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CHAPTER I

INTRODUCTION

The rare earth phosphates, arsenates and vanadates
form two series of isomorphous compounds. They crystallize
with either a monoclinic or a tetragonal crystal structure
(Schwarz, 1963). Single crystals are relatively easy to grow
by a flux method (Feigelson, 1964). For the above réasons
these series should be promising candidates for an investi-
gation of the problem of - a magnetic impurity iﬁ an ordered“
magnetic structure by microwave techniques. There is,
however, very little information available about the
magnetic properties of these systems. To initiate a systematic
study, we have measured the magnetic susceptibility of

monoclinic SmPO, above 4.2°K using a vibrating sample

4
magnetometer. 1In addition, we have built an apparatus to
measure the a.c. susceptibility over the temperature range

0.4 to 4.2°K.

An expression has been developed for the susceptibility
of the Sm3+ ion that includes the effects of spin-orbit
coupling and the cubic crystal field splitting of the ground
state. The paraméters which deécribe these effects have
been determined by fitting the expression to the experi-
mental results,

The remainder of the introduction presents a description

of the Sm3+ ion. 1In Chapter II we give the theory necessary

for interpreting the data. A complete description of the
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apparatus and the theory of the most important components is
presented in Chapter III. Chapter IV describes the method
used to obtain low and high temperature data. The analysis
and experimental results are given in Chapter V,.followed

by a discussion of the results and conclusions in Chapter VI.

The lowest energy electron configuration for Sm3+

iS'4f55825p6. The 4f shell is paftially filled with electrons.
and is somewhat shielded from external electric field effects
by the 5525p6»ele§trons. -The effect 6f7electron—electron
interactions is to produce a 6H ground state and the spin-
orbit interaction splits this state into six multiplets of
definite J. Each multiplet is (2J+1)-fold degenerate. 1In
this approximation the states may be labelled by |aLSJIM>.

The J=5/2 state lies lowest in energy. In a cubic crystal
field a J=5/2 state splits into a 2 and a 4-fold degenerate

state labelled by I', and I', while the next lowest state

7 8
J=7/2 splits into two 2 and one 4-fold degenerate states
61 F%, Pé. The Pi are labels for the irreducible represen-
tations of the cubic group (Griffith, 1964). An illustration
of the splittings of a 6H term under spin-orbit, cubic

crystal field and magneticrfield interactions is shown in

Fig. 1. We assume that the I'. state lies lowest in energy.

"7
. C o 6 6
Dieke (1968) indicates that the H5/2 H7/2
splitting, A, is ~1100 cm—l and that the overall crystal
‘ 3+

field splitting, X, is ~70 cm"1 for Sm in hexagonal LaCl3.

The spin-orbit splitting in SmPO, would not be expected to



Figure 1

The lowest energy levels of the 6H term

of Sm3+
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differ by more than 10% from the above value since any crystal
effects on the energy levels are much smaller than spin-orbit
effects. The crystal field splitting could be appreciably
different since SmPO4 does not have a hexagoﬁal crystal

structure and the crystal field is not cubic.



CHAPTER II
THEORY

THE CRYSTAL FIELD

In this seﬁtion we introduce thé effect of a static
cubic crysfél.field on the free Sm3+ ion. The interaction
Hamiltonian will be developed and a method for calculating
crystal field matrix elements will be presented.

The exchange interaction between samarium ions is
very weak since no magnetic ordering occurs; therefore, one
makes the approximation that the ion is isolated and perturbed
only by a static electric field produced by neighbouring anions.
This effect is small (<100 cm—l) compared to the spin-orbit
interaction and hence may be treated by perturbation theofy.

One can expand the static crystal field about an ion
as a series in spherical harmonics. In the cubic field case,

for f electrons, the interaction may be written (Low 1960)

(@

o} 5 4 -4
V = A (Y4 +/.ﬂ-(y4 + Y, ))
vid

o o, V. -4
+ Ag (Y6 t = ))

4
(Y6 + YG

where the general spherical harmonic is YE and the AE'S are

crystal field parameters.
The fact that terms in g#0 exist may cause d mixing

of free ion eigenstates with different M values. M would no

"longer be a good guantum number to label the states with.



We use the Wigner-Eckart theorem to find the matrix

q

elements of any tensor operator Tk

with respect to free iQn
states characterized by |LSIM>.

