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ABSTRACT

Structural and magnetic phase transformations aaghetocaloric effect of Mn and Co substitutions
by Cu in MNnCoGe have been investigated using Xeliffyaction, differential scanning calorimetry,
and magnetization measurements. Increase in Cientration reduces the martensitic structural and
magnetic phase transition temperatures. Howeverjyndoubling of the amount of Co substitution is
required compared to Mn for an equivalent changéhéstructural transition temperature. A giant
magnetocaloric effectAS,™~ 50J.kg*K™ for AgoH = 5T, resulting from coupling of concomitant
structural and magnetic transformations near roemperature has been obtained for a sample with
around 1lat.% Mn-substitution. Fine tuning of Cu concentratia? (at.%9 in the case of Co
substitution resulted in concurrent structural amafynetic transitions at around 280 However, the
absence of a magnetostructural coupling resultepeak entropy change of less thar.kg'K™.
Samples with 15t.% or higher Co-substitution showed complex magnbg&bavior and multiple
magnetic transitions. The nature of magnetic plasesitions in both Co- and Mn-substituted samples
have been investigated and phase diagrams for dmittof samples have been derived based on
calorimetry and magnetometry results.
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1. Introduction

Recently, MMX (M, M’ — transition metals and X — p-block elements) tgpepounds have attracted
considerable research interest because of theinetagand thermo-responsive properties[1,2]. In
particular, magnetocaloric effect (MCE), a thermedponse of a magnetic material upon application
or removal of a magnetic field, is of significamportance for its potential application in
environmental friendly and energy efficient magoetboling technology. Materials going through a
first-order magnetic phase transition are knowprtmuce the highest MCE; as such systems possess
different crystal structures on either side of thagnetic transition and exhibit a large magnetirati
difference around the transition temperature. Eqgui&c MnCoGe is an important member of MM'X
family with both structural and magnetic phase ¢farmations. The martensitic structural transiig®n
reported to take place from high temperaturdriNiype hexagonal (R8nmc, #194) austenite to low
temperature TiNiSi-type orthorhombic (Pnma, #62)tamesite at around 50Q, and both hexagonal
and orthorhombic structures order ferromagneticatlyCurie temperatures {lrof 275and 355K,
respectively [3-5]. Additionally, saturation magamation of the martensitic phase (M 3.86ug/f.u.)

is slightly higher as compared to that of the anistegphase (M= 2.58pg/f.u.), which is also indicative

of a magnetic field-induced martensitic phase fitams [6]. In pristine MnCoGe, the martensitic
transformation takes place in the paramagnetic (Riwtenite state, but it is possible to reduce the
martensitic transition temperaturesf)lto be close to theclof the martensitic phase. In such case, the
material would transform from the low moment audéerio the high moment martensite phase,



leading to a large change in the magnetization rapemied by a first-order transition, which is
basically the desired condition for a large chainghe magnetic entropy and thus a giant MCE.

There have been some attempts in the past to rddyoé MnCoGe by applying physical pressure or
inducing chemical pressure through elemental dwitisth and interstitial doping or vacancies [7—14].
The Ty, is reported to decrease with both physical andnated pressure. However, there are mixed
opinions regarding the exact cause for decrea#ieeify,. Although, there are significant differences
in atomic bonding in these structures — the highperature phase is stabilized by one additional Mn-
Ge, one Co-Ge and two Mn-Mn bonds; whereas, thetémmperature form has two additional short
Co-Co interactions per formula unftu) [3]. However, these differences do not explaia shability

