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ABSTRACT \

3

The magnetization of the leusler alloys NixCuz_anSn has been

measured. These alloys, of the form X,YZ, have been investigated in

2

order to determine the X site dependence of the interactions which are

responsible for the ferromagnctigm. It is secen that the Curie temper-

atures vary nonlinqﬁr}y with compositionssuggesting that the short .
1

rango interactions which determine them vary in a similar manner.

Saturation moments are found to remain constant; however, a decrease in

paramagnetic moment as the copper concentration is increased, is attrib-

uted to disorder.
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CHAPTLR 1

INTRODUCTION

Heusler alloys have been of interest to rescarchers in magne-
tism since their discovery by O. Heusler in 1898. These ternery
alloys are of the fogm XZYZ where Y is Mn, X is usually Cu, Co, Ni,
Pd, Pt, or Rh and Z is In, Sn, Sb, Al, Ge, or Ga. Most of these alloys
form a LZI crystal structure with an F.C.C. lattice of lattice para-
meter close to six angstroms. Figure 1 illustrates the crystal
structure. The alloys which contain manganese are mostly ferromagnetic
with saturation moments of four Bohr magnetons per formula unit
(Oxley et al. 1963). In agreement with the literature this will be
referred to as 4 uB/moleculc.

Neutron diffraction experiments (Webster 1967) support the
assumption that the magnetic moment is localized entirely on the
manganesc sitc except for the alloys containing cobalt (Ziebeck and
Webster 1974). Extensive work has been done measuring hyperfine fields
in these alloys in order to obtain information on the interactions
which-are responsible'fbr the ferromagnetism, There is a recént review
article (Campbell 1975). Since the manganese atoms are too far apart

‘
to be coupled by direct interactions of the d electrons it is thought
that some form of indirect interaction through the conduction band A
sucﬂ as the R-K-K-Y interaction is important for ferromagnetism.
Caroli and Blandin (1966) have proposed a double resonance model,
however it has not been found especially accurate in comparison with

experiments on hyperfine fields (Campbell, 1975),



Figure 1
The Lzl-Heusler crystal structure. For

Ni Cu, MnSn: X is Ni or Cu, Y is Mn and
XT2-x

Z is Sn.
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; ‘Bulk ﬁagnctization mcasurements are useful in providing infor-
mation about the magnétic properties of these alloys. UstCally the
magnetic properties are measurcd as the composition of the alloy under
study is changed. One method of doing this is to vary the céip;sition
between two closely related alloys\whilc retaining the Heusler
structure. This is possible if the atoms on only onc lattice site are
changed.

Most experiments of this type are done by changing the Y site
. (
2§b component ,. Cémpbell and Stager (197¢) have determined the composition
oM T, Sn. This series of alloys varies

from ferromagnetic NiZMnSn to paramagnetic NizTiSn while maintaining

dependence in the ,system Ni

»

the loéal moment charactéristic of 4 ub/Mn atom. Booth and Pritchard

(1975) have investigated CozTixGal_xGa and attribute the onsct of ferro-

magnetism at x = 0.5 to changes in electron concentration rather than

v

Erystal structure. Endo et al. (1972) have estimated the s-d inter-

[}

actions in the dilute system Cu,Ni, _Mn_Sn.
2 71-x x

In the Heusler alloys containing manganesc it.would seem at

first glance that the X site is relatively unimportant in determining

the magnetic properties. In NizMnSn for instance, Ni only contributes
at most oneAelectroﬁ to the conduction band, Noda and Ishikawa (1976)

have fitted the magnon dispcrsion curves for Nizbm5n and Pd.,MnSn. From

2
these fits they have determined the exchange interactions up to eighth
nearest neighbours. They find that the first and second néar neighbour
interactions are inconsistent with $he s-d model and suggest that the X

.

ysite ataqm plays a crucial role in determining these short range



interactions. It is these interactions which largely affect the Curie
temperature,
The purpose of this thesis is to investigate the effect of

(-—/. . . - ' \
systematicaiTy Varying the X site component in a representative Heusler
I
. N
system. The system Ni Cu,  MnSn was chosen for several reasons.' There

-

is a large difference iﬁ\ﬁgrie temperatures between &;2
Both of these alloys are local moment fewromagnets with the moment conq'
centrated entirely on the manganese site., Experience in the léborator;
indicated that NsznSn was ecasy to make with reproducible 'results. jhé

alloy components arc relatively inexpensiv% and recadily obtainable.

