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Neutron-diffraction and magnetization measurements have been carried out on a series of samples of the
magnetorefrigerant Mn1+yFe1−yP1−xGex. The data reveal that the ferromagnetic and paramagnetic phases cor-
respond to two very distinct crystal structures, with the magnetic-entropy change as a function of magnetic
field or temperature being directly controlled by the phase fraction of this first-order transition. By tuning the
physical properties of this system we have achieved a magnetic-entropy change �magnetocaloric effect �MCE��
for the composition Mn1.1Fe0.9P0.80Ge0.20 that has a similar shape for both increasing and decreasing field, with
the maximum MCE exceeding 74 J /kg K—substantially higher than the previous record. The diffraction
results also reveal that there is a substantial variation in the Ge content in the samples which causes a
distribution of transition temperatures that reduces the MCE. It therefore should be possible to improve the
MCE to exceed 100 J /kg K under optimal conditions.
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I. INTRODUCTION

Recently, magnetic refrigeration at ambient temperatures
has attracted interest with the discovery of new materials
with improved efficiencies and advantages as potential re-
placements for the classical vapor compression systems in
use today.1–6 In particular, Pecharsky and Gschneidner2 re-
ported that Gd5�Ge2Si2� has a giant magnetocaloric effect
�MCE� between 270 and 300 K, while Tegus et al.6 found
that MnFe�P1−xAsx� with the hexagonal Fe2P-type structure
has a paramagnetic �PM�-ferromagnetic �FM� phase transi-
tion that is strongly first order and exhibits a huge MCE. In
addition, the Curie temperature �Tc�, and hence optimal op-
erating temperature of the latter material, can be varied from
200 to 350 K by tuning the P/As ratio without losing the
large MCE.6 However, the high cost of Gd and the toxicity of
As make it questionable whether either material will be vi-
able commercially on a wide scale. On the other hand, re-
cently the replacement of As by Ge or Si has been reported
to still provide a very large MCE �up to 38 J /kg K for a
field change of 5 T �Refs. 7–15� with Ge and up to
43 J /kg K for a field change of 3 T with Si �Ref. 16��, cir-
cumventing the toxicity issue and thereby demonstrating its
potential as a cost effective and environmentally friendly
refrigerant.10,12–14 For the particular optimal composition of
Mn1.1Fe0.9P0.8Ge0.2 we report in detail here, we find that it is
single phase and paramagnetic at higher temperature, single
phase and ferromagnetic at lower temperature, and in be-
tween the system undergoes a strongly first-order phase tran-
sition as a function of temperature or applied magnetic field.

Both phases possess the same symmetry space group �P6̄2m�
but have distinctly different structures; the a and b axes are
�1.3% longer while the c axis is contracted by �2.6% in the

FM phase compared to the PM phase. The large MCE of
�75 J /kg K �see Fig. 1� on both increasing and decreasing
field then originates from converting one phase to the other.
The improved properties and overall advantages of this ma-
terial open the possibility for its use in wide-scale magnetic
refrigerant applications.

II. EXPERIMENTAL PROCEDURES

The starting materials for the polycrystalline samples used
in this work were submitted to ball milling, which was car-
ried out under argon atmosphere for 1.5 h in a high-energy
Pulverisette 4 mill. The milled powders were collected into a
graphite mold and consolidated into a �20�5 mm3 wafer
sample at 1173 K under 30 MPa by the spark plasma sinter-
ing technique. The density of the sample was determined by
the Archimedes method to be over 95% of the density of the
as-cast ingot. Three 4�4�20 mm3 bars were cut and used
for the neutron-diffraction experiments, but the solid bars
broke into powder after measurements in which magnetic
fields up to 7 T were applied together with cooling and
warming between 200 and 300 K. The results reported in this
paper were obtained from the broken powder and are repro-
ducible on cycling temperature or magnetic field.