of one phase over other. Moreover, some paramékersvalence electron concentration (VEC),
electronegativityc/a ratio and Mn-Mn separation have been suggesteddamlple explanations for
decrease of J; [15-19]. Nonetheless, the mechanism and the fadétading to martensitic transition
are not yet fully understood. Magnetic transitisnalso sensitive to interatomic distances and bond
angles. Gercsét al. [20] have shown that by tuning the Mn-Mn separatilifferent magnetic orders
(ferromagnetic and antiferromagnetic) can be dtagallin MnCoGe,P, compounds. Hence, elemental
substitution in MNnCoGe can be used for tuning kbth structural and the magnetic transitions. Mn
and/or Co have been substituted by a series ofesitnsuch as Fe, Ni, V, Ti, Zn, Cu, Cr, Nb in order
to tune T, and T [8-10,18,21,22]. Liet al. [8] have performed a study of both Mn and Co
substitution by Fe, and in spite of different chesthiand physical properties of these two atomd) bot
magnetic and structural properties of the compourei® comparable. Rest al. [23] have reported
that a 4at.% substitution of Fe for Co in MnCoGe is sufficieattune the magnetostructural transition
at 299K, leading to maximum magnetic entropy changeS() of 11J.Kg'K™ for a magnetic field
change AH) = 5 T. Aryal et al. [24] obtained a first-order magnetostructural tigms in Mn,.
WAlLCoGe in range 8 x<0.01 with a maximum (Sy) of 12 J.Kg'K™ for AH = 5 T at 286K.
However, for 0.01 < x 0.02, the structural transition was below the nedigriransition and hence no
magnetostructural coupling could be establishedo @& al. [25] investigated the effect of Ge
substitution by In in MnCoGe and reported that aalsramount of In (2at%) can shift the
magnetostructural transition to room temperaturécviproduced maximum 4Sy) value of 25.4
J.Kg'K™ for AH = 5 T. In addition to large magnetocaloric effect, théstitution of In for Ge in
MnCoGe also shows a giant barocaloric effect. #/al. [26] have reported a very large magnetic
entropy change of 52.Kg'1K'l at around 30K in MnCoGeg¢dngo; under an applied hydrostatic
pressure of only ¥bar, this value of magnetic entropy change exceedsdhthe most materials
including LaFeSi under % of magnetic field change. Here, we have carriedsabstitutions of Mn
and Co atoms by non-magnetic Cu and performed ailelétstudy of their magnetic and structural
properties in order to gain a better understanding the significance of these two individual
positions.

2. Experimental.

Polycrystalline ingots of MnGgCu,Ge (x = 0-0.25) and MRCu,CoGe (x = 0-0.15) were prepared
by arc-melting of metal elements Mn, Co, Cu, Geufity 99.99% or higher in a water-cooled copper
crucible under argon gas atmosphere. These aredn@igots were then wrapped in Ta foil, sealed in
evacuated quartz ampoules and homogenized byreasing under partial vacuum at 11R3or 100
hours and then furnace-cooled to room temperatldi@. (X-ray diffraction (XRD) measurements
were performed at RT on powder samples using aeBrii8 Advance diffractometer operating in
reflection mode with Cu-K radiation for structural characterization of vasosamples. Phase
matching and unit cell refinements were carried waihg the FullProf/WinPLOTR suite [27]. The
structural transformation was studied using diffdied scanning calorimetry (DSC 25 — TA
Instruments) with a heating/cooling rate ofk#min. A superconducting quantum interface device
(SQUID — Quantum Design MPMS 5S) and a physicab@riy measurement system (Quantum
Design - PPMS) were employed to measure isofieldlfMnd isotherm (M-H) magnetization curves.
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Samples for the magnetic measurements were prepareaxing the fine-irregular-shaped powder
particles with a non-magnetic glue and incapsujathie mixture in gelatin capsules. The glue was
used to prevent any rotation of the particles irgmedic field. The M-T measurement was performed
at a temperature step at2with a heating or cooling rate ofkmin., adopting the settle mode for
setting of the temperature. In case of M-H measargnthe magnetic field was set in persisting mode
which provides a stable field. The field was chahgeintervals of 0.02 and OT2in 0-1T and 1-5T
ranges, respectively. The magnetization curves weteorrected for demagnetizing field due to the
irregular shape of the sample and the powder pestid he magnetocaloric effect was evaluated from
the M-H curves following the loop method (refef{28,29] for more details) using the integral forin o
the Maxwell’s relation. In the loop process wheramging isotherms in the cooling run, the sample is
always heated to a fixed temperature in paramagsgite after each isotherm measurement and then
cooled down to the desired measuring temperatumes. grocess erases the history of the sample and
the magnetic response doesn't get affected by degistence of the mixed para- and ferro-magnetic
phases [28].