"
v

MnSn and CuZMnsn.

Y

There is one disadvantagk, however. Oxley et al (1963) have reported

that high temperature magnetization measurements ofiCuZHnSn can not be

performed because of irreversible precipitation of another phase as the

>

temperature is increased., The precipitation was observed by metallo-

graphic examination as well as by X-ray powder:methods. Since NiZMnSn

does not show this effect it was hoped that the majority of the iﬁters
mediate Ni-CuMnSn alloys would be frqp from this typé pf effect. -
Attempts were made to make the alloys of Iﬁ instead of.Sn,bug ;hese
were unsuccessful. ‘ ' ' ‘ o
The remainder og this thesis is leldéd into flve parts,’ '
Chapters 2 to 6 inclusive. Chapter 2 is a sectlon on theory whlch con=

tains an account of effective field theory. The thlrd chapter is a“

description of sample preparation and\experimental apparatus‘ The -

fourth chapter contains the data which is dlscussed 1n Chapter S ey

Flnally conclusions and suggestions for further research are 1nc1uded 1n fi

Chapter 6:



v CHAPTER 2
. THEORY

"“In this section.some relevant theory is presented. In particular

-effective field thedry is discussed with application to the magneti-

zation measurements at temperatures above the Curie point. A method for

analyzing low temperature magnetization measurements is also discussed,

>

v " © EFFECTIVE- FICLD TIIEQRY

This descrlptlon of effectlve field théory is similar to that

fbund in Effectlve Field Tneorles of Mggnetlsm (Smart 1966)

 Above 1t$-Cur1e temperature a local moment ferromagnet can be
. rd

adequately described in the effective fiold approximation. In its most

simple forh‘this theory cpnsiders only one magnetic atom and replaces

its interaction with the rest of the crystal by an effective field,

x I}

This is also sometimes called a molecular field. The exchange inter-

s

“action energy between two spins S, and §j can be written as

o

3

ij 4 .35

U E=2J..S +S. . (1)

b
- * . 3 '
- "

wherxe J.j;is the exchange integéal for- the f and.j'th spins. If the

exchange 1ntegrals are assumed 1sotrop1c then the single particle

L4
L)

Hamlltonzan for a given spin i may be wrltten

»
N



. Zr |
Hy = -2) J_ S, .. Z S (2)
r ©d

where it is aséumed that all first neighbour intefactibnS‘are the same,
et;. Zr is the number of r'th nearest neighbours. éince the high
temperature results may be influenced by more than just near neighbour
interactions we allow the possibility of further interactions by the
summation over r. .

To replace these interactions by an effective field Ee we

require that Hi has the form

Hi = -g ug §i . Ee . : 3
Equating equations (2) and (3) we can identify .
Zy .
2
H = — J S. . ‘ 4
e  guy Z; T ?;; ~j @

For the effective ficld approximation each spin §j may be replaced by

its average value <S>. Since the total magnetic moment of the crystal

is
| M=N ug g<S> . (5)

where N is the-number of spins <S$>, then

. 2 .
PR .
4 UBN r

" Consider also an applied field'ﬂo so that the total field acting on the

L

i'th spin is



+ _[je . . ‘ ) (7

For simplicity assume S, H, Eo’ Ee and M li¢ along the z axis. The

one atom Hamiltonian now becomes

H, = -g uy S_H (8)

with ecigenvalues E = ~gum H, m = §, S-1,---- .S, The partition

B

function of the system is

_ guml/KT _ sinh((2S + 1)x/2S)
Q = ; e”'B = SInh(x/25) 9)

g ug S H
The total magnetic moment is defined to be

where x =

M = kT (3ln %/an).r (10)

where Qn = (QS)N. Substituting equation (9) into equation (10) we

find that

M=g up N S ((28 + 1)/25 coth (25 + 1)x/2S - 1/2S coth (x/2S)) (11)

