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Chapterr  6 

Effectss of Mn/Fe ratio on 
thee magnetocaloric properties of 
hexagonall  MnFe(P,As) compounds 

6.11 Introductio n 

Thee three most important factors for the realization of domestic magnetic 

refrigerationn are a low-cost magnetic-field source, an active magnetic refrigerant, 

andd a proper design of the thermodynamic refrigeration cycle. The best choice of 

thee field source for domestic applications would be a permanent magnet. However, 

thee field generated by permanent magnets is typically below 1 T, but it is also 

possiblee to generate a field of 2 T with high-energy-product magnets [1,2]. 

Usually,, the magnetocaloric effect (MCE) of a magnetic material is very small for 

suchh a low-field change. This calls for new materials that possess a large MCE. 

Recentlyy developed new materials exhibit a very large MCE [3-5]. For example, as 

wee have reported in Chapter 5, the compound MnFePo.45Aso.55 exhibits an adiabatic 

temperaturee change of about 3 K at a field change of 1 T around 30°C. These 

achievementss are very promising for developing domestic magnetic refrigerators as 

ann alternative for the conventional gas compression/expansion refrigerators in use 

today.. The large MCE observed in the new materials reported in Refs. [3]-[5] is 

relatedd to a first-order phase transition and is strongly material dependent. 

Therefore,, a better understanding of the magnetocaloric properties of these 

http://MnFePo.45Aso.55
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materialss is essential for developing new materials. Recent developments in new 

designss of prototypes of magnetic refrigerators [6,7] have brought the magnetic -

refrigerationn technology a step closer toward room-temperature applications. Due 

too an enhanced lattice entropy above 20 K in relevant materials, the Ericsson cycle 

iss most suited for the high-temperature applications. 

Ass reported in Chapter 5, the new materials MnFeP^As* that consist of Mn, 

Fe,, P, and As with a ratio of Mn:Fe:(P+As) =1:1:1, have advantages over existing 

magneticc coolants. It exhibits a large MCE, which is larger than that of Gd metal 

andd its operating temperature can be easily tuned from 168 to about 332 K by 

adjustingg the P/As ratio between 1.5 and 0.5 without losing the large MCE [8]. The 

mainn effect of varying the composition of the non-magnetic P and As is a variation 

off  the lattice parameters and a change of the magnetic-ordering temperature. In this 

case,, as may be expected, the size of the magnetic moments is hardly affected. 

Onlyy beyond 65 at. % P, the moment is reduced. The MCE increases with 

decreasingg magnetic -ordering temperature. The large entropy change is associated 

withh a field-induced first-order phase transition. The magnetoelastic effect plays an 

importantt role in the phase transition, and may lead to an enhancement of the 

exchangee interactions and thus a change of the molecular field. This may enhance 

thee effective magnetic field. 

Wee have studied the effects of substitution of some elements on the MCE of 

MnFe(P,As)-basedd compounds [9-12]. We have found that the variation of the 

compositionn of the magnetic elements Mn and Fe directly changes the magnetic 

momentss and simultaneously induces a change in the magnetic interactions. We 

mayy expect an enhanced MCE with increasing Mn content since Mn has a larger 

magneticc moment than Fe. We have also been aware of the fact that thermal 

hysteresiss or field hysteresis is one of the main obstacles for applications. Although 

thiss hysteresis is intrinsic to the first-order phase transition, it may be reduced by 

preciselyy adjusting the magnetic interactions. In this chapter, we report on our 
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studiess that were motivated to improve and to optimize the MCE observed in the 

MnFe(P,As)-basedd compounds by varying the Mn/Fe ratio. 

6.22 Experimental 

Polycrystallinee samples of Mn2-xFexPo.5As0.5 with x = 1.2, 1.1, 1.0, 0.9, 0.8, 0.7, 0.6, 

0.5,, 0.4, and MnuFeo.9Po.47Aso.53 were prepared by ball milling, followed by a 

solid-statee reaction as reported in Chapter 5. The starting materials are the binary 

compoundss Fe2P (99.5 % pure, Alfa Aesar), FeAs2 (99.5 % pure, Alfa Aesar), Mn 

chipss (99.99 % pure, Alfa Aesar), and red-P powder (99.5 % pure). X-ray 

diffractionn (XRD) was used for the characterization of the phases and for the 

determinationn of the unit-cell parameters. 

