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Critical behavior and magnetocaloric effect in magnetic Weyl
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(Received 22 February 2019; revised manuscript received 29 March 2019; published online 8 May 2019)

We investigate the critical exponents and magnetocaloric effect of Coy_,ZrSn polycrystal. The Co,_,ZrSn undergoes
a second-order ferromagnetism phase transition around the Curie temperature of 7; ~ 280 K. The critical behavior in the
vicinity of the magnetic phase transition has been investigated by using modified Arrott plot and Kouvel-Fisher methods.
The obtained critical exponents, 3, ¥, and & can be well described by the scaling theory. The determined exponents of
Coy_,ZrSn obey the mean-field model with a long-range magnetic interaction. In addition, the maximum magnetic entropy
change —ASy™* of Cop_,ZrSn is about 0.57 Jkg~!.K~! and the relative cooling power (RCP) is 14.68 J-kg~! at 50 kOe

(1 0e=79.5775 A-m™1).

Keywords: critical phenomena, magnetocaloric effect, Heusler compound

PACS: 75.40.Cx, 75.20.En, 75.30.Sg, 75.50.Cc

1. Introduction

In the last decade, intensive research of the topology of
electronic structures has deepened our understanding of the
exotic physical properties of novel condensed matters and
established a whole new classification. After the discovery
of topological insulators,!-?! topological semimetals (TSMs)
have attracted considerable attention in recent years. The
TSMs are characterized by the symmetry protected bulk band
crossings near the Fermi energy Er.[>-%! According to the de-
generacy of nodes, they can be classified into Dirac semimet-
als (DSMs), Weyl semimetals (WSMs), multi-degenerate
semimetals, and so on.!”! Among these TSMs, DSMs have
Dirac nodes that can be viewed as two Weyl nodes with op-
posite chirality degenerate at the same k-point. Such a de-
generacy can be lifted by breaking either inversion symmetry
(IS) or time-reversal symmetry (TRS), resulting in two types
of WSMs; i.e., nonmagnetic noncentrosymmetric WSMs and
magnetic WSMs. "] The first class of WSMs has been theo-
retically predicted and experimentally confirmed.!®-1% Mag-
netic WSMs have been predicted in several materials, such as
pyrochlore iridates, Heusler compounds, and the related ma-
terials such as Heusler alloys Co,TiX (X = Si, Ge, or Sn),
Co,MnAl, and half-Heusler compound GdPtBi, ezc.[*11-14]

Recently, Heusler compound Co,ZrSn has also been pre-
dicted to host Weyl fermions.!!>! Moreover, it belongs to the
family of 26 valence electron Heusler systems, which are
known to exhibit half-metallic ferromagnetism (HMFM) with
saturated magnetic moments of ~ 2 g per formula unit.[!6:17]

DOI: 10.1088/1674-1056/28/6/067501

According to the classification proposed by Coey,!®! Co,ZrSn
is a type of I HMFM, in which the spin-majority band is
crossing Er (metallic) and there is a band gap for the spin-
minority band. Because it is an HMFM compound with Curie
temperature (7.) near/higher than room temperature,''®! be-
sides the unique feature of harboring Weyl fermions, it is vi-
tally important to the spintronics applications due to the nearly
100% spin polarization of conduction electrons at Eg.*°! Pre-
vious studies on Co,ZrSn single crystals show that there are
some vacancies in the position of Co with the content of Co
varying from 1.59 to 1.84. With higher Co content, the sample
exhibits higher 7; and the 7; is above room temperature when
the content of Co is larger than 1.70.1"°l Meanwhile, when Cu
is doped into the Co site, the 7. of Coy_yCu,ZrSn decreases
linearly and the low-temperature spin glass behavior appears
when y is close to 1.2 This trend can be explained by the
weakening of half-metallicity of Co,ZrSn with the Cu substi-
tutions, leading to the breakdown of the ferromagnetism. ]
To understand the itinerant ferromagnetism in Co,ZrSn fur-
ther, a comprehensive investigation of phase transition and
critical exponents is urgently needed, which will not only pro-
vide an insight into the range of ferromagnetic interaction but
also the symmetry of the order parameter within a given uni-
versality class.?>?3] Among the various properties of ferro-
magnets, magnetocaloric effect (MCE) is another important
feature that can be used for magnetic refrigeration, which is
an environmentally friendly energy-conversion technology.

