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From measurements of the susceptibility and rf absorption, we have determined the phase di-
agram of MnF, near its bicritical point which is located at Tg =64.792 £0.001 K and
Hg=118.353 £0.01 kOe. Alignment of easy axis and applied field was achieved within 2x10~8
rad. We find, quite accurately, an anisotropy crossover exponent ¢ =1.279 £0.031, in good
agreement with renormalization-group predictions for an n =3 component system. However,
the less exactly determined amplitude ratio Q =1.56 +0.35 of the two phase boundaries to the
paramagnetic state, lies between that predicted for » =3 and that for » =2. The nonuniversal
slope g of the ¢ =0 scaling axis is ¢ = (1.19 £0.15) x10~¢ (kOe™2) and the amplitude w for the
spin-flop to paramagnetic phase boundary is w, = (2.67 £0.3)x10% (kOe?).

I. INTRODUCTION

Multicritical points and crossover phenomena have
received a great deal of attention in the past years.!
Whereas tricritical points have been extensively in-
vestigated in various systems, studies on bicritical
and tetracritical points were only recently initiated by
the work of Nelson and Fisher, and Kosterlitz, Nel-
son, and Fisher? for magnetic systems, and Aharony
and Bruce® for structural transitions. One of the in-
teresting aspects of multicritical points is the new crit-
ical behavior! ™ which arises from the competition of
different types of ordering and which is dominated by
a new set of critical exponents, namely, the anisotro-
py crossover exponents. In the case of bicritical
points, it was shown that the way the two second-
order phase-transition lines come into the bicritical
point is determined by the second-order anisotropy
crossover exponent, ¢. The experimental determina-
tion of these A lines thus gives direct access to ¢.*™14
In the present paper, we report on the experimental
determination of the bicritical lines in MnF,. A short
account of this work appeared earlier.®

In an easy-axis antiferromagnet, a first-order spin-
flop (SF) transition line separates the antiferromag-
netic (AF) state from the spin-flop state if the ap-
plied field points along the easy axis, as sketched in
Fig. 1(a).*!* Except for the canting of the sublattices,
the spin-flop state can be viewed as an easy-plane (in
the uniaxial case) or easy-axis (in the biaxial or
orthorhombic case) antiferromagnetic configuration
with an effective preferred direction perpendicular to
the intrinsic one. The field applied along the easy
axis Hy, therefore, tunes the effective anisotropy.

This effective anisotropy determines the type of ord-
er, and thus, the kind of critical fluctuations at the
second-order transition lines from the paramagnetic
(PM) to the ordered states. At the PM-AF transition
line, only the parallel spin components become criti-
cal and therefore n =n;=1, where n is the number
of critical spin components (or the dimension of the
order-parameter space of the ordered phase). At the
PM —spin-flop transition, we have n =n; =2 in the
uniaxial case and » =n; =1 in the biaxial one. In the
latter case, the critical fluctuations of one of the per-
pendicular spin components remains uncritical since
the effective anisotropy along the hard direction is
not affected by H).

At Ty, Hp the relevant part of the effective aniso-
tropy is zero and the number of critical spin com-
ponents is n =ny+n,. Thus, n =3 for uniaxial sym-
metry and » =2 in the biaxial case. An increased
number of critical spin components lowers the critical
temperature and gives rise to the umbilical nature!®
of the phase diagram at the bicritical point. The
phase boundaries in the vicinity of the bicritical point
are given by 1’

g=twst?, 1)
with the linear scaling fields'®

g§=g—pt (2a)
and
t=t+qg, (2b)

where t =(T — Tp) /T and g = H? — Hj with Tp and
Hpg the temperature and field at the bicritical point;
w, is the amplitude of the spin-flop—PM boundary,
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FIG. 1. Schematic phase diagram of uniaxial antifer-
romagnet (a) for perfect alignment of easy axis and applied
field, and (b) easy axis and applied field at angle . (a) also
indicates the orientation of the appropriate scaling axis ¢ =0
and § =0. The shaded part in (b) shows the transitionless
region of fast but continuous rotation of the sublattices
between the end-point of the SF-transition line 7.5F and the

pseudobicritical point Tg*

—
O

and w_ is that of the AF-PM boundary. § =0 is a na-
tural scaling axis, tangent to the spin-flop transition
at the bicritical point!®!7; analogous to the appropri-
ate scaling axis at critical and tricritical points. The
direction of the second scaling axis is, in principle,
arbitrary for ¢ > 1, but determines the range over
which the leading scaling terms provide a satisfactory
description.”® For maximal range, this axis is not, in
general, perpendicular to the temperature scaling
axis. Fisher!>!6 derived for the slope g of the field
scaling axis

drT,
d(H?

n+2
3HTB

3)

’
H=0

where n =3 for the uniaxial symmetry and n =2 for
biaxial symmetry, and 7.(H) is the AF-PM transition
line. The slopes g and p of the two scaling axes are
nonuniversal, likewise the critical-field amplitudes w
and w_. However, the ratio Q = w,/w_ is, besides
the crossover exponent ¢, a universal constant. The
experimental determination of these two universal
constants will be of prime interest in the present pa-
per.