Once one has determined the interaction matrix, it
must be diagonalized to find the eigen&alues and eigenvectors.
The crystal field is much smaller than the spin—orbit energy
so fhat it can be treated by first order perturbation theory.
In first order there is no mixing of states with different
values of J. Since the J=7/2 state is 1100 cm™ ! above the
ground state it will never be éubstantially populated so
that it is only necessary to consider the effect of the
crystal field on the J=5/2 level for the susceptibility below
room temperature.

MAGNETIC SUSCEPTIBILITY

In this section we will outline the procedure for
obtaining the magnetic susceptibility and VanVleck's (1932)
formula for the susceptibility.

Thé magnetic moment u of an ion in its nth level in

an applied magnetic field H in the z direction is given by

My % - BEn/aH.

En is the energy of the level in which the dipole
exists. The energy of the nth level may be expanded in a

series in matrix elements of the perturbing Hamiltonian,

1 — —
H' = u H = “o (LZ + 2SZ) H.

I
&



According to standard perturbation theory:

E =P +aed) 4 g2 o .
n n nm nm
(1) _
where E = <wnm|pz| Yo
2
(2) |<wnm’“z! lpn'm'>|
Enm = z E - E
n',m' n n'

There is a thermal distribution of aligned dipoles in the
various energy levels in the presence of a magnetic field.
The total magnetic susceptibility x is a statistical mean

over all stationary states using a Boltzmann distribution,
N Z e_En/kT
nm
n,m
X - - 1
o~E /KT

n,m

where N is the number of atoms per mole. The above expression
for the susceptibility is exact.

It can be shown fhét if thé argument of the exponential
is wfitten as the series expansion for Eh and the exponential

is then expanded for small arguments, that the susceptibility

(1), 2
becomes: (E ) o
NI —EET—_ -2 Eéi) 1l e Ep/kT
nm
X = ~g°

T e En/kT

nm
The term in Eéi) is the Curie type contribution to the
susceptibility and the term in Eéi) is the temperature

independent VanVleck susceptibility arising from the

magnetic interaction between states of different energies.



THE SUSCEPTIBILITY EXPRESSION

The effect of the crystal electric field and a

6

magnetic field along the z direction on the "H level of

5/2
the Sm3+ ion may be treated exactly. Corrections to the
susceptibility due to the presence of the J=7/2 state are
included by using second order perturbation theory.

Since the magnetic field is aiong the z axis,
matrix elements in LZ + 2SZ are required. If R, R.y and

R, are the components of a vector operator then from the

1l

theory -of irreducible tensor operators one defines R,=R

O.
1/
that is, RZ is the zeroth component of an irreducible
tensoxr of order 1. The Wigner-Eckart theorem may be
employed to calculate the matrix elements.
For the free ion one finds that for J=5/2
<gM|L, + 28 |M'> = —% M Sypr
The factor 2/7 is the Landé g factor for the free samarium
ion. Thus writing the perturbation Hamiltonian as
H' =V + qu
and calculating the matrix elements one sees that the magnetic
field adds terms only along the diagonal of the matrix of V.
The matrix-can be diagonalized to find the eigenvectors and
eigenvalues. These eigenvalues may be used to calculate

u from which the susceptibility may be obtained.

nm
To complete the expression for the susceptibility we
must include the contribution of the VanVleck term between

the J=5/2 and J=7/2 states.



The contribution to the susceptibility from the J=5/2

state contains one adjustable parameters, the F7—F splitting,

8
K, while the VanVleck term contains the other parameter,'the
6 6 e .
H5/2 - H7/2 splitting, A. The energy separations are
shown in Fig. 1.

The total susceptibility expression in units of

emu/mole is |

~E_/kT

o

N Wy e 07 2

X = _nm - <y lu (v > )
—En/kT 5 e-En/kT n'm!'
HI e nm
nm
where n' =7, I'!, I''. E_- E_, is assumed to be constant

6 7 8 n n

for all n'.

The eigenfunctions wnm are tabulated by Griffith
(1964). They are the perturbed wavefunctions due to a cubic
crystal field and consist of linear combinations of the free

ion states, |LSJM>.