In this paper, the magnetic critical behavior and mag-
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netocaloric effect of Co,_,ZrSn in the vicinity of the
paramagnetic—ferromagnetic (PM—FM) phase transition re-
gion are studied in detail. It is found that Co,_,ZrSn under-
goes a second-order phase transition with a long-range order
in the nature of magnetic interaction. Moreover, the obtained
critical exponents are found to follow the theoretically pre-
dicted values for mean-field model. Further analysis of the
field-dependent magnetic entropy change —ASv(7,H) indi-
cates that the maximum magnetic entropy change —ASy™ of
Co,_,ZrSn is about 0.57 J-kg~!-K~! at 50 kOe.

2. Experimental

Polycrystal Co,_,ZrSn was synthesized using arc-
melting method under an Ar atmosphere. High purity Zr par-
ticles and Co pieces were melted first to achieve a homoge-
neous mixture of the compound metal. Then, the obtained
alloy was brought close to the Sn shots and remelted. The
sample was flipped three times to avoid breaking up over a
long time of arc-melting. Finally the arc-melted sample was
cooling down naturally. The crystal structure and phase pu-
rity were identified by powder x-ray diffraction (pXRD) us-
ing the Cu—Ko radiation of Bruker DS8. Rietveld refinements
of the data were performed with the TOPAS package.>*! The
magnetization measurements were conducted using a Quan-
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3. Results and discussion

The XRD patterns of Cop_,ZrSn can be readily in-
dexed to the crystal structures of Heusler L21 phase (Fm3m)
(Fig. 1(a)). No obvious characteristic peaks of other impuri-
ties are detected. The intense diffraction peaks suggest that
the as-synthesized products are well crystallized. The fitted
lattice parameter a is 6.21266(8) A. When compared to pre-
vious single crystal results, it suggests that the value of x
in Co,_,ZrSn is about 0.33.1'°1 The temperature dependence
of magnetization M(T) at H = 1 kOe with zero-field-cooling
(ZFC) and field-cooling (FC) models are plotted in Fig. 1(b).
The M(T) curves show a typical PM-FM phase transition. In-
set of Fig. 1(b) shows the T is ~ 280 K, which is defined
as the minimum value of the dM(T)/dT. This is consistent
with previous results for Co,_,ZrSn single crystals.['”) The
overlap of ZFC and FC M(T) curves suggests the absence of
spin-glass behavior in Co;_,ZrSn. Figure 1(c) shows the mag-
netization hysteresis loop of Co,_,ZrSn measured at 2 K. The
saturated moment M is about 1 pg/f.u., in agreement with that
of Co,_,ZrSn single crystals.!!”) Meanwhile, the magnetic co-
ercivity (H.) of Cop_,ZrSn is smaller than 50 Oe, which indi-
cates the Co,_,ZrSn is a super soft magnet.
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Fig. 1. (a) The powder XRD pattern and Rietveld refinement of Co,_,ZrSn. Vertical tick marks is Bragg reflections in the Fm3m space group.
(b) Temperature dependence of magnetization at H = 1 kOe with ZFC and FC modes. Inset: dM(T)/dT as a function of temperature near 7.
(c) Isothermal M (H) loop at 2 K. (d) Isothermal magnetization curves from 260 K to 300 K with 2-K temperature interval.

To further understand the fundamental feature of the FM
phase transition in Coy_,ZrSn, we measured the isothermal
magnetization curves M(H) from 260 K to 300 K with tem-
perature step of 2 K as shown in Fig. 1(d). According to the

mean-field theory, the ferromagnet undergoes a second order

phase transition with long range order interactions, the Landau
free energy G(T,M) could be expressed as: (%3]

1
G(T,M) = Go+§A(T)M2

+%B(T)M4+~~*M(IJOH), ey
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where A and B are temperature-dependent parameters. When
the free energy G(T,M) is minimal, (dG/dM) = 0, the equa-
tion of state can be expressed as:

H/M = A+BM*. ()

Based on this equation, we can plot a Arrott plot of M?
versus H /M, which should be a series of straight lines, and the
positive intercepts of these straight lines on the H /M axis de-
termine the second-order magnetic transition. But we should
analyze the M (H) results for the short-range FM phase tran-
sition systems by using the Arrot-Noaks equation of state
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(H/M)'/Y = ag + bM'/B, where € = (T —T.)/T, is the re-
duced temperature, and a and b are constants.[2°! We con-
structed the Arrott plots, using 3D XY model (8 = 0.345,
vy = 1.316), 3D Heisenberg model (8 = 0.365, y = 1.386),
3D Ising model (8 = 0.325, y = 1.24), and mean field model
(B =0.5, y=1.0), as given in Fig. 2. All these models yield
quasi-straight lines in the high-field region, the positive inter-
cepts reveals a second-order PM-FM transition in Co,_,ZrSn.
However, none of the models yield a series of parallel straight
lines in the high-field range and the line at T passes through
the origin. Therefore, it is difficult to distinguish which model
is the best for the determination of critical exponents.
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Fig. 2. The MAP of (a) 3D XY model, (b) 3D Heisenberg model, (c) 3D Ising model, and (d) mean-field model.