Thee temperature and field dependence of the magnetization of the samples 

weree measured with a Quantum Design SQUID magnetometer in the temperature 

rangee from 5 to 400 K and in magnetic fields from 0 to 5 T. The resistance 

measurementss were carried out in an Oxford Instruments MagLab system using a 

four-pointt method. The sample used in the measurements had dimensions 2 x 2 x 

100 mm3. The measurements were performed with 10 mA ac current with a 

frequencyy of 63 Hz, and the direction of the ac current was perpendicular to the 

fieldfield direction. 

Directt measurements of the MCE were carried out at Moscow State 

University.. The rate of the field change was up to 0.4 T/s. The accuracy of the 

measurementss was about 5-20 %. 

6.33 Results and discussion 

6.3.11 Structural and magnetic properties 

Figuree 6.1 shows the XRD patterns of the Mn2.xFexP0.5Aso.5 compounds. With 

increasingg Mn content, we observe a small shift of the peak positions to lower 

http://MnuFeo.9Po.47Aso.53
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Figuree 6.1: XRD patterns of Mn2_xFexPo.5As0.5 compounds with x = 1.2, 

1.1,, 1.0, 0.9, 0.8, 0.7, 0.6, 0.5 and 0.4, measured at room temperature. 

Thee indices of the main reflections of the Fe2P type are also given. 

angle.. This indicates a small increase of the unit-cell volume as may be expected 

fromm the slightly larger atomic volume of Mn compared to that of Fe. Refinement 

off  the structure results in the lattice parameters as summarized in Table 6.1, where, 

wee see that with increasing Mn content, mainly the lattice parameter a increases 



Effectss of Mn/Fe ratio on the magnetocaloric properties of MnFe(P,As) 89 

whilee the parameter c remains unchanged. This effect is quite similar to that caused 

byy variation of the P (and As) content. 

Tablee 6.1: Lattice parameters of Mn2.xFexPo.5Aso.5 compounds with x = 

1.2,, 1.1, 1.0, 0.9, 0.8, 0.7, 0.6, 0.5, and 0.4 at room temperature obtained 

throughh refinement of XRD data. 

Nominal,, x 
1.2 2 
1.1 1 
1.0 0 
0.9 9 
0.8 8 
0.7 7 
0.6 6 
0.5 5 
0.4 4 

a(A) ) 
6.1126 6 
6.1224 4 
6.1243 3 
6.1344 4 
6.1470 0 
6.1372 2 
6.1507 7 
6.1610 0 
6.1621 1 

c(A) ) 
3.4770 0 
3.4743 3 
3.4765 5 
3.4744 4 
3.4980 0 
3.4820 0 
3.4810 0 
3.4970 0 
3.4982 2 

c/a a 
0.569 9 
0.567 7 
0.568 8 
0.566 6 
0.569 9 
0.567 7 
0.566 6 
0.568 8 
0.568 8 

v(AJ) ) 
112.5 5 
112.8 8 
112.9 9 
113.2 2 
114.5 5 
113.6 6 
114.0 0 
115.0 0 
115.0 0 

Figuree 6.2 shows the magnetic-field dependence of the magnetization of the 

Mn2.xFexPo.5Aso.55 compounds with x = 1.2, 1.1, 1.0, 0.9, 0.8, 0.7, 0.6, 0.5 and 0.4 at 

55 K. The Mn2.xFexPo.5Aso.5 compounds with x = 1.2, 1.1, 1.0, 0.9, 0.8 and 0.7 are 

ferromagneticc (FM). The observed magnetic moment varies between 3.8 and 4.2 

(iB/f-u... The largest moments observed are 4.2 jie/fu. for MnL2Fe0.8P0.5As0.5 and 4.1 

uVfu-- for Mnt iFe0.9Po.5Aso.5, probably due to the higher moment of Mn compared 

too that of Fe. In the case of excess of Fe, we would expect a reduction of the 

magneticc moment, but the moment remains almost unchanged. This indicates that 

Fee has a higher moment at the 3g sites than at the 3f sites. These results are in 

agreementt with neutron-diffraction results [13] and band-structure calculations 

[14].. Because both Mn2P and Mn2As are antiferromagnetically ordered [15], we 

expectt that for the Mn-rich compounds beyond some amount of Mn substitution 

thee FM ground state wil l be destroyed. This is seemingly the case for the 

compoundss in which 40 - 60 % of the Fe is replaced by Mn, which are clearly not 

FM. . 
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Figuree 6.2: Field dependence of the magnetization of Mn2.xFexPo.5Aso.5 

compoundss with x = 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1 and 1.2, measured at 

5K. . 

