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A phase with the perovskite structure (Pbnm) and a composition YbTiO,.,S has been prepared by a 
high-temperature carbothermic method. Neutron diffraction shows a colinear ferrimagnetic structure 
at 7 K with Yb and Ti moments antiparallel along the c-axis of the orthorhombic cell and an Yb 
moment of 1.8(3)~s. ‘“Yb Mossbauer measurements find a more precise and accurate value of 
2.0(1)~s from the maximum hyperline field. From the temperature dependence of the hypertine field a 
T, = 42(l) K is found. The Yb sublattice magnetization below T, follows a Brillouin function. At low 
temperature a distribution of hyperfine fields is observed which is attributed to a random distribution of 
defects surrounding the Yb sites. The magnetic structure is discussed in relation to possible values for 
the crystal field parameters, especially I#. 8 1985 Academic press. inc. 

Introduction symmetric rather than antisymmetric as in 
R-Cr and R-Fe (4). Despite these differ- 

There has been considerable progress ences, common features have emerged (4) 
made recently toward the characterization between the magnetic structures of the 
of the magnetic properties of the series RM03 phases. 
RTi03 (R = Gd + Tm, Y) (Z-6). These The site symmetry at R(C,) limits the 
compounds crystallize in an orthorhombic easy direction to be either in the a-b (mir- 
distortion of the cubic perovskite structure, ror) plane, or along the c-axis. For the 
and are isostructural with the GdFeOJ fam- known structures of TbMOj, DyM03, and 
ily AM03 (A = rare earth; M = Al, Ga, V, HoM03 (M = Al, Fe, Cr, Co, Ti), the R 
Cr, Mn, Co, Fe) (7). The titanates are moment always lies in the a-b plane, while 
unique among this family because the for ErM03 and TmM03 it is always parallel 
Ti(+3) atoms, with Id electron, order ferro- to the c-axis. 
magnetically, producing an appreciable ex- This behavior likely corresponds to the 
change field at R. Expressed as an effective rare-earth single-ion anisotropy dominating 
field, the R-Ti interaction produces about the R-M coupling. A simple model was 
l@ Oe at R, compared to 103-lo4 Oe for R- used to calculate the anisotropy for the 
Fe and R-Cr (4). Furthermore, the R-Ti RTi03 series (4). Briefly, this consists of 
exchange interaction is largely isotropic the diagonalization within the basis of the 
0022-4596185 $3 .OO 242 
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R3+ free-ion wavefunction of the R-site 
Hamiltonian XR = Xcr + X,,,ol.. Here, Xcr 
is the crystal field at R expressed in the 
Racah formalism as a sum over terms B$i 
(8). XmOi. is the effective exchange field at R 
due to the Ti sublattice and is equal to gJ pa 
JJ&,,i. for the field component along c or 
go kg ~&,,,i. for the field component normal 
to c (a-6 plane). 

Values for the Bi’s were taken as deter- 
mined by O’Hare and Donlan for Er3+ in 
YAlO3 (9). When R = Tb, Dy, or Ho the 
configuration with the R moment I, is 
more stable and when R = Er or Tm the R 
moment is found JIc. 

These results correlate well with the sign 
of the matrix element <SZJMJIB$$ 
SLJMJ>. For R = Tb, Dy, or Ho this 
term is > 0 for R = Er or Tm it is < 0. For R 
= Yb the matrix element is also < 0 and c- 
axis anisotropy is anticipated, qualitatively. 

Quantitatively, the results of similar cal- 
culations for YbTi03 are far more ambigu- 
ous than for the other heavy rare-earth 
RTi03 phases. In Table I we give results of 
four different calculations using various 
sets of published CF parameters for the R 
site in YA103, denoted as A, B, C, and D. 
A is the set used previously, C, symmetry, 
Er3+ : YA103 (9). B is for Tm3+: YA103 
(10). Set C, previously unavailable, is for 
Yb3+ : YAlO3 (21) and D is also for 
Tm3+ : YA103 but in the &, approximation 
which features a much larger Bi term than 
the other models (10). 