CHAPTER III

EXPERIMENTAL APPARATUS

LOW TEMPERATURE APPARATUS

Diagrams of the apparatus used in measuring the
magnetic susceptibility of SmPO4 for temperatures below
4.2°K are shown in Figs..2~and 3. | |

The primary coil was wound with 800 turns of #36
copper wire about‘a "micarta" coil form . Each layer was .
glued down with G.E. #7031 adhesive. The secondary was
wouﬁd in two sections, a compensating and a measuring
coil. These were connected in series opposition such that
the mutual inductance between the primary and secondary
was a minimum. ’Each side of the secondary had 2340 turns of
#38 wire. Constantan wire provided the electrical path
from the coils at 4.2°K to room temperature surroundings.
The mutﬁal inductance cdils were immersed directly into

4He bath and surrounded the tip of the 3He dewar.

the
Glass dewars were used as opposed to stainless steel

ones because the latﬁer~can cause undesirable electromagnetic

effects in the measuring equipment thfough the agency of

eddy currenﬁs. Thererwas ?roQision on the 3He dewar to

admit 4He "exchange gas" to the vacuum jacket to provide

thermal equilibrium across the walls of that dewar. Thermal

3

contact between the “He dewar inner-wall and the sample

was maintained between 4.2°K and 1.2°K by means of 3He gas.

10



Figure 2
Schematic illustration of the apparatus
used in measuring a.c. susceptibility at

3He temperatures.
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Figure 3

3He gas handling system and pumping

arrangement.
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Temperature measurements in the range 4.2-1.2°K were
obtained from the measured vapour pressure of 4He using
a Texas Instrument Precision Pressure Gauge; model 145.
Valves were arranged so that this same instrumen£ could be

3
used to measure the "He vapour pressure. There was one

3

pumping system to evacuate the “He dewar initially and the

3He to

dewar jacket, and a separaﬁé system to return the
storage reservoirs.

Fig. 2 shows how a permanent magnet, external to the
3He vacuum system, could be used to lift the sample out of

the measuring coils. This operation permitted an accurate

" determination of the background signal due to an unbalance

in the coils.

Three baffles were soldered to a stainless steel rod
to reflect any radiation from the warmer parts of the 3He
dewar. A piece of paper was coated with powdered graphite

3He dewar to minimize

and inserted between the coil and the
the room temperature radiation that could penetrate into
the section of the 3He dewar containing the liquid.

The coupling, that is, the mutual induqtance between
the primary and the pair of series opposed.secondaries
has fwo contributions. One.is due to the sample and the
other is due to -the background in the absence of the sample.
The difference in these contributions at a given temperature
is propbrtional to the susceptibility (and weight) of the

sample at that temperature. These mutual inductance measure-

ments were made with a Cryotrcnics mutual inductance bridge
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model ML-155B. Measurements involve balancing the induced
emf in the secondary of the mutual inductance containing

the sample by means of a variable mutual inductance connected
in series opposition. The bridge was similar to that
described by Pillinger et al. (1958). A simplified repre-
sentation of the circuit is shown in Fig. 4. A signal
generator is transformer coupled with the primary circuit and
gives rise to a primary current which passes through a decade
resistor, p. This resistor and the triode tube form an
artificial primary circuit feeding the fixed mutual inductor,
m. Adjusting o changes the current in the artificial circuit
and hence the induced voltage in the secondary of m. Out of
phase comporents in the secondary are balanced by varying R.
An oscilloscope provides visual observation of the null

balance.

HIGH TEMPERATURE APPARATUS

Susceptibility measurements above 4.2°K were performed
using a Princeton Applied Research vibrating sample magneto-
meter model FM-1, in conjunction with a magnion model L~-96
magnet. An illustration is shown in Fig. 5.

The sample is vibrated along a lime pependicular to
the applied magnetic field. The resultinrg oscillating
dipolar field is detected by a pair of pick-up coils. The
- magnitude of the signal induced in the coils ié proportional

to the magnetic moment of the sample and to the vibration



Figure 4
Simplified representation of the a.c.

mutual inductance bridge circuit.
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Figure 5
Schematic illustration of the vibrating

sample magnetometer.
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frequency and amplitude. At the same time a pair of
capacitor plates bearing a DC voltage vibrate at the same
frequency between a pair of fixed capacitor plates. This
induces a reference signal on the fixed plates. The

sample signal is compared to the reference signal and the
_differenée is converted to a DC:voltage and fed back to the
vibrating capacitor plates to cobtain a null between the
referenée and sample signals. This nulling technique insures
that the measured result is independent of‘the vibfation
frequency and amplitude. The DC feedback voltage on the
capacitor plates is proportional to the magnetic moment

of the sample. A fraction of this voltage appears across

the output terminals of the magnetometer.