MnF, is a well studied antiferromagnet with uniaxi-
al anisotropy and is an n =3 component system.
Theory predicts®!® ¢(n =3) =1.25, a value only
slightly higher than the 1.175 expected for
orthorhombic (» =2 component system) anisotrapy.
However, the universal ratio Q of the amplitudes for
the two PM-transition lines, differs significantly:
Q(n=3) =251, whereas Q(n =2) =1.0.151¢ Thus,
the present investigation serves as a complementary
test to the case of orthorhombic GdA1O; and
NiCl, - 6H,0 reported previously.*>

The gross features of the phase diagram of MnF,
have been studied by Shapira et al.'® Recently,
Shapira and Becerra presented improved results on
the phase diagram of MnF; near its bicritical point
obtained from ultrasonic attenuation measurements.’
These measurements extend to considerably higher
fields than our data-and prove quite useful for the fit-
ting of experiment to theoretical predictions. Besides
the considerably increased resolution in the present
experiment, we have paid careful attention to the
problem of aligning the easy axis of magnetization
with the applied field. The importance of alignment
has been discussed in detail previously.*!> At finite
misalignment angle ¢, the first-order spin-flop transi-
tion line is no longer connected to the PM-transition
line but ends in a critical point TSF, (Refs. 4, 15, and
20) as shown in Fig. 1(b). In the transitionless re-
gion above TSF, one still finds a peak in the suscepti-
bility at a field corresponding to the SF-transition

" field for perfect alignment.222 At this pseudotransi-

tion, the sublattices rotate continuously in a narrow
field interval from an AF to an SF-like configuration.
The width of this pseudotransition increases with
misalignment. Consequently, the two \ lines to the
PM state are no longer separated by a bicritical point,
since the order changes continuously from Ising-like
in low fields to x-y-like at high fields. The\ lines are
expected to follow Eq. (1) outside this region of
mixed order only. Experimentally, they can be ob-
served for ¢t > 107* Full use of this experimental
resolution limits the field width of mixed order to
AH <200 Oe. As is evident later, this requires
alignment of easy axis and applied field to at least 1
millidegree. This clearly demonstrates the impor-
tance of alignment.

In the recently investigated cubic antiferromagnets’
RbMnF; and KNiF3, such orientation problems of
the applied field are avoided. In addition, the
number of fitting parameters is reduced by one since

‘the AF state is quenched. Under favorable condi-.

tions as for RbMnFj3, the experimental value of
¢(n =3) is obtained with excellent accuracy.

Various experimental methods like measurements
of the susceptibility,*% 12 specific heat,!! magneto-
striction,? ultrasonic attenuation,” %1% and, most re-
cently, neutron scattering!> !4 have been used to
determine the phase boundaries near the spin-flop bi-
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critical point. In the present investigation, we meas-
ured the parallel, isothermal susceptibility X, and
used rf absorption and the resonant ’F NMR
enhancemént? as supporting techniques. In the fol-
lowing, only the aspects of the experimental results
vital for the location of the phase boundary will be
discussed. A detailed account of the dynamic proper-
ties close to the various transition lines will be given
elsewhere.

II. EXPERIMENT

The parallel isothermal susceptibility X, and the rf
absorption in the frequency range 14—180 MHz were
measured simultaneously. X, is the direct susceptibil-
ity, the response of the uniform magnetization to a
uniform field. Both field sweeps at constant tempera-
ture and temperature sweeps at constant fields were
used. The NMR measurements were carried out at
constant frequencies in the 500-MHz range. The ex-
periments were carried out on a cylindrical single cry-
stal of MnF, 18-mm long and 3 mm in diameter with
the easy axis of magnetization along the cylinder axis.
The demagnetizing field at the bicritical point
amounts to 15 Oe (bicritical field H, =118.353 kOe)
and was taken as constant in the temperature and
field regions investigated. The experimental setup is
shown in Fig. 2. The susceptibility was measured
with the mutual induction method with modulation
fields of 10 Oe and a modulation frequency of 10 Hz.
We did not attempt any accurate, absolute measure-
ments of the susceptibility. The susceptibilities
shown on the following figures represent roughly the
top 1% of the total susceptibilty. For NMR and rf
absorptions, we used a bridge-type spectrometer.

The rf coil Lymgr and the susceptibilty pick-up coil
Ly, each 4-mm long, were wound side by side around
the center portion of the sample. The moveable
brass block MB serves as sample holder and thermal
station for sample, coils, and the inner heater I1H.
Temperatures were measured with an N, vapor-
pressure bulb N, driving a differential pressure trans-
ducer: This guaranteed field-independent tempera-
ture measurements. For maximum sensitivity, the
reference pressure was chosen close to the pressure
to be measured. Relative calibration of the overall
system to better than 1 mK was achieved with the
temperature dependence of the susceptibility and rf
absorption at the spin-flop transition; absolute cali-
bration was achieved against a platinum resistance
thermometer Pt in zero field. Absolute calibrations
were made only with completely quenched frozen-in
flux; remanent flux changed calibrations up to 7 mK.
The sensitivity of the vapor pressure made a tem-
perature resolution of better than 1 mK possible.
The German-silver capillary, CA, connecting the
vapor-pressure bulb with the pressure transducer was

heated in order to avoid cold spots. Its temperature
was controlled by Cu-Constantan thermocouples at
various places indicated by stars. The thermocouple
nearest to-the vapor-pressure bulb served as refer-
ence. Thermal contact between vapor-pressure bulb
and sample was established by a sapphire rod SA giv-
ing a thermal lag between the vapor pressure and
sample temperature of a few seconds. Surrounding
the sample and vapor-pressure bulb was a copper
shield Cu wound nonuniformly with a resistance wire
heater IH. Temperature stabilization to better than
one part in 107° was accomplished with a standard
temperature controller driving this resistance heater.
The temperature of the inner Dewar wall was adjusted
by a separate heater AH and residual pressure in the
vacuum space, so as to give good temperature control
by the inner heater at minimum heating power. Field
measurements were made with NMR of a proton
sample H, in a small coil mounted near the sample.
Alignment of the sample within 10~ rad was accom-
plished by tilting the moveable brass block by means
of the two adjusting rods, AR (only one shown in
Fig. 2). Fine adjustments were made by tilting the

:

AR

(o]

FIG. 2. Schematic of sample holder. The notation is
described in the text.