Inn Fig. 6.3, we have plotted the temperature dependence of the magnetization 

off  Mn2_xFexPo.5Aso.5 compounds with x = 0.4, 0.5, 0.6 and 0.7, 0.8, 0.9, 1.0, 1.1 and 

1.2,, measured in an applied field of 50 mT. In the Mn2.xFexPo.5Aso.5 compounds 

withh x =0.4, 0.5 and 0.6, obviously no FM order occurs. Instead, we observe 

complexx magnetic behavior below the magnetic-ordering temperature, and 

additionallyy we observe some differences between the field-cooled and zero-field-

cooledd measurements, which may indicate a complicated spin structure in these 

compoundss at low temperatures. As a magnetocaloric material, these materials are 

off  less interest. The Mn2.xFexPo.5Aso.5 compounds with x = 0.7, 0.8, 0.9, 1.0, 1.1 

andd 1.2 are FM. The sample with x = 0.9 has exactly the same critical temperature 
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Figuree 6.3: Temperature dependence of the magnetization of the 

Mn2_xFexPo.5Aso.55 compounds with x = 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1 

andd 1.2, measured with increasing temperature in a field of 50 mT. For x = 

0.4,, 0.5 and 0.6, also the measurements with decreasing temperature are 

included. . 

TTcc = 282 K as MnFePo.5Aso.5- Further increase of the Mn content leads to the 

expectedd reduction of the Curie temperature as can be seen for the samples with x 

== 0.8 and 0.7. In these samples, the Curie temperature is strongly reduced to 240 

andd 203 K, respectively. The samples with x = 1.1 and 1.2 exhibit an increase of 

thee Curie temperature to 319 and 322 K, respectively. No thermal hysteresis is 

observedd in the samples with x = 1.1 and 1.2. These results suggest that the 

magneticc interactions and the magnetic phase transition do not only depend on the 

http://MnFePo.5Aso.5
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Figuree 6.4: Temperature dependence of the magnetization of 

Mn1.1Feo.9Po.47Aso.53,, measured with increasing temperature in fields of 5, 4, 

3,, 2, and 1 T. The inset shows the field dependence of the Curie 

temperature. . 

distancess between the magnetic atoms but that they are also related to the 

electronicc structure of the magnetic atoms, presumably to the density of the 3d-

electronn states near the Fermi level. 

Inn order to adjust the ordering temperature of the material around room 

temperaturee (assuming 293 K), we have prepared an additional sample with 

compositionn MnuFeo.9Po.47Aso.53- Figure 6.4 displays the temperature dependence 

off  the magnetization of Mn1.1Feo.9Po.47Aso.53, measured in fields of 5, 4, 3, 2, and 1 

TT with increasing temperature from 250 K to 350 K and, after this, decreasing the 

temperaturee to 250 K. The Curie temperature increases almost linearly with 

increasingg field at a rate of 4.2 K/T. This rate is much larger than for 

http://Mn1.1Feo.9Po.47Aso.53
http://MnuFeo.9Po.47Aso.53
http://Mn1.1Feo.9Po.47Aso.53
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MB"(T) ) 

Figuree 6.5: Magnetic isotherms of Mn1.1Feo.9P0.47Aso.53 in the vicinity of 

thee Curie temperature. 

MnFePo.45Aso.555 (3.3 K/T), and almost same as for Gd5Sii.7Ge2.3 (4.4 K/T). The 

extrapolatedd zero-field Curie temperature is about 286 K. The Curie temperature 

hass been determined as the temperature corresponding to the minimum point of the 

firstt derivative of the M(T) curve. 