CHAPTER IV

EXPERIMENTAL METHOD

PREPARATION OF THE SAMPLE

The flux method (Feigelson 1964) was used to grow
SmPO4 crystals. A few grams of lead pyrophosphate (Pb2P207)
were placed at the bottom of a platinum crucible. Samarium
oxide»(Sm203) was added and the crucible was filled with

P,O,:Sm

207:5m,0

Pb2P207 and covered tightly. The ratio of Pb

was 24:1 by weight.

2 273

The crucible was heated to 1300°C at a rate of 300°C/
hour and allowed to soak for 12 hours to assure complete
dissolution of the oxide and then cooled to 950°C at a rate

of 3°C/hour. The solidified matrix of szon7 in which

the SmPO, crystals were imbedded was removed by leaching

4

with hot dilute nitric acid.

LOW TEMPERATURE MEASUREMENTS

To measure the a.c. susceptibility below 4.2°K a
‘0.315 gram sample was used. Liquid nitrogen and helium
‘'were transferred into their respective dewars. 4He exchange
gas was admitted to the 3He dewar jacket and 3He gas was
admitted to the sample chamber. The liquid helium was pumped
slowly down to 1.2°K while the bridge was baiaﬁced at
intervais of 0.05°K. When the 3He gas had liquified, the

exchange gas was pumped away. Further measurements were

18
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made while the pressure over the 3He was slowly reduced by
pumping. At frequent intervals the sample was removed
from the coils to obtain a background reading.

The conversion factor from units of mutual inductance
to units of susceptibility was determined using a known
weight of Cerium Magnesium Nitrate (CMN) whose susceptibility

is known to be (Schriempe et al., 1964)

2.73 4

T

X = (0.213 + )10™ " emu/gm.

HIGH TEMPERATURE MEASUREMENTS

The procédure for obtaining high temperature suscep-
tibility measurements was as follows. A 0.924 gram powdered
sample of SmPO, was cooled in the sample position shown
in Fig. 5. Liguid helium was allowed to flow into the
sample chamber from below. A heater beneath the sample
created a continuous stream of helium gas whose temperature
was COntinuduSly controlled over the rénge'from 4.2°K to
room temperature. A thermocouple of chromel versus gold-
0.02 atomic percent iron was used to measure the temperature.
The thermocouple was located at the center of the sample
and referenced to an ice-water bath.

Data was recorded, at suitable intervals in time, using
a digital data acquisition system consisting of an X-1 and
X-2 digital voltmeter and a serial converter thch controlled

the punching of data on paper tape.
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’ Experimental runs were done with the sample present
and with the sample absent so that background effects could
be cancelled. The magnetometer was calibrated using a 1.10
gram nickel sample whose magnetization is 58.6 emu/gm.

- at 4.2°K (Daman, 1968).



CHAPTER V

DATA ANALYSIS

To analyze the data above 4.2°K a computer program
was used which‘converted the thermocouple and magnetometer
voltages to absolute units. A fixed thermocouple table
was incorporated in the program's data. Corrections to
this table were made at 4.2 and 77°K to agree with measured
voltages at those temperatures. At all other temperatures
é quadratic interpolation was used to adjust the table.
This program sorted and averaged the susceptibility data
within 1°K intervals.

Two experimental runs were made, one with the sample
present and one without the sample, called the background.
The background data was fitted by a least squares procedure

to an expression of the form
_ : , Cb

The sample a.c. susceptibility below 4.2°K is plotted
as a function of temperature and cbmpared with a plot of the

results above 4.2°K.

