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The magnetic phase diagram of the antiferromagnetic NiCl,-6H,0 (Ty = 5.34 K) was determined from
dM /dH measurements down to temperatures T as low as 0.35 K, and in magnetic fields H up to 150 kG.
The T = 0 spin-flop field and canted-paramagnetic critical field were determined as Hgp(0) = 39.454-0.30
kG and H (0) = 143.9+ 1.5 kG, respectively. From these values, the exchange field H; = 77.44-0.9 kG
and the uniaxial anisotropy field H, = 10.8+0.3 kG were obtained. The corresponding single-ion
parameters are z|J|/kp = 11.5+40.3 K and |D|/kg = 1.614-0.07 K. These values are compared
with the ones obtained previously from other experiments. A careful analysis of the temperature dependence
of the canted-paramagnetic critical field H, is presented. For T S 0.25Ty, the T *? dependence predicted by
Green’s-function and spin-wave calculations is observed. For 0.3Ty S T S$0.6Ty, the observed T
dependence is approximately T ', similar to the results of Rives et al. in MnCl,-4H,0 and CoCl,-6H,0
for comparable reduced temperatures. Our results suggest that temperatures above 0.3 Ty are too high for
comparing the T dependence of H, with spin-wave theory. Near the bicritical point (H, = 44.22 kG and
T, = 3.940 K) the boundaries were determined with higher precision, and compared with the recent
predictions based on scaling and renormalization-group theories. Colinearity between H and the easy axis
was achieved to about 0.1 degrees. Least-squares fits indicated good overall agreement with the theoretical
predictions for the case where the number of critical spin components is n = 2.

I. INTRODUCTION

The magnetic phase boundaries of low-aniso-
tropy antiferromagnets, in the magnetic-field-
temperature (H-7) plane, have been the subject
of experimental'™ and theoretical®™® studies in
the past years. Of special interest is the case
when H is parallel to the easy axis a’. In this
case and at T'=0, by increasing H, two transi-
tions are observed: (i) at a field Hy;(0), a first-
order transition (the spin-flop transition) separ-
ates the longitudinally ordered antiferromagnetic
(AF) phase from the perpendicularly ordered
canted (C) phase, also called spin-flop phase;
and (ii) by further increasing H (at T=0), a sec-
ond-order transition at H,(0) separates the C
phase from the paramagnetic (P) phase. As T
is increased, the first-order line of spin-flop
transition Hg(T) terminates at the bicritical
point (H,,T,), where this boundary meets both
the AF-P and C-P second-order lines. The AF-
P boundary extends from (H,,T,) to (H=0,T,),
Ty being the Néel temperature. The C-P bound-
ary extends from (H,(0),T=0)to (H,,T,).

The general features of this phase diagram have
been known for a long time from the molecular-
field approximation (MFA). However, some par-
ticular aspects have been studied also by more

sophisticated theoretical approaches, and signif-
icant discrepancies from the expected MFA be-
havior have been predicted. In the present paper,
measurements of the magnetic phase diagram of
NiCl,* 6H,0 are presented and discussed with
emphasis on two aspects for which such theoret-
ical treatments exist: (i) the T dependence of the
C-P boundary at low 7;°-*? and (ii) the behavior
of the phase boundaries as they meet at the bi-
critical point.t3-16

The T dependence of the C-P boundary at low
T has been calculated by several authors, using
different techniques and for different kinds of
anisotropy. Falk® studied the isotropic case based
on a variational method. Anderson and Callen,®
in a comprehensive study using Green’s-function
techniques, included uniaxial single-ion anisotropy.
The spin-wave calculations of Feder and Pytte'!
allowed also for a uniaxially anisotropic exchange.
All these calculations predicted that, atlow T,
the C-P boundary should be given by

Ho(T) =H (0)(1 —c,T%2 —czTE‘/z) Heee,

and, therefore, the asymptotic dependence for
T~ 0 should be of the form T% 2. However, very
recently, Cieplak'? has shown that the inclusion
in spin-wave calculations of either an orthorhom-
bic single-ion anisotropy or a transversally ani-
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sotropic exchange, (J, #J, ) changes the asymptotic
behavior from T3/2 to T2.

The experimental verification of these predic-
tions is made difficult by the necessity of combin-
ing high H with low 7. For a simple antiferromag-
net with T, =~ 10 K (and S~ 1), H.(0) is expected to
be 2200 kG.'" NiCl, 6H,0 presents a rare oppor-
tunity: in the present work, the combination of
3He techniques with a Nb,Sn superconductive mag-
net, allowed measurements of H (T) down to T
=~0.07Ty, where H,~143 kG. A T%? dependence
was clearly exhibited at the lowest 7, but devia-
tions from this law were shown for 7>0.257.

The second aspect studied here, the behavior
of the phase boundaries very near (#,,T,), was
the subject of calculations by Fisher, Nelson,
and Kosterlitz**~'¢ (FNK) based on scaling and
renormalization-group theories. According to
FNK, the AF-P and the C-P boundaries should
join the AF-C boundary smoothly, that is, the
three boundaries should have the same tangent
at (H,, Tb). In addition the temperature depen-
dence of the second-order lines (AF-P and C-P
boundaries) should be governed by the crossover
exponent which in turn depends on the anisotropy.
These predictions are in dramatic contradiction
with the MFA, according to which each boundary
should have a different tangent at (H,, T,), with
both AF-P and C-P boundaries being linear in
H2.

The predictions of FNK concerning the bicritical
point were first fully verified in the orthorhombic
antiferromagnet GdAlQO,.®> Subsequent measure-
ments in®'” MnF, and® Cr,0, showed good qualita-
tive agreement with theory, although quantitatively
some difficulties were reported. In order to obtain
data suitable for comparison with this theory, in
addition to the high precision usually needed in in-
vestigations of critical phenomena, accurate pa-
rallelism between H and the easy axis (¢’ axis) is
extremely important. In the present work such
alignment was obtained to within ~0.1°. The data
showed good quantitative agreement with the FNK
predictions.