Neutron powder-diffraction �NPD� data were collected at
the NIST Center for Neutron Research on the high-resolution
powder neutron diffractometer �BT1� with monochromatic
neutrons of wavelength 1.5403 Å produced by a Cu�311�
monochromator. Söller collimations before and after the
monochromator and after the sample were 15�, 20�, and 7�
full width at half maximum �FWHM�, respectively. Data
were collected in the 2� range 3° –168° with a step size of
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0.05° for various temperatures from 300 to 5 K to elucidate
the magnetic and crystal structure transitions. Magnetic field
measurements were carried out with a vertical field 7 T su-
perconducting magnet. Refinements of the nuclear and mag-
netic structures in this system were carried out using the
neutron powder-diffraction data and the program GSAS.17 The
sample was found to contain about 1% MnO impurity phase
that was taken into account in the refinements.

Detailed temperature and field-dependent measurements
were carried out on the high-intensity BT7 and BT9 triple-
axis spectrometers. On each instrument a pyrolytic graphite
�PG� �002� monochromator was employed to provide a neu-
tron wavelength of 2.36 Å and a PG filter was used to sup-
press higher-order wavelength contaminations. Coarse colli-
mations of 60�, 50�, and 50� FWHM on BT7 and 40�, 48�,
and 40� FWHM on BT9 were employed to maximize the
intensity. No analyzer was employed in these measurements.

For diffraction data obtained on BT1, a cylindrical vana-
dium sample holder is typically employed in order to avoid

interference from diffraction peaks originating from the
holder. However, we found that for temperature-dependent
measurements the time to equilibrate can exceed 10–20 min,
which can interfere with measurements of hysteresis in the
present problem. We therefore undertook temperature-
dependent measurements in a top-loading cryostat that
avoided this problem or used an aluminum sample holder on
the BT7 and BT9 spectrometers when interference was not
an issue. Finally, we note that uncertainties indicated in this
paper are statistical in origin and represent one standard de-
viation.

III. EXPERIMENTAL RESULTS

Isothermal magnetization data were obtained in both mag-
netic field increasing and decreasing modes as shown in Fig.
1�a�. The data were analyzed using the Maxwell relation
method discussed in Refs. 18 and 19, and the maximum
entropy changes obtained are shown in Fig. 1�b�. We ob-
tained maximum magnetic-entropy changes of 74 and
78 J /kg K on increasing and decreasing field, respectively,
for a field change of 5 T in the bulk sample of
Mn1.1Fe0.9P0.8Ge0.2. These MCE values are nearly twice the
previous value for this system and the highest MCE for any
material presently reported.13,14,16

The refined phase fraction and unit-cell volume calculated
from neutron-diffraction refinements as a function of tem-
perature for bulk Mn1.1Fe0.9P0.8Ge0.2 are shown in Fig. 2�a�.
The sample is in the fully paramagnetic state above
�255 K, while we find that the PM and FM phases coexist
at lower temperatures. We observed that �80% of the
sample transforms relatively quick between 255 and 230 K,
while at 200 K the refinement shows that �4.5% of the
sample still remains in the paramagnetic phase. We show that
the origin of this behavior is likely associated with variations
in the Ge concentration in the sample as we discuss below.
At 10 K, on the other hand, there is no detectable paramag-
netic phase so that the entire sample eventually becomes
fully ferromagnetic.

Figure 2�b� shows diffraction data for a temperature of
245.4 K, where 56% of the PM phase equilibrates with 44%
of the FM phase. Only a portion of the diffraction pattern is
shown for clarity. An excellent fit to the data is provided by
the crystal structure shown in Fig. 3, along with a ferromag-
netic structure �P11m� magnetic symmetry� having Mn and
Fe moments parallel in the a-b plane. Refined ferromagnetic
moments at 245 K are 2.9�1� and 0.9�1��B for the Mn�3g�
site and Fe /Mn�3f� site, respectively, similar to what is seen
for other compounds with the Fe2P-type structure where a
larger moment ��3�B� is found at the 3g site and a smaller
moment ��1�B� at the 3f site.10,15 The moment direction is
different from MnFeP1−xAsx, which lies in the a-c plane or
along the c axis,15 but we found that fits with a component of
the moments parallel to the c axis gave significantly worse
agreement with our data. We remark that once the FM phase
is established, no significant changes in the crystal or mag-
netic structures of the FM phase were observed on further
cooling or applying a higher magnetic field. Therefore mag-
netic field, or temperature, has no significant effect other
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FIG. 1. �Color online� �a� Isothermal magnetization curves of
Mn1.1Fe0.9P0.8Ge0.2 on increasing and decreasing field. �b� Tempera-
ture dependence of the magnetic-entropy change in the bulk
Mn1.1Fe0.9P0.8Ge0.2 compound as a function of applied magnetic
field up to 5 T.
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than to convert the system between the ferromagnetic and
paramagnetic structural phases. One important finding is that
there is no significant difference between the unit-cell vol-
umes of the paramagnetic and ferromagnetic phases as the
phase transition proceeds.