RESULTS
The magnetic susceptibility of powdered SmPO, as a
function of temperature is shown in Fig. 6 for T > 4.2°K.
To a first approximation the data is expected to fall on a

curve of the form x = C/T + Xy where Xy is the VanVleck term

21



Figure 6
Experimental and calculated susceptibility
of SmPO4 above 4.2°K. The calculated curve
was obtained using K = 16 cm‘-l and A = 1400
cm-l. The points plotted are only a small
fraction of the data collected and are
intended to show the amount of scatter in
the measurements and the temperature

dependence of the deviation between the

experimental values and the expression.
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and C is the Curie constant. The diamagnetic term is
negliéible as will be shown. A plot of X versus 1/T
(Fig. 7) gives a value of the VanVleck susceptibility,
Xy = (0.090 + .005) x 1072 emu/mole. 2 plot of X-Xy
versus 1/T indicates that the sample deviates from a
Curie behaviour for T less than 10°K. Above this
temperatufe, the curve was a straight line of slope
Ch = 6.1 x 10"2 emu-°K/mole. Table 1 gives the measured
and}calculated susceptibility values for SmPO4, over
the temperature range from 4.2 to 180°K.

Results of the susceptibility for T < 4.2°K were
preliminary. A graph of x versus 1/T indicated that the
data follows a Curie law over the ranage 4.2°K to 0.42°K

2

with C, = 5.5 x 10 “ emu-°K/mole. The results, however,

2
are not consistent with the high temperature data.

The reason for the discrepancy mav be magnetic
impuritiesrin the sample holder. More likely; however,
is‘thé uncertain state of the bridge calibration sample,
CMN. It is believed that parts of this sample were in
some unknown state of hydration and hence absolute values
of the susceptibility could not be assigned.r Witﬂithis

qualification, we present the low temperature results in

Fig. 8.



Figure.7
A graph of the magnetic susceptibility
of SmPO4 above 4.2°K Veréus inverse
temperature. The dotted line is an

extrapolation of the linear portion

of the curve above 10°K.
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Table 1
The experimental and calculated values
of the susceptibility from 4.2°K to
180°X. T is the temperature (°K),

X is the measured susceptibility (emu/

mole), Xe is the calculated susceptibility

(emu/mole) for K = 16 cm"-l and A = 1400
em 1. Values of X, a@bove 180°K are not
included due to a small signal-to-noise

ratio above this temperature.



TABLE 1

MEASURED AND CALCULATED SUSCEPTIBILITY

25

OF POWDERED SmPO,
T me102 xcx102, T )(mxlo2 )(cxlo2
4 1.38 1.18 5 - 1.07
6 1.13 .987 7 1.02 .923
8 .899 .867 9 .798 .817
10 .745 772 11 .706 .731
12 .650 .693 13 .586 .658
14 .548 .627 15 .526 .598
16 .502 .572 17 .480 .548
18 .464 .526 19 442 .505
20 .428 .487 21 .410 .470
22 .399 .454 23 .382 .439
24 .372 .425 25 .361 .412
26 .351 .400 . 27 .340 .389
28 .334 .379 29 .325 .369
30 .317 .360 31 .315 .351
32 .307 .343 33 .301 .336
34 .294 .328 35 .290 .321
36 .284 .315 37 .280 .309
38 .275 .303 39 .271 .297
40 .267 .292 41 263 .287

McMASTER UNIVERSITY LIBRARY



Table 1 continued
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.178

T ‘xmx102 X x10° T X x10° X x10°
42 .259 .282 43 .252 .277
44 .249 .273 45 .274 .269
46 .245 .264 47 .241 .261
48 .237 .257 49 .234 .254
50 .232 .250 51 .231 .247
52 .227 244 53 .223 .240
54 221 .237 55 217 .235
56 .218 .232 57 .215 .229
58 .212 .227 59 .212 .224
60 .210 .222 61 .209 .219
62 .206 .217 63 .206 .215
64 .202 .213 65 .201 .211
66 .198 .209 67 .197 .207
68 .196 .205 69 .194 .203
70 .192 .201 71 .190 .200
72 .187 .198 73 .186 .196
74 .186 .195 75 - .185 .193
76 .185 .192 77 .184 190
78 .183 .189 79 .181 .187
80 .180 .186 81 .178 .185
82 .179 .183 83 .178 .182
84 177 .181 85 .176 .180
86 .176 87 .176 177



