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The bulk magnetic behaviors of the pyrochlores YbzV20, and Tm,V,O, were investigated. Calculated 
susceptibilities were adjusted to obtain the best fit to experimental data. A cubic crystal field Hamilto- 
nian was used with Bi = -0.633 and BOB = 0.000705 K for YbS+ and Bi = 0.0297 and B”, = 0.000339 K for 
Tm3+. The calculated susceptibility for Yb3+ was found to be insensitive to the addition of an axial Bi 
parameter to the cubic Hamiltonian. 

Introduction 

There have been several attempts to un- 
derstand the magnetic behavior of the 
pyrochlores (RE),V,O, (RE = Lu, Yb, Tm) 
since the initial report that Lu,V,O, was si- 
multaneously ferromagnetic and semicon- 
ducting (1). While Lu2V,0, appears to ex- 
hibit basic magnetic properties consistent 
with ferromagnetic coupling of the V mo- 
ments, there have been discrepancies in the 
interpretation of the magnetic behavior of 
Yb,V,O,. The low-temperature magnetiza- 
tion has been interpreted as resulting from 
the Ferromagnetic coupling of the Yb3+ and 
V4+ sublattices (2, 3), with the low-satura- 
tion magnetization attributed to quenching 
of the Yb3+ moment by the crystalline elec- 
tric field. Low-temperature neutron diffrac- 
tion data (3) were consistent with this inter- 
pretation. 

ike et al. (4) also examined Yb,V,O, and 
reported Curie-Weiss behavior over the 
same temperature range. A previous inves- 
tigation by Soderholm et al. (3) showed a 
curvature below 190K but the deviation 
from rectilinear behavior was attributed to 
crystal field effects. 

Two groups investigated the isostructural 
compound Yb2Ti20, in which the only mag- 
netic ion is Yb3+. The site symmetry of the 
RE is D3d, which leads to a crystal field 
Hamiltonian XcF = B$O$ + Bq00$’ + BIOt + 
B$Oj + BiOQ + BiO,S. Dunlap et al. (5) 
truncated this Hamiltonian to the axial ver- 
sion 

Bazuev et al. (1, 2) reported that the plot 
of inverse susceptibility for YbZV20,, from 
300 to 77K, had a change of slope at 190K 
which separated two linear regions. Shin- 

XcF = B;O; + BOO0 4 4 

to explain the magnetic field dependence of 
170Yb Miissbauer spectra. They found a 1 k# 
> ground state with the first excited state, 
1 f 3 > , at 18 K. Townsend and Crossley (6) 
interpreted susceptibility data on the same 
compound in the range 2- 1400 K using a cu- 
bic crystal field Hamiltonian with an added 
axial term. 
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XcF = B!jO,o - +B,o(O: - 20 2"20$) 
+ 16/9BaO; + 32 21’2/4 

+ 0; + 77180:). 

They found, for the cubic Hamiltonian, a r, 
ground state with a first excited state r, at 
1040K. Townsend et al. varied the B,O term 
from zero until it was as large as the Bt term 
and found that the fit to experimental data 
was insensitive to the second-order term. 

Clearly these two energy level schemes 
are not consistent. Since the Yb3+ ion is in 
the same environment in both the titanium 
and vanadium pyrochlores it was felt that 
the crystal field calculations on Yb,V,O, 
and Tm2V20, might prove helpful in resolv- 
ing this discrepancy as well as in explaining 
the magnetic properties of the vanadium 
pyrochlores . 

Experimental Method 

The pyrochlores were prepared by heat- 
ing REV04 in a carefully controlled reduc- 
ing atmosphere. Details of the preparation 
and characterization of these compounds 
may be found elsewhere (7). The suscepti- 
bility and magnetization data were col- 
lected on a nickel-calibrated, vibrating sam- 
ple magnetometer. Temperatures were 
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FIG. 1. Magnetic moment versus magnetic field 
curves at 4K. 
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FIG. 2. Magnetic moment, per (RE)OVLO, molecule, 
versus temperature curves obtained from the M versus 
H curves. 

measured with a gold-0.07% iron versus 
chrome1 thermocouple. 

Experimental Results 

Magnetization data as a function of mag- 
netic field were collected for all three com- 
pounds at several temperatures below T,. 
Representative curves are shown in Fig. 1. 
The magnetization, M(T), was obtained by 
fitting the field dependence to the expres- 
sion 

M(H,T) = M(T)[l -A/H-j + BH. 

The resulting values are plotted as a func- 
tion of temperature in Fig. 2. The saturation 
magnetizations, at 4 K, and critical tempera- 
tures are shown in Table I. Also, suscepti- 
bility data were recorded from 1 lo-300K 
for all three compounds. 