19 SPIN-FLOP BICRITICAL POINT IN MnF, 5867

field at the sample with a small field from a pair of
Helmholtz coils mounted outside the magnet Dewar,
transverse to the large field. The sensitivity of this
alignment procedure was about 2x107° rad. The
alignment was checked before each run, and it usual-
ly remained unchanged from run to run.

III. EXPERIMENTAL RESULTS

In the study of critical behavior it is desirable to lo-
cate the critical point independent of the experimen-
tal results to be fitted. In the present experiment,
the splitting of the first-order SF transition into two A
lines should, in principle, give an adequate location
of the bicritical point, although these X lines meet
there tangentially to the SF transition. Unfortunate-
ly, the spin-flop—PM transition is only seen in tem-
perature sweeps and cannot be observed close to the
bicritical temperature. But another, unexpected split-
ting of the susceptibility peak at the SF transition lo-
cates Tp within 1 mK or 1.6x107° in reduced tem-
perature. The SF transition has further been used to
accurately align the easy axis and external field.
Therefore, we first discuss some aspects of the spin-
flop transition before turning to the bicritical
behavior of the two paramagnetic-transition lines.

A. Spin-flop transition

The first-order SF transition is easily located by a
sharp peak in the field dependence of the paraliel
isothermal susceptibility X, and of the rf absorption
Xi'. A peak width of about 100 Oe at half the peak
height could be achieved at 9 mK below the bicritical
point for the best alignment. The width of the peak
decreased to about 70 Oe, 30 mK below T, and
remained nearly constant at lower temperatures. The
peak was asymmetric with a maximum slope on the
spin-flop side about half that on the AF side. Near
T, some asymmetry might be expected due to dif-
ferent critical behavior in the AF and spin-flop states.
At low temperatures, this should not be important
since the stability limits of the two phases are suffi-
ciently away from the actual transition. The same
asymmetry is also observed in GdA10;.2!

The temperature dependence of the SF-transition
field close to the bicritical point determines the orien-
tation of the temperature scaling axis p [Eq. (2a)].
We obtain p =1.12x10* (kOe?) in good agreement
with other experiments.” 1’

As mentioned earlier, final alignment of the easy
axis with applied field had to be performed close to
the bicritical temperature where the width of the SF-
transition shelf becomes very narrow.*2!:22 There,
both susceptibility and rf absorption are very sensi-
tive to alignment, as shown in Fig. 3 for the suscepti-

SUSCEPTIBILITY iu (ARBITRARY UNITS)

18 118.5 H (kOe)

FIG. 3. Susceptibility profile at the SF transition 9 mK
below the bicritical point for different alignment angles ¢
between easy axis and applied field: best alignment (solid
line), ¢ =1.2 mdeg (dashed line), ¢ =3.6 mdeg (dotted
line), and ¢ =5.4 mdeg (dash-dotted line).

bility 9 mK below Tp. The susceptibility peak >"<;F de-
creases rapidly with misalignment, but the field of the
susceptibility maximum remains unchanged.?*
Smearing-out of the SF transition occurs mainly to-
wards the AF side. Part of the susceptibility peak is
due to critical effects. Their contribution is of the
order of the susceptibility peak at the bicritical point,
thus only of the order of 10% of the measured SF-
transition peak. In addition, no substantial orienta-
tion dependence of X at the bicritical point was
found experimentally. Therefore, we attribute the
variation of the height of the susceptibility peak at
the SF transition with orientation to the first-order
nature of the SF transition. The width of the SF-
transition shelf, which in the molecular field approxi-
mation (MFA) is about 3x107* deg at this tempera-
ture,?! could not be resolved experimentally, but a
best alignment can be determined within 10™* deg.
This is, of course, an alignment of an average easy
axis with an average direction of the applied field,
averaged over some angular spread of the direction
of the easy axis, and inhomogeneities of the perpen-

. . . ~SF
dicular field component. Since X, drops to about
half within 4x1073 deg, we believe that the angular
spreads of the easy axis and applied field are also well
within this angle. This is an order of magnitude
smaller than the angular spread estimated from inho-
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FIG. 4. (a) Susceptibilty profiles in the vicinity of the bi-
critical temperature for best alignment for different tempera-
tures. The appearance of the shoulder on the low-field side
of th susceptibility peak locates the bicritical temperature at
64.792 K. (b) Differential absorption at 14.3 MHz near the
bicritical point for different temperatures. At 64.780 K, ab-
sorption is observed at the SF transition only; at 64.783 K,
an additional absorption in the AF state, cut off by the line
at the SF transition, appears.

mogeneous NMR-line broadening.?* On the other
hand, Wong et al.?® derived intrinsic strains in the
[110] direction from zero-field circular dichroism, of
the order 1073, compatible with our estimate. The in-
fluence of misalignment is almost independent of the
azimuthal direction of the misaligned field, as expect-
ed for uniaxial symmetry. The small asymmetry ob-
served is attributed to the fact that the principal axis
of demagnetization is not perfectly colinear with the
easy axis of magnetization.