TABLE I 

RESULTS FORYB'+ ANISOTROPV ATTHER-SITEFOR 
DIFFERENTSETSOFCRYSTAL FIELDPARAMETERS 

Predicted Calculated 
CF model EdK) r%(K) moment Yb nwment 
(82 in K) XCF%mol~lc XCF+Xmollc direction PB 

A (-265.1) -314.0 -314.8 ? 0.60 

B (-630.3) -449.2 -445.3 ? 0.76 
c (-260.8) -384.0 -388.8 I< 2.1 

D (-1241.4) -418.6 -404.7 IL 2.1 

Models A and B give no clear prediction 
of the Yb moment direction while models C 
and D predict opposite results. Both C and 
D give an Yb3+ moment of 2. Ipa. 

Experimental results on other YbM03 
phases are equally ambiguous regarding 
predictions for YbTi03. The Yb moment in 
YbFe03 (above the reorientation tempera- 
ture, TR) is along c with a moment of 0.3 pa 
at 10 K (12) much quenched from the free- 
iOn ValUe of 4.0 ,..&a. In YbCr03 there is no 
order on the Yb sublattice down to 1.3 K 
[13]. YbA103 orders magnetically at 0.8 K 
(14, 15) with an Yb moment at 2.49 pa in 
the a-6 plane. 

Little is known about the penultimate 
member of the RTi03 series, YbTi03. It has 
not been synthesized as a pure phase, but 
powder samples containing about 10% of a 
paramagnetic impurity have been prepared. 
Magnetic measurements show that the 
perovskite phase orders at 39(2) K but no 
saturation effects are seen at 4.2 K up to 5.0 
T (3). As neither the direction nor the mag- 
nitude of the Yb moment in YbTi03 can be 
determined from such powder magnetic 
data, this material has been investigated us- 
ing the complementary techniques of neu- 
tron diffraction and i70Yb Mossbauer spec- 
troscopy. 

Experimental 

Sample preparation and characteriza- 
tion. Techniques which can be used for the 
preparation of other RTi03 phases give 
poor results for YbTi03. Both arc melting 
of Yb203 and Ti203 under an argon at- 
mosphere and the firing of mixtures of 
these same starting materials in welded MO 
crucibles yield products consisting of a 
perovskite and relatively large amounts 
(~30%) of a second phase which is identi- 
fied as the pyrochlore Yb2Ti207 (16). Better 
results can be obtained using a carbother- 
mic technique as shown below (17): 
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Yb203 + 2Ti02 + C s 2YbTi03 + CO 
IO-* Tom 
2+3 hr 

This procedure yields a perovskite with 
cell constants a = 5.256 A, b = 5.662 A, 
and c = 7.540 A and only 10% of the 
pyrochlore. The cell volume of the 
perovskite, 224.4 (AY, lies between that of 
TmTi03, 226.8 (&3, and LuTi03, 220.0 
CAY. 

Thermal gravimetric analysis, performed 
on the perovskite/lO% pyrochlore mixture, 
reveals a 3.05(5)% weight gain, consistent 
with that of a pure perovskite YbTi03 
(2.97%), but larger than that expected 
(2.64%) for a mixture with a fully oxidized 
pyrochlore. This result can be explained by 
assuming the incorporation of oxygen va- 
cancies into the perovskite phase. That is, 
the mixture corresponds to 0.90 YbTi02,95 
+ 0.10 YbTi03.50. 

Neutron diffraction. Data were obtained 
at the McMaster Nuclear Reactor on a tri- 
ple-axis spectrometer operating in the douO- 
ble-axis mode with a wavelength of 1.40 A 
and a position-sensitive detector. This sys- 
tem has been described elsewhere (18). 
Temperature control was provided by a 
CT1 Inc. Model 21 closed-cycle refrigerator 
and a Cryogenics Inc. Model DRC 80C 
controller. Temperatures were measured 
with a germanium resistance thermometer 
and control was in all cases better than 
+0.5 K. Samples were contained in a thin- 
walled aluminum cell filled with helium 
exchange gas and sealed with an indium 
gasket. 