3. Resultsand discussion

Fig. 1(a) and 1(b) show RT powder XRD patterns ofQd, ,CuGe and Mp,CuCoGe compounds,
respectively. It is evident from these data that trystal structure changes from TiNiSi-type
orthorhombic (Pnma #62) to Mi-type hexagonal (R6nmc #194) with the substitution of Co and
Mn by Cu. This suggests that in both cases, Cutisui@n plays a crucial role in altering the phase
stability. Additionally, the martensitic transfortitn temperature can be lowered from higher
temperature to temperatures well below RT by sushhstitution. Coexistence of orthorhombic and
hexagonal phases at RT can be seen for x = 0.18xand0.10 for Co and Mn substitutions,
respectively, indicating that structural transfotima for these compounds takes place near RT.
Lattice constants and unit cell volumes obtainedhfprofile fitting of the XRD patterns and unit Icel
refinements using the WinPLOTR/FullProf suite ah@wn in Fig. 2. Lattice constang b andc
behave differently with the Cu substitution. Ine€a@s$ Mn substitution by Cwg andb decrease while
slightly increases for orthorhombic phase, wherbatf) a and ¢ decrease for hexagonal phase with
increasing Cu concentration. On the other handieasing Cu substitution for Co results in an
increase ofa andc, and a decrease bffor orthorhombic phase, while, bothand c show a minute
increase for hexagonal phase. The unit cell vol{v)efor both orthorhombic and hexagonal phases
decreases with increasing Cu substitution for Mhergas, an increase W can be seen for Co
substitution. It is interesting to note thétof hexagonal phase for Co substitution shows only a
minuscule increase. This change in unit cell volunay be attributed to differences in atomic sizZes o
the said elements. As radius of Cu (~1.28 A) atersmaller than that for Mn (~1.30 A) atom while
larger than that for Co (~1.25 A) atom [30, 31Jsubstitution of Cu for Mn and Co would lead to
lattice contraction and expansion, respectivelycakding to unit cell volume relationshi¥Vgino =
2Vhey Of orthorhombic and hexagonal structures [3]t aeil volume increase Yo — 2Vhex)/2Vhex)

of 3.9% and 4.1% for Mn and Co substitutions, reipely, were obtained due to the martensitic
transformation from hexagonal to orthorhombic duie at RT. These large values for unit cell
volume change reveal a significant volume expansésilting in a large degree of lattice distortion
during the martensitic transformation. Overall effef atomic size differences between Cu-Mn and
Cu-Co are evident in the lattice volume for botthorhombic and hexagonal phases. Lattice volume
change is mainly a result of change in the celbpestera, as the percentage change in orthorhombic
cell parameters andc is only around 0.2 %, whereas, #its around 1 %. This asymmetric change
in unit cell can be a result of atomic arrangemiantrthorhombic structure that is a distortion of
ordered hexagonal structure.

Fig. 3(a)-3(c) show DSC heat-flow curves along WHT curves for Co- and Mn-substituted samples.
DSC curves reveal thatIfor both the Co- and Mn-substituted samples deereantinuously with
increasing Cu concentration. Variation qf; With respect to x for Co- and Mn-substituted saapé
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shown in Fig. 3(d). Upper curves in shaded pattezpsesent onset and lower ones the end-set of the
martensitic transition during cooling process.dltevident from width of shaded regions that Mn-
substituted samples show a faster martensitic ittamcompared to that of Co-substituted samples.
Additionally, Ts; decreases much faster with Mn substitution contbapethat of Co substitution.
Moreover, roughly a doubling of amount of Co-sulogitbon compared to that of Mn is required to
produce a similar change in,T

Phase transition in MnCoGe occwi diffusionless atomic displacements and all atomews
changes in their coordination during this transitibow-temperature phase can be described as an
orthorhombic distortion of hexagonal phase. As reggbby Jeitschket al. [3], there are significant
differences in interatomic distances and bondingMif-Ge, Co-Ge, Co-Co and Mn-Mn atoms
between orthorhombic and hexagonal phases. Howewersatisfactory explanation regarding
structure stabilization can be determined from éhekfferences in bonding. Furthermore, as
orthorhombic structure is considered as a distortibhexagonal one, an increasectd ratio of the
orthorhombic structure with increasing Cu conceitrasuggest that Cu substitution would lead to
stabilization of hexagonal structure at a lowergerature. The/a ratio of Mn-substituted samples
increases from 1.183 to 1.189 for an increase ot@hcentration from 0 to 18t.% which clearly
supports the above argument of decreasing With decreasingc/a ratio (or increasing Cu
concentration). However, tle¢aratio was found to decrease from 1.183 to 1.17&ifoincrease of Cu
concentration from 0 to 1&t.% in the case of Co substitution. This decreasgamatio is basically
attributed to increase ia, possibly due to the larger atomic size of Cu cared to that of Co, and
also due to an enhanced distortion in the orthodioarb plane.