At 295 K the entire sample is in the paramagnetic phase
so that it is single phase and there is no magnetic order to
refine. This provides the best temperature to refine the sto-
ichiometry, and we find a Mn/Fe ratio of 1.072�6�/0.928�6�
that is very close to the nominal value of Mn /Fe=1.1 /0.9.
We also find that the 3g site is completely occupied by Mn
atoms, which is coplanar with P/Ge�1� atoms at the 1b site in
the z=0.5 layer. The 3f site has �93% Fe, with �7% Mn
distributed randomly, and the 3f Fe/Mn site is coplanar with
the P/Ge�2� atoms at the 2c site in the z=0 layer. We also
find that Ge and P are randomly mixed, although Ge atoms
prefer the P/Ge�2� �2c� site ��27% Ge occupied� to the
P/Ge�1� �1b� site ��5% Ge�. This differs from
MnFeP1−xAsx, where Fe and Mn were found to be slightly
disordered across both the 3f ��4% Mn� and 3g
��9% Fe� sites, whereas the As and P were found to have
no preferential site selectivity.15 The structural details are
given in Table I.

The first-order nature of the transition can be readily seen
from magnetization data as shown in Fig. 4�a� as a function
of temperature, where the PM-phase↔FM-phase transition
clearly has substantial thermal hysteresis. Since the PM and
FM phases are structurally distinct, the two phases can be
monitored as a function of temperature or magnetic field by
neutron diffraction. For this purpose the �001� reflections of
the two phases are well resolved due to the large difference
��2.6%� in the c axis, and Fig. 4�b� shows the integrated
intensities for the PM and FM phases measured on cooling
and warming at a speed of 15 K/hr. The peak positions are
almost constant at �39.8° and �41.0° in 2� �data collected
using BT9 triple-axis spectrometer with a wavelength of
2.36 Å� for the �001�-PM and -FM phases, respectively,
clearly indicating that this is a first-order transition. We note
that there was no significant difference in the hysteresis loop
on repeated thermal cycling.

More importantly for the magnetic refrigerant properties,
the first-order structural transition can be driven by an exter-
nal magnetic field as shown in Fig. 5�a� for T=255 K. At
this temperature the diffraction data show that initially 95%
of the sample is in the PM state, which is converted into the
FM state with increasing field as indicated in Fig. 5�b� for
the �001� PM-phase �nuclear only� and FM-state �nuclear
+magnetic� peaks. The magnetic moments are almost inde-

(b)

2 (degrees)�

In
te

n
s
it

y

0

1000

20

In
te

n
s
it

y

0

1000

30 40

* * * * *
*

Fit with nuclear
structure only

Fit with nuclear+FM
structure
M in the planea-b

PM FM

(100)

(001)

(110)

(101)

(200)

(111)
(201)

(210)
MnO

~~ ~~

Magnetic
intensity

0 50 100 150 200 250 300
T (K)

109.3

109.7

110.4

0
20
40
60
80

100

V -FM

V-PM

V
(Å

3
)

Fraction-FM

FM
PM FM PM

+ F
ra

c
tio

n
o

f
F

M
P

(%
)

(a)

FIG. 2. �Color online� �a� Phase fraction and unit-cell volume as
a function of temperature. About 80% of the paramagnetic phase
was changed quickly to the ferromagnetic phase from 252 to 235 K,
while the remaining 20% changed slowly below 235 K. �b� Portion
of the powder-diffraction pattern at 245 K collected using the BT1
high-resolution powder diffractometer with a wavelength of
1.5403 Å. The upper panel shows a fit with only the nuclear struc-
ture model, where the difference between the observed and calcu-
lated intensities indicates the ferromagnetic peak intensities. An ex-
cellent overall fit was achieved by including a ferromagnetic model
with the moments in the a-b plane �lower panel�. The long �blue�
vertical lines and the short �red� vertical lines show the structural
Bragg-peak positions for the ferromagnetic phase and paramagnetic
phase, respectively.
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pendent of the field, while the unit-cell volume of the FM
phase increases slightly and that of the PM phase decreases
slightly above �0H=3 T. The FM phase saturates at
�5.2 T, with significant hysteresis being found on subse-
quently decreasing the applied field. We remark that error
bars indicated in this paper are statistical in origin and rep-
resent one standard deviation.