Figuree 6.5 shows the magnetic isotherms of Mn1.1Feo.9Po.47Aso.53, measured 

withh increasing field and subsequent decreasing field with steps of 50 mT. The 

resultss show that, at temperatures above Tc, a first-order transition from the PM 

statee to the FM state can be induced by application of a magnetic field. The critical 

fieldfield needed to induce the transition increases with increasing temperature, whereas 

thee field hysteresis decreases with increasing temperature. The transition is much 

smootherr than the one observed in MnFePo.45Aso.55. There is no remanence when 

thee field decreases to zero, indicating that the transition can be reproduced upon 

cyclingg through zero field. 

http://Mn1.1Feo.9P0.47Aso.53
http://MnFePo.45Aso.55
http://Mn1.1Feo.9Po.47Aso.53
http://MnFePo.45Aso.55
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6.3.22 Magnetocaloric properties 

Thee isothermal ASmof the samples has been derived from the magnetic isotherms 

byy using Eq. (3.3). As a representative example, Fig. 6.6 shows the magnetic 

isothermss of MnuFeo.A.sAso.s in the vicinity of the Curie temperature (Tc = 282 

K).. The magnetic isotherms display three different types of behavior: below 282 

K,, they are FM, above 298 K, they are paramagnetic (PM), and between these two 

temperatures,, there exists a field-induced magnetic phase transition from the PM 

statee to the FM state. The critical field of the phase transition increases with 

temperaturee at a rate about 0.23 T/K. From the magnetic isotherms of each of the 

samples,, we have derived the isothermal magnetic-entropy changes in the samples. 

Too avoid unnecessary errors, all magnetization measurements have been 

performedd in the same manner with an increasing temperature step of 4 K and 
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Figuree 6.6: Magnetic isotherms of MnuFe0.9Po.5As0.5, measured with 

increasingg field and increasing temperature between 270 and 310 K with 

temperaturee steps of 4 K. 
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Figuree 6.7: Isothermal magnetic-entropy change in Mn2-xFexPo.5Aso.5 

compoundss as a function of temperature for field changes from 0 to 1 and 0 

to2T. . 

increasingg field steps of 0.1 T up to 1 T and steps of 0.2 T betweenn 1 and 5 T. The 

resultss are shown in Fig. 6.7. The maximum magnetic-entropy changes are 

observedd in the compound Mn1.1Fe0.9Po.5As0.5, being about 17 and 25 J/kgK for 

fieldfield changes from 0 to 1 and 2 T, respectively. The Fe-richer samples with x = 1.1 

andd x = 1.2 exhibit an increase of Tc and a simultaneous reduction of the 

magneticc -entropy change. Moreover, the peak of the magnetic -entropy change 

becomess much broader than for other compositions. For the other compositions, 

bothh the Tc and the magnetic-entropy change decrease with increasing Mn 

contents. . 

Thee magnetic isotherms of MnuFeo.9Po.47Asb.53 were measured in the vicinity 

off  the ordering temperature with the magnetic field increasing from 0 to 3 T. The 

resultt is shown in Fig. 6.8. The isothermal magnetic-entropy change of 

http://MnuFeo.9Po.47Asb.53
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Figuree 6.8: Magnetic isotherms of MnuFeo.9Po.47Aso.53, measured with 

increasingg field in the temperature range from 272 to 312 K with 

temperaturee steps of 4 K and field steps of 0.1 T. 
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Figuree 6.9: Temperature dependence of the isothermal magnetic-entropy 

changee in MnuFeo.9Po.47Aso.53 for field changes from 0 to 1, 0 to 2, and 0 to 

3T. . 
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Mn1.1Feo.9Po.47Aso.533 was derived from the magnetization data by using Eq. (3.3). In 

thiss case, we used temperature steps of 4 K and field steps of 0.1 T. 

Thee magnetic-entropy changes of Mn, 1Feo.9Po.47Aso.53 resulting from field 

changess from 0 to 1, 0 to 2, and 0 to 3 T are shown in Fig. 6.9. The maximum 

valuess of the magnetic-entropy changes for field changes of 1, 2, and 3 T are found 

too be about 12, 21, and 23 J/kgK, respectively. The corresponding values for 

STSTFWHMFWHM are 5, 6, and 9 K, respectively. The refrigerant capacity, in the temperature 

rangee from 291 to 297 K for a field change of 2 T, is about 94 J/kg. It should be 

mentioned,, however, that the refrigerant capacity, which is essentially the integral 

underr the curves in Fig. 6.9, is not much altered. For magnetic -refrigeration cycles 

inn low magnetic fields, it may be of importance to absorb a large amount of heat 

overr a narrow temperature interval. 
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Figuree 6.10: Adiabatic temperature change ATad of Mn1.1Feo.9Po.47Aso.53 as 

aa function of temperature, determined by direct measurement for a field 

changee from 0 to 1.45 T. This measurement was performed by Tishin's 

groupp at Moscow State University. 

