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Phase transitions in Mni „Zn F2, x =0.125, were investigated using thermal-expansion,

magnetostriction, and ultrasonic-attenuation measurements. The phase diagram was deter-

mined for 4.2 K & T & T~ and 0 &H & 140 kOe, where T~ ——58.4 K is the Neel temperature.
The magnetic field H was parallel to [001]. The random field Hs induced by H influences

the shape of the A, anomaly at the paramagnetic-antiferromagnetic transition, and depresses

the transition temperature T, . Some evidence for an irreversible behavior near T, is found

for H&0. The paramagnetic —spin-flop boundary T,(H) exhibits a large "bulge" towards

high T. At 4.2 K, the spin-flop field H,f is 78 kOe, which is lower than that predicted by
mean-field theory. The discrepancy is explained by considering the effect of the random

fields. As T increases from 4.2 K, H,f first increases but then decreases as T approaches the
bicritical temperature Tb ——55 K. It is possible that the latter portion of the spin-flop line is

actually one of two second-order lines which surround an intermediate phase. The Neel

temperature is in reasonable agreement with mean-field theory.

I. INTRODUCTION

The dramatic influence of random quenched mag-
netic fields on critical behavior has been discussed
theoretically for nearly a decade. The early work of
Imry and Ma' showed that the upper critical dimen-
sion changes from 4 to 6 and that the lower critical
dimension increases. Later works considered scaling
laws, critical exponents, and phase diagrams in
the presence of random fields.

An important issue which is still being debated is
the lower critical dimension dI for the Ising model
in a random field. An early domain-wall argument'
suggested that dI ——2 so that a long-range order can
exist for the usual lattice dimensionality d =3.
However, in several of the recent theoretical papers
(e.g., Refs. 5 and 6) it was concluded that di ——3 and
that no long-range order can exist at finite tempera-
tures T for d =3. In this case, there is no genuine
second-order transition for d =3. An estimate for
the smearing of the apparent transition was given.
In contrast to these results, a very recent theoretical
work by Grinstein and Ma gives dI ——2.

A significant advance toward the experimental
realization of random fields was made by Fishman
and Aharony. They showed that a random stag-
gered magnetic field H~ is produced in an easy-axis

antiferromagnet when (1) the exchange interactions
are random, and (2) a magnetic field H is applied
parallel to the easy axis. The situation is then simi-
lar to that of a uniaxial ferromagnet in a uniaxial
random field. The random field in the antifer-
romagnet is proportional to the magnetization M
which near the Neel temperature TN is proportional
to H. For a given M, Hz increases when the ran-
domness in the exchange constants increases. For
H=0 there is no random field and the critical
behavior is practically the same as that of the pure
antiferromagnet, i.e., Ising-like. When H is applied,
a crossover to a random-field Ising behavior takes
place. The character of the transitions and the
phase boundaries near the bicritical point were dis-
cussed by Bray.

To produce random fields experimentally one usu-
ally uses a diluted antiferromagnet in which some of
the magnetic ions were replaced by nonmagnetic
"impurities. " It is assumed (more correctly, hoped)
that the impurities are randomly distributed. The
system then corresponds to a random-site model
rather than to the random-bond model of Fishman
and Aharony. It has been recently shown that in the
random-site case there is an additional contribution
to H~ beyond that which exists in the random-bond
case. ' Another feature of a randomly diluted anti-
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ferrornagnet is the change in the local crystal sym-
metry. " We expect that this last complicating
feature is not of major significance in the present
work because Mn + is an S-state ion with a small
spin-lattice coupling, and the dipole-dipole interac-
tion is weak compared to the exchange interaction.

