tions of other elements such as H or Co. The addition of
Co also alters the nature of the magnetic phase transition
from first to second order. La(Fe,Si;—_, )13 offers a unique
combination of large AS,, of up to 30 JK~tkg~?! in field
changes of the order of 5 T coupled with remarkably small
hysteresis. In this work, the alloys LaFei; 74Cog.13511.13
and LaFeq1.01Cog.¢5511.11 were chosen for the investiga-
tion of the dynamic MCE in magnetic fields up to 60 T.
We applied the theory proposed by Bean and Rodbell
[20] to discriminate first- and second-order transitions.
The Co-poor alloy shows a pronounced first-order tran-
sition at 198 K, whereas the Co-rich compound exhibits
a second-order transition at 256 K.

EXPERIMENTAL

We investigated the magnetocaloric properties of com-
mercial samples produced by Vacuumschmelze GmbH.
The LaF611'74COO_13811_13 and LaF€11_21000v65Silv11 sal-
ples were produced using a powder metallurgical route
(reactive sintering) which consists of five basic steps:

powder manufacture, powder blending, compacting, sin-
tering, and machining [24, 25].

Measurements of AT,y in magnetic fields up to 1.93
T and field-sweep rates up to 2 Ts~! were performed in
a dedicated experimental setup using permanent mag-
nets in a Halbach-cylinder assembly [13]. The magnetic
field was measured by a Hall probe. The temperature
change of the sample was monitored with an accuracy
better than £0.01 K using a Copper—Constantan (T-
type) thermocouple. The samples were prepared as a
stack of two equally shaped (0.3 x 5 x 10 mm) plates
with the thermocouple placed in between. In order to re-
duce the influence of demagnetization effects all samples
were measured with the magnetic field applied parallel
to the 10 mm sample edge.

The isothermal magnetization and magnetic succepti-
bility up to 14 T were measured by using a physical prop-
erties measurement system (PPMS 14, Quantum Design)
with vibrating sample magnetometer option.

In order to determine the compressibility, high-
pressure x-ray diffraction (XRD) experiments were per-
formed at the HP-CAT beamline 16-BM-D of the Ad-
vanced Photon Source using a Mao-type symmetric di-
amond anvil cell (DAC). The DAC was composed of
one partially perforated diamond anvil opposing a mini-
anvil mounted on a fully perforated diamond anvil with
1 mm culet diameter. A 250 um stainless-steel gasket
was preindented to a thickness of 120 um and a 450 pm
diameter hole was drilled for the sample chamber. The
sample was loaded into the sample chamber along with
gold powder and small ruby chips, which served as pres-
sure markers. Si oil was used as a pressure medium. Data
were collected between ambient pressure and 25 kbar
(2.5 GPa). Samples were measured at a wavelength of
0.41646 A and the lattice parameters were refined using
the EXPGUI-GSAS software package [29].

The magnetostriction and thermal-expansion measure-
ments in quasi-static fields were performed by using com-
mercial strain gauges (SK-06-030TY-350, Vishay) glued
to the sample surface with M-bond 610 adhesive. For
better accuracy the strain gauge was connected to a
Wheatstone bridge. The voltage-fed Wheatstone bridge
was compensated before each measurement. Depending
on the resistance change occurring in the strain gauges
(due to the sample-length change) a corresponding volt-
age change of the bridge circuit was recorded by a DL750
oscilloscope.

Pulsed-field data were obtained at the Dresden High
Magnetic Field Laboratory (HLD) [26]. The pulsed mag-
net used for magnetization and magnetostriction experi-
ments can reach 60 T in about 7 ms rise time, with a total
pulse duration of about 25 ms. The magnetization was
measured utilizing a home-built pulsed-field magnetome-
ter, described in [27], by integrating the voltage induced
in compensated pick-up coils surrounding the sample.

The magnetostriction in pulsed magnetic fields was



measured by using an optical fiber strain gauge attached
to the surface of the sample with cyanoacrylate epoxy.
The strain gauge is a 1 mm long fiber Bragg grating with
a peak reflectivity at 1550 nm. A sample elongation is
converted to a reflectivity-peak shift, which is detected
by a high-resolution grating spectrometer providing Al/l
resolution better than 5 x 10~7. For more details see Ref.
[28].