The phase boundaries of NiCl,* 6H,0 were de-
termined from the # and T dependence of the dif-
ferential susceptibility dM/dH. In the presence
of H, the magnetic transitions are usually associ-
ated with peaks in the curves of dM/dH vs H or T,
allowing an accurate determination of the phase
boundary.?2=¢ Short reports on some of the data
of this article have been presented earlier.!®

NiCl,* 6H,0 is a monoclinic salt whose mag-
netic properties have been extensively investiga-
ted. The magnetic and crystal structure deter-
minations by Kleinberg,'? the antiferromagnetic-
resonance work of Date and Motokawa,?° the calor-
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FIG.1. Magnetic structure of NiCl, < 6H,0. The di-
mensions of the unit cell are: a=10.23 &, 5=17.05 A
2¢=13.14 f\, and f=122°10’. The easy axis, a’ lles in
the a-c plane and makes an angle a=10° with the a axis.

imetric investigations of Johnson and Reese,?!
and the susceptibility studies of Hamburger and
Friedberg® are of relevance to the present work.
They show that NiCl,* 6H,0 is an antiferromag-
net with T, =5.34 K, and with the following char-
acteristics: (a) the exchange energy is larger
than the anisotropy energy by one order of mag-
nitude; (b) the anisotropy is of the single-ion
type and possesses nearly uniaxial symmetry;
and (c) the easy axis a’ lies in the a-c plane at
an angle of about 10° from the a¢ axis. The anti-
ferromagnetically ordered spin structure is shown
in Fig. 1.

II. THEORETICAL RESULTS
A. Low-temperature phase boundaries
Consider the Hamiltonian

-7

{a,B?

-D Za:s'g,, + Z;S%z —guBH<Za saz+§sﬁz\ ,
)

neighbor pairs, and @ and 8 label the lattice sites
in the @ and B sublattices, respectively. The J
term represents the isotropic Heisenberg exchange
interaction, the D term gives the single-ion uni-
axial anisotropy, and the last term is the usual
Zeeman term.

1. C-P boundary at low T

Wwith fI parallel to a’, both MFA and spin-wave
calculations predict the same value for the C-P
critical field H,(0) at T=0, namely,

H(0)=2H,-H,=2z|J|/gps—|D|/guz, (2



where H, =z |J |/g, is the exchange field, H,
=|D|/guy is the anisotropy field, and z is the
number of nearest neighbors.

The Green’s-function analysis of Anderson and
Callen'® applied to the Hamiltonian of Eq. (1), with
S =1, gives the following expression for the T de-
pendence of H, in the low-T region

H(T)=H (011 ~ 2057/ - [Hy/H(0)] 30,7/},
®)

where 7=k,T/guyH,, and b, and b, are constants
that depend on the lattice structure. Values for
these constants have been obtained for two differ-
ent lattices!®: for simple cubic (sc), b,=0.8617...
and b, =0.4981...; for bcc, b,=0.6634... and
b,=0.3834... . The spin-wave result of Feder
and Pytte'! for a sc lattice, and the variational
calculation of Falk® include only the 7%/ term,
and both agree with Eq. (3).

2. AF-C transition (spin flop)

The AF-C transition is a first-order transi-
tion, but hysteresis is usually not observed.?®
Spin-wave theory gives expressions for the sta-
bility limits of the AF phase (with increasing H),
and the stability limit of the C phase (with de-
creasing H)."' The experimentally observed
transitions occur at the field value Hy (T) at
which the free-energies of both phases are equal.??
From MFA, the value Hg(0), for T=0, is given
by

Hg(0)=[H, (2H, - H,)]'/>. (4)

3. H perpendicular to a'

For H perpendicular to a’, the phase diagram
is just a single boundary that separates the or-
dered phase from the P phase. The MFA expres-
sion for the critical field at 7=0 is

H0)=2H_+H,. (5)

B. Bicritical point

The FNK calculations!3™¢ predict that the AF-P
and C-P critical lines should meet the spin-flop
line tangentially at (H,,7,), with a curvature char-
acterized by the crossover exponent $>1. Near
the bicritical point, the scaling hypothesis sug-
gests the introduction of the optimum linear scal-
ing fields given by

f=t+qg and =g -pt, (6)

where t=(T~T,)/T, and g=H?~ H3. The slope p
should be given by
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_ 1 (dHEx(T)
? T,,( dT )Mb’ M

so that the =0 axis corresponds to the limiting
tangent to the spin-flop line at the bicritical point.
Fisher'* gives the following expression for the
thermal axis slope ¢,

n+2 1 /dT) 4
7%= 73y Tb(dHZ)H,O’ ®

where # is the total number of spin components ex-
hibiting divergent bicritical fluctuations. For a
perfectly uniaxial system =3, but if some degree
of anisotropy is present in the plane perpendicular
to the easy-axis, one has#n=2. T, in Eq. (9) re-
presents the AF-P boundary.

The critical lines near the bicritical point are
given by

§c=w1,?¢ andéc="'wu‘z¢: (9)

for the canted and antiferromagnetic boundaries
respectively. Series expansions®* yield the val-
ues p(n=3)=1.25 and ¢(n=2)=1.18 for the cross-
over exponent. The ratio Q(z)=w,/w, has also a
universal character. Renormalization-group ar-
guments show that @(2)=1, whereas Q(3)=2.51.