Only a few experimental investigations of random
fields were performed until now. The bicritical re-
gion of La- and Bi-doped GdA103 was investigated
by Rohrer et al. ' Some, but not all, of the theoreti-
cal predictions were confirmed. The phase diagram
of Mno 96Zn004Fz was measured in fields up to 175
kOe. '3 Again, some (but not all) of the theoretical
predictions were confirmed. Transitions in more
heavily doped samples of MnFz and FeFz were stud-
ied at relatively low H with the use of optical
birefringence. ' The specific heat of Mg-doped
FeClz was studied by Wong et al. ' The last two
studies confirmed the Fishman-Aharony prediction
for the influence of H~ on the shape of the phase
boundary at low H. A neutron-diffraction study of
two-dimensional and three-dimensional diluted anti-
ferromagnets was performed by Yoshizawa et al. '

The results were consistent with d~ ——3.
In the present work the phase transitions of

Mno 875Zno &z5Fz were studied in magnetic fields up
to 140 kOe. Much of the terminology which will be
used is borrowed from the phase diagram of a pure
easy-axis antiferromagnet, such as MnFz. The
modern theory for this phase diagram is discussed in
Refs. 16 and 17. When H is parallel to the easy axis
there are three phases: the disordered paramagnetic
(P) phase, the antiferromagnetic (AF} phase in
which the staggered magnetization is parallel to the
easy axis, and the spin-flop (SF) phase with a per-
pendicular staggered magnetization. There are two
second-order phase boundaries: the P-AF line

T, '(H) and P-SF line T, (H). In addition, a first-
order boundary, H,f(T), separates the AF and SF
phases. All three phase boundaries meet at the bi-
critical point (BCP). In the present case of Zn-

doped MnF2, the critical behavior on the line T,~~(H)

is expected to be affected by random fields (except at
H =0). The transitions on this line are then genuine
or not, depending on whether d~ ——2 or 3. For con-
venience we shall use the words "transition" and
"phase boundary" in reference to the line T,~~(H)

even though d~ might be equal to 3. In the random-
bond model the critical behavior on the line T, (but
not the shape of this line) is expected to be similar to
that in the pure material.

In discussing our results we sha11 make compar-
isons with the phase diagram of pure MnFz. For
this tetragonal antiferromagnet, the easy axis is the c
axis, [001]. The overall phase diagram of pure
MnFz is discussed in Ref. 18. Two more recent

studies are described in Refs. 19 and 20. The last
reference contains the most detailed and most accu-
rate results for the bicritical region. A mean-field
treatment of the phase diagram of Zn-doped MnFz
was given by Brady Moreira et al. ' Because this

theory does not include random fields, it is useful as
a baseline for assessing the effects of random fields
on the experimental data.

This paper is arranged as follows. The experi-
mental techniques are described in Sec. II. The re-
sults for the three phase boundaries H, r(T}, T, (H},
and T, (H) are described and discussed in Secs. III,
IV, and V, respectively. A summary of the main re-
sults is given in Sec. VI.

II. EXPERIMENTAL

A. Methods of determining phase boundaries

Two different methods for observing the phase
transitions were used: dilatornetry and measure-
ments of the ultrasonic attenuation. In the first, the
length l of the sample along the c axis was measured
either as a function of T at constant H (i.e., thermal
expansion} or as a function of H at constant T (iso-
thermal magnetostriction). The fractional change in
length Al/l is proportional to the derivative 8%'/Bp
of the thermodynamic potential %(T,H,p), where p
is a uniaxial pressure along the c axis. Therefore, a
first-order transition is accompanied by a discon-
tinuity in l. A second-order transition is accom-
panied by A, anomalies in the thermal-expansion
coefficient (I/l)(Bl/BT) and the differential magne-
tostriction (I /l)(Bl/BH), which are proportional to
second derivatives of %. [As discussed later, we
have actually used the derivative Bl/B(H ) instead
of (Bl/BH). ] A microscopic treatment of magne-
tostriction and magnetic thermal expansion (which
contains some approximations} was given by Callen
and Callen. It relates the variation of l to (1) the
variation of those static spin-correlation functions
which govern the exchange and anisotropy energies,
and (2) the derivatives of the exchange and anisotro-

py constants with respect to strain.
The second method of observing phase transitions

involved measurements of the attenuation of longi-
tudinal sound waves with propagation vector q
parallel to the c axis. The same ultrasonic technique
was used in early investigations of the phase transi-
tions of pure MnFz and other antiferrornagnets. ' '