" In the high temperature region of interest x<<l. For small arguments
Y, coth y = 1/y + y/3 + seeeen- *
so that (28 + 1)/2S coth ((25 + 1)x/2S) - 1/2S coth (x/2S) = x(S + 1)/3S

in

Now M(x<xl) = g uy NS (x/3S (S + 1)) so that



8
N g2 u2 H
M(x<<1) =

3 S(S + 1)

This expression may be written as M =

(12)
CH
T (13)
N g% ul s(s + 1)

where the Curie constant C is equal to C = T
Substituting (7) and (6) into (13) gives

i g = (14)

o T-2 }: z_J_C/(Ng" ug)  T-6

r.

where the paramagnetic Curiec temperature 6 is given by

2C E:

2: Z J S(S + 1)
N g u

(15)

From equation (14) it is seen that the inverse magnetization

1/M varies linearly with T once the condition that x<<l is met

At

sufficiently high temperatures a plot of 1/M versus T at constant
applied field H
T=0.

gives a straight line of slope 1/C with intercept at

From equation (15) it can be seen that 6 gives a measure of the
interactions responsible for the ferromagnetism.

The slope of-the
graph equal to 1/C determines the effective paramagnetic moment.
is defined as

This
~
| b= geses + 1Y = @Ko/ B)I/2

&
» > -
!
i -
§
\‘
i
4

A measure of the paramagnetic moment gives an indication of the average
\ﬁpin S of the system.

|

i



MEASUREMENT OF SATURATION MAGNETIZATION

Because of the presence of domains in ferromagnetic materials,
fﬁe saturation magnetization cannot be measured directly. Application
of a large external magnetic field is necessary to remove the domain
walls and allow the spins to align along a common axis. In this way
bulk magnetization measurements which determine the magnetic moment of
the whole sample may be used to determine saturation magnetization. An

approximation for the approach to saturation may be given by

M= M. (1-b/H ) + xH ‘

~

(McGuire and Flanders 1969). The constant b is a measure of the encergy )\
required;io rotate the domains with an external field H . x is the
diamagnetic susceptibility contribution from the core electrons in the
sample. Contributions to the magnetization from sample holders, etc.

would also be contained in this term. If b is small so that the mag-

netic material saturates easily, then for large magnetic fields the M

versus HO curve becomes linear. An extrapolation of the linear portion

to Ho = 0 gives the saturation magnetization MS. An example of tﬁis is

shown in Figure 4.



CHAPTER 3

SAMPLE PREPARATION AND LEAPERIMENTAL APPARATUS

This section is divided into two parts. The first part con-
cerns sample preparation while, the second part describes the apparatus

used in making the measurements. -

SAMPLE PREPARATION

Eleven samples of different compositions between NiZbMSn and
CuzMnSn were prepared. These can be represented by the formula
NixCuz_x}mSn with x = 2, 1.8, 1.6, ---- 0,2, 0. The starting Ni, Cu,
Mn, and Sn were weighed out to within 0.5 milligrams of the amount
required, Since thirty gram samples were made this corresponds to a
maximum contribution of 0.01% to the cgmposition error. The consti;-
uents were melted in an R.F. induction furnace in A1203 crucibles. The
atmosphere was a slight averpressure of argon to prevent oxidation and ‘
vaporization. After several minutes of homogenization in the melt the
alloys were cooled slowly to room temperature. The resulting ingots
were then broken into convenient size pieces, some of which wére grouné
into 325 mesh powder. Then, several small chunks of alloy and the
powder were sealed in quartz tubes under vacuum after flushing twice
with helium, These sealed tubes were used for annealingqthe samples.

To prevent oxidation it is best not to anneal fine powders,

however, it is necessary so that samples used for X-rays and samples

10 .
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used for magnetization measurcments have undergone identical heat
treatments. Also, annealing the powder removes cold work strains
induced by grinding. The sealed tubes were evacuated well enough so
that no problems with oxidation were experienced.