Table 1 continued
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T melo2 'chlO2 T melO2 xcxlO2
88 .174 .176 87 .175 .175
90 .172 .173 91 .172 .173
92 . .171 .172 93 .170 171
94 .168 .170 95 .167 .169
96 .164 .168 97 .164 .167
98 .163 .166 99 .163 .165
100 .163 .164 102 .160 .163
104 .160 .161 106 .159 .159
108 .157 .158 110 .158 .156
112 .156 .155 114 .155 .154
116 .154 .152 118 .149 .151
120 .144 .150 122 .143 .149
124 .141 .147 126 .137 .146
128 .138 .145 130 .138 .144
132 .133 .143 134 .133 .142
136 .133 .141 138 .134 .140
140 .133 .139 142 .132 .138
144 .131 .137 146 .131 .137
148 132 136 150 .133 135
152 .132 .135 154 .132 .134
156 .132 .133 158 - .132
160 .130 .132 162 .131 .131
164 .129 .130 166 .129 .130
170 .127 .129 174 .127 .127
178 127 .126 180 .126 126



Figure 8
Preliminary results of the susceptibility
measurements on SmPO4 below 4.2°K. The
points plotted are only a small fraction
of the data collected and are intended
to show the extent of the scatter in

the measurements.



28

(Mo) IJUNLVYIJW3IL
ot g€ o€ G2 02 Gl 0 S0
1 T T T T T T T
~1200
~%0-0
-1900
~80-0
010

(U) ALimgiLdaosns

Figure 8



29

CALCULATIONS

The secular matrix including the crystal and magnetic
field effects is given in Fig. 9 where the unperturbed
eigenfunctions are denoted by |M> and the guantum numbers
J=5/2, L=5 and S=5/2 are common to all kets. The parameter
'a' is related to the crystal field parameter AZ by

a = A, R/VT

o
4

where R = (SLJ||Y4||SLJ)
and d = uoH/7
The I', - Tg splitting in terms of the above constants is
kK = & A7 R
V7

The diagonalization of the matrix produced six
eigenvalues in terms of the parameter K from which the
values of Hom in the'susceptibility expression could be
~calculated. |

Values of K ranging from 0 to 150 cm?l and of A
ranging from 900 to 1500 cm:_l were substituted into the
expression for x to obtain a best fit to the measurements
above 4.2°K. The values of K and A chosen afé'

K = 16 + 4 cm"l

A 1

1400 + 50 cm’



Figure 9

The secular matrix for Sm3+ under a
cubic crystalline and a maénetic
field. Rows and columns are labelled
by |M>. The quantum number J = 5/2,
L =5 and S = 5/2 are common to all
kets. The Pérameter 'a' is propor-
tional to 'K' and 'd' is proportional

to the magnetic field H.
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Fig. 6 gives a comparison of the experimental and calculated
susceptibility. The calculated curve is obtained by using
the above value of K and A.

The perturbed energies and wavefunctibns of the six
levels of the 6H5/2 ground state aftef application of a cubic

crystal and a magnetic field are tabulated in Table 2.



Table 2
The calculated energies aﬁd wavefunctions
of the 6H5/2 ground state under a cubic
crystal field and a magnetic field. The

kets are of the form |JM>



32

TABLE 2

Calculated energies and wavefunctions of the

6H5/2 ground state under a cubic crystal field

1

and a magnetic field using K = 16 cm — and
and A= l400cm_1
ENERGY (cm 1) WAVEFUNCTION
E; = 5.03 ¥, = 0.906 |5/2 5/2> + 0.423 |5/2-3/2>
E, = -10.5 ¥, = 0.423 |5/2 5/2> - 0.906 |5/2-3/2>
E; = 5.21 Yy = |5/2 1/2>
E, = 5.32 Y, = |5/2-1/2>
Eg 5.63 be = 0.394 |5/2 3/2> + 0.919 |[5/2-5/2>
E €.919 |5/2 3/2> - €©.394 [|5/2-5/2>

!
[
o
[o0]

<-
(=)}
]