Pulsed-field magnetocaloric measurements were per-
formed using a pulsed magnet reaching up to 50 T with
50 ms pulse duration. Thermocouple and sample mount-
ing was similar to the static-field measurements. The
sample was enclosed in a thin-walled shield, which was
set under reduced pressure to provide better adiabacity.
The thermocouple signal was recorded by a storage os-
cilloscope.

RESULTS

Magnetization in static and pulsed fields

The magnetization of LaFe;; 74Cog.13511.13 measured
in fields up to 14 T for different temperatures near the
first-order transition (T¢ = 198 K) are shown in Fig.
1(a). A field-induced transition from the PM to FM state
is visible with a clear first-order character for all temper-
atures above 198 K. Characteristic S-shaped magnetiza-
tion curves with hysteresis between up and down sweeps
are observed. The hysteresis width decreases with in-
creasing temperature and the transition is slightly broad-
ened. The critical field of the transition increases with
temperature at a rate of 0.25 T/K.

The inset of Fig. 1(a) shows magnetization data mea-
sured in pulsed fields up to 60 T. The 7 ms duration of
the up sweep is too short to keep the sample at constant
temperature ensuring adiabatic conditions. Although the
pulsed-field magnetization shows transitions with similar
S-shapes as the static-field data, the critical fields are
higher than those for the isothermal magnetization pro-
cess. One pulsed-field data set with initial temperature
T; = 198 K is plotted as black curve in Fig. 1(a) show-
ing the difference between the isothermal and adiabatic
magnetization data (black arrows).

This difference can be explained as follows: When the
magnetic field approaches the critical value, the sample
under adiabatic conditions starts heating up. The mag-
netization during the pulsed-field experiment then even-
tually reaches values of corresponding isotherms mea-
sured at T; + ATyq. The latter is reflected by the length
of the black arrows in Fig. 1. Comparing with AT,q4
determined in our direct MCE measurements we find a
reasonable agreement.

Figure 1(b) displays the isothermal magnetization of
LaFeq1.21Cog.65511.11- Here, the magnetization increases
smoothly with field without any sign of a first-order tran-
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FIG. I Field-dependent  magnetization of (a)

LaFe11‘74Coo‘13811,13 and (b) LaF611‘21COO,65811‘11. Colored
lines show isothermal data measured in static magnetic
fields. The insets show corresponding pulsed-field magneti-
zation curves. The arrows depict the mismatch between the
isothermal and the corresponding pulsed-field data (black
curves).

sition. Again, the pulsed-field data [inset of Fig. 1(b)] can
be considered as adiabatic magnetization. The black ar-
rows in Fig. 1(b) indicate the corresponding temperature
increase AT,y that can be extracted from the isothermal
magnetization. Comparison of adiabatic and isothermal
magnetization curves can be used as an indirect tech-
nique for measuring the magnetocaloric effect [30].

Direct measurements of AT,

The inset of Fig. 2(a) shows the field-dependent AT,q4
for LaFei1.74Co0.13511.13 at T; = 188 and 212 K recorded
during a 10 T field pulse. Taking the values of such
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FIG. 2: Adiabatic temperature change, AT,q, as function
of initial temperature for (a) LaFei1.74Co¢.13Si1.13 and (b)
LaFe11.21Co0.655i1.11. The black line in (a) corresponds to
quasi-static measurements. The inset in (a) shows the field-
dependent temperature change during 10 T field pulses for
T; = 188 and 212 K. The inset in (b) shows the field depen-
dence of AT,q for T; = Te = 256 K.

curves (downramp) for different 7; and field-strengths
the data shown in Fig. 2(a) were obtained. For 2 T,
AT,q shows a maximum of about 8 K at T; = 198 K.
For 5 and 10 T pulses, the maxima in AT,4 of about 11
and 13 K, respectively, are reached at somewhat higher
initial temperatures T;. The black curve represents MCE
data measured in quasi-static fields up to 1.8 T (Halbach
setup).