The spin-flop transition at H,f is accompanied by a
sharp spike in the attenuation. This spike is believed
to be caused by the coexistence of AF and SF
domains at the transition. ' The second-order
transitions are accompanied by A, peaks in the at-
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tenuation. This critical attenuation is reviewed in
Ref. 26. In the limit of zero ultrasonic frequency,
the maximum attenuation is expected to coincide
with the critical temperature T, . In the present
work we used frequencies of 23 and 31 MHz. To
our knowledge, in all previous works on (undoped)
magnetic materials the attenuation maximum for
frequencies in the range 20—30 MHz occurred at a
reduced temperature t =T/T, which differed from
unity by less than 1 part in 10 . (Somewhat larger
deviations were reported in some cases for much
higher frequencies. These might have been caused
by additional attenuation mechanisms in the ordered
phase, which caused the attenuation maximum to be
shifted to a lower temperature. )

In our previous studies of the phase diagrams of
undoped antiferromagnets (e.g., Ref. 28), very good
agreement was found between the results obtained
from dilatometry and ultrasonic attenuation. How-
ever, in the present work small discrepancies be-
tween the T, 's obtained from the two methods ap-
peared for those transitions which were broadened
by random fields. %e shall display both sets of
data. However, we regard dilatometry as a more
trustworthy method of obtaining T, because it is a
static method which is based on thermodynamics.

S. Samples

A boule of Zn-doped MnF2 was grown by the
Crystal Physics Group, Center for Materials Science
and Engineering, Massachusetts Institute of Tech-
nology. A Czochralski technique was used. The
growth direction was paraBel to the a axis. A 2.7-
mm-wide plate was obtained from the boule by mak-
ing two parallel cuts perpendicular to the growth
direction. Three samples were then cut from adja-
cent regions of the plate. Two of these were used in
the experiments reported here. The third (which
touched the other two before the plate was cut) was
used in atomic-absorption analysis. This analysis
gave x =0.125+0.013 where x refers to the formula
Mni „Zn„Fp.

Several facts indicate that the concentration gra-
dient in the samples was rather small: (1) For a
given sample, the concentration gradient led to a
rounding of the transition at T~. The temperature
interval over which the transition was rounded was
approximately 0.2 K. The corresponding variation
of x is M-3X10 ~, or bx/x-2X10 . (2) The
Neel temperatures for the two samples were both 9
K lower than that in pure MnF2, but differed from
each other by only 0.02+0.05 K. This indicates that
the average concentrations in these two samples
were very nearly the same, which suggests that the
concentration gradient was small. A similar con-

elusion is reached from a comparison of the spin-
flop fields for the two samples at 4.2 K.

The two samples were rectangular parallelepipeds,
each with dimensions of 7)&5)(2.7 mm . The long
dimension was parallel to the c axis, [001]. The two
end faces were lapped parallel to each other. The
orientation of these faces was within 0.5' from the
crystallographic c face. Detailed measurements
were performed only on one of the two samples,
which will be labeled as sample 1. The second sam-
ple (no. 2) was used only to check several of the re-
sults. Some data were also taken on a sample of
pure MnF~ for comparison purposes. Unless other-
wise stated, all the results below are for sample 1.

C. Dilatometry

Changes in the length I of the sample were mea-
sured with a capacitance dilatometer made of
copper. The design was similar to that of the brass
dilatometer described earlier. Strictly, the capaci-
tance change corresponded to a change in I relative
to that of a copper sample of equal length. Howev-

er, copper has no thermal-expansion anomalies and
its magnetostriction is negligible compared to that
of any of our samples.