To examine the contribution to the mag- 
netic properties of the RE sublattice in 
Yb2V207 and Tm2V20, it is necessary to ac- 
count for the behavior of the vanadium sub- 
lattice. Since the critical temperature ap- 
pears independent of the RE, the 
vanadium-vanadium interaction is assumed 
to be constant over the three pyrochlores. 
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TABLE I 

Ground term TC Saturation Calc” moment 
of RE (K) expt (4K) (~~molecule) 

hV*O7 ‘So 74.6(4) 1.86(10) 2.0 
-fbvzo, ‘F,,, 73.2(4) 5.42(10) 10.0 
Tm2V207 3H6 71.4(4) 2.43( IO) 16.0 

a Assumes RE free ion moment, a spin-only moment for V4+, and ferromagnetic coupling. 

(A% 

9.928(2) 
9.948( 1) 
9.973( 1) 

It can therefore be determined directly 
from Lu2V207 where Lu3+ is an ‘So ion. Mo- 
lecular field theory treats the problem of 
two interpenetrating sublattices by assum- 
ing that an average internal field is gener- 
ated which may be represented by 

H; = A,, Mv + bt,M,, 

H& = ARV M, + h,,M,. 

Avv and AR, represent the intrasublattice 
coupling in the vanadium and rare earth 
sublattices and ARV the intersublattice cou- 
pling. M, and MR are the magnetizations of 
the two sublattices. Since the critical tem- 
peratures of the vanadium pyrochlores are 
almost independent of RE and Yb2Ti20, 
(Ti4+ is do) does not order down to 4K (5), 
A,, was assumed to be negligible and ARV 
small compared to A,, The molecular fields 
were then simplified to 

All the data for Yb,V,07 and the T > T, 
data for Tm2V20, were treated using the 
assumption that the vanadium contribution 
could be subtracted directly, leaving only 
the molecular field A,,M, as an adjustable 
parameter. The paramagnetic susceptibility 
per RE ion was therefore calculated using 

A different procedure was necessary for 
Tm,V,O, at T < T, because M(Tm2V20,) - 
M(Lu2V20,) values were small, therefore 

experimental errors dominated. Further- 
more, it was difficult to estimate 
M(Tm2V20r) because of the slope of the M 
versus H curves, even at 4K. Close exami- 
nation of these curves, some of which are 
shown in Fig. 3, showed a linear high field 
region. The slope (dM/tlH), was inter- 
preted as xT,,, directly. As seen from the 
Lu2VZOr data, xv was almost zero at low 
temperatures, however, near T, it was nec- 
essary to subtract a contribution caused by 
the vanadium sublattice. This procedure 
also provided an independent estimation of 
A,, because XT,,, = MTm/ARVMv For the 
low-temperature Tm2V20, values it was 
necessary to estimate and subtract a 
diamagnetic susceptibility. When Eq. (1) 
was used the diamagnetic contribution is re- 
moved by the subtraction of M(Lu2V20,). 
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FIG. 3. Magnetic moment, per TmZV,O,, versus field 
curves taken at various temperatures. The slopes of 
these curves were used to determine the Tm3+ suscep- 
tibility. 
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Calculated Susceptibilities 

The experimental susceptibility data 
were interpreted by fitting to a theoretical 
model, using the van Vleck formalism 

- 2 x 1 * yy 

J#f 
J I2 kT] e-WT, 

z = z e-EW, (2) 
i 

where g J is the free ion gyromagnetic ratio. 
The first-order matrix element represents 
the Zeeman splitting while the second-order 
term is the temperature-independent van 
Vleck susceptibility arising from states 
mixing in a magnetic field. The El’s repre- 
sent the splittings resulting from the crystal- 
line electric field. 

The eigenfunctions and eigenvalues were 
obtained using perturbation theory. In the 
case of the rare earths, the splitting of the 
free ion term, caused by spin-orbit cou- 
pling, is considered a larger perturbation 
than the crystal field, so the Hamiltonian 
may be written 

%RE = &WE ION + %EF - b . A~ 

where GEE ION includes spin-orbit cou- 

ZOO- 
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FIG. 4. A comparison of the calculated and experi- 
mental inverse susceptibilities for YbS+. The critical 
temperature is 73.2K. 
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FIG. 5. A comparison of the calculated and experi- 
mental inverse susceptibilities for TriP+. The critical 
temperature is 7 1.4 K. 

pling. Since the site symmetry of the RE is 
Dad the crystal field Hamiltonian is 

Cubic site symmetry was assumed in order 
to limit the number of adjustable parame- 
ters. 

The Hamiltonian used was 

x CEF = @[O! - 20 21’2oq] 
+ B,qO,O + 35 21’2/40: + 77/80,6], 

where the trigonal axis is chosen as the z 
axis. The 0:‘s are the Stevens operator 
equivalents (8) which are tabulated (9) for 
each free ion state and the Bz’s are the 
crystal field coefficients. Initial values of 
B,“‘s were obtained from nearest-neighbor 
point charge calculations. The Hamiltonian 
was diagonalized to obtain eigenvectors 
and energy spacings, the susceptibilities 
were calculated, and this procedure was it- 
erated to obtain the best fit. Comparisons of 
experimental and calculated susceptibilities 
are shown in Figs. 4 and 5. 