Miissbauer efSect. 170Yb Mossbauer spec- 
tra, involving the 84.4-keV E2 transition 
between spin states O+ + 2+ were mea- 
sured ,in the transmission geometry using a 
powdered absorber. The source of TmBn, 
providing an experimental minimum reso- 
nance width of 2.7 mm see-’ was main- 
tained at 4.2 K while the sample tempera- 
ture was held constant between 4.2 and 
50 K. 

Results 

Neutron Diffraction 

The direction of the R3+ moment in the 
RTi03 perovskites can be determined di- 
rectly from the gross features of the mag- 
netic powder pattern. The detailed argu- 
ments have been given previously but a 
brief summary follows (3, 4). The R3+ lies 
on a mirror plane normal to the c-axis. 
Therefore, one of the principal axes of the 
anisotropy or g-tensor must lie parallel to 
the c-axis and the other two in the a-b 
plane. Of the axes in the plane, symmetry 
does not require any special relation to the 
a or b directions and in all known cases 
these axes lie at some angle to a or b. If the 
moment lies in the a-b plane the symmetry 
operations of Pbnm require the coexistence 
of both ferromagnetic, F, and antiferromag- 
netic components, C. If the moment lies 
parallel to c either Fz or C, configurations 
are allowed but in the RTi03 compounds 
only F, has been observed. 

The chemical or nuclear cell in the RTi03 
phase has the space group Pbnm so reflec- 
tions of the type (OH), k = 2n + 1 and (h00, 
h + I = 2n + 1 are systematically absent. If 
the R sublattice has configuration F there 
are no new magnetic reflections and en- 
hanced intensities are expected for reflec- 
tions of the type h + k = 2n, 1 = 2n. There 
will also be weak enhancements of the h + 
k = 2n, 1 = 2n + 1 reflections (A type) 
because the R3+ ions are only slightly dis- 
placed from special positions in the chemi- 
cal cell. If the R sublattice moment has a C 
component, new reflections of the type h + 
k = 2n + 1, 1 = 2n will appear which in 
some cases violate the Pbnm symmetry 
rules, for example, (lOO), (OlO), (012), and 
(102). 

To summarize, if the R moment lies in 
the ab plane new reflections of the C type 
appear in the magnetic,powder pattern. If 
the R moment lies along c, only F-type re- 
flections will be seen. 
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FIG. 1. The neutron diffraction pattern at 7 K of the mixture 90% YbTiO&lO% Yb2Ti20,. 

Neutron diffraction powder patterns for 
YbTi03, T, = 41 K, were obtained at 7 and 
50 K. The pattern at 7 K is shown in Fig. 1. 
All lines can be indexed on the Pbnm cell 
except for two lines of 28 values 14.0 and 
26.4 which are assigned to the (111) and 
(222,3 11) reflections of the pyrochlore, 
Yb2Ti207. The absence of new Bragg peaks 
in the 7 K pattern gives immediate indica- 

tion that the Yb moment is ferromagnetic 
along the c direction. 

By comparing the integrated intensities 
of the low-angle reflections significant en- 
hancement is observed for only three 
groups of intensities (110, 002), (Ill), and 
(112, 200, 021). This is shown in Fig. 2 and 
in Table II. 

As the reflections (112) and (200,021) are 

impurity 

2.5 ?2 : Q 
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FIG. 2. A comparison of diffracted intensities at 7 and 50 K for low-angle reflections of YbTiOz,y5. 
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TABLE II 

OBSERVEDANDCALCULATEDMAGNETIC 
INTENSITIES FOR YbTiOs 

hkl 

( 110,002) 
(III) 
(112) 

(200,021) 

mf 
(17 K--Ix? K) 

392 (49) 
73 (22) 
82 (23) 
86 (23) 

,calc 
(Ti = y?.8ps, 
Yb = 1.7~~) 

408 
74 
30 
90 

R = 0.09 

IFi& 
ITi = -O.Sas, 

Yb = 1.9& 

376 
85 
68 

124 

R = 0.13 

clearly resolved the intensities were deter- 
mined separately by fitting this region of the 
pattern to two Gaussians with a linear back- 
ground using a standard nonlinear squares 
technique. 