HI. EXPERIMENTAL DETAILS

Single crystals of NiCl, ° 6H,0 were grown from
reagent grade salt by evaporation from aqueous
solution at about 30°C. The crystal axes eould
be identified from the growth habit described by
Groth.?® The samples used were elongated in the
a direction and had roughly the shape of a parall-
elepiped. The dimensions of a typical sample
were 0.7x 0.2x 0.2 cm. To avoid deliquescence,
the crystals were maintained in pure clock oil,
and received a heavy coat of silicon grease before
being mounted in the sample holder. To avoid
storage for long periods of time, new crystals
were used whenever a new set of runs was started.

The variable temperature cryostat used was
similar to the one described by Oliveira and Quad-
ros.?® The cryostat consisted essentially of a
small double wall variable temperature chamber,
insulated by vacuum from a surrounding thermal
bath. Inside the chamber, well controlled amounts
of either *He or *He could be liquefied and the
temperature of the liquid *He or *He could be con-
trolled by the vapor pressure. During the mea-
surements, the volume of liquid in which the
sample was immersed was never larger than
5 cm?® and the height of the column above the
sample never exceeded 2 cm. In this way, the
problem of temperature corrections due to the
height of the liquid column was avoided.?” The
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presence of the outside bath provided improved
stability to the sample bath. In the “He range,
the variable T chamber was immersed directly
in the 4.2-K bath of the superconducting coil
which produced H. For the He range, an insert
dewar had to be placed inside the bore of the mag-
net so that the variable T chamber could be sur-
rounded by a 1.2-K *He bath. The temperature
was determined by measuring the vapor pressure
using a conventional Hg-o0il manometer and a
“Baratron” gauge.?® A few points were taken just
above 4.2 K. For those, T was obtained from a
glass capacitance thermometer?® calibrated in the
“He range. The overall accuracy in the measure-
ment of T was always better than 0.01 K. For the
measurements near (H,,T,) (3.8 to 4.1 K) special
care was taken to achieve a precision better than
0.002 K.

The dM/dH was measured with an ac mutual
inductance bridge similar to that described by
Maxwell.?® The secondary coils (pickup coils)
were wound on an epoxy-resin spool and placed
inside the sample chamber. A cylindrical capsule
of the same epoxy resin, made to fit snugly the
bore of the pickup coils (0.6 cm), housed the sam-
ple holder. The set sample-holder—secondary-
coils was made as small as possible to minimize
spurious pickup coming from the external mag-
netic field. The primary meéasuring coil was
placed in the outside bath surrounding the sample
chamber. Except when otherwise indicated, the
measuring frequency was 155 Hz and the modula-
tion field ~3 Oe. The external field was produced
by two different superconducting magnets. For
the highest fields (up to 150 kOe) a Nb,Sn magnet
with homogeneity better than 0.1% in 1 cm was
used. With this magnet, the field value was ob-
tained from a magneto-resistive probe calibrated
with an overall accuracy of better than 1%, but
with a resolution for measuring field variations
of about 100 Oe. Below 75 kOe a NbTi magnet
was preferred because of its better homogeneity
(0.01% in 2.5 cm), the practical absence of trapped
flux (less than 20 Oe)andthe ease of operation.
For this magnet, the proportionality between
field and current was calibrated to within 0.5%
and the resolution for field variations was ~30
Oe.

To achieve the necessary degree of alignment
between H and the sample easy axis, a suspen-
sion system was devised which permitted small
changes in the direction of the axis of the super-
conducting coil. Figure 2 shows schematically the
magnet suspension. The coil was suspended by
three stainless steel posts whose lengths could be
varied by fine thread screws at the top flange of
the cryostat. These posts were connected by

FIG. 2. Schematic view
— of the suspension of the

B NbTi superconducting mag-
net. A: adjusting screw;

B: stainless steel post;

Nz
c -~ C: coil; D: phenolic ring
F rigidly tied to the coil;
E: styrofoam spacer;
D E F: variable temperature

chamber; G: top flange of
the cryostat.

movable joints to a ring of phenolic material
which was rigidly tied to the coil at its mid plane.
With this simple construction it was possible to
tilt the coil axis by approximately 3° in any direc-
tion, with a resolution better than 0.05°. The var-
iable temperature chamber was considerably nar-
rower than the bore of the magnet, and was held
fixed inside the bore by a styrofoam spacer at

the mid plane of the coil (see Fig. 2).

IV. RESULTS AND DISCUSSION

Most of the transition fields were obtained from
continuous curves of dM/dH (output of the mutual
inductance bridge) vs H at constant 7'. At the
spin-flop transition, the magnetization is discon-
tinuous, and the differential susceptibility with
respect to the internal field becomes infinite.

The measured susceptibility (with respect to

the applied field) shows a large (but finite) sharp
peak whose width and height are dependent on the
demagnetization factor of the sample and the size
of the magnetization jump.?*® At the C-P transi-
tions, a A peak is observed, due to spin fluctua-
tion effects. These peaks become less conspicu-
ous as T increases (and the boundaries become
steeper in the H-T plot).

Near the bicritical point, each of the boundaries
were marked by a dM/dH peak whose shape and/or
size was peculiar to that boundary. With increa-
sing T, the spin-flop peaks diminished rapidly as
T approached T, and then changed smoothly into
smaller, but still sharp, AF-P A-type peaks. The
C-P peaks in dM/dH vs H, however, were broad
and almost imperceptible. A precise location of
this C-P boundary was possible only from plots
of dM/dH vs T at constant H, where a well de-
fined small A peak could be observed. A compari-
son between the two methods of determining the
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TABLE L. Critical fields for NiCl,6H40 (uncorrected for sample demagnetization), ob-
tained in the present work. Except where otherwise indicated, points were obtained by

sweeping H at constant 7', and with H parallel to the easy axis. Data are presented in blocks
corresponding to different runs.