The alloys were annealed in two sets. The group NiZMnSn to
NiCuMnSn were anncaled for ten days at 700° C while the rest were
annealed for ten days at 550° C. The copper-rich alloys were annealed
at a lower temperature becaus; their melting point is lower than that
for the nickel-rich alléys. CuzMnSn was observed molten at 700° C.
All samples were quenched into water from the annealing temperature.
It was noted that Cu2MnSn was nonferromagnetic before annealing and
strongly ferromagnetic after. All other samples were ferromagnetic
both before and after annealing. For the X-ray diffractometer part
of the annealed powders were pressed onto flat plate glass microscope
slides using Dow Corning vacuum‘grease as a binder. Samples for the
magnetometer were prepared from selected anneaiéq pieces of alloy.

The pieces used were less than one-quarter inch long in any one dimen-
sion and‘were mounted .on the end of four millimeter quartz rods with

* -
ceramic cement , A similar rod with cemént but without a sample was

used for standardization purposes.

-~

*
Sauereisen Cements Company, Pittsburg, Penna.
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DESCRIPTION OF APPARATUS

X-RAY DIFFRACTOMETER

Lattice parameters were measured using a vertical powder X-ray
diffractometer. The goniometer head was rotated slowly by a stepping
motor at a constant rate of one degree per eight minutes while signals
from the detector were processed by a Phillips ratemeter. Copper
K-alpha radiation,wgs used with a Ni filter. Information from the
ratémeter was recorded by a chartrecorder resulting in a diffraction
pattern of two centimeters per degreg_gjspcrsion. The scale of the
‘chartrecorder and the pgsition of the goniometer trached accurately
over a one-hundred degree span and this was cheched for each sample.
The absolute accuracy of the lattice parameters measured by this method

-

was not determined, however, the results were consistent if any sample

was measured twice. The lattice parameters obtained for the end i

2

shown in Chapter 4 in the section on X-ray diffractometer data.

membeérs Ni,MnSn and CuzMnSn agree with the published values. This is

. ELECTRON MICROPROBE

Composition of the samples was checked using standard electron

microprobe analysis.
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VIBRATING SAMPLE MAGNLTOMETER

Magnetic measurements were done using a Princeton Applied
Research vibrating sample magnetomcter. The required magnetic ficlds
were obtained using a Magnion water cooled electromagnet which could
be ramped at a constant rate to approximately fifteen kOe. Low
temperature measurements were done hsing an Andonian Assoc. liquid
helium dewar while high temperature measurements were done using a
vacuum walled furnace. In both cases heaters were controlled by a
proportional temperature controiler monitoring a chromel versus
gold-0.07 atomic percent iron thermocouple at low temperatures and a
copper constantan thermocouple for temperatures up to four-hundred
degrees centigrade. For higher temperatures a platinum versus
platinum-10 atomic percent rhodium thermocouple was uscd. Voltages
proportional to magnetization and applied field or magnetization and
temperature were measured by two digital voltmeters whose digital
outputs were monitored by a Texas Instruments 960A on-line mini-
computer. The resulting computer output.was a histogram of magne-
tization versus field or magnetization versus temperature. The
magnetometer was calibrat® using a pure Ni §;mple of mass 0.07507
grams as a stan@ard. Using the accepted value of 55.11 * 0,06 emu
per gram at 4.2° K for the magnetic moment of pure nickel (Crangle
and Goodman 1971) a calibration constant for the magnetometer was
calculated. This varied between 1.46 and 1.47 emu per volt and was

checked periodically. )
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ANDONIAN DEWAR

This dewar used for low temperature mcasurements is of a
design which allows the temperature to be varied continuously from
4.2° K to room temperature. This is accomplished by bubbling liquid
helium through the sample chamber which is surrounded by a Heatcr.
This way the sample is not in contact with the liquid helium bath but

is cooled by helium gas to the required temperature.



CHAPTER 4

DATA

X-RAY MLASUREMENTS

XA-ray measurcments for all samples were done using a slow scan
speed of eight minutes per degrée. All samples were found to have the
L21 structure showxng the expected F.C.C. lines in the diffraction
pattern., Lattice parameters were found by averaging those calculated
from the higherlordcr lines in each diffraction pattern. Some samples
were cheched by step scanning one or more of the higher order peaks.