In the aligned crystal, XEF and the rf absorption at
the SF transition decrease rapidly with increasing tem-
perature. Figure 4 shows the susceptibility and rf-
absorption profiles in the vicinity of the bicritical
point. The susceptibility peak first decreases linearly
with increasing temperature, but before going to
zero, a shoulder appears on the low-field side. This
shoulder develops into a wide asymmetrical peak.
The asymmetrical peak turns out to be the rounded
susceptibility divergence at the AF-PM transition.
The appearance of the shoulder on the low-field side
therefore signals the branching of the
AF—PM —transition line and locates the bicritical
temperature at 64.792 £0.001 K. The fitting pro-
cedure in Sec. IV confirms that this is the correct bi-
critical temperature. The intensity of the narrow
peak, the remnant of what was the SF-susceptibility
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FIG. 5. Location (crosses) and intensity (triangles) of the
anomalous susceptibility peak above Tg. Filled circles: SF
transition. Also shown are the AF-PM and spin-flop—PM
transition lines obtained from a fit to Eq. (1) (solid line) and
the experimental points for the AF-PM transition (open cir-
cles).
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peak, decreases fairly rapidly for some 15 mK above
T and shifts to slightly higher fields. As is evident

from Fig. 5, this anomalous peak is not identical with
the spin-flop—PM transition.

The origin of this anomalous susceptibility in the
PM state is not known at present. A cold end of the
sample would see a somewhat smaller field due both
to the reduced applied field off-center as well as to
larger demagnetization. Its SF transition would,
therefore, still be seen above the bulk 7 and at
'somewhat higher nominal fields. However, the ano-
maly becomes almost temperature independent at
30 mK above Tp, and exists to at least 150 mK above
Tg, the highest temperature at which measurements
of this peak have been made. A temperature differ-
ence of 150 mK over half the sample length requires
heat transport of the order of 100 milliwatts. Howev-
er, the total power dissipated in the inner and outer
heater was as low as 10 milliwatts. In addition, no
changes could be observed when varying the total
heat dissipated (depending on the vacuum in the
dewar wall) or its distribution over the inner and
outer heaters. Recent measurements on GdAI1O; also
show a similar, double-peak behavior of the suscepti-
bility above Tp in the case of exact alignment of easy
axis and applied field, but the anomaly is absent for
misalignments of more than some hundredths of a
degree.?’ The GdAIO; samples were small and im-
mersed in liquid helium, therefore field and tempera-
ture inhomogeneities as causes of the anomaly can
definitely be ruled out. It appears, therefore, that the
observed anomaly is not an instrumental artifact.
Recent theory,2® however, does not predict any sus-
ceptibility peak at the skewed temperature axis in the
PM state. It is not clear, at present, whether this
anomaly is an indication of a possibly more compli-
cated phase diagram in the vicinity of a bicritical
point.?

Consider now the rf absorption. It also exhibits a
narrow peak, at the SF transition, whose maximum
coincides with the susceptibility maximum within the
experimental accuracy. The width of the absorption
line is roughly that of the susceptibility peak, but the
line is more asymmetric. Domain-wall motion has
been suggested as a possible cause of the absorption
peak in ultrasound experiments.!® This does not en-
tirely apply to our case, since the absorption line per-
sists to angles between easy axis and applied field far
beyond that where an SF transition can exist. On ap-
proaching the bicritical temperature, the absorption
line splits into a wide line cut off by the absorption at
the SF transition. The absorption pattern is that of a
truncated antiferromagnetic-resonance (AFMR) line
reported previously for GdA103.3° The truncated
AFMR line can be qualitatively understood as fol-
lows. The low-frequency AFMR branch is the soft

" mode in the cgse of uniaxial symmetry and goes to
zero frequency at the stability limit of the AF phase.

In spin-flop antiferromagnets, however, the SF tran-
sition always occurs experimentally at the thermo- -
dynamic transition field (field of equal free energies
of the AF and spin-flop states), contrary to the case
of metamagnets, where hysteresis at the first-order
AF-PM transition is indeed found. The metastable
AF region is therefore not accessible experimentally.
The width of this metastable region AH . is, in the
molecular-field approximation, equal to the width of
the SF-transition shelf.2"2* Therefore, in MnF,,
AH s decreases from about 1 kOe at 0 K to zero at
Tg. Sufficiently away from Tg, the AFMR line at
our low-measuring frequency lies completely in the
unaccessible metastable region. On approaching Tp,
the metastable region narrows and part of the AFMR
line then appears in the stable AF phase, where it is
cut off by the absorption line at the SF transition.
Therefore, splitting of the rf-absorption line at the SF
transition occurs before the bicritical temperature is
reached. Above Tp, the wide absorption line follows
the AF-PM transition with nearly a constant field
shift. The absorption line at the SF transition, how-
ever, does not disappear completely at Tg. As in the
case of susceptibility, some anomalous absorption is
also found in the PM state above.Tg. The center of
this weak anomalous absorption line coincides with
the peak of the anomalous susceptibility.

The double peak-absorption pattern just below Ty
is very sensitive to alignment of easy axis and applied
field. Misalignment shifts the AFMR branch to
slightly higher frequencies and widens the absorption
at HSF. A misalignment of 7x107% rad at 9 mK
below T, for instance, quenches the truncated
AFMR-absorption line completely.