The  temperature dependence of AT,y of
LaFeq1.21Cog.65511.11 for 4 and 6 T pulses is shown
in Fig. 2(b). AT,q exhibits a sharp peak near T at 256
K with a maximum value of about 7 K (at 4 T). For 6
T pulses, the maximum in AT,y increases to about 9
K. The inset to the figure shows the field dependence of
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FIG. 3: (a) Field dependence of ATgq of LaFe11.74Co0.13511.11
measured in pulsed magnetic fields up to 50 T for various
initial temperatures around T¢. (b) Field dependence of

the sample temperature for different initial temperatures in
pulsed fields.

AT,4 measured in a 50 Tesla pulse for T; = T = 256 K.
The effect amounts to about 20 K.

Figure 3(a) shows the magnetic-field dependence of
ATyq for LaFei; 74Coq.135i1.11 in pulsed magnetic fields
up to 50 T for various initial temperatures. The maxi-
mum of AT, is about 20 K for an initial temperature of
223 K. In order to better understand the physics behind
this behavior, the data are plotted as sample tempera-
ture vs. applied magnetic field [Fig. 3(b)] [31]. The phase
boundary separating the PM and FM states is drawn as
dashed line. When the magnetic field is applied at tem-
peratures above the zero-field T (e.g. at 212 K), first,
in the PM state, the entropy changes slightly and, conse-
quently, a small temperature increase is observed. When
entering the FM state a significant sample heating occurs.
Beyond this phase transition, in the FM state, again the
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FIG. 4: Longitudinal magnetostriction, Al/lp, measured
at (a) 210 K for LaFe11.74Co¢.13511.13 and (b) 256 K for
LaFei1.21Co0.65511.11. The insets display the pulsed-field to-
gether with the static-field data.

temperature increase becomes modest.

Magnetostriction

La(Fe,Si,Co)13 compounds with first-order transitions
exhibit a large volume change at their phase transitions
[33, 34]. This makes pulsed-field magnetostriction exper-
iments highly challenging as the sample tends to estab-
lish cracks, even after an initial magnetization [35]. This
can be ascribed not only to the volume change itself,
but also to the fast field-sweep rate in pulsed magnetic
fields, which increases the mechanical stress in the sam-
ple. A typical result of a pulsed-field magnetostriction
experiment of a LaFej1.74Cog.135i1.13 sample at 210 K is
shown in Fig. 4(a). (All magnetostriction measurements
were performed in longitudinal configuration, i.e., with

field parallel to the length change.) The abrupt steps in
Al/ly are the result of sample cracks (gray curve). The
undisturbed magnetostriction is approximated by mov-
ing the affected data blocks upward (blue curve). This
approach can be justified when comparing to static-field
data. Magnetostriction measurements in static fields face
similar difficulties due to sample cracks. However, one
successful static-field measurement without the appear-
ance of cracks is shown in the inset of Fig. 4(a). Since
here the maximum field was 2 T, the measurement was
performed at T; = 200 K, i.e., closer to T¢, allowing to
complete the transition within the given field range. The
static-field data are close to saturation at 2 T. Accord-
ingly, the pulsed-field data at 210 K has almost reached
saturation at Al/ly = 0.35% before the first crack ap-
peared. This supports the reconstructed pulsed-field
magnetostriction to be correct. Similar as the magneti-
zation data, the magnetostriction shows a sharp increase
due to the first-order transition with a hysteresis width of
about 1.5 T. Assuming a uniform magneto-volume effect
in our cubic systems [37], we estimate a volume increase
of about 1%.

The longitudinal magnetostriction of
LaFeq1.21Cog.655i1.11, on the other hand, shows a
smooth increase of the sample length at 256 K [Fig.
4(b)]. This is reminiscent of the magnetization data
[(Fig. 1(b)]. The maximum in Al/ly of about 0.4% is
somewhat larger than for the former compound. The
magnetostriction measured in pulsed and static fields for
the same initial temperature show very good agreement
[inset of Fig. 4(b)].