A typical step scanned peak is shown in Figure 2,

The lattice parameters are thought to be accurate to at least
0.01 ®. The value gf)é.OSS R obtained for NizMnSn is in good agree-
ment witlt the 6.052\3 measured by Webster (1968) while the extra-
polated value of 6.164 R for CuzMnSn compares favorably with the 0.161
R measured by Carapella and Hultgren (1942). More importantly the
measure of variation in lattice parameter from sample to sample is
thought to be accurate to better than 0.005 &. This is because gys—
tematic errors resulting from diffractometer alignment are the same
for all samples. Several samples were analysed twice on separate dif-
fractometer'runs and in all cases the measurements were within 0.005
R. A summary of all lattice parameter measurements is shown in Table
1 and a plot of the variation with composition is shown in Figure 3.

..

15
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Figure 2
The (422) X-ray powder diffraction peals for
Nil 6Cu0 4Lm5n as measured by step scanning.

These peaks are typical of those secn for the

alloys when measyring lattice parameters.
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Table 1

a
1

The lattice .parameters of Ni_Cu, _MnSn measured
Py X 2-X

in angstroms. The value obtained for CuQMnSn

is from the extrapolation of Figure 3. The

experimental error for all lattice parameters is -

estimated to be 0,005 X.



TABLE 1
Lattice parameters of
leCuZ_anSn

X _ LATTICE PARAMETER: (angstroms)
2,0 6.053 = 0.005
1.8 6.063 -
1.6 6.0706

14 16.087

1.2 6.100

' 1.0 6.105

"0.8 . 6.118
0.6 6.132
0.4 6:1a5
0.2 . 6.153
0.0 6.164

17



Figure 3 .
A plot of the composition dependence of the

lattice parameters for 'NixCu _Mnsn.

2
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MICROPROBE ANALYSIS

A check on the composition of some of the samples was done
using an electron microprobe. This apparanusibombards the sample with
a one square micron beam of high energy electrons. The spectrum of the
emitted X-rays was obtained and the clements of the sample found by
identifying their characteristic wavelengths. A computer program cal-
culates the composition from the relative intensities. The eclectron
beam could be scanned across the sample allowing a check of homogeneity.
All samples analysed were found to be within ten percen; of their
nominal compogition and jthis is close to the limits of experimental
error for this device. Variations in composition of no more than five

percent were found when scanning across several samples.

MAGNETIZATION MEASUREMENTS

Field runs to determine saturation moments were done on all

.samples except Cu,MnSn which was eliminated because of instability of

2
the quenched high temperature LZ1 phase. Saturation .noments were
determined at temperatures from 4.2° K up to the Curie temperature for
each sample. A plot of magnetization versus applied field is §hown
in Figure 4 for NiCuMnSn. A complete list of results for all field
runs at all temperatures is given in Table 2.

For cach ailoy, saturation moment versus temperature was
plotted to check that the magnétization of the samples fell off smoothly

with increasing temperature up to Tc' This provided a check for

unwanted phases and two component systems. Magnetization fell smoothly



Figure 4
Graph showing the variation of the magnetization
of NiCuMpSn with the applied field H at 4.2° K,
Note that the M = O point is not shown. This
graph illustrates the method used to determine

saturation moments for the alloys. -
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Table 2
Saturation magnetization measurements for
i Cu
N xC

2 _anSn .



Saturation magnetization of NixCu

TABLE 2

2_anSn

21

x = 0.2

T (°K) M (up/in)

4.2

75
149
224
296
372
423
474
504

523

x=0.8

3.72

3.67

3.57

3.45

3.18
2.87
2.58
2,11
1.65

1.15

(°K M (uB/Mn)

X

T (°K) N (uB/Mn)

x = 0.4
T(CK M (uy/¥n)
4.2 3.90
76 3.83
149 3.73
224 3.53
298 3.27
373 2.82
423 2.35
454 1.92
. .x=1,0 '

T(CK M (uB/Mn)

4.2
75
174
224
296
322

348

4.02
3.91
3.60
3.36

2.86

2.59

2.30

4.2
50
101
151
2000
249

296

4.2

74

149

224
296
324
348
372
398

422

X

4.

3-

04

97

.78
.51
.17
.97
.78
.51
.15

.62

T(CK M (uB/Mn)

4:10
4.03
3.91
3.70
3.47
3.13

2.61

4,2
101
200
281
296
313

333

4,

3.