The valence electron concentration (VEC) [32], dateed as the concentration-weighted sum of
outer shell s, p and d electrons, has been propmsaifnificantly affect the structural transition
[33,34]. As the VEC for Cu (VEC = 11 is higher thi#wat of both Mn (VEC = 7) and Co (VEC = 9),
an increase in Cu concentration would lead to arease of total VEC in both these cases. VEC for
MnCo.,CuGe was calculated as the weighted sum of all temehts using formula VEC (Mngo
«LCuGe) =1 * VEC (Mn) + (1-x) * VEC (Co) + x * VEC (Qu+ 1 * VEC (Ge) and in similar way for
Mn1,Cu,CoGe. It is evident from Fig. 3(d) that,Idecreases with the VEC. It is important to notd th
Ty is nearly constant up to VEC = 10.07 correspondinground %at.% of Cu for both Co and Mn
substitutions. Beyond VEC = 10.074Tor Co-substituted samples decreases at a fageecompared

to that of Mn-substituted samples. The dependefficEgoon the VEC has also been reported on
similar MnCoGe systems by creating Mn or Co vacasicand substitution of Co by Mn, and Ge by
Al or Ga atoms [34-38]. It is important to pointtdbat these vacancies and substitution lead andy t
decrease in the VEC. On the contrary, present stieye the VEC increases with substitution shows
a reverse behavior ag;ldecreases with increasing the VEC. Similar behrawés also been observed
in case of the Zn (VEC = 12) substitution for MndaBo atoms in MnCoGe compounds [18,39];
where T, decreases with increasing VEC of MAn,CoGe and MnCgpZn,Ge compounds. Thus,
from these observations, it becomes ambiguousytavbather the J; varies positively or negatively
with the VEC. The reduction of theg,Imay also be accounted for in terms of the diffeeeirc
electronegativity of Cu and Mn/Co. Substitutionaomore-electronegative element Gyg,€1.90) at
Mn (xwn=1.55) or Co %c~1.65) site is expected to lead to stronger bomdisthus resulting in the
reduction in T, [15,39]. Faster decrease ig,Ifor of Mn substitution, as compared to that of @@

is in accordance with larger difference in electégattivity of Cu and Mn as compared to that of the C
and Co.

Temperature dependent magnetization (M-T) curve€t and Mn-substituted samples measured in
presence of magnetic fieldgH = 0.1 T are presented in Fig. 3(a)-3(c). The M-T curveshef Co-
substituted samples & 0.15) show almost no hysteresis and thus revealnseorder nature of the
ferromagnetic (FM) transition (Fig. 3(a)). In adadit, T¢ is rapidly reduced from 35K for x = 0 to
265 K for x = 0.15. Note that these magnetic transitibms x = 0-0.15 samples belong to the
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orthorhombic phase. Interestingly, the¥.15 samples show a complex magnetic behavior avitip

in the M-T curve at lower temperaturesg.,around 12X for x = 0.15 and around 1#for x = 0.19
and 0.20. Possible causes for such a dip in M-Vesucould be due to presence of antiferromagnetic
interaction or spin-reorientation. The presenceederal magnetic sub-lattices with different thdrma
behavior can also result in such a dip. The detatitin of the exact physical origin behind this idip