1.4
§ 12p 1
2
n
T 10 (g T L T
|
E :
g —=— mean field "N
—
£ 0.8r e 3D Heisenberg ]
—v— 3D Ising
—— 3D XY
046 i 1 1 1 1 1 ]
250 260 270 280 290 300 310
T/K
Fig. 3. Temperature dependence of the normalized slopes NS =
S(T)/S(Te).

To determine better parameters, we calculated their nor-
malized slopes (NS) which are defined at the critical point as
NS = S(T)/S(T.), where S(T) is the slope of M'/P versus

(H/M)"/7 at high field. Because the most appropriate model
should be the one close to 1.0 in the vicinity of T¢,[*”! the
mean-field is the best model for Co,_,ZrSn system, as shown
in Fig. 3. However, the Arrott plot with the critical exponents
B =0.5and y=1 could not lead to a set of parallel lines in the
high magnetic field region. According to the scaling hypothe-
sis, critical exponents 3 and ¥ can be briefly described by the

following equation, >8]

M(T)=Mo(—¢)P, <0, T<T, 3)
X0 ' (T) = (ho/Mo)e?, €>0, T>T., &)
M=DH'% e=0, T=T, (5)

where M (T) is the spontaneous magnetization below T,
%o '(T) the inverse initial susceptibility x, '(T) above T,
€ =(T —T.)/T; is the reduced temperature and My, ho/my,
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and D are the critical amplitudes. Starting from the initial trial
values of B =0.5and y= 1, My(T) and x; ' (T') obtained from
the linear extrapolation are then fitted to Egs. (2) and (4), re-
spectively, yielding new values of 8, y and T¢. Repeat the iter-
ative process until  and y are stable. The final modified Arrott
plot (MAP) generates the values § = 0.41(1) and y = 1.08(9),
and two sets of My(T) and x, ' (T) with the fitting curves are
shown in Fig. 4(a). The fixed 7; values from two curves are
consistent with each other (280.1(8) K and 280.3(7) K). Thus,
the T, of Coy_,ZrSn is 280 K, which is consistent with the
values obtained from the M(T) curve. A further possibility
to evaluate the values of 8, 7, and T¢ is given by the Kouvel-
Fisher (KF) method, 2"

M(T)/(dM(T)/dT) = (T —T.)/B,
X (T)/(dxg (T)/dT) = (T = To) /.

(6)
(M

Figure 4(b) shows that the critical exponents obtained
from the KF method are B = 0.415(2) with T, = 280.1(7) K
and v = 1.08(5) with T, = 280.4(1) K. These are consistent
with the values derived from the modified Arrott plots. The
critical exponent 6 can be determined by the critical isotherm
analysis from M(H) at T; following Eq. (5). The isothermal
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magnetization M (H) at T, = 280 K is shown in Fig 4(c), where
the inset plots with the logarithmic scale. The inset shows that
the log(M)-log(H) relation yields straight line at higher field
range with the slope 1/8, where 6 = 3.53 is obtained. Ac-
cording to the statistical theory, the critical exponents should
agree with the Widom scaling relation: 3]

o=1+v/B. ®)

Using the 8 and ¥ values determined from the modified
Arrott plot and Kouvel-Fisher (KF) plot, we obtain § = 3.66
and 6 = 3.61, respectively, which close to the above value of
6. Furthermore, there is an important criterion for the critical

regime based on the prediction of scaling hypothesis, 2!

M(H,e) =P f £ (H/ePTT), ©)

where f isused for T > T; and f_ is used for T < T¢. Then,
the precise value of 8 and y are used in fitting the plot of
Fig. 4(d). the M|e| =P as a function of H|e|~(B*?) plots in
the critical region should collapse into two universal curves:
one above T; and another below 7. The emergence of two
convergence curves in Fig. 4(d) indicate the critical exponents
are correct and reliable.
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Fig. 4. (a) The MAP plot for Ms versus T (left) and U versus T (right). (b) The KF plot for My (T)(dMg(T)/dT)~" versus T (left) and

%o H(T)(dxy ' (T)/dT)~" versus T. (c) The plot of the isotherm M versus H around T = 280 K. Insert: log(M) versus log(H). (d) Scaling
plots of M versus H below and above T, = 280 K. Isert: log(M) versus log(H).