As there are three parameters (a scale 
factor and two magnetic moments) and only 
four observed intensities, a true refinement 
is not possible. Instead, intensities were 
calculated for a number of models in which 
the Yb moment and the Ti moment magni- 
tudes were varied systematically. 

Previous refinements of other RTi03 
structures reveal that the Ti moment varies 
between 0.5 and 0.8 pa (2). Therefore, the 
Ti moment was fixed along z antiparallel to 
the Yb moment, and the Yb moment varied 
for both extreme values of the Ti moment. 
Those models giving the best agreement 
with lobs are also shown in Table I. Note 
that the two values for the Yb moment dif- 
fer by slightly more than 10% and that their 
mean value is 1.8 B.M. 

Miissbauer Spectroscopy 

170Yb Mossbauer spectra of the mixture 
are shown for selected temperatures in 
Fig. 3. The spectra at 43 and 50 K reveal a 
static paramagnetic spectrum split by the 
presence of a nonaxial electric field gra- 
dient (EFG), with independent components 
e2qQ = 20.9(6) mm see-’ and an asymme- 
try parameter 77 = 0.4. 

Below 40 K, down to 4.2 K, a further 

splitting is observed, revealing the presence 
of a magnetic hyperfme field at the Yb site. 
Electric quadrupole and magnetic dipole in- 
teractions of comparable magnitude neces- 
sitate the simultaneous diagonalization of 
the nuclear hyperfine Hamiltonian for non- 
coaxial magnetic and quadrupolar hyper- 
fine interactions for these low-temperature 
spectra. An unresolved quadrupole pattern, 
corresponding to the presence of 10% of the 
pyrochlore phase (Z9), is included in all the 
data analyses. 

The temperature dependence of the 
Mossbauer spectra reveals a magnetic or- 
dering temperature of 42(l) K, in good 
agreement with the value of 39(l) K estab- 
lished from magnetization measurements. 
However, the temperature-dependent line 
broadening observed below 40 K requires 
an interpretation either in terms of mag- 
netic relaxation, or in terms of a distribu- 
tion of the hyperfine parameters. Although 
technically feasible, a model of relaxation 
between the substates of the ground Kra- 
mers doublet, split by the exchange field 
(20), provides physically unreasonable 
results. The relaxation rate strongly de- 

-50.0 v5Ltxxv(MM/s) 50.0 

FIG. 3. YbTi02.95: “OYb Miissbauer spectra at vari- 
ous temperatures. 
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creases on lowering the temperature, 
whereas a spin-lattice coupling mechanism, 
which would operate in the considered tem- 
perature range, predicts nearly tempera- 
ture-independent behavior (21). 

The low-temperature (~40 K) data were 
instead interpreted in terms of a static dis- 
tribution of the hyperfine field parameters. 
This situation is assigned to a distribution 
of superexchange interactions resulting 
from defects incorporated into the sample. 
That is, magnetic order on the Yb sublattice 
is induced by coupling to the Ti sublattice 
through Yb-0-Ti linkages. The proposed 
stoichiometry of the perovskite phase is 
YbTiOz.95 which can also be written as Yb- 
Ti&Gh@~.~~~o.os with defects on both 
the oxygen and titanium sublattices. For 
this model the total concentration of de- 
fects surrounding a single Yb atom is 6%, 
assuming a random distribution among the 
nearest neighbor oxygen and titanium at- 
oms (eight of each). 

The analysis is performed using a histo- 
gram method for the distribution of the hy- 
pet-fine field. The relative intensities of the 
three histogram components are obtained 
assuming a statistical (binomial) distribu- 
tion of the 6% of defects among the Yb 
nearest neighbors. The component line- 
width is maintained at the experimental 
value (2.7 mm set-9; the EFG principal 
component, the maximum hyperfine field, 
the difference in hyperfine field between the 
histogram components (A), and the total ab- 
sorption are adjustable parameters. The 
results are shown in Table III. 