http://Mn1.1Feo.9Po.47Aso.53
http://1Feo.9Po.47Aso.53
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Thee isothermal magnetic-entropy change is a fundamental parameter but not the 

onlyy one for a magnetic refrigerant. The adiabatic temperature change appears to 

bee more important for cooling applications. In order to assess the suitability of the 

suggestedd compounds, we have collaborated with Tishin's group at Moscow State 

Universityy and have performed direct measurements of the adiabatic temperature 

changee of Mnj.1Feo.9Po.47Aso.53. Figure 6.10 shows the results for a field change 

fromm 0 to 1.45 T. The largest achieved value of ATad due to this field change is 4.2 

K. . 
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Figuree 6.11: Adiabatic temperature change ATad of Mnî Feo.gPo^Aso.ss in 

thee vicinity of Tc as a function of applied magnetic field obtained by means 

off  direct measurements. This measurement was performed by Tishin's 

groupp at Moscow State University. 

Figuree 6.11 shows the field dependence of ATad of Mn,., Feo.9Po.47Aso.53 at 

fourr different temperatures in the transition region. As we see, the MCE increases 

withh increasing field, and is not saturated up to the maximal applied field of 1.45 T. 

Thiss means that the values of the adiabatic temperature change will further increase 

withh increasing magnetic field. Around 292 K, the adiabatic temperature change 

http://Mnj.1Feo.9Po.47Aso.53
http://Feo.9Po.47Aso.53
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reachesreaches 3 K for a field change from 0 to 1 T. This is larger than the value of 2.07 

K/TT for Gd and the same as the value of 3 K/T reported for Gd5StGe2 [16]. 

Inn order to compare the magnetocaloric properties of the present compounds 

withh those of other systems, we present relevant data for these materials in Table 

6.2.. It can be seen that the largest magnetic-entropy change is observed in MnAs, 

whichh is about 30 J/kgK for a field change from 0 to 2 T. But the corresponding 

ATATadad is only 4.7 K. The largest MCE, as high as about 13 K for a field change of 2 

T,, has been reported for the FeRh system. This is almost three times larger than 

Tablee 6.2: Magnetic-ordering temperature Tc, isothermal magnetic-entropy 
changee -ASmt and adiabatic temperature change &Tadof MnFe(P,As)-

basedd compounds, compared with other materials. 

Material l 

MnFePj.xAsx x 
xx = 0.35 

0.45 5 
0.50 0 
0.55 5 

Mn2-xFexPo.5As0.5 5 
xx = 0.90 

0.80 0 
0.70 0 

MnuFeo.9Po.47Aso.53 3 

Gd d 
Fe49Rh5| | 
Fe49Rh5i i 
MnAs s 
GdsSizGez z 
Gd5Si1.97Ge2.03 3 

La(Fe0.9Sio.i)i3 3 
La(Feo.88Sio.i2)i3Ho.5 5 
La(Fe0.89Sio.n)i3H,.3 3 

7cc (K) 

213 3 
240 0 
282 2 

300(1) ) 

282 2 
236 6 
205 5 
290 0 

294 4 
316 6 
313 3 
318 8 
278 8 
262 2 
188 8 
233 3 
291 1 

-ASm(J/kgK) ) 
0-22 T 

13 3 
20 0 

16.5 5 
15(1) ) 

25.5 5 
16.1 1 
10.8 8 
21 1 

5 5 
22 2 
12 2 
31 1 
14 4 
--

25 5 
20 0 
24 4 

A L ( K ) ) 

3.99 (0-1.45T)* 

4.22 (0-1.45T)* 

5.77 (0-2 T) 
12.99 (0-2 T) 
8.44 (0-2 T) 
4.77 (0-2 T) 
7.33 (0-2 T) 
2-33 (0-1.4 T)* 
44 (0-1.4 T)* 
66 (0-2 T) 
6.99 (0-2 T) 

Ref. . 

present t 
work k 

present t 
work k 

present t 
work k 
[17] ] 
[18] ] 
[19] ] 
[20] ] 
[3] ] 
[21] ] 
[22] ] 
[5] ] 
[5] ] 
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thatt of Gd metal in the vicinity of the magnetic phase transition. Some direct 

measurementss (denoted by * in Table 6.2) performed at Moscow State University 

showw that the MnFe(P,As) -based compounds have larger a MCE than Gd metal in 

thee same temperature range. 