The universality class of the magnetic phase transition de-
pends on range of the exchange distance J(r). It decays as
J(r) ~ r~(@+9) where o is the range of the interaction, r is

the distance, d is the dimensionality, and b is the spatial scal-

ing factor. The the parameter of ¢ can be calculated by the
equation, 3!

4n+2
dn+8

8(n+2)(n—4)

A
Ot T 18y

1+

’)/:
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2G(4)(7n+20) o2

(n—4)(n+8) ’
where n is the spin dimensionality, Ac = ¢ —d/2, G(d/2) =
3-— %(d /2)?. According to the renormalization group analy-

x |1+ (10)

sis, the spin interactions can be classified by the value of o.
The ¢ < 2 implies long-range spin interaction dominated in
the system, while o > 2 implies the short-range spin interac-
tion. In the Co,_,ZrSn system, the experimental value of ¥ is
1.26, for any combination of {d : n} the values of o are al-
ways smaller than 2. This suggests that the long-range spin
interaction plays an important role in the Co,_,ZrSn system.

To gain more information on critical properties of
Coy_,ZrSn, we have studied the magnetic entropy change
—ASMm(T,H). According to thermal dynamics, the magnetic
entropy change —ASy (T, H) is defined as,3?!

ASm(T,H) = Sm(T,H) — Su(T,0)

H (oM
:/0 (aT)HdH. (11)

For the magnetization measured at small discrete fields
and temperature intervals, —ASym (T, H) can be approximately
expressed as, 33!

Ti+ Tt (M; —M;1)n,
ASy | L) 2 Y | U Ay (12
M( 2 ) ‘ ) [ Tiv1—T; ' (12)

where M; and M; | are the magnetization at 7; and T;;| un-
der the same magnetic field, respectively. The calculated re-
sults for ASm(T,H) have been shown in Fig. 5(a). It is ob-
viously that the values of —ASy at different magnetic fields
reach the maximum in the vicinity of 7;. The maximum
magnetic entropy change —ASM™ is about 0.57 J-kg~!-K~!
(~5.2 mJ-em3-K~!) for H = 50 kOe. Figure 5(b) depicts
the values of —ASy™* vary with the magnetic fields. Generally,
for the long-range spin interaction mean-filed model, —ASy*
obeys the power law of —ASy* o< H 2/3. Fitting of the —ASy*
gives that n = 0.696(3), confirming that the critical behavior
of Coy_ZrSn can be depicted by mean-field theory.

The relative cooling power (RCP) is also an important
indicator for characterizing the magnetothermal material, its

mathematical definition is,3*!

RCP = —A ﬁax X 5TFWHM7 (13)

where the RCP is the function of T with —ASy*™ and the
full width at half maximum 67gwuMm. The values of calcu-
lating the RCP at different fields are shown in Fig. 5(c). With
the increasing of magnetic field, the RCP curve shows a lin-
ear trend. The RCP at H = 50 kOe is about 14.68 J-kg™!
(~0.13 J.cm™3). This value is smaller than those typical
magnetocaloric materials!*?! because of the relatively small
—ASy*. However, because the T of Co,—,ZrSn is close to
or above room temperature, it would be interesting to develop
a method that can improve the magnetocaloric property of
Co,_,ZrSn in the future, such as the chemical doping method.
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Fig. 5. (a) The trend plots of —ASy with temperature variation at the
different magnetic fields. (b) Field dependence of —ASy#*. The solid
line represents a fit of H” to the data. (c) Field dependence of RCP.

4. Conclusion

In summary, the magnetic properties of Co,_ZrSn poly-
It is found that the PM-FM
transition in Co,_,ZrSn polycrystal is the second-order phase
transition. The critical exponents 3, v, and § obtained from
the MAP and KF methods are consistent each other. These
parameters conform to the scaling rate very well. In addi-

crystal are studied in detail.

tion, these critical exponents suggest that the magnetic transi-
tion of Co,_,ZrSn polycrystal can be described by the mean-
field model. Moreover, the —ASy* and RCP are about
0.57 J’kg~'"K~! and 14.68 J-.kg~' at H = 50 kOe, respec-
tively.
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