Antiferro—para

Antiferro—canted

Canted—-para

T (K) H, (kOe) T (K) H  (kOe) T (K) H, (kOe)
4.82 30.00 0.350 39.47 0.380 142.7
4.75 31.80 0.400 3945 0.400 142.6
4.70 33.00 0.450 39.45 0.450 142.5
4.40 38.80 0.500 39.45 0.500 142.2
0.600 39.47 0.550 141.9
4.132 42.24 0.700 39.49 0.600 141.6
4.107 42.53 0.800 39.51 0.650 141.3
4.087 42.76 0.900 39.53 0.700 141.0
4.066 43.03 1.000 39.55 0.750 140.6
4.042 43.29 1.100 39.60 0.800 140.3
4.018 43.54 2 1.200 39.67 0.850 140.0
3.995 43.772 1.300 39.69 0.955 139.3
3.971 43.992 1.400 39.86 1.004 138.9
3.949 44,192 1.053 138.5
1.060 39.58 1.103 138.1
4.022 43.49 1.120 39.61 1.153 137.8
4.011 43.612 1.310 39.76 1.252 136.9
3.993 43.792 1.570 39.94 1.301 136.4
3.980 43.922 1.850 40.24
3.966 44,052 2.080 40.47 1.252 136.9
3.952 44.162 2.380 41.05 1.300 136.5
3.943 44.202 2.720 41.72 1.400 135.6
- 3.000 42.20 1.500 134.6
For H|[b 3.090 42.33 1.600 133.6
2.821 138.7 3.670 43.65 1.700 132.6
2.680 141.3 1.900 130.3
3.027 135.2 3.883 44.11 2.000 129.1
3.233 131.3 3.898 44.13 2.100 127.8
3.436 127.0 3.906 44.15
3.661 122.0 3.913 44.16 1.638 133.5
3.866 116.5 3.920 44.18 1.780 131.8
4.150 108.4 3.932 44.20 2.019 129.0
2.169 127.0
3.645 43.60 2.574 121.0
3.679 43.67 2.859 115.2
3.731 43.78 3.164 107.9
3.786 43.90
3.828 43.99 3.943 44,2720
3.858 44.05 3.945 44,3127
3.917 44.17 3.949 44,3320
3.924 44.18 3.950 44.352D
3.930 44.19 3.953 44,412 b
3.937 44.21 3.957 44,522 P
3.961 44.642+P
3.967 44,792 D
3.973 45.08"
3.959 45.46°
3.983 46.30°
3.996 47.00P
4.018 49.00"
4.042 53,00 P
3.872 80.18 P
3.596 94.98 P
3.576 96.19

2Points used for the fits with Egs. (9).

b Points obtained by varying temperature at constant field.
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phase boundary, i.e., from plots of dM/dH vs H
and from plots of dM/dH vs T, could be made at
H=~95kOe and T= 3.6 K where the C-P boundary
could be observed equally well by both methods.
The results agreed within the experimental resolu-
tion.

For all points obtained from plots of dM/dH vs
H at constant T, the observed rounding of the sus-
ceptibility peaks was small enough so that the re-
lated uncertainty in locating the critical field was
within our experimental resolution for measuring
H. For the transitions located from curves of
dM/dH vs T at constant H, the total uncertainty
in locating the critical temperatures was esti-
mated to be +2.5 mK.

The critical fields determined in the present
work are tabulated in Table I. The values given
there are those for the applied field. Such values
differ from the internal fields that appear in the
theoretical equations presented in Sec. II by the
demagnetizing field of the samples H,. For. the
present measurements, H, can be expressed as
a small percentage correction to the applied field
H, and for H parallel to a’, H, amounts to just
0.1% of H. This estimate was made from the mea-
sured susceptibility and the demagnetization fac-
tor obtained from the height of the dM/dH peaks

e
o0 H Il &

150:_ «sHIB
3 I \ ..-
x [ by "
- ° [
. PARA
3 r * . [ ]
w 1001
w | L3
e} L CANTED x
= L
w
& an p
g 50
= | emessemo o 00 0 0 @ ‘{.
I .~
[ ANTIFERRO o
0 o L . | L2
[o] 2 4 6

TEMPERATURE (K)

FIG. 3. Experimentally determined magnetic phase
diagram of NiCl, - 6H,0 for H parallel to the easy axis
a’, and for H parallel to the b axis. The open circles re-
present points from the calorimetric work of Johnson and
Reese (Ref. 21). All other points are from the present
work. Crosses represent points obtained from plots of
(dM/dH) vs T at constant H. All other points of the pre-
sent work were obtained from plots of d M/dH vs H at-
constant T.

at the spin-flop transition. This demagnetization
factor obtained from the spin-flop peaks agrees
with the value calculated for a prolate elipsoid
with a dimensional ratio equal to that of the sam-
ples used.®* Such a value of H, is negligibly small
when compared to the uncertainty in field calibra-
tion. In fact, H, is comparable to the ultimate ex-
perimental resolution in the measurement of H.
Thus, to within the accuracy and precision of the
present work, the values of H presented in Table
I can be regarded also as internal fields for the
samples used. All the best fits that will be de-
scribed later were made using values of H given
in Table I.

Figure 3 shows an overall picture of the data, in-
cluding the points obtained from the specific heat
measurements of Johnson and Reese.?! It also
shows data for H oriented along the b axis, which
is perpendicular to a’.

A. Exchange and anisotropy parameters

The exchange and anisotropy parameters could
be obtained from extrapolations to-7 =0 of the
spin-flop and C-P boundaries. The extrapolation
method is described in the following sections of
this article. The values obtained were Hy(0)
=39.45+0.30 kG and H,(0)=143.9 +1.5 kG. The
quoted uncertainties are largely due to the experi-
mental uncertainty in the calibration of the mag-
nets. Using these values, the phenomenological
exchange and anisotropy fields could be calculated
from Eqs. (2) and (4) as H, =774+ 0.9 kG and H,
=10.8 +0.3 kG. With g=2.22+0.01,%% the corre-
sponding exchange and anisotropy parameters of
the single-ion Hamiltonian are z |J|/ky=11.5
+0.3 Kand |D|/ky=1.6140.07 K.