Ass has been pointed out in Ref. 23, the adiabatic temperature change mainly 

dependss on the change of the magnetic -ordering temperature upon application of a 

magneticc field. We have observed dTJdB of 3.3 K/T for hexagonal MnFePi_xAsx 

andd 4.2 K/T for Mn1.1Feo.9Po.47Aso.53. 

AA first-order transition is always associated with thermal or field 

hysteresis.. In the hysteresis region, the magnetic state of the material is 

uncertain,, depending on the history. Hysteresis will result in a reduced 

efficiencyy of the refrigeration cycle, which will be especially important if 

onee works in low magnetic fields. For the samples with equal amounts of Fe 

M" ,, <
F e „ „ p

n „ A s n i : , 
1.11 0.9 0.47 0.53 

2800 28 5 29 0 29 5 30 0 30 5 3 

7(K ) ) 

Figuree 6.12: Temperature dependence of the magnetization of 

MnLiFeo.9Po.47Aso.53,, measured in a field of 1 T with increasing and, after 

this,, decreasing temperature. 
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andd Mn, the thermal hysteresis is between 3 and 4 K, and the field hysteresis 

aboutt 0.5 T. In Fig. 6.12, we show the temperature dependence of the 

magnetizationn of a Mn1.1Feo.9Po.47Aso.53 sample, measured in a constant 

magneticc field of 1 T with increasing and, after this, decreasing temperature. 

Thee observed thermal hysteresis is less than 2 K and, as we see in Fig. 6.5, the field 

hysteresiss is only about 0.2 T. This reduction of the thermal hysteresis makes it 

feasiblee to employ refrigeration cycles even in fields below 2 T. The lower the 

field,field, however, the more stages of magnetocaloric cycles one may have to employ 

too achieve the desired temperature change. 

Thee possibility to reduce the thermal hysteresis of the first-order phase 

transitionn is the most important result of this study. The driving force for the first-

orderr character of the magnetic transition is clearly a magnetoelastic interaction 

betweenn the Mn- and Fe-containing planes in the hexagonal MnFe(P,As) 

compounds.. In contrast to compounds like Gd5Si2Ge2, MnAs or FeRh, which also 

showw a first-order magnetoelastic transition, the transition in MnFe(P,As) is not 

associatedd with a change in crystal symmetry but merely with a change in c/a ratio. 

Thiss difference forms the basis of the rather low hysteresis observed. If the crystal 

symmetryy is altered in the magnetic phase transition, the magnetic state is locked 

in,, resulting in the generally observed large hysteresis. In the case of a change in 

c/aa ratio, only the exchange interaction between the sublattices varies. Addition of 

Mnn on the Fe sublattice may introduce some competing interactions. On 

approachingg the critical distance between the sublattices, already small thermal 

fluctuationsfluctuations lead to a release of the locking. This idea is also corroborated by the 

factt that substitution of 10 % of the Fe by Mn, which does not alter the lattice 

parameterr c and thus the distance between the sublattices, does not affect Tc. 

http://Mn1.1Feo.9Po.47Aso.53
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6.3.33 Electrical resistivity 

Figuree 6.13 shows the temperature dependence of the electrical resistivity of 

Mn1.1Feo.9Po.47Aso.533 measured in zero field with decreasing temperature in the 

temperaturee interval from 5 to 310 K. With decreasing temperature, an anomaly 

occurss in the electrical resistivity around 290 K. This temperature corresponds to 

thee magnetic phase transition. Above this temperature, the electrical resistance of 

thee sample decreases rapidly in a narrow temperature range and then becomes less 

temperaturee dependent. A similar behavior of the electrical resistivity has been 

reportedd for the isostructural compound MnRhP [24]. At 300 K, the electrical 

resistivityy of Mn1.1Feo.9Po.47Aso.53 is about 1800 pDcm. This value is between the 

resistivity,, which is about 400 |iQcm, of Fe2P [25,26] and the resistivity, which is 

aboutt 3000 pQcm of Mn2P [27] at room temperature, and also of the same order as 

thatt of Gd5Si2Ge2, which is about 1100-2800 uQcm [28]. 