a subject of further detailed investigation. Ini@idd, M-T curves show multiple magnetic transitson
The almost unchanged:Tor the hexagonal phase (for x = 0.19-0.25) camttributed to magnetic
exchange interactions that are not substantiafgctdfd by an increase in Cu-concentration as dattic
parameters andc remain almost unchanged with increasing x valee &g. 2). As evident from Fig.
3(a), Tc of x = 0.19 and 0.20 samples coincide with Presence of multiple magnetic transitions can
be seen in the enlarged M-T curve of the x = Odride shown as inset of Fig. 3(a). The transition
around 260K showing an increase of magnetization with decrgat@mperature corresponds to the
Curie temperature, ¢k of the hexagonal phase. Slope of M-T curve chamgts a reduced rate of
increase in the magnetization around X50This can be attributed to structural transitibatttakes
place from a FM-hexagonal to a PM-orthorhombic cttrire. During this transformation, fraction of
FM phase decreases with temperature and hencentsibution to magnetization is expected to
decrease. Furthermore, as the temperature appsoteh€urie point, d, of the orthorhombic phase,
magnetization increases again. This can be setrrims of a slight change in the slope of the M-T
curve at E,. The complex behavior at,fand T, is not fully understood yet, however, possible
reasons may include antiferromagnetic interactpin reorientation transition or presence of défer
magnetic sublattices. Similar magnetic transitians also visible in other samples with higher Cu
concentrations. Moreover, as it is evident from Murves for x> 0.19 samples, that the zero-field-
cooled, ZFC (solid-symbols, measured in the warngiracess) and the field-cooled, FCC (hollow-
symbols, measured in the cooling process) magrietivaurves split at temperatures below X0
Application of magnetic field is expected to fa¥erromagnetic order, consequently, for higher feld
the ordering temperature is increased resultirghift of FCC curve towards higher temperature.

In contrast to Co case, substitution of Mn by Cadketo a hysteretic and sharp, first-order magnetic
transition for x = 0.09-0.12 (see Fig. 3(c)). Thist-order transition may be attributed to the ing

of the magnetic and structural transitions occgrahnearly the same temperatures. A slightly beoad
magnetic transition and reduced thermal hysteresiase of the x = 0.12 sample are ascribed torwide
separation betweencTand Ty, while a de-coupling of the magnetic and strudttrensitions can be
seen for samples x = 0.13 and 0.15. Non-hystetetitsition around 25& and hysteretic transition
near 175 correspond to the second-order magnetic and ficercstructural transitions, respectively.

M-H curves of selected Co- and Mn-substituted saspteasured at various discrete temperatures are
shown in Fig. 4(a) and 4(b). The Co-substituted @as show a typical second-order type
ferromagnetic transition from PM to FM. Howevere thin-substituted sample shows a metamagnetic
behavior and a first-order transition (Fig. 4(lnear behavior of M-H curves at 300 (Fig. 4(a))

and 310 K, 30&K (Fig. 4(b)), represents PM region. A sudden change in slopd&ef304-300K
curves (see Fig. 4(bindicates a magnetic field induced transition fritva PM-hexagonal to the FM-
orthorhombic phase.

Fig. 5 represents negative magnetic entropy changey, of Co- and Mn-substituted samples
estimated from isothermal magnetization curves ksingt an integral form of Maxwell's

relation,ASy (T, woH) = f()“”H(W)Hd(uOH). The broad-AS, peaks for Co-substituted

samples (Fig. 5(a)) are attributed to second-ondéure of the magnetic transition. Two adjaca,
peaks at around 22&nd 270K for x = 0.20 sample correspond to magnetic tramsiof hexagonal
phase and first-order structural transition, respely, as can be seen in Fig. 3(a). Although,&tal
and magnetic transition for the x = 0.20 sample sufficient close enough, a contribution from a
possible magnetostructural coupling cannot be se#re-ASy curves. In contrast to small and wide
ASy peaks for Co-substituted samples, Mn-substitutedptes show significantly large values of -
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Table 1: Magnetic entropy change\Glna) ASy. The very largeASy values for x = 0.10

corresponding tp|AH| field change, magnetic and 0.11 Mn-substituted samples (Fig. 5(b)) are
transition temperature £J or magnetostructural basically  attributed due to strong
transition temperature () for selected magnetostructural coupling where the PM-

magnetocaloric materials showing a transition adoun

hexagonal phase transforms directly to the FM-
room temperature.