Table II compares our values with results ob-
tained previously, using different techniques.
Our exchange field is 10% lower than the two
other reported values. Date and Motokawa® de-
rived Hy from their antiferromagnetic resonance
data combined with an extrapolation to 7'=0 of
the perpendicular susceptibility measured by
Haseda et al.®® The value of Hamburger and
Friedberg?® was also obtained using X,(0), extra-
polated from their own data. For z |J|/k, the

latter authors quote two values. The first (12.6 K)

corresponds to the value of H obtained from low-
T data. The second (12.0 +0.8 K) was obtained
directly from the best-fit of the paramagnetic sus-
ceptibility data versus T'. This last one is in bet-
ter agreement with ours. This same paramagnetic
data, analyzed by Kimura®® in a pair model ap-
proximation and assuming first and second neigh-
bor interactions, yielded a total exchange param-
eter 10% lower than ours. Finally, the value ob-
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TABLE II. Exchange and anistropy parameters.

Hg z|J| kg H, ID| £ g Eky
Authors kG) X) kG) X) K)
Present 77.4+0.9 11.5+0.3 10.8+0.3 1.61+0.07
Date and 86 9.5+0.52 1.7 0.2
Motokawa (Ref. 20) 12.5+0.5
Hamburger and 12.62
Friedberg (Ref. 22) °°  12.0:0.8 0 L5 £0.5  0.26+0.40
Kimura (Ref. 33) 10.6 1.8 +0.1 0.03+0.01
Iwashita and 11.7 1.00+0.02 0.05+0.02

Uryu (Ref. 34)

2The two values of z|J |/ reported by Hamburger and Friedberg (Ref. 22) correspond to
two derivations of the same parameter using different data. The two values of H, quoted by
Date and Motokawa (Ref. 20) correspond to'the two orthorhombic fields H,y and H ,,.

tained by Iwashita and Uryu® in their spin-wave
analysis of low-T susceptibility and specific heat
data is in good agreement with our value. We note
that, the previously reported exchange parameters
rely either on an extrapolated value for x,(0) with
a relatively large uncertainty, or on best fits that
yield results very much dependent on the model
assumed. We believe that values for H (0) and
Hy(0) provide a more direct and accurate way of
evaluating these parameters.

Considering the anisotropy, all the above men-
tioned authors have included in their analyses a
parameter to allow for a component of orthorhom-
bic symmetry. Date and Motokawa?® used two or-
thorhombic mean fields, H,, and H,,, instead of
a single uniaxial field, while the other authors in-
cluded the term —E(S2-S2) in the single-ion spin
Hamiltonian. The resulting values of such param-
eters indicated in all cases that the orthorhombic
component is small compared to the axial aniso-
tropy. The main effect of this orthorhombic com-
ponent on the phase diagram at low 7', should be
a slight dependence of the critical fields on the di-
rection of ﬁ, when H is rotated in a plane perpen-
dicular to a’. We have not attempted to detect this
dependence, and consequently H; and H, were ob-
tained in terms of a uniaxial model. Our uniaxial
parameters are in good agreement with all other
reported values, except for those of Iwashita and
Uryu.® In Fig. 3, points for H|| 5, are represen-
tative of the perpendicular boundary. They ap-
pear to be consistent with the molecular field
value of the T'=0 critical field for the perpendicul-
ar boundary, given by Eq. (5): H%(0)=165.5+2 kG.

B. Low-temperature boundaries
1. C-P boundary

The theoretical calculations of Anderson and
Callen’ and of Feder and Pytte!! predict a T3/2

dependence for the critical fields at T <7T,. In-
deed, our earlier report on NiCl, * 6H,0 shows
this dependence.'® .However, Rives and Benedict®
and Rives and Bathia* have indicated a 7°/2 de-
pendence from their measurements on
MnCl, ° 4H,0 and CoCl, * 6H,0, respectively. Very
recently, Cieplak'? has proposed that the inclusion
in spin-wave calculations of either an orthorhom-
bic single-ion anisotropy, or a transversally ani-
sotropic exchange (J,#J,), should lead to a T2 de-
pendence, and that these additional terms should
be valid for MnCl, * 4H,O and CoCl, * 6H,0, re-
spectively. For NiCl, * 6H,0, Table II shows that
the anisotropy contains a small component of or-
thorhombic symmetry. The question then arises
as to whether our experimental data are precise
enough to actually distinguish between the T°/2,
T?, or T°/2 dependences. Furthermore, since
the theory is valid only for T'<< T ,, there is also
the question of what is the upper limit of 7/T , to
observe the asymptoti¢ dependence.

To check on these points, we have performed
computer least-squares fits of the C-P critical
fields to the equation

H,(T)=H,0)-AT*, (10)

adjusting simultaneously H, (0), A, and @. Such
fits were made using several different sets of ex-
perimental points covering different temperature
intervals. For each fit we have calculated the var-
iance 0%= (N -3)™ 2], 6H? , (N being the number of
points fitted), and also the standard deviation for
the parameters a and H_(0).%

From the result of these fits, two main conclus-
ions could be drawn. First that, within the precis-
ion of the present measurements, the 7°/2 depen-
dence is unquestionably observed for the lowest
temperature points 0.38 <7 <1.3 K (i.e., 0.07
<T <0.24T,). Second, at temperatures above
1.3 K, the critical fields decrease with faster
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TABLE II. Results of least—squares fits of the canted—paramagnetic critical field Hg to
the equation Hg (T)=Hg (0) —AT ©, with Hg(0), A, and @ as ajustable parameters. Each
fit includes N points from the lowest temperature T; to the highest temperature T;. The
quoted uncertainties- correspond to one standard deviation for the parameter. The values of
o correspond to the square root of the variance. Ty =5.34 K is the Néel temperature.