04

81

3,33

2

2

2.

1

.54

.30

06

.60

Continued...,. .-
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TABLE 2 -- Continued

372 1.81 313 2.38
398 1.01 333 2.01
x = 1.4 x = 1.6 x = 1.8

T (° K) M (up/Mn) T (°K) M (up/Mn) T (° K} M (up/Mn)
4.2 4.04 4.2 4.07 4.2 4.04
100 3.83 100 3.86 100 3.88
200 3.33 200 . 3.36 200 3.41
297 2.27 296 2.30 294 2.38
318 1.85 312 2.16 315 1.90
331 *1.38 333 1.19 333 1.16

x = 2.0

TCK M (uB/Mn)

4.2 4.07
100 3.90
200 3.44
296 2.40
313 2.07

328 1.59
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for all samples. A plot is shown for several of the samples in
Figure 5. *

To measure the Curie point of the samples, they were heated
past,TC and allowed to cool through the.Curie point in a field of
approximately 500 Oe. A plot of the resulting signal is shown in
Figure 6 for two different samples. The method of extrapolation to
determine TC is evident from the figure. This method was cheched by
doing an Arrott plot for a similar sample. Agreement was within one
degree K. A list of all data is given in Table 3. Figure 7 shows ;
plot of Curiec temperature Té versus composition x for NixCuzthnSn.

After the Curie points were determined the samples were hecated
in a constant field of 10.9 KOe to dcter@ine the paramagnetic moments
and the paramagnetic Curie temperatures. The samples were heated up
to the temperature at which they were annealed. This poses a problem
for the Cu-rich samples because for these'samples the melting point
approaches Tc. This results in a relatively small linear portion of
the curve when inverse magnetization is plotted versus temperature.
Since P is determined from the slope of the lincar part, values for P
are less reliable as the samples become more Cu-rich. A plot to deter-~
mine 6 and P for one of the samples is shown in Figure 8 while a list
of all high temperature data is given in Table 3. Figure 9 shows a

plot of P versus composition x and Figure 10 shows the dependence of

6 on composition x.



Figure 5

Saturation magnetization versus temperature for:

- Ni N
1 N10.2Cul.sln8n
2 - Nlo.bCul.aMnSn
3 - N12HnSn

The curves are extrapolated to M = 0 at T =T _.
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Figure 6
L+
Remnant magnetization versus temperature for:
1 - NiCuMnSn
2 - N10.6Cu1_4MnSn

The solid line illustrates the method of extrapolation

for obtaining Tc.
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Table 3
i

P, 8_, and T_ for .the Heusler alloys Ni_Cu, _MnSn.
o c e x2-x .

2



High temperature results for Nix(:u7 anSn

TABLL 3

X P (uB/moléculc) 8 (° K) c (° X)
2,0 5.00 £ .10 365 1 10 346 % 2
1.8 4.92 . 373 342
1.6 14.84 388 341
1.4 4.67 423 345
1.2 4,60 a8 350
1.0 4.35 473 370
0.8 4.19 503 403
0.0 4.08 533 445
0.4 3.74 568 492
0.2 3.30. 583 ‘538 ’

20



Figure 7

Graph showing the variation of Curie temperature

T _ with composition x for Ni_Cu, _MnSn.
c X 2-x

. ~
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Figure 8
A plot of inverse magnetization versus
temperature for Nil.4Cuo.6HnSn in an applied
field of 10.9 kOe. The solid line illustrates

the method of extrapolation for determining 6.
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Figure 9

Graph sthing the variation of the paramagnetic

[y

moment P with the composition x for NixCuz_anSn.
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Figure 10
A plot of the variation of the paramagnetic
"Curie temperature 6 with composition x for -