One difficulty with our capacitance dilatometry is
that a spurious signal can develop due to a torque on
the sample. Such a torque occurs when the suscepti-
bility is anisotropic and H is not parallel to a sym-
metry axis. For a given misalignment of H, the
torque is largest at T gg T~ where the anisotropy of
the susceptibility is largest. It is much smaller for
temperatures near Tz. In the present work the
spurious effect caused by the torque was virtually
eliminated by carefully aligning H parallel to the c
axis. A useful sign of the absence of a significant
torque is a negligible magnetostriction below the
spin-flop transition at 4.2 K. (The magnetoscriction
at 4.2 K is discussed later. }

Two types of measurements were made: (1)
thermal expansion (TE), i.e., I vs T at constant ap-
plied field Ho, and (2} magnetostriction (MS}, i.e., 1

vs Ho at constant T. In both types of measure-
ments, I was always the length of the sample along
the c axis, i.e., I

~ ~
[001).

D. Ultrasonic attenuation

Ultrasonic measurements were made with the
pulse-echo technique. A single X-cut quartz trans-
ducer was used for sending and receiving the longi-
tudinal sound waves. It was bonded to the sample
with Nonaq stopcock grease. The propagation vec-
tor q was parallel to [001]. Changes in the ultrason-
ic attenuation (UA) were measured by monitoring
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the height of a single echo. The results were
checked by changing the echo.

The technique of monitoring a single echo is con-
venient, but is not ideal because the signal is affected
by (1) small drifts in the ampatude of the rf pulse
used to drive the transducer, (2) small drifts in the
amplifiers of the receiver, and (3) small changes, as a
function of T, in the coupling between the transduc-
er and the sample. Nevertheless, in nearly all cases
the technique gave the locations of the attenuation
peaks .nd their approximate sizes and shapes. The
excep'. ional cases, when the transitions were broad
and the signal weak, will be pointed out explicitly.

E. Temperature control and measurement

A system consisting of two concentric copper
cans separated by a vacuum space was used. The
inner can, which contained the sample and the dila-
tometer, was filled with helium exchange gas. The
entire arrangement was immersed in a liquid-helium
bath. A heater, wound on the outer surface for the
inner can, worked against a small heat leak from the
inner can to the bath. Near 60 K the maximum
cooling rate of the sample (when no heat was ap-
plied) was -30 mK/min. By adjusting the heat the
temperature was either stabilized (to within a few
mK when necessary) or made to drift at a nearly
constant rate. In the latter case, a cooling rate of
-30 mK/min and heating rates of 30—60 mK/min
were used.

Temperatures in the range 54& T &59 K (which
contained Tz and the bicritical temperature Tb}
were measured with a thermistor resistance ther-
mometer attached directly to the sample with G.E.
7031 varnish. The sensitivity was such that a tem-
perature change of 0.7 mK could be detected. The
thermistor was calibrated in situ and at H =0
against a platinum thermometer. The magnetoresis-
tance of the thermistor was proportional to H, and
at 56 K was equivalent to —30 mK at 100 kOe. A
correction for this magnetoresistance was made tak-
ing into account its small dependence on T. Data
taken at different cooling and heating rates showed
the existence of a lag of several mK between the
temperatures of the sample and of the thermistor.
To determine T~ we averaged the results for com-
parable heating and cooling rates. For T, (H} Tz-
we used data for T, and T~ obtained with the same
cooling and heating rates. The estimated precision
of the thermometry varied from 5 mK at H =0 to
15 mK at 140 kOe. The precision in the locations of
the transitions was worse because it was also limited
by the finite widths of the transitions. The calibra-
tion of the reference platinum thermometer had an
absolute accuracy of 0.04 K, but this was unimpor-

tant for the determination of the H-induced shifts of
Tc'

All data below 54 K were taken with T held con-
stant to within -0.1 K. Temperatures in the range
25&T&54 K were measured with the platinum
thermometer, which was attached to the copper
frame of the dilatometer. (The dilatometer was also
used in the ultrasonic measurements, but in this case
it served merely as a copper block. ) The thermome-
ter was read at H =0 and also at the transition field.
The latter value was corrected for the magnetoresis-
tance. The accuracy of the measured temperatures
depended on T; it changed from 0.4 K at 25 K to
0.1 K above 45 K. Measurements at 4.2 K were
made by introducing helium exchange gas into the
space between the two copper cans.