CHAPTER VI

DISCUSSION

This section contains a discussion of the errors
~involved in the4measurements. An explanation of how the
values of K and A were determined is given and the
reliability of these values is discussed.
Since the sample susceptibility is large, the
experimental errors in the high temperature measurements
are approximately 2%. This was determined from past
experience with other magnetic compounds. The background
due to the sample holder is guite small so an error of
20% existed in the parameters Cb and Zb' Since the
background contribution to the susceptibility is less than
108 of the sample susceptibility, the background introduces
only a 2% contribution to the error in the final result.
The resultant error is then 4% in the sample éusceptibility.
The low temperature results are preliminary. It is
not possible to assign an error to these measurements. The
rest of this discussion will pertain to the results above
4.2°K. |
The temperature independent terms, namely, the VanVlieck
paramagnetism and the diamagnetism of the PO4— and Sm3+ ions
are not experimentally separable. The diamagnetic susceptibility
of the POZ— ion is tabulated as approximately‘4 X 155 emu/mgle
(Fo8x, 1957). t is expected that the diamagnetic susceptibility

of the Sm3+ ion is less than this. The VanVleck term for

33
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SmPO, is 9x10_3 emu/mole. Since the diamagnetic effects are

4
negligible the experimental susceptibility quoted is that
due to the 4f electrons on the Sm3+ ion.

The plot of x versus 1/T (Fig. 7) indicates that the
data follows a Curie law for temperatures greater than 10°K
Below 10°K the susceptibility is iower than would be predicted
by a'Curie law extrapolation of the data above 4.2°K. Thié
indicates that the assumption that the F7 state lies lower in
energy than the F8 state is correct. This can be understood
from the following argument.

The temperature dependence of the susceptibility can

be written as a sum of two contributions in our case

~-K/kT

= (C(1l) + e c(2))/T

X
where C(1l) is the Curie constant of the ground state, either
F7 or F8’ and C(2) is the Curie constant of the remaining
state. The Curie constant for a level is proportional to the
square of the g-factor. Calculations of the g-factors for
and T, states indicate that c(ra) is greater than

7 8
C(F7). Fig. 10 is a plot of Xqp versus 1/T. The graph shows

the T

schematically what one expects for the susceptibility if the
P7 state is lowest in energy and if the F8 state is lowest
in energy. A comparison of the curves in Fig. 10 with the
experimental curve in Fig. 7 indicates that the F7 state lies
lowest.

Fig. 7 shows the extrapolation of the linear portion

of the x versus 1/T plot. The departure of our data from the



Figure 10

The temperatufe dependent part of the
susceptibility is plotted in arbitrary
units agéinst inverse temperature. The
solid curve represents the behaviour of
the susceptibility if the F7 state is
assumed to lie lower in energy than the
F8 state and the dotted curve represents
levels

the behaviour if the T, and T

7 8
are inverted. The two curves are expected
to depart from one another at a temper-

ature T such that kT is approximately

equal to K.
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extrapolated curve is expected to occur at a temperature such
that kT is of the order of K. This departure occurs at 10°K

>

which suggests a value of K in reasonable agreement with our
fitted value, 16 cm .

We do not expect precise agreement of theory with
experiment because of the assumption that the crystal field
has cubic symmetry about the samarium ion. If we had
included lower symmetry elements in the crystal field pertur-
bation, we would have had enough parameters to generate any
reasonable curve. Since no constraints are provided on the
crystal field parameters by known energy splittings of the
samarium ion levels, the cautious assumption of a cubic
field seems appropriate.

For the best values of K and A the calculated values
depart from the experimental values by 15% at most.:

The choice of a suitable value of X was somewhat
arbitrary. Fig. 11 is a plot of the calculatea values of
X versus T for K = 10 and 20 cm—l. The value of A was
1400'cm_1 in each case. The calculated results with

1

K = 16 cm ~ lie between these curves.

CONCLUSICNS

The magnetic susceptibility of SmPO 4 follows a Curie
law, after subtraction of a large temperature independent
term, from room temperature down to about 10°K. The deviation
from a Curie law below 10°K indicates that the overall crystal

field splitting of the 6H5/2 level of the Sm3+ ion is of the



Figure 11
The calculated susceptibility of SmPO,
is plotted as a function of temperature

10 em™} and

for two cases: (i) K

1

A (ii) K = 20 cm"1 and

1400 cm

1

A 1400 cm .
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order of 16 cm—l. No magnetic ordering occurs in SmPO4 down
to 4.2°K. Although the results of the susceptibility
measurements below 4.2°K are tentative, they indicate that

no magnetic ordering occurs down to 0.4°K.
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