Ni Cu MnSn.
X 2-X
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CHAPTER 5

DISCUSSION

®
The X-ray measurcments show that the system of alloys

NixCuz anSn remain stable in the Heusler L?.1 phase even for high
copper c¢oncentrations. Although the alloy CuZHnSn is unstable and

precipitates other phases when heated, Ni, ,C MnSn and the other

0.27Y1.8
alloys appear not to show this effect. This is supported by the
observation that all the sahples containing nickel were ferromagnetic
both before and after annealing. Also an X-ray diffraction pattern

of an unannealed powder of NiO.ZCul‘SMnSn showed only slight traces of
impurity phases. These did not disappear when the powder was annealed
and quenched so they are probably not due to precipitation. All nine
other alloys from x = 0.4 to x = 2,0 are entirely Heusler and show well
defined Curie temperatures in remnant magnetization versus temperature
plots. “The lattice parameters are seen to vary linearly from 6.053 R

for Ni.MnSn to 6.164 R for CuzMnSn. This linear variation is evidence

2
that the composition varies smoothly from sample to sample. The
absence of any additional diffraction peaks or any broadening supports
the view that the alloys are homogeneous. The saturation magnetization
remains constant at 4.0 % 0.1 uB/molecule throughout the composition
range exceél for Nio‘z(tul.8
in saturation moment is probably due to the presence of the small

MnSn at 3.71 uB/molecule. This slight drop

amount of impurity phases seen by X-ray diffraction.

31
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a

Some difficulties were fencountered when measuring the para-
magnetic moments P and the paramagnetic Curie temperatures 6. One
problem is that as the copper concentration is increased Tc increases

rapidly until at Ni MnSn TC is only a few hundred degrees

0.2%%1.3
lower than the melting point. Molecular field theory requires haigh
temperatures for a determination of P and 6 but measurements become
difficult in this region bccause of the small signals produced by the
samples when they are paramagnetic. A rule of thumb for measurements
in the paramagnetic region is to use temperatures greater than 2 Tc

*

but this 1s 1mpossible for the copper-rich alloys because of their
high Curie temperatures. Figure 8 illustrates the method‘used to
obtain the da;a. ' '

The paramagnetic moment appears to drop rapidly as the copper
end of the composition range is approached. This effect is real and
not a result of the diffic%}ties mentioned above. If it were possible
to extend the temperature range of the measurements, P would decrease
since the slope of the 1/M versus T graph increases monotonically over.
the accessible temperature range: This means that the measurements
determine an upper estimate to the actual value of the paramagnetic
moments.

It is unusual that P drops so suddenly when the saturation
moment stays constant. This could result if the alloys underwent some
form of disorder as they were heated. This disorder would have to be
completely reversible since several of the alloys were measured again

at low temperatures and gave exactly the same saturation moments as

before. NizMnSn is known to disorder when annealed above 1000° C and
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quenched to room temperature. Campbell and Stager (1970) state that the
Mn-Sn disorder leads to manganese¢ near neighbour pairs that are close
enoughanfor a dircct antiferromagnetic interaction. Although no

Y -

detailed calculations have becen carried out it is expected that this
. .

will cause the observed curvature in the /¥ versus T plot.

The Curie temperature TC varies nonlinearly with composition as
shown {n Figure 7. This seems to suggest that something unusual is

-

happening to the electrohic structure of the crystal as the composition
is changed. It is expected that the conduction band electron concen-.
tration varies linearly as the copper concentration is increased and,
if this is the casc, some otﬁer mechanism may be responsible for the
interactions which determine Tc. N

The paramagnetic Curie temperature 6 appears to.vary linearly
with composition, however the measurements of @ are estimated to be

low because of the curvature of the 1/M versus T curves at high

temperature. This curvature is presumably caused by disorder.

-

<
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CHAPTER 6
CONCLUSIONS

The magnétic properties of the system of Heusler alloys
Ni Cu,_  MnSn have been measured from 4.2°,K‘to more than 900° K. The
Heusler phase of the alloys has been found stable at high copper con-
centrations even though CuZMnSn is unstable. The effective paramagnetic
moment appears to drop as theécopper concentration is increased and this
/ T
is attributed to disorder at ﬁigh temﬁeratures. The var}ation of Tc
with composition of the X site component is seen to be nonlinear sug-
gesting unusual changes in the electronié properties of the alioy§.
Calcﬁla;ions of the band structure seem necessary foé‘the interpmétatiq;‘

of the results, however it;is apparent that the X site plays an impor-

e difference

., . .
tant role in determining the interactions responsible £

in Curie temperatures among the Heusler alloys

34
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