B. AF-PM boundary

The asymptotic behavior of the susceptibility at
both the PM-AF and PM —spin-flop transition lines is
that of the specific heat>3! (except at H =0). At the
bicritical point, however, X diverges considerably
stronger than the specific heat,2i.e., y=2¢ —a—2,
where ¥ and « are the exponents of the susceptibility
and specific heat, respectively. This has been verified
experimentally, although the experimental value of y
was considerably smaller than predicted.* Due to
sample, field, and temperature inhomogeneities, a
peak in the susceptibility is observed, rather than a
divergence. The divergentlike susceptibility peak at
the AF-PM transition could be observed equally well
in field and temperature sweeps. Field sweeps are
more practical experimentally and most of the data
for the AF-PM transition were taken by scanning the
field at constant temperature. However, the two
methods, for the locating of the phase boundary, give
identical results. A field scan of both susceptibility
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FIG. 6. Differential susceptibility and absorption at the
AF-PM transition 79 mK above Tg. The transition field H,,
obtained as described in the text, lies 55 Oe above the field
of maximum susceptibility. The maximum of the rf absorp-
tion at 14.3 MHz lies clearly below the transition and the ab-
sorption extends smoothly through the transition. The
center of the anomalous absorption in the PM state at 118.5
kOe coincides with the maximum of the anomalous suscepti-
bility peak.

and rf absorption is shown in Fig. 6, temperature
scans of X, in Fig. 7. The field or temperature of
maximum susceptibility does not coincide with the
true or average transition, if the susceptibility peak is
asymmetric. The transition is then displaced from
the susceptibility maximum towards the steeper side
of the peak. Landau and coworkers®? have analyzed
the rounding of the specific heat in GdCl; and

CoCl, - 6H,0 in terms of a distribution of local critical
temperatures throughout the crystal. They obtained
good agreement with experiments assuming a Gauss-
ian distribution. In GdCl;, where the ratio of max-
imum slopes of the specific-heat peak on the PM side
and AF side is about 30, the maximum of the specif-
ic heat is shifted downwards by the halfwidth T" of
the distribution. In CoCl, - 6H,0, the ratio is only 4,
and the shift amounts to about %F. Such a detailed

analysis of the susceptibility is complicated near the
bicritical point by crossover effects. Close to the
AF-PM transition line, Ising behavior is expected,
crossing over to bicritical behavior further away in
the PM state. Indeed, the experimental results well
outside the rounded region are not well represented
by a single power law. A meaningful distribution
width, therefore, could not be derived from the
present susceptibility data. Instead, we estimated the
displacement of the true 7,.(H) from the susceptibil-
ity maximum using the specific-heat analysis®? of
CoCl, - 6H,0, where a similar ratio of maximal slopes
above and below T, as for X, in MnF, was found.
We note that in the specific-heat case, the distribu-
tion is centered at a 7, which lies halfway between
the temperature of maximum slope on the PM side
and the temperature of the intersection of the max- .
imum slopes on both sides. We applied this to our
case assuming that the rounded region of X lies well

Xy
‘ 122.605 kOe
FL-PM (x10)
119.082 kOe
AF -PM 118.075 kOe
1 1
64.80 64.85 TK)

FIG. 7. Differential susceptibility as a function of tem-
perature across the AF-PM boundary (H =118.075) and the
spin-flop—PM boundary. The arrows indicate the transition
temperature.

within the Ising region. This appears reasonable in
view of the narrow rounding region (AH < 200 Oe or
t <6x107* and the Ising region found for GdA10;.4
We then obtained a shift of about 60 Oe at the
highest temperatures investigated, corresponding to
shifts in critical temperatures from 6 to 10 mK. A
rough estimate for the distribution width can be ob-
tained from the width of the SF transition. At suffi-
ciently low temperatures, critical effects are absent
and the width of the SF shelf is much wider than the
spread in direction of the easy axis. Since the SF-
transition field is independent of the angle between
easy axis and the applied field,?* a possible mosaic
structure does not broaden the transition. Besides
the asymmetric broadening of unknown origin, the
main contributions to the width of the 7, distribution
I'(T,), is expected from inhomogeneous isotropic ex-
change. This gives an upper limit for I'(7,) of

T
r
F(Tc) < 4Hr (Hsp) ,

where T'(Hgp) is the halfwidth of the SF transition.
The factor 4 in the denominator takes care of the
square-root dependence of Hgg on the isotropic ex-
change and the contribution of inhomogeneous anis-
tropy to I'(Hgp). With TI'(Hgg) =70 Oe, we have
I'(T,) =16 mK. A similar result is obtained if the
width of the SF transition is attributed to field gra-
dients. The influence of temperature gradients which



do not affect the SF-transition width is difficult to as-
sess, but is believed to be small. First, no influence
of the total heat dissipated and its distribution on the
two heaters on the AF-PM transition could be detect-
ed. Second, the drastic changes of the susceptibility
profiles and absorption patterns near Ty within a few
mK also point to temperature inhomogeneities not
larger than a few mK. The shifts applied are, there-
fore, consistent with what one would expect from the
different kinds of inhomogeneous broadening.

Associated with the AF-PM transition is an rf ab-
sorption. As mentioned above, the absorption pat-
tern just below T} is typical of a truncated antifer-
romagnetic resonance (AFMR).2® As shown in Fig.
4(a), the absorption line associated with the AF-PM
transition grows smoothly out of the truncated ab-
sorption line. It is therefore implied that the absorp-
tion line is due to the low-frequency AFMR. The
center of the resonance does not shift with frequency
in the frequency range from 118 to 14 MHz, and the
absorption amplitude decreases monotonically with
increasing frequency. We take this as an indication
that the absorption is due to an overdamped mode.
Since, at these low frequencies, the line lies very
close to the AF-PM transition (within the line width)
the rf absorption is dominated by the dynamics of the
transition, and is not adequately described by simple
AFMR considerations. A detailed discussion of the
rf absorption will be given elsewhere.