High-pressure XRD experiments were carried out on
the LaFe11.74Cog.13511.13 sample above its Curie temper-
ature (T = 260 K, data not shown) to obtain the sam-
ple compressibility. The fit of the pressure-dependent
volume to a second order Birch-Murnaghan equation of
state [32] yields K = (0.999 4+ 0.015) x 1072 cm? /dyne.
This value was reproduced within error in indepen-
dent measurements using acoustic techniques, which
yielded K = (1.070 & 0.016) x 1072 cm?/dyne for the
LaFell,glCoo,Gg,Sil,ll sample.

DISCUSSION

The itinerant nature of the magnetism in La(FeCoSi);3
compounds is defined by the density of states at the
Fermi level, N(EF). Band-structure calculations for the
undoped system have been performed by Fujita et al.
[39]. The different magnetic properties in the compounds
is rather easy to understand qualitatively in terms of the
band filling. Co has one additional 3d electron com-
pared to Fe, so Co acts as an electron dopant. As the
3d bands are quite evolved, the additional band filling
may have a complex influence on N(FEr). If N(Ep) is
large enough, the Stoner criterion is fulfilled, and the sys-



tem becomes ferromagnetic at a second-order T¢. In case
the Stoner criterion is not fulfilled, but is close to that,
a positive curvature of N(F) can lead to metamagnetic
behavior. Our results are consistent with this scenario
at low fields. Interestingly, at high fields, this difference
tends to vanish. At fields of the order of 50 T, the thermo-
dynamic properties are about equal: The magnetization
of both compounds converges to about 160 Gs cm?/g,
AT,q reaches about 20 K, and the linear magnetostric-
tion saturates at ~0.35%. Apparently, if the applied field
is large enough, differences in the specific shape of N(E)
are no longer important.

Obviously, the difference at low fields is due to the first-
order field-induced (metamagnetic) transition, present
for the Co-poor compound. The transition not only leads
to the magnetization jump, but also to the huge volume
increase which is inherent to the transition. Such a be-
havior is well described by the phenomenological theory
proposed by Bean and Rodbell [20]. This theory assumes
a linear dependence of T on the sample volume,

Te = To(1 + pw), (1)

where w = (V—=Vp)/Vp. Following the notation of [20], T
is the Curie temperature if the sample would be incom-
pressible, Vj is the corresponding volume in the absence
of exchange interactions, and [ is the slope of the T¢
dependence on volume. Minimizing the corresponding
potential and setting the external pressure to zero, one
obtains

1 M\?
w=§NK]€BT06 (M) 5 (2)

S

where N is the number of atoms per unit volume, K is
the compressibility, kp is the Boltzmann constant, and
Mg is the saturation magnetization. At this point it is
worth noting that Eq. (1) is the only assumption here,
no restriction has been set concerning the origin of the
magnetism. Eq. (2) shows that in the framework of the
Bean-Rodbell model the relative volume change w is pro-
portional to the magnetization squared. The coefficient
NKkgTofB/(2M2) can then easily be found using a plot
of w vs. M? (Fig. 5).

In order to check the applicability of the theory we
plotted w = 3Al/l (assuming isotropic expansion) of both
samples against the magnetization squared in Fig. 5. For
the sample with second-order transition [Fig. 5(b)], a
clear linear dependence is observed above T¢. The curve
below T¢ at 245 K is not linear anymore, as exchange
fields should be taken into account. Some groups [39-41]
point out that Eq. (2) should be extended to take into
account spin fluctuations. This corrections seems to be
insignificant for our discussion. The Co-poor sample with
first-order transition shows as well a linear dependence
in w vs. M? above T at 216 K until the metamagnetic
transition appears [Fig. 5(a)]. Below T¢ at 196 K again
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FIG. 5: Magnetostriction vs. squared magnetization
plotted for temperatures below and above T¢ for (a)
LaFe11.74Co0.135i1.13 and (b) LaFe11.21 Coo.65511.11.

nonlinearity is observed. These results show that in both
compounds the magnetization is intrinsically connected
to the expansion. This explains the concurrence of the
thermodynamic parameters at high fields.