F. Field alignment

Magnetic fields were produced by a superconduct-
ing magnet and by a Bitter magnet. The former
generated fields up to 110 kOe and the latter fields

up to 140 kOe. In both cases the applied magnetic
field Hp was known to an accuracy of 0.2%.

All data were taken with Ho parallel to [001].
The alignment in the superconducting magnet was
better than 0.1', and better than 0.05' in the Bitter
magnet. The only exceptions to this statement were
some measurements on pure MnF2 in which the
field was aligned to within —1'. It is known that
the phase boundaries in the bicritical region are par-
ticularly sensitive to alignment. It is therefore
noteworthy that all the ultrasonic data near the BCP
were taken in the Bitter magnets (i.e., alignment
better than 0.05'). The dilatometry data near the
BCP were taken in both magnets.

The field alignment was accomplished by
mechanical devices which controlled the orientation
of the sample holder. The alignment was made at
the spin-flop transition, which is sensitive to the
direction of H. ' In the ultrasonic experiments we
used the fact that the attenuation peak at H,~ is larg-
est for perfect field alignment. To align the sam-

ple, this peak was maximized at a fixed temperature
between 40 and 45 K. In the dilatometry experi-
ments we assumed that the jump in the sample's

length at H,~ was sharpest for a perfect field align-
ment. Possible factors which limited our ability to
align the sample were small variations in the direc-
tion and magnitude of the demagnetizing field (dis-
cussed later) and a mosaic spread in the sample.

G. Demagnetization correction

We shall distinguish between the applied magnetic
field Hp and the internal magnetic field H inside the
sample. The two differ by a demagnetizing field
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X= appears in plots of the raw experimental data is the
applied field Ho. However, in plots of the phase di-
agram the field is always the internal field H.

III. SPIN-FLOP TRANSITIONS
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H~. The latter field is uniform in an ellipsoidal
sample, but not in the nonellipsoidal samples used
here. Fortunately, IHn/HcI was always less than
-0.3%, so that a rough estimate of the demagneti-
zation correction was sufficient. For this purpose a
demagnetizing factor was estimated from the shape
of the sample, and the susceptibility data of pure
MnF2 as a function of T/T~ (Ref. 32} were used.
The estimated demagnetization correction for the
Zn-doped samples in the temperature range between
Tb and T~ was 0.25%. The correction for the
spin-flop field varied between 0.1% at 4.2 K and
0.25% near Tb.

Throughout this paper the magnetic field which

FIG. 1. (a) Traces of the magnetostriction at several
temperatures. dl for II ~[001] is the change in the length
of the sample along [001]. Lowest three curves show

spin-flop transitions. Upper curve shows a P-AF transi-
tion near 89 kOe. (b) Examples of the attenuation spike at
the spin-flop transition for several temperatures. Traces
are for a 23-MHz longitudinal sound wave with a propa-
gation vector q ~ ~

[001].

A. Magnetostriction

The spin-flop transition at H, t(T} was accom-
panied by a jump in the sample's length l. At 4.2 K
the magnitude of this jump was hl /I
=(2.3+0.4) X10 ', which is comparable to that in

pure MnF2. At higher temperatures the jump in I
became progressively smaller and was superimposed
on a gradual rise of l with increasing Ho. This is il-
lustrated by the lowest three traces in Fig. 1(a). On
approaching the bicritical temperature, TI, ——55 K,
the abrupt jump became very small and it changed
gradually into an inflection point on the curve for I
vs Ho. This inflection point was quite clear above

Tb, and was associated, at these temperatures, with
the P-AF transition. An example for T =55.48
K& Tb is shown in Fig. 1(a). The temperature
where the jump in I changed into an inflection point
(i.e., where the transition changed from first to
second order) was not determined precisely. That is,
the order of the observed transitions between 54 K
and Tb ——55 K was uncertain.