2000 0 

1500 0 

? ? 
qq 100 0 

500 0 

00 5 0 10 0 15 0 20 0 25 0 30 0 

T(K) T(K) 

Figuree 6.13: Temperature dependence of the electrical resistivity of 

Mn1.1Feo.9Po.47Aso.53,, measured with decreasing temperature in zero field. 
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Thee magnetic-field dependence of the isothermal electrical resistance of 

Mn1.1Feo.9Po.47Aso.53,, measured at four different temperatures, is shown in Fig. 6.14. 

Att 275 K, which is in the FM region, the electrical resistance of the sample 

decreasess with increasing magnetic field, indicating that the magnetic contribution 

too the resistance is suppressed by the applied field. At temperatures of 295, 303, 

andd 310 K, which are in the PM region, we observe a field-induced phase transition 

0.052,, , 

B(T) ) 

Figuree 6.14: Field dependence of the isothermal resistance of 

Mni.iFeo.9Po.5Aso.5,, measured with increasing and, after this, decreasing 

field. field. 

withh a field hysteresis of less than 0.3 T in the electrical-resistance curves. The 

resistancee has a step of about 8 % at the transition. These features also indicate that 

thee transition is of first order. The critical field increases with a rate of about 0.22 

T/KK for increasing temperature. 
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6.44 Conclusions 

Variationn of the Mn/Fe ratio has the following effects on the magnetic and the 

magnetocaloricc properties of the hexagonal Mn2.xFexP05As0.5 compounds: 

1.. The magnetic moment increases by 2 % and 5 % when going from 

MnFeP0.5Aso.55 to Mni.jFeo.gPo.sAsb.s and Mn^Feo.sPo.sAso.s, respectively. 

Thee maximum magnetic moment found in Mni jFeo.gPo.sAsas is about 4.2 

u.B/fu.. . 

2.. The Curie temperature, which is also the working point of a magnetic 

refrigerant,, increases from 203 K to 330 K in the composition range 0.7 < 

xx < 1.2. 

3.. The magnetic-entropy change is maximal in the compound 

MnuFeo.9Po.47Aso.53.. The maximum values are 21 and 23 J/kgK for field 

changess of 0 to 1 and 0 to 2 T, respectively. A direct measurement of the 

MCEE shows that the adiabatic temperature change is 4.2 K for a field 

increasee from 0 to 1.45 T, and as high as 3 K for a field increase from 0 to 

11 T around 292 K. 

4.. The thermal hysteresis is smaller than 2 K and the field hysteresis is about 

0.33 T in the Mn2.xFexP0 5AS0.5 system, both values being smaller than those 

observedd in the MnFePi.xAsx system. 

5.. The electrical resistivity of the compounds is about 1800 u£2cm around 

roomm temperature. The steplike change and the field hysteresis in the 

electricall  resistance of the compound MnnFeo.9Po.47Aso.53 also confirm that 

thee transition is of first order. 

Summarising,Summarising, we have observed an enhanced MCE and a reduced thermal 

hysteresiss in the compounds with 10 % excess of Mn: Mn1.1Feo.9Po.47Aso.53 and 

Mni.iFeo.9Po.5Aso.5.. These excellent features emphasize the large potential of the 

presentt compounds for room-temperature magnetic -refrigeration applications. 

http://MnuFeo.9Po.47Aso.53
http://MnnFeo.9Po.47Aso.53
http://Mn1.1Feo.9Po.47Aso.53


Effectss of Mn/Fe ratio on the magnetocaloric properties of MnFe(P,As) 105 

References s 

[I ]]  J.M.D. Coey, J. Magn. Magn. Mater. 248 (2002) 441. 
[2]]  S.J. Lee, J.M. Kenkel, V.K. Pecharsky and D.C. Jile s, J. Appl. Phys. 91 

(2002)) 8543. 
[3]]  V.K. Pecharsky and K.A. Gechneidner, Jr., Phys. Rev. Lett, 78 (1997) 4494. 
[4]]  O.Tegus, E. Brück, K.H.J. Buschow and F.R. de Boer, Nature 415 (2002) 

150. . 
[5]]  A. Fujita, S. Fujieda, Y. Hasegawa and K. Fukamichi, Phys. Rev. B 67 