The similar behavior of these data shows that the varia-
tion in the magnetization does in fact coincide with the FM-
phase fraction. Refined phase fractions as a function of mag-
netic field are summarized in Fig. 6�a�. The magnetic-
entropy change ��Sm� for Mn1.1Fe0.9P0.8Ge0.2 reported in Fig.
1 can be normalized to the magnetization, �001�-FM inten-
sity, and fraction of FM phase, and the corresponding values
of ��Sm� have been inserted in Figs. 5�a�, 5�b�, and 6�a�,
respectively. The excellent agreement and linear relationship
between ��Sm� and the FM-phase fraction �Fig. 6�b�� demon-
strates that the magnetocaloric effect in the system simply
mirrors the FM-phase fraction. Moreover, this investigation
indicates that only �70% of PM phase was converted into
the FM phase in a field of 5 T. Hence an increase in ��Sm� up
to �100 J /kg K could be achieved if the phase transforma-
tion goes to completion.

To further elucidate the nature of the crystal structures in
both phases and how they evolve as a function of tempera-
ture and magnetic field, high-resolution neutron powder-
diffraction data were collected with high statistical accuracy
at 245.4 K/0 T and 253.3 K/2 T. Here the PM and FM phases

coexist, and the refinements revealed the structures for both
phases in detail. Results are given in Table I. We find that
56% of the paramagnetic phase coexists with 44% of the
ferromagnetic phase at 245.4 K/0 T. Interestingly, the refined
average Ge occupancy for the paramagnetic portion of the
sample was 0.22, which is almost twice the value of 0.13 for
the ferromagnetic phase. We also found that at 253.3 K and a
magnetic field of 2 T the portion of the sample that is in the
�induced� ferromagnetic phase has a higher Ge content of
0.25, in comparison to 0.16 for the paramagnetic portion of
the sample; the higher Ge content has a higher transition
temperature and it is therefore easier to be converted from
PM to FM by an applied magnetic field. We remark that the
refinements of the two phases are relatively straightforward
since the lattice parameters are quite different. We conclude
that the breadth of the transition as a function of temperature
or magnetic field originates primarily from the Ge inhomo-
geneity, which strongly suggests that it should be possible to
achieve a larger MCE in a smaller applied magnetic field if
the chemical homogeneity of the sample can be improved.

IV. DISCUSSION

The present results directly demonstrate that the transition
from the PM phase to the FM phase and the associated huge
magnetocaloric effect are directly controlled by the first-
order structural phase transition between these two phases,
and moreover, that a completed phase conversion will in-

TABLE I. Structural parameters of Mn1.1Fe0.9P0.8Ge0.2 at selected temperatures and magnetic fields. Space group P6̄2m. Atomic posi-
tions: Mn—3g�x ,0 ,1 /2�; Fe0.928�6� /Mn0.072�6�—3f�x ,0 ,0�; P/Ge�1�—1b�0,0 ,1 /2�; and P/Ge�2�—2c�1 /3,2 /3,0�. Moments for Mn and Fe
were set parallel to the a direction �equivalent to the a-b plane for a powder� in the refinements.

Atom Parameters

295 K/0 T 245.4 K/0 T 200 K/0 T 253.3 K/2 T

PM phase PM phase FM phase FM phase PM phase FM phase

Refined Fraction 100% 56.0�1�% 44.0�1�% 95.6�3�% 66.7�1�% 33.1�1�%
Refined n�P� /n�Ge� 0.80/0.20 0.78/0.22 0.87/0.13 0.84/0.16 0.84/0.16 0.75/0.25

a �Å� 6.06137�7� 6.0705�1� 6.1515�1� 6.1605�1� 6.0698�1� 6.1496�2�
c �Å� 3.46023�5� 3.4490�1� 3.3592�1� 3.33822�9� 3.4522�1� 3.3637�1�

V �Å3� 110.098�3� 110.070�3� 110.084�3� 109.718�3� 110.149�3� 110.164�5�
Mn/Fe x 0.5916�3� 0.5929�5� 0.5974�8� 0.5949�1� 0.600�1� 0.600�1�

B �Å2� 0.77�2� 0.79�2� 0.79�2� 0.56�2� 1.20�3� 1.20�3�
n�Mn� /n�Fe� 0.996/0.004�2� 0.990/0.010�2� 0.984/0.016�3� 0.989/0.011�4� 0.987/0.013�3� 0.979/0.021�5�

M��B� 2.9�1� 2.9�1� 3.4�1�
Fe/Mn x 0.2527�1� 0.2534�2� 0.2546�3� 0.2558�2� 0.2546�5� 0.2546�5�

B �Å2� 0.77�2� 0.79�4� 0.79�4� 0.56�2� 1.20�3� 1.20�3�
n�Fe� /n�Mn� 0.930/0.070�2� 0.912/0.088�3� 0.907/0.093�3� 0.916/0.084�4� 0.921/0.079�3� 0.955/0.045�7�

M��B� 0.9�1� 1.4�1� 0.9�1�
P/Ge�1� B �Å2� 0.55�4� 0.70�4� 0.70�4� 0.57�4� 0.90�6� 0.90�6�

n�P� /n�Ge� 0.92/0.08�1� 0.90/0.10�2� 0.96/0.04�2� 0.95/0.05�1� 0.99/0.01�3� 0.84/0.16�4�
P/Ge�2� B �Å2� 0.55�4� 0.70�4� 0.70�4� 0.57�4� 0.90�6� 0.9�6�

n�P� /n�Ge� 0.74/0.26�1� 0.72/0.28�2� 0.83/0.17�2� 0.79/0.21�1� 0.76/0.24�2� 0.71/0.29�3�
Rp �%� 5.25 3.19 7.98 5.45

wRp �%� 6.65 5.14 10.01 6.96

�2 1.276 1.972 1.498 1.886
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crease the MCE up to �100 J /kg K in this system. The
transition can be driven by temperature or applied magnetic
field, and for use as a magnetic refrigerant the field-
dependent properties are critical. The substitution of Ge for
As removes the toxicity obstacle, which leaves the size of the
required field as the primary concern. We have found that an
applied field can induce substantial preferred orientation to
improve the field properties, and we also expect that the
magnetic properties can be optimized with further selective
chemical substitutions and improved preparation techniques.
Perhaps more important is the determination from the de-

tailed crystallographic refinements that the best sample still
has a substantial Ge compositional inhomogeneity, which
causes a substantial spread in the transition temperature. Im-
provements in the compositional homogeneity should there-
fore permit higher MCEs to be achieved. The hysteresis as-
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sociated with the transition does tend to reduce the practical
MCE available for applications, but the overall improve-
ments and prospects for further advances in performance
make this material the magnetic refrigerant of choice and
should enable a wide range of commercial magnetorefriger-
ant applications.

In conclusion, a large MCE for modest applied magnetic
fields is required for a good magnetorefrigerant. The present
neutron-diffraction and magnetization measurements for
Mn1.1Fe0.9P0.8Ge0.2 reveal that the FM and PM phases corre-
spond to two very distinct crystal structures, with the
magnetic-entropy change as a function of magnetic field or
temperature being directly controlled by the phase fraction of
this first-order transition. We find that only �72% of the
ferromagnetic phase was induced under a 5 T at the �zero-
field� transition temperature, indicating that the system has a
potential magnetic-entropy change exceeding 100 J /kg K.
Moreover, careful structural analysis reveals the presence of
a substantial Ge composition inhomogeneity in the sample,
suggesting that improving the chemical homogeneity is the
key to achieving a higher MCE.
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FIG. 6. �Color online� �a� Fraction of the ferromagnetic phase
�FMP� at 255 K as the field increases. The FMP fraction increases
smoothly to �86%. Data normalized from ��Sm� are shown for
comparison. �b� ��Sm� as a function of the ferromagnetic phase
fraction. The linear relationship shows that the entropy change sim-
ply tracks the FM-phase fraction. ��Sm� is projected to be
�103 J /kg K if the transition went to completion for this sample.
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