A Hc (0) (02
T, /Ty  T;/Ty N o (kOe/K®) (kOe) (kOe)
0.071 0.244 182 1.563+0.045 4.94 143.86+0.10 0.05
0.188 0.593 20° 2.19+0.055 2.65 141.27+0.28 0.27
0.243 0.593 15 2.34+0.08 2.15 140.20+0.43 0.24
0.300 0.593 12 2.50+£0.10 ° 1.75 139.20+0.58 0.23
0.307 0.593 72 2.57+0.15 1.61 139.0 +0.8 0.25

2All points from a single run.

rates and, therefore, fits to Eq. (10) including
points well above 1.3 K lead to values of a larger
than $. ‘

In support to the above statements, Table III
shows results of representative fits. The first
result is for the fit of 18 points in the tempera-
ture interval starting at T,=0.380 K (T' /T ,=0.071),
which is our lowest temperature point, and ending
at T,=1.301 K (T,/T y=0.244). All these points
were measured in a single run. The best value for
a is @ =1.53 £0.045, the uncertainty correspond-
ing to one standard deviation for a. Note that the
value 0=0.05 kOe for this fit is equivalent to one
half of the field-measuring resolution, indicating
that this resolution was the main cause of the de-
viations between the experimental points and the
best fit. Figure 4 which shows H, vs T°/? illus-
trates the good quality of this fit.

The next four lines in Table III show results of
fits over several temperature intervals, all with
the same maximum (final) temperature T,=3.164
K (T,/TN=0.593),' but with different minimum (in-
itial) temperatures T,. For these fits, the follow-
ing points should be noted: (i) the higher the val-
ue of T';, the higher the value of the resulting best
a; (ii) all values of o are larger than two, and, in
particular, for the fit starting at 7,=1.600 K (T,/
T ,=0.300), @=2.50+0.10; and (iii) the value of ¢
for all these four fits are larger than twice the
value of our field-measuring resolution, indicat-
ing that for these temperature intervals, a close
fit with Eq. (10) cannot be obtained.

These results can provide an explanation for
the 7T°/2 dependence found by Rives and collabor-
ators for the low-T C-P critical fields in
MnCl, * 4H,0,® and CoCl, * 6H,0.* In both cases,
the fits started at T, ~0.25T . According to Table
III, our data would also show a T dependence close
to T°/2 if only points above 0.25T , were fitted. It
appears, then, that the data of Rives et al. were

not taken at sufficiently low temperatures to ex-
hibit the asymptotic low-T behavior predicted by
spin-wave calculations.

Anderson and Callen’ have extended their cal-
culations up to the next term in the series

H,(T)=H (0)+A'T®/2+BT®/2, (11)

The coefficient B is negative, as is A’ [see Eq.
(3)], and they both depend on the lattice structure
through the numerical factors b, and b,. However,
since b,/b,=1.73 for both sc and bee, it seems
reasonable to assume that the ratio A’/B=(3)(b,/
bl)[gp.BHc(O)/kB] is insensitive to the lattice struc-
ture. Such an assumption is necessary here be-
cause there is no calculation of b, (or b,) for the
monoclinic lattice of NiCl, * 6H,0. Using this as-
sumption, g=2.22 (see Ref. 22) and H (0)=1.44

x 10° G (see Table III), the ratio A’/B is 55.7.
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As a consequence, the predicted contribution of
the 7°/2 term of Eq. (11) is smaller than the ex-
perimental resolution of our points for T'<1 K.
This is consistent with the fact that an excellent
fit was obtained with Eq. (10) (without the 7°/2
term) for the points below 1.3 K, with a ~3.

To include a correction for the 7°/2 term, we
have performed a least-squares fit of the data for
T <1.301 K with Eq. (11), imposing on B the re-
strictions of sign and ratio to A, and, therefore,
adjusting H,(0) and A’. The resultant best curve
was H,(T)=143.90 - 4.907°%/% - 0.0887°/2 (H in kG
and T in K), and the quality of this fit was quite
comparable to the quality of the fit of the same
data with Eq. (10) (results in first row of Table
III). The value H,(0)=143.90 kG was used to eval-
uate the exchange and anisotropy parameters.
The value A’=-4.90 kG/K*/2, when compared to
Anderson and Callen’s prediction [see Eq. (3)],
leads to b,=0.668 which is quite consistent with
the two calculated values (b,=0.8617... and
b,=0.6634... for sc and bcc lattices, respec-
tively).

We have attempted, also, to fit the data up to
temperatures above 1.3 K with Eq. (11). For these
fits, if the theoretical restrictions of sign and
ratio on the coefficients A’ and B were maintained,
a close fit could be obtained only up to tempera-
tures of about 1.5 K, and the quality of the fit
deteriorated rather fast as points for 7>1.5 K
were included. On the other hand, by treating
A’ and B as independent adjustable parameters,

a reasonable fit could be obtained up to temper-
atures as high as T'=~3 K, but resulting in a ra-
tio A’/B one order of magnitude smaller than the
predicted value.

2. AF-C(spin-flop) boundary

The transition from the AF phase to the C phase
is a first order transition, provided that the angle
between H and ' is smaller than a critical angle
W(T). Y(T) is maximum for T=0 and decreases
almost linearly as T increases, vanishing at
T=T,? Mean-field theory gives ¥(0)=H,/2H,
rad,**-*" which for NiClL- 6H,0 amounts to y(0)
=4°. For our lowest temperature points (in the
liquid -*He range), an alignment better than 2°
between H and a’ was obtained by properly de-
signing a sample holder and taking advantage of
the known morphology of the crystal.?®* For the
points in the liquid-*He range, the alignment
could be greatly improved by adjusting the orien-
tation of the NbTi magnet (this procedure is de-
scribed later). No discontinuity was noticed be-
tween the sets of data taken in the 3He and “He
range. Thus, through practically the whole temp-
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erature interval of the AF-C boundary, the align-
ment of H was good enough to ensure the observa-
tion of a true first order spin-flop transition.