C. Spin-flop—PM transition

At the spin-flop—PM transition, a susceptibility
maximum could only be detected when scanning the
temperature at constant field as observed previously
in GdAIO; and NiCl, - 6H,0.%3 Close to the bicritical
point, the maximum of the measured susceptibility
was still quite pronounced, but at higher fields only a
shoulder in the temperature dependence of X, could
be seen as shown in Fig. 7. The susceptibility peak,
when observed, is very much weaker than at the
AF-PM transition. This is expected, since
¥=a(n =2) =0.02 at the SF-PM boundary compared
to ¥y =aln =1) =0.125 at the AF-PM boundary. On
the other hand, a similar effect is also observed in
biaxial systems,*3 although there 3 =vy(n =1) on
both X lines. In the latter case, it might well be that
due to the rather small rhombic anisotropy com-
ponent, the Ising region at the spin-flop—PM A\ line is
too narrow to be observed. The ratio of the maximal
slopes on the PM and spin-flop sides is about half
that at the' AF-PM transition. Corrections due to
rounding should, therefore, be considerably smaller
than at the AF-PM transition. Due to the increased
noise of the measured susceptibility, however, appli-
cation of a similar procedure as in the case of the
AF-PM transition is meaningless. Since the max-
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imum or shoulder of X, cannot be detemined to
better than some 5 mK, (which is larger than the ex-
pected correction) the transition was taken to be at
the peak or the shoulder of X,. At some 5 kOe
above the bicritical field, the shoulder became too
diffuse for accurate location of the phase transition.
Better results were obtained there with the method of
the resonant NMR enhancement.??> A detailed ac-
count of this resonant NMR enhancement will be
given elsewhere. It can be understood qualitatively
as follows. The nuclear ’F moments are practically
parallel to the applied and rf fields in the spin-flop
state. Nuclear transitions are then only induced by
the motion of the Mn moments via the hyperfine
coupling. The NMR, therefore, probes the perpen-
dicular dynamic sublattice susceptibility Xe(w). One
finds that close to the transition, the NMR enhance-
ment is proportional to | Xew (onme) |2 Where wnmg is
the 'F NMR frequency. As long as wnmg is slow
compared to the eigenfrequency of the Mn moments,
Xeup(wnmr) can be replaced by Xep(0). The latter
diverges like (T, — T)'/2 in MFA, thus giving rise to a
very large NMR enhancement. However, the eigen-
mode of the Mn moments excited by a parallel rf
field is the soft mode at the spin-flop—PM boundary,
and its eigenfrequency will eventually become slow
compared with wymr very close to the transition.
Then X (wnmr) tends to zero and the NMR line
disappears at the transition. The lowering of the
spin-wave frequency from above wnmgr to below,
when aproaching T, is also clearly evident from the
observed phase of the NMR signal: the NMR phase
was shifted from absorption through dispersion to al-
most 360 °. The two NMR points in Fig. 7 corre-
spond to vanishing NMR enhancement.

IV. ANALYSIS AND DISCUSSION

The experimental data for the AF-PM and spin-
flop—PM boundaries shown in Fig. 8 are now fitted
to the form of Eq. (1) by a least-squares fit. For
known Tpg, this involves four fitting parameters,
namely, the crossover exponent ¢, the amplitude ra-
tio Q, the orientation of the field scaling axis ¢, and
one of the amplitudes, w4 or w_. Of main interest,
are the two universal parameters ¢ and Q, whereas ¢
and w are nonuniversal. In order to reduce the
number of fitting parameters, ¢ has repeatedly been
taken from Eq. (3).%7 In view of the semiquantita-
tive nature of Eq. (3),1%!6 this appears inappropriate,
especially-since the choice of g determines, to a great
extent, the value of Q.

The experimental uncertainties in locating the tran-
sition from the susceptibility peak are considerably
larger than errors in field and temperature measure-
ments. The latter are therefore neglected in the fol-
lowing. Since the spin-flop—PM boundary is very
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FIG. 8. Phase diagram near the bicritical point. The drawn PM boundary lines and the orientation of the { =0 scaling axis
correspond to the best fit of the experimental points (crosses) as described in the text. The two filled circles give the spin-
flop—PM transition determined from vanishing ’F NMR enhancement.

steep and could only be obtained from temperature-
sweep measurements, we took ¢ as the dependent
variable with the experimental error. Errors in the
location of the critical field in field-sweep measure-
ments are therefore converted into those of critical
temperature. The experimental precision is different
on the two branches and a weighted least-squares fit
is appropriate. At fixed values of ¢ and Q,
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Gr=3 (/oD alw]",
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4,8, and &; are the experimental values of the re-
duced temperature and field,. defined in Egs. (2a) and
(2b). The summations go over all measured points
of both branches, with w; = w, for the spin-flop—PM
branch, and w; =w_=w,/Q for the AF-PM branch.

For each data point, the weighing factor is 1/o2 For
o, we took the estimated precision with which each
t; could be determined, i.e., o; =3x1075 for the AF-
PM branch and o; =6x107° on the spin-flop—PM
branch. N is the number of data points, » the
number of parameters to be fitted. In our case,

N =67, n=4. A quality criterion of a fit, the X? test,
requires X2 < 1.3 x2? is minimized by

¢=1279, Q=156,

g =1.19x10"%(k0e™?) ,
and

wy=2.67x10%(kOe?) ,

with Xx2=0.53. The X2 test is, in principle, a valid fit-
ting criterion only if the o;’s are the experimentally - .
determined standard deviations of representative sets
of measurements of ¢ at fixed g;. Since, at most,
three data points have been taken at a particular
field, we had to use rough estimates for o;. The
small value of X2, therefore, should not be taken as a
sign of a particularly good fit, but rather as a conse-
quence of too conservative an estimate of o;.
Nevertheless, given that these estimates are of the
right order, we can consider the fit satisfactory. Since
it is not in the spirit of the x? test to adjust o;, we
continue the analysis with the above estimates of o,
but quote in the following the variance of the fit