The possible energy level separations, in 
the case of cubic symmetry, can be charac- 
terized by two parameters, an energy scal- 
ing and a ratio of the fourth- to sixth-order 
crystal field terms. Lea et al. (10) related 
these to two parameters W and X, which 
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they plotted for different f-electron terms. 
These plots proved very useful as a check 
of the computer diagonalization procedure. 
The results are shown in Table II. 

Discussion 

Yb3+, a Kramers ion with a 2F,,2 ground 
term, is expected to split into two doublets 
and a quartet in a cubic crystal field. The 
best fit to the data places the r, doublet as 
the ground state with the quartet Te 1lOOK 
above the ground state and E.,-E,., at ap- 
proximately 1800 K. 

Attempts were also made to fit the Yb3+ 
data to the axial Hamiltonian chosen by 
Dunlap et al. (5). The magnetization versus 
temperature data, below T,, fit well to an 
axial model with ) ?8) as the ground state 
and El 3) -El 8) = 37 K. This is in reason- 
able agreement with Dunlap’s splitting of 
18 K. However, this axial model could not 
be reconciled with the higher-temperature 
data, where it predicted free ion behavior. 

The axial and cubic models both predict a 
ground state moment of 1.7 CL@, in agree- 
ment with 4-K saturation magnetization as 
well as neutron diffraction (3) and Miiss- 
bauer (I I) data. 

Tm3+, with a 3HG ground term, has an 
even number of electrons and, in a cubic 

TABLE II 

Yb3+ in 
Tm3+ Yb3+ Yb,Ti,O, (6) 

W -4.114 60 - 
X 0.65 0.95 - 

ha 2.5 14 - 

B,O (Mb 0.0297 -0.633 -0.498 
B:(K) -0.000339 0.000705 0.000719 
Ai’(K) 170 380 300 
Al?(K) 16.6 1.53 1.56 

a A in units of moles of vanadium ions per cm3. 
b These values are based on the threefold axis as the 

z axis. The conversions to the B’s used by Lea et al. 
(IO) are BTLLw) = -jBi, BzLLw) = &B8. 
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FIG. 6. Calculated energy level diagrams for Yb3’ 
and Tm3+. 

crystal field, is split into three triplets, a 
doublet, and two singlets. The energy level 
ordering obtained from the fitting proce- 
dure is shown in Fig. 6. The temperature 
independence of the low-temperature data 
is accounted for by a ground state singlet, 
r2, with a tripled, Ts, 140K above the ground 
state. 

Values of the coupling constants A,,, in 
terms of moles of vanadium ions, were de- 
termined to be 14 mole cme3 for Yb3+ and 
2.5 mole crne3 for Tm3+. These values can 
be compared to 580 mole cmP3 obtained for 
A,, from the mean field expression for the 
critical temperature 

T, = ( pAVVMv)/3k. 

These results support the argument that the 
vanadium sublattice is the driving force for 
the magnetic ordering. 

The BT’s can be rewritten as B; = A:: 
(r”>&. The ( Y”)‘s are expectation values 
over the 4f orbitals (12) and 8,‘s are re- 
duced matrix elements (9) usually desig- 
nated cr, p, y for n = 2,4,6. Ar’s depend 
only on the rare earth environment and 
should be independent of the lanthanide 
ion. Dunlap and Shenoy (13) fit susceptibili- 
ties in a series of cryolites Cs2NaRCl,, 
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where R is a rare earth ion in cubic site 
symmetry, and found the AF’s were indeed 
invariant to the RE ion, to within experi- 
mental error. 

The comparison of A,” for Tm3+ and Yb3+ 
in the vanadium pyrochlores shows a dis- 
crepancy in the Ai terms with the most 
probable cause the deviation of the site 
from cubic symmetry. The Yb3+ quartet at 
1lOOK is split into two doublets in D3d sym- 
metry, but this does not significantly alter 
the calculated susceptibility because of the 
larger energy denominator in the second- 
order term in Eq. (2). Furthermore, re- 
diagonalization of the crystal field Hamilto- 
nian with an added B4 term of 13K alters the 
ground state moment by less than 2%. Simi- 
lar results were found for YW+ in gallium 
and aluminum garnets (14). However, this 
is not the case with Tm3+, which has an 
excited state triplet at 140K above the 
ground state which will split into a singlet 
and a doublet in lower symmetry. The B,O 
term here could play an important role in 
the susceptibility, even at low tempera- 
tures. Calculation of the splitting in noncu- 
bit symmetry also relaxes the fourth and 
sixth-order relationships. It was felt that the 
magnetic data did not justify the inclusion 
of the three extra terms in the Hamiltonian. 

Conclusions 

The pyrochlores (RE)2V207 (RE = 
Tm,Yb) were treated as an interpenetrating 
ferromagnetic vanadium sublattice and a 
weakly coupled RE sublattice. For the RE 
sublattice cubic crystal field Hamiltonian 
was adjusted to obtain an energy level 
scheme which was used to calculate mag- 
netic susceptibilities. The energy level dia- 
gram obtained for Yb,VZO, was similar to 

one obtained by Townsend and Crossley (6) 
for the isostructural compound Yb2Tiz07. 
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