Figure 5 shows the temperature dependence of
the measured spin-flop field Hgx(T). These fields
were determined from the maximum of the large
and narrow peaks observed in curves of dM/dH
vs H at constant T'. For each temperature two
curves were taken, one with H increasing, and
another with H decreasing. The values of Hyy(T)
obtained from both always agreed within the ex-
perimental resolution.

Figure 5 shows a slow monotonic increase of
H(T) with increasing T'. The value Hg(0)=39.45
kG,used in the evaluation of the exchange and ani-
sotropy parameters, was obtained by a smooth
extrapolation of Hg(T) to T'=0.

C. Bicritical point

In the vicinity of the bicritical point, it was
necessary to exercise special care to obtain
higher-precision data, suitable for comparison
with the theoretical predictions. Of major im-
portance is the alignment between H and a’, and
a discussion of this point can be found in Ref. (5).
As mentioned before, our NbTi magnet allowed
fine adjustments of the orientation of & relative
to the sample axes. In the present experiments,
a preliminary alignment (better than ~2 degrees)
was provided by the sample holder. Data taken at
this preliminary alignment were sufficient to lo-
cate T, approximately. Then, by maintaining T
slightly lower than T,, and sweeping H, a large
peak was observed in dM/dH near H,, even when
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demonstrate the progress in the adjustment. Note the
different temperature scale of frame III.

the alignment was not good enough for a first-
order spin-flop transition. The height of this
dM/dH peak increased rapidly as the alignment
was improved, and this indication was used to
make the fine adjustments.

After a set of adjustments was made, the qual-
ity of the alignment could be checked by a method
discussed in detail by Blazey et al.? This method
consists in examining the temperature dependence
of the height of the spin-flop peaks (obtained from
curves of dM/dH vs H) for different modulation
frequencies. Figure 6 shows the checks on the
adjustment procedure for one of the experimental
runs. At temperatures where a first order tran-
sition occurs, the peak height depends on the mod-
ulation frequency. In Fig. 61, the curves for 155
Hz and 5000 Hz are clearly split only below T'=3
K, indicating that only below T'=3 K a first order
transition occurs. A better alignment causes this
split to occur at a temperature closer to T,. Fig-
ure 61II shows the improvement after some adjust-
ment, and Fig. 611 shows that after the final
adjustment the split begins close to T'=3.85 K.

An estimate of the remaining misalignment can
be made after T, is finally determined, by as-
suming that the angle within which the first-order
transition is observed ¥(T') decreases linearly
from $(0)=4° to ¥(T,)=0. Forthe final adjustment
(Fig. 61II), and using T,=3.94 K, the actual mis-
alignment should be ~0.1°38

Figure 7 shows the data in an H? scale. Two
distinctive qualitative features of the FNK theory
are evident in the data, in contrast with the MFA
predictions. First, the critical temperatures for
the C-P boundary, T%, increase with increasing
H, near H,. According to FNK, Tz should first
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FIG. 7. Phase boundaries near the bicritical point.
Different symbols represent data from different runs.
The solid and dashed lines are the best fits with Eqgs.
(9) when only T, and w, were adjusted. The solid line is
the best fit for =2, and the dashed line is the best fit
for n=3.

increase withH, starting at H,, turn around at
higher H, and then, decrease to zero. MFA pre-
dicts that T should decrease monotonically from
T, to zero. Second, both T% and T (the AF-P
boundary) are not linear in H?, FNK predicts that
TL(H?) and T'(H?) should present a curvature char-
acteristic of the crossover between the critical
regimes in the AF and C phases. MFA predicts
that T¢ and T, should be both linear in HZ.

In order to compare the data quantitatively with
the FNK theory, the experimental points of the
AF-P and C-P boundaries were fitted simultane-
ously with Egs. (9). Least squares fits were
performed using a computer program able to ad-
just simultaneously several parameters. In Eqgs.
(6)—(9) up to seven parameters can be made ad-
justable: T,, H,, (dH3;/dT),, q, w,, w,, and ¢.
T, is the temperature at which the three boundar-
ies join. In principle, one should expect to deter-
mine T, rather accurately, directly from plots of
dM/dH vs H at constant T. At T, the sharp spin-
flop peak should split into two. In our data, how-
ever, we were not able to locate precisely this
splitting because the C-P transitions near (H,,T,)
were broad and barely perceptible. In fact, as
mentioned earlier, a precise determination of this
boundary was possible only from plots of dM/dH
vs T at constant H. A detailed plot of the experi-
mental boundary points, as shown in Fig. 7, al-
lowed an a priori location of T', to within +5 mK.
Nevertheless, because small variations of T, can



cause large relative variations in t}, it was pre-
ferred to maintain T, as an adjustable parameter
in all fits performed. On the other hand, the value
of (dH;F/dT)b could be determined rather accurate-
ly by fitting the points of the spin-flop boundary
for T> 3.645 K to a second degree polynomial.
This same polynomial fit could give the value of
H,, after T, had been determined. Checks have
shown that the best fits to Egs. (9) were generally
quite insensitive to variations of the value of
(@HZ/dT),, and for this reason it was held con-
stant at its determined value (dHZ,/dT), =175
kG?/K, in all fits performed.