S2=NXY 3 a2, (5)
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instead of x2. S? (or the standard deviation S) The derivatives d/dr; were obtained numerically,

depends only on the relative values of the individual changing f, by 8¢, one at a time.!% the change of ¢

sample variances o2. The standard deviation S (and Q) with T, is illustrated in Fig. 9(a). We ob-

should give the reader a better feeling of the quality tain, assuming an uncertainty of 1 mK and 10 Oe in

of the fit; the comparison of S? with the weighted bicritical temperature and field, respectively, and us-

average Tr‘,»z of the individual variances ing o; (/’;F-PM) =3x107% and o; (spin-flop— PM )
=6x107°,

225/ =N/3 o/
' $=1.279 +0.031,
g =(1.19 £0.15) x1076(kOe™2)

is equivalent to the X2 test. In our case,

§=2.32x107° »
and . Q0 =1.56 £0.35,
5 =(EH12=35x10"5 . wy =(2.67 £0.3) x10(kOe?) .
It should be noted that the values of the fitting ‘ The first and second terms on the right-hand side of
parameters do not depend strongly on the chosen ra- Eq. (6) are roughly equal, the dominant contribution
tios of o;. Setting to the first term being -due to the PM —spin-flop
branch.
— = . in- —_ = =5
(AF—PM) = o, (spin-flop—PM) =3x107% , The experimental value of ¢ =1.279 +0.031 is in
we obtain good agreement with the renormalization-group pred-
iction of ¢(n =3) =1.25, and in excellent agreement
6¢=1292, 0=142, with the experimental value ¢ =1.278 +0.02 found
. . . 9
g =123x10"(kOe™?) , recently in the cubic antiferromagnet RbMnF;.” The

values of g and Q, however, are considerably smaller
than the predicted ¢ =1.35x107% (kOe?) of Eq. (3)
wy=2.58x10%(kOe?) , ‘ and Q =2.51 of Fisher and Nelson? or the O (&) ex-
pansion value Q =2.33 of Bruce.®*
with § =2.45x107°. The discrepancy between experiment and theory
The uncertainties of the fitting parameters were ob- regarding the nonuniversal parameter ¢ should not be
tained by the law of error propagation,” e.g., regarded as too serious. Rather, the expression relat-

and

2 2 2 ing g with the slope of the AF-PM boundary at zero
d d . R
c}=3 idt?— al+ di; o'%c + ﬁ o‘f,c . (6) field [Eq. (3)] should be considered as a rough esti-
i / € ¢ mate.!’ 16 In addition, Shapira and Becerra!® have
¢ ¢ . (b)
1.35 135
1.30 130
3 -
125 1.25 ">
S
S
1.20 30° 30155
jn=2
145 2x16° 2x10°
1.0 1.5 20 Q 10 15 20 Q

FIG. 9. (a) Best fits for different values of T,, given by the numbers along the solid line. (b) Best fits for given values of Q
with T, =64.792 K. The two open circles on both figures represent the theoretical values for an n =2 and n =3 component sys-

tem. The double circle indicates the absolute best fit on each figure. The dashed lines give the standard deviation of reduced
temperature of the various fits.



5874 A. R. KING AND H. ROHRER 19

given some arguments, why Eq. (3) should not be
applicable in the case of Cr,0;. The same arguments
might also be partly responsible for the weaker
discrepancy between the experimental ¢ and that
derived from Eq. (3) in the case of MnF,. More
serious, however, is the experimentally small value
of the amplitude ratio Q. Although the theoretical
quotations for Q differ somewhat, Q should definitely
be larger than the molecular-field approximation
value of Q =2.

A first plausible reason for the small experimental
value is a possible anistropy in the basal plane, which
would make MnF; an » =2 component system with
Q =1. Depending on the size of the basal-plane an-
isotropy, quenching of the perpendicular fluctuations
along the hardest axis of anisotropy may be incom-
plete in the temperature range investigated, and
crossover effects should be observed. Fitting the ex-
perimental curves to the form of Eq. (1) would then
result in effective values of Q between 1 and 2.5, and
¢ between 1.18 and 1.25. There is indeed experi-
mental evidence for a small basal-plane anisotropy as
mentioned in Sec. II A. In addition, both low-
temperature electronic and *Mn NMR experiments
above the SF transition® as well as the resonant
NMR enhancement? indicate the existence of a low-
lying spin-wave mode in the spin-flop phase, and
therefore an anisotropy in the basal plane of MnF,.
This anisotropy may be of inhomogeneous origin, as
evidenced by the anomalous field dependencies of
both the electronic and *Mn nuclear resonances in
the SF state, as well as the nonobservance of the °F
NMR.3 (A possible fourth-order cubic term should
not affect the bicritical properties,’ i.e., the properties
in the H,— T plane.) Another contribution arises
from demagnetization. Since the principal axes of
demagnetization and the magnetic anisotropy do not
exactly coincide, rotational symmetry around the easy
axis is not preserved. Whatever the origin of the in-
plane anisotropy might be, it is estimated to be of the
order of some Oe,?*? j.e., three orders of magnitude
smaller than the easy-axis anisotropy. Such a small
anisotropy should only become effective very close to
Tp. Fitting in selected temperature ranges did not
give any indication of a crossover from an » =3 to an
n =2 component system. In addition, fits with small
Q values give large ¢ and vice versa, as shown in Fig.
9(b). We believe, therefore, that the small Q value
is not caused by a possible small rhombic component
of the anisotropy, because this would imply Q =1
and ¢ =1.18.