orthorhombic phase leading to a sharp first-

Materials T mst |ASulmax HolAH| Ref. order magnetic phase transition. A partial
(K) (QKg K (M coupling of the magnetic and structural
transitions for x = 0.12, in which case the
Gd 294 11 5 40 . \
magnetic and structural transition temperature
MNnFeR, 4ASo 55 308 18 5 41 are not exactly overlapping, results in /&Sy
peak value of only 19,Kg'K™. Significantly
LaFe, sShadis 291 28 5 42 reduced-ASy value in case of x = 0.13 Mn-
MnCoGeB, o 304 14.6 5 13 substituted sample (Fig. 5(c)) can be an effect

of de-coupling of structural and magnetic
Mng sCro.1:C0Ge 292 27.7 5 43 transitions. The two peaks at around
160 K may be ascribed to magnetic and

Mno ossCOGE 292 26 S ! structural  transitions,  respectively. A
Mng.eZno ,COGe 300 3.5 1 18  comparison of the maximum entropy change
values obtained in this work with some selected
MnCo7ZnoGe 300 12 5 39 magnetocaloric compounds is presented in
MNnCosCloGe 255 39 5 This Table 1. It is evident that the Mn-substituted

work  MnCoGe compound studied in this work shows
significantly high magnetic entropy change

*

Mno.odCop.1fC0Ge 302 40 5 This  near room temperature.
work
Concentration dependent phase diagrams of
MnosdC0.1.CoGe 255 48 S Th'ks Co- and Mn-substituted samples based on
wor calorimetry and magnetometry measurements
" Represents the magnetostructural phase transition during cooling process are presented in Fig. 6.

temperature in which case the magnetic transisarontrollec It is evident that the structural transition
by the structural transition. L .
temperature follows almost similar trend in
both Co- and Mn-substituted samples, while magrtetigsition temperatures differ significantlye T
for both the orthorhombic and hexagonal phasease of the Mn-substituted samples are almost Cu-
concentration independent (see Fig. 6(b)). Addéilyn Tc is controlled by T in the temperature
range & (ortho) < T < Tc (hex). This provides a wide temperature window rfmagnetostructural
coupling leading to a giant MCE. On the other hand¢case of the Co-substituted samplesof
orthorhombic phase decreases continuously witteasing Cu concentration, eveg (brtho) tends to
be lower than  (hex) for higher Cu concentrations*x0.19). This leads to the presence of several
magnetic transitions at or below250K for x > 0.19 samples. Furthermore, asfdr orthorhombic
phase becomesnaller than that of hexagonal phase, there igneatdransition from PM-hexagonal
phase to FM-orthorhombic phase in these samplass, hist-order magnetostructural transition and
hence giant MCE is not realized in case of Co-suitstl samples.

4, Conclusons

A comparative study of structural and magnetic phaémnsformations and magneto-response
properties of MnCg,Cu,Ge and Mn,Cu,CoGe compounds has been performed in this work. The
structural transition temperature for both Co- Mmlsubstituted samples can be tuned far below the
magnetic transition temperature. In addition, Mbsitution affects J;more effectively compared to
that of Co substitution. It is clear that due tiedences in atomic radii, Cu substitution for Gulavin
results in chemical pressure which in turn altegs However, exact reason for drop ig,1s not
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understood yet, it could be a combined effect ofCYIElectronegativity, interatomic distances and
magnetic interactions. Magnetic transition tempaed of orthorhombic and hexagonal phases for the
case of Mn substitution are almost unaffected wHields to a wide temperature window for
magnetostructural coupling resulting in a giant M@Eh a maximum magnetic entropy change of
around 50J.kg".K*for a field change of 3. On the other hand, Co substitution by Cu resulta
continuous decrease of Df orthorhombic phase which is likely due to weagkg of Mn-Co or Co-

Co magnetic interactions. This leads to multi maignghase transitions: PM-hex => FM-hex => PM-
ortho => FM-ortho (for the optimal x = 0.20 compasi), instead of the desired direct PM-hex — FM-
ortho first-order magnetostructural phase transjtand therefore Co-substituted samples show small
< 3.5J.kg".K* entropy change values.
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Highlights

e Effect of Cu substitution for Mn and Co in MnCoGe compound has been investigated.

e Optimal Co substitution results in multiple magnetic transition: PM-hex => FM-hex => PM-ortho => FM-
ortho.

e Mn substitution induces magnetostructural coupling and leads to a giant magnetocaloric effect.

e Magnetic phase diagrams of both Mn and Co substituted samples has been presented.