The slope of the thermal axis ¢ is related to the
AF-P boundary at low H through Eq. (8). A value
for the derivative (dT,/dH?),, that appears in
Eq. (8) was taken from the calorimetric work of
Johnson and Reese.?! The value quoted there is
-9x10™'7T y K/G? which leads to the predicted
values g(n=3)=6.8x10° kG™ and q(r=2)=8.1
x107 kG™. The ratio @ =w,/w, and the exponent
¢ are both universal, but the predicted values
depend on the number »n of bicritical spin com-
ponents. The essential feature of ¢ is that it is
larger than one, and the two-predicted values
¢(m=3)=1.25 and ¢(n=2)=1.18 are not very dif-
ferent. For @ on the other hand, there is a con-
siderable difference between the two values:
Q@n=3)=2.51and Qr=2)=1. _

Two different types of fits to Egqs. (9) were per-
formed. First, the minimum possible number of
adjustable parameters were used. All theoretical-
ly predicted values were inserted into Egs. (9)
and only T, and w, were adjusted. Separate fits
were tried for n=3 and n=2. In the second type,
all five parameters, T,, w,, q, ¢, and @ were
adjusted simultaneously. For all fits, 18 points
were used: ten points of the AF-P boundary and
eight points of the C-P boundary. The best param-
eters were determined by minimizing the sum of
the square deviations of H2. The variance o(H?)
=(N-v)™2J; (6H?)? was determined for all fits (V
being the number of points fitted and v the number
of parameters adjusted). For the fit of the sec-
ond type, the standard deviation of the best param-
eters were also evaluated.3®

The first type of fits revealed that a quite good
fit could be obtained with »=2, but large syste-
matic deviations were present for n=3. The best
curves for these two fits are shown in Fig. T:
solid line for »=2; and dashed line for n=3. For
n=2, the best adjusted parameters were: T,
=3.940 K and w, =0.996x 10* kG?. The square root
of the variance for the best n=2 curve was o(H?)
=1.5 kG2,

The second type of fit yielded: T,=3.9398
+0.0012 K; w,=(1.7+0.4)x10* kG?; ¢q=(7.1+2.0)
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x10™® kG™?; ¢=1.29+0.07; @ =1.06+0.22 and o(H?)
=1.2kG?. The uncertainties quoted correspond to
one standard deviation. The best curve is almost
indistinguishable from the solid line in Fig. 7.
Both types of fits give H, =44.22 kG.

The results of both types of fits showed that the
data are in good general agreement with the FNK
theory. It is significant the fact that comparably
good fits were possible with just two parameters
adjusted, as well as with five. In both cases, the
value of o(H?) is about one half of the resolution
for measuring H? (which for H near H, amounts
to ~2.6 kG?), indicating that this resolution was
the main cause for the deviations from the best
curve. For the fit with five adjusted parameters,
the resulting value of ¢ is higher than one, and
close to the two predicted values. The resulting
value of g is in good agreement with the predic-
tions of Eq. (8). The standard deviations for g
and ¢ are comparable to the predicted differences
l[gn=2)-q(=3)] and [¢p(n=3) - p(n=2)], respec-
tively. Thus, the results for ¢ and ¢ are insuf-
ficiently precise for assigning a particular value
of n to the bicritical point. However, the fit with
five adjustable parameters yield a value for @
which is in good agreement with the choice n=2,
but is irreconcilable withn=3.

The n=2 behavior is reasonable for
NiCL,* 6H,0. Theoretically, =3 implies a
perfectly uniaxial anisotropy. Although
NiCl, * 6H,O presents the gross features of a
uniaxial antiferromagnet, its anisotropy has a
small (but not negligible in the context of the dis-
cussion of bicritical points) orthorhombic com-
ponent. According to Date and Motokawa?° (see
Table II), the anisotropy inthe basal plane amounts
to 2 kG, which is approximately 25% of the uni-
axial anisotropy field, and approximately 3% of
the exchange field. Such a basal plane anisotropy
is sufficiently large to make the C-P transition
Ising-like, so thatn=2 at the bicritical point.
For example, in MnF, a uniaxial anisotropy field
of magnitude of 1% of the exchange field is suffici-
ent to make the transition at T , Ising-like.!®

V. CONCLUSIONS

Measurements of the phase diagram of
NiCl, ° 6H,0 gave the following values for the
exchange and anisotropy fields, at T=0: H,=1T7.4
+0.9 kG; and H,=10.8 +0.3 kG. They also pro-
vided data suitable for comparison with two theo-
retical predictions: (i) the temperature depen-
dence of the C-P critical fields for T'«< T,; and
(ii) the behavior of the phase boundaries near the
bicritical point.

For 0.07T y< T<0.24T , the C-P transition
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fields, H,(T), obeyed a T%/2 law, as predicted
by Falk,” Anderson and Callen,' and Feder and
Pytte.!* A least-squares fit to the equation H(T')
=H_(0) - AT* for this temperature interval, gave
a=1.53 +0.045. However, fits of data for T
>0.25T , yielded a higher than 2. In particular,
for 0.3T ,<T <0.6T, the critical fields followed
approximately a 7°/2 law similar to that found by
Rives et al.®* in MnCl, * 4H,0 and CoCl, * 6H,0
for comparable reduced temperatures. This re-
sult indicates that, to test the recent spin-wave
predictions for these materials,'? measurements
at lower temperatures are needed.

Near the bicritical point, the phase boundaries
showed good agreement with the FNK theory.
Values of ¢, g, and @ were obtained from a least-
squares fit. The values of g and ¢ agreed with
the predicted values, although without the accur-
acy necessary to distinguish between the n =2
and =3 behavior. The value obtained for @, how-
ever, sharply indicated a » =2 behavior.

The # =2 behavior near the bicritical point is a
consequence of the small orthorhombic compon-
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ent of the anisotropy detected by antiferromagnetic
resonance experiments.?® Such an orthorhombicity
is sufficiently large to affect the phase boundaries
near the bicritical point. However, the present
data suggest that this orthorhombicity is not suf-
ficiently strong to cause the 7% dependence for

the low-T C-P critical field H (T), as predicted
by Cieplak.'?
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