A second possible origin for the small Q value
might be experimental. We think that the AF-PM
boundary is correctly located within 2 mK, but the
situation with the spin-flop—PM boundary, especially
in the high-field region, is less clear. But it is the
spin-flop—PM boundary which dominates the result-
ing value of Q and a small systematic error in deter-

mining the spin-flop—PM boundary from experiment
can change Q drastically. A downshift of the experi-
mental spin-flop—PM boundary line by only 10-mK
changes the fitting parameters to

6=124, 0=24, ¢=0.89x10"5(k0e™?)

and
w,=2.76x10%(kOe?) ,

¢ and Q thus being close to the theoretical values.
Such a fit is, in addition, nearly equivalent in terms
of a X? test. However, we think that such a systemat-
ical error in the spin-flop—PM boundary is not justi-
fied experimentaily. Although we have neglected
corrections due to rounding at this boundary for rea-
sons given above, such corrections should shift the
boundary to higher temperatures. We have also con-
sidered the possibility of an incorrect choice of T,.
Figure 9(a) shows the influence of T, on ¢ and Q.
The absolute best fit is obtained with 7T, =64.7915.
This is comforting in respect of our original choice of
T,, but the minimum of X2 vs 7, is too shallow in
the range of 64.790 < 7. < 64.793 for an unambigu-
ous choice of T, on this basis. The important feature
is, however, that the curve of best fit comes nowhere
close to one of the required values of (¢,Q) for
n=2orn=3.

Our experimental data are further confirmed by the
high-field measurements of Shapira and Beccera.’
Their results are incorporated in Fig. 10 together with
the present work. The bicritical points reported are
somewhat different from ours. In order to make the
best use of their high-field data of the spin-flop—PM
boundary not accessible in our experiment, we have
adjusted their data for best fit of the AF-PM branch
to our data. The relatively large scatter of their data
was accounted for by appropriate weighting factors o;
of 10 mK for the AF-PM branch, and of 20 mK for
the spin-flop—PM branch. The fit then gives

¢=1281 £0.03, 0=1.54+03,
g =0(1.21 £0.2) x1075(kOe™?)
and ‘

wy=(2.69 +0.28) x10%(kOe?) .

These values agree weil with those obtained from the
fit to our data above. In particular, the discrepancy
of experimental and predicted values for Q remains.
We therefore conclude that the low value of Q is nei-
ther a consequence of a rhombic anisotropy com-
ponent nor due to experimental error.

Finally, we should add a word of caution regarding
the quality of the fits. From the point of view of the
x? test, the-quality seems at least reasonable. The
resulting standard deviations are in line with the es-
timated experimental uncertainties. There are, how-
ever, two noteworthy features. Firstly, the experi-
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FIG. 10. Comparison of the present data, represented by the solid line, with the high-field data of Ref. 7. The scatter of the
present data lies well within the width of the solid line. The heavy solid (range of our data) and dashed line corresponds to the
best fit (y=1.281 and Q =1.54). The two dotted lines represent fits to our data alone with Q =1, required for an n =2 com-
ponent system [curve 1: absolute best fit yields ¢ =1.325, curve 2: ¢ =¢(n =2) =1.18].

mental results favor larger values of ¢ (and
correspondingly lower values of Q) on the spin-
flop—PM branch, and lower values on the AF-PM
branch. This was also observed in the case of
GdA10;.4 Secondly, a small but notable structure of
the deviations At; on both branches is found. We
take this as an indication of some small systematic
discrepancy between the experimental results and the
form of the phase boundaries predicted by Eq. (1).
Correction terms in Eq. (1) might be necessary for -
complete agreement with experiment. It might well
be that this would also resolve the present problem
concerning the experimental value of Q. This conjec-
ture seems supported by Fig. 9(b), which shows ¢ vs
QO for fits at fixed T,. A given value of Q (or ¢)
close to the predicted one, does indeed also imply a
value of ¢ (or Q) close to the theoretical one for an
n =3 component system but not for n =2. Correc-
tion terms in Eq. (1) should not appreciably affect
the relation between ¢ and Q in Fig. 9(b), but might
well sufficiently shift the rather flat minimum of the
resulting standard deviation S to Q =2.5.

V. CONCLUSION

We have determined the phase boundaries near the
bicritical point of MnF; in the temperature range
10™* < 1 < 6x1073 for the AF-PM boundary and
10~* <t < 2x1073 for the spin-flop—PM boundary,
where 7 is the reduced temperature with respect to
the proper scaling axis. Alignment of easy axis and

applied field was achieved within 10~* degrees. The
fit of these boundaries to the theoretical expression
given in Eq. (1) involves four fitting parameters. We
obtain ¢ =1.279 £0.031 in good agreement with the
predicted ¢ =1.25 of an » =3 component system and
other experiments in RbMnF, and Cr,03. There are,
however, some problems which are not understood at
present.

The most serious one concerns the value of the
amplitude ratio Q. We cannot obtain a reasonable fit
with the theoretical Q =2.5 for an n =3 component
system nor with Q =1 for an n =2 component sys-
tem. Rather, the experimental evidence supports an
intermediate value of Q =1.56. This intermediate
value does not reflect a crossover from uniaxial to a
possible orthorhombic symmetry. It is conjectured
that correction terms in Eq. (1) might well resolve
the problem regarding the value of Q.

Secondly, in the paramagnetic state above the bi-
critical point, an additional, anomalous susceptibility
and rf absorption is found. We have no explanation
for this "precursor" of the spin-flop transition.
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