A general local-moment volume magnetostriction the-
ory was developed by Callen and Callen [42]. They
showed that the spontaneous volume magnetostriction
is proportional to the squared magnetization, compress-
ibility, and magnetovolume coupling constant I',

w=KI'M2 (3)

A similar equation was obtained by Shimizu [43] by
extending the Wohlfarth model [44] for itinerant fer-
romagnets with volume-dependent terms (see also Ref.
[41]). By using this approach Palstra et al. [45] report
KT = 1.71 — 1.79 x 1078 Gs~2 for La(Fe;_,Al,)3 al-
loys with first-order metamagnetic transitions. In our
experiments, we obtain KI' = 1.12 x 1078 Gs~2 for
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LaFei1.74Co0.13511.13 and KT' = 0.91 x 108 Gs™2 for
LaFeu,21Coo_65SiL11 (Flg 5)

One of the important results of the Bean-Rodbell the-
ory is the criterion to distinguish first- and second-order
transitions. If the parameter

n=C;NKkpTy3? (4)

is larger than 1, the transition is first order, for 0 <7 < 1
a second-order transition is observed. It has to be men-
tioned, that this criterion was derived in frame of a mean-
field model, where the entropy is given by the direct ap-
plication of the Boltzmann definition [36]. The coeffi-
cient C; depends on the quantum spin number J, or,
otherwise, on the moment of the magnetic atom. The
magnetism of our compounds is, however, clearly of itin-
erant nature, where a simple analytical expression of the
magnetic entropy is not possible. We limit ourselves to
temperatures well above T, where the inverse suscepti-
bility is linear in temperature according to both itinerant
and localized models.

The temperature dependence of the inverse mag-
netic susceptibility for both alloys are shown in Fig. 6.
The extrapolated Curie-Weiss temperature Ty = 256
K for the material with second-order transition cor-
responds to the observed Curie temperature, whereas
for the alloy with first-order transition 7y = 125 K
is significantly lower than T¢. From the Curie-Weiss
fits, we obtain effective moments of about 1.4up per
Fe atom for LaFej;.74Coq.135i1.13 and about lup for
LaFe11.21Cog.65511.11 [46]. The corresponding values of
Cy are 1.3 and 0.8. From equations (2) and (4) we ob-
tain for the compound with first-order transition g = 28
and n = 1.2. This value is just above unity, which agrees
with the fact that the observed hysteresis is quite narrow.

The corresponding values for the Co-rich compound are
£ =10 and n = 0.3. Hence, a second-order transition is
expected as it is observed.

It has to be mentioned that determining of the or-
der of the transition is possible as well by purely mag-
netic methods, for example using Arrott plot (M? against
B/M) [47, 48], where the order of the transition is deter-
mined by the sign of the slope, or the sign of the M* co-
efficient in the free-energy expansion. The Bean-Rodbell
theory instead, takes into account the dependence of
the exchange interactions on interatomic distances, and
properly describes magneto-volume instabilities leading
to a first-order transition. In this manner not only the
order of the transition is determined, but the behavior
of the system in the vicinity of the tricritical point is
described.

In conclusion, we have performed magnetization, mag-
netostriction, and magnetocaloric-effect measurements
in magnetic fields up to 60 T for LaFei; 74Cog.13511.13
and LaFeq1.21Cogg5511.11. The former shows a first-
order metamagnetic transition with abrupt increase of
magnetization and volume in fields up to 5 T. The
transition is accompanied by a substantial heat release.
LaFe11.91Cog.65511.11, on the other hand, does not show
a metamagnetic behavior and, above the Curie tempera-
ture, is an ordinary paramagnet. The magnetocaloric ef-
fect reaches about 20 K at 50 Tesla in both compounds.
We were able to quantify the magneto-elastic coupling
and, based on that, apply the Bean and Rodbell crite-
rion distinguishing first- and second-order transitions.
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