The Yb(+3) moment magnitude scales 
with the hyperfine field (1050 kOe/pa) (22), 
hence the moment is directly determined 
from the maximum hypertine field compo- 
nent of the spectrum (zero nearest-neighbor 
vacancies). It is found to be 2.0( 1) pa at 4.2 
K and has a temperature dependence which 
is well represented by a Brillouin function, 
as shown in Fig. 4. 

The evaluation of the magnetic structure 

TABLE III 

t70Yb M~SSBAUER PARAMETERS AS A FUNCTION OF 
TEMPERATURE FOR YbTiOr 

Temp. 
(“K) 

e%Q 
(mm/set) 

A 
WeI 

4.2 24 (1) 2120 (100) 400 (50) 
20 24 (1) 2020 (100) 300 (50) 
30 21 (1) 1800 (100) 700 (50) 
3.5 21 (1) 1650 (100) 600 (50) 
40 23 (1) 1290 (100) 700 (50) 
50 21 (1) - - 

Note. t70Yb Mossbauer parameters obtained assum- 
ing a distribution of hypertine fields. HM is the maxi- 
mum field with H at the other histogram site deter- 
mined from H = HM - nA where n is the number of nn 
vacancies. n = 0.38 was determined from the 50 K 
data and fixed for T < 50 K. Errors are in parentheses. 

of the perovskite phase from the Moss- 
bauer data can be discussed in terms of the 
relative orientation between the hyperfine 
field, Hz (i.e., magnetic moment) and the 
principal axis of the EFG. Although the RE 
site symmetry (C,) dictates that the EFG 
and magnetic hyperfine field tensors must 
have one axis along the crystallographic c 
direction, there is no a priori requirement 
that either Vzz, the EFG component along 
the EFG principal axis, or Hz be along c, 
nor that they be parallel. The angle between 
V,, and Hz must be determined from the 
data. Knowing the field gradient parame- 
ters from the paramagnetic state, which do 
not change significantly with decreasing 
temperature, it is found that the low-tem- 
perature spectra are only consistent with a 
coincident axis system for the two tensors, 
i.e., V,, and Hz are parallel. As the direc- 
tion of Hz is known from the neutron dif- 
fraction results to be parallel to c, V,, is also 
parallel to c. 

In general the EFG tensor is composed of 
two parts: EFG = eQVy (1 - ym) + eQVE 
(I - R) where VF and Vzt’ represent the 
lattice and unpaired 4f electron contribu- 
tions and (1 - -ym) and (1 - R) are shielding 
parameters (24). Lattice sum calculations 
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TIT, 

FIG. 4. YbTi02.9J: temperature dependence of the 
average “OYb hyperfine field. 

place Vg normal to c about 30” from the a- 
axis [23]. That V,, for the total EFG tensor 
lies parallel to the c-axis indicates the not- 
surprising dominance of the 4f contribu- 
tion. In principle it is possible to calculate 
the 4fcontribution from a knowledge of the 
ground state wavefunction but such de- 
tailed information is not available. 

Discussion and Conclusions 

A perovskite material with a composition 
near YbTi02.95 has been prepared and char- 
acterized. Neutron diffraction reveals a co- 
linear ferrimagnetic structure with a Yb 
moment of 1.8(3) PB parallel to the c-axis. A 
rather large error is associated with the Yb 
moment obtained by this method. A more 
precise and accurate value of 2.0( 1) pB is de- 
termined from the magnetic hyperline field 
at 170Yb using the Massbauer effect. The 
preferred c-axis direction for the Yb mo- 
ment in YbTi03 is in accord with qualitative 
arguments based on the sign of the crystal 
field (CF) matrix element <SLJM,~B~C~~ 
SLJMJ>. The contents of Table I show 
that for Yb, quantitative results are very 
sensitive to the exact values of the CF pa- 
rameters. Of the four sets of existing pa- 
rameters only set D correctly predicts the 

moment direction and magnitude. Set D 
features an unusually large value for the Bi 
parameter but the Ddh symmetry only ap- 
proximates the true C, environment. 

The Miissbauer spectra showed evidence 
for a distribution of hyperfine fields at the 
Yb site. This is understood in terms of the 
proposed stoichiometry of the perovskite 
phase, YbTiOz.95, and a random distribu- 
tion of defects. 
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