(2003)) 104416. 
[6]]  http://www.external.ameslab.gOv/news/relase/01 magneticrefrig.htm 
[7]]  http://www.jarn.cojp/News/2003_Q2/30520_Chubu_Magnet_cool.htm. 
[8]]  O.Tegus, E. Brück, L. Zhang, W. Dagula, K.H.J. Buschow and F.R. de Boer, 

PhysicaB3199 (2002)174. 
[9]]  E. Brück, O. Tegus, X.W. Li, F.R. de Boer and K.H. J. Buschow, Physica B 

327(2003)431. . 
[10]]  O. Tegus, L. Zhang, W. Dagula, E. Brück, K.HJ. Buschow and F.R. de 

Boer,, J. Appl. Phys. 93 (2003) 7655. 
[II ]]  X.W. Li, O. Tegus, L. Zhang, W. Dagula, E. Brück, K.H.J. Buschow and 

F.R.. de Boer, submitted to IEEE Trans. Magn.. 
[12]]  O. Tegus, E. Brück, X.W. Li, L. Zhang, W. Dagula, F. R. de Boer and K.H.J. 

Buschow,, submitted to J. Magn. Magn. Mater.. 
[13]]  M. Bacmann, J.L. Soubeyroux, R. Barrett, R. Zach, S. Niziol and R. 

Fruchart,, J. Magn. Magn. Mater. 134 (1994) 59. 
[14]]  J. Tobola, M. Bacmann, D. Fruchart, S. Kaprzyk, A.Koumina, S. Niziol, J.L. 

Soubeyroux,, P. Wolfers and R. Zach, J. Magn. Magn. Mater. 157-158 (1996) 
708. . 

[15]]  O. Beekman and L. Lundgren, in Handbook of Magnetic Materials, Edited 
byy K.H.J. Buschow (North Holland, Amsterdam, 1991), Vol. 6, pp. 181-287. 

[16]]  K.A. Gschneidner, Jr. and V.K. Pecharsky, Ann. Rev. Mater. Sci. 30 (2000) 
387. . 

[17]]  S.Yu. Dan'kov, A.M. Tishin, V.K. Pecharsky and K.A. Gschneidner, Jr., 
Phys.. Rev. B 57 (1998) 3478. 

[18]]  M.P. Annaorazov, K.A. Asatryan, G. Myalikgulyev, S.A. Nikitin, A.M. 
Tishinn and A.L. Tyurin, Cryogenics 32 (1992) 867. 

http://www.external.ameslab.gOv/news/relase/01
http://www.jarn.cojp/News/2003_Q2/30520_Chubu_Magnet_cool.htm


106 6 Chapterr  6 

[19]]  M.P. Annaorazov, S.A. Nikitin, AX. Tyurin, K.A. Asatryan and A.Kh. 
Dovletov,, J. Appl. Phys. 79 (1996) 1689. 

[20]]  H. Wada and Y. Tanabe, Appl. Phys. Lett. 79 (2001) 3302. 
[21]]  A.S. Chernyshov, D.A. Filippov, M.I. Ilyn, R.Z. Levitin, A.O. Pecharsky, 

V.K.. Pecharsky, K.A. Gschneidner, Jr., V.V. Snegirev and A.M. Tishin, 
Phys.. Met. Metall. 93 (2002) S19. 

[22]]  F.X. Hu, Max Ilyn, A.M. Tishin, J.R. Sun, G.J. Wang, Y.F. Chen, F. Wang, 
Z.H.. Cheng and B.G. Shen, J. Appl. Phys. 93 (2003) 5503. 

[23]]  V.K. Pecharsky, K.A. Gschneidner, Jr., A.O. Pecharsky and A.M. Tishin, 
Phys.. Rev. B 64 (2001) 144406. 

[24]]  I. Kanomata, T. Narita, N. Suzuki, K. Sato, T. Harada, N. Ogawara, K. 
Koyamaa and M. Motokawa, J.. Alloys Compds. 334 (2002) 68. 

[25]]  S. Chiba, J. Phys. Soc. Japan, 15 (1960) 581. 
[26]]  D. Bellavance, J. Mikkelson and A. Wold, J. Solid State Chem. 2 (1970) 

285. . 
[27]]  I.G. Fakidov and V.P. Krasovskii, Phys. Met. Metall. 7 (1959) 159. 
[28]]  E.M. Levin, V.K. Pecharsky and K.A. Gschneidner, Jr., Phys. Rev. B 60 

(1999-1)) 7993. 