At 4.2 K a negligible MS was observed below H,~.
This can be understood as follows. The MS is deter-
mined by the H dependence of those static spin-
correlation functions which govern the exchange
and anisotropy energies. For pure MnF2 at T =0,
all static spin-correlation functions are expected to
be H independent below H,~ so that no MS should
be observed below H,~. The situation for pure MnFz
at 4.2 K is essentially the same, i.e., the MS below
H,~ should be negligible. In Zn-doped MnF2 at 4.2
K, the correlation functions for spins which are
separated by large distances (compared to a lattice
unit) might be affected by H below H,~.

' However,
the exchange energy, and to a large extent also the
anisotropy energy, are dominated by the static
correlation functions of spins which are separated by
distances of less than several lattice units. We ex-
pect that these correlation functions are practically
H independent below H,~ for x =0.125 at T =4.2
K. [One mechanism which can change these corre-
lation functions is the "exchange flip. " However,
in the present case only one such flip (with n =1 in
the notation of Ref. 35) is allowed below H,~, and it
involves only a very small percentage of spins. ]
Thus, we expect a negligible MS below H, ~ at
T=4.2 K. At much higher temperatures the ex-
change and anisotropy energies depend on H, even
below H,~, and a MS is observed.
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FIG. 2. Spin-flop phase boundary H,f(T), which

separates the AF phase from the SF phase. Also shown

are portions of the other phase boundaries near the BCP.
Data points are circles and triangles from magnetostric-

tion measurements, squares from TE measurements, and

crosses from UA measurements. H is the internal mag-

netic field. Some data points near the BCP were deleted

to avoid overcrowding. Lines are merely guides to the

eye.

B. Ultrasonic attenuation

The spin-flop transition was accompanied by a
sharp spike in the attenuation coefficient I as a
function of Ho. The spike was at the same field for
increasing and decreasing Ho. The magnitude of
this spike decreased with increasing T. Examples of
experimental results are shown in Fig. 1(b). For the
trace at 39.8 K, the magnitude of the spike is -1.2
dB/cm. At temperatures not far below Tb ——55 K,
the spike was superimposed on a A, anomaly in the
attenuation versus Ho. The temperature at which

the spike disappeared entirely and only a A, anomaly

remained was not determined precisely. Thus, as in

the case of the MS data, the order of the transition

between 54 K and Tb was unclear.

C. Spin-flop phase boundary

The spin-flop phase boundary H,~ vs T is shown

in Fig. 2. As can be seen, there is good agreement
between the MS results and the ultrasonic data. We
shall discuss the results at low T and at high T
separately.

I. Low-T value ofH,f
At 4.2 K, H,f——77.7+0.2 kOe for sample 1 and

H,f ——77.8+0.2 kOe for sample 2. Both values are
(16+1)% lower than the corresponding value for
pure MnF2. A mean-field treatment, which ignores
random fields and the variation of the lattice con-
stants with doping, predicts that H,r(T =0) scales
as (1—x) in the Mni „Zn„Fisystem. ' The mea-
sured H,~ is approximately 4% lower than this pre-
diction. The lattice constants and the c/a ratio for
ZnF2 are slightly smaller than those for MnFz.
Therefore it is expected that if the variation in the
lattice parameters were included in the mean-field
treatment, it would have resulted in higher exchange
and anisotropy fields, and, hence, in a higher value
for H,f. Thus the discrepancy between the observed
H,f and the mean-field result is probably slightly
larger than 4%.

The deviation from the mean-field result will be
attributed to random fields, which by themselves

.can cause a spin flop. In other words, the field H
produces a random field Hz which leads to an addi-

tional tendency of the spins to flop. This lowers

H,f. To expand on this idea we shall first review the
physics of the spin-flop transition of a ferromagnet
in a random field, and then return to the present
case of a diluted antiferromagnet in a (real) magnet-
ic field.

Consider a uniaxial ferromagnet in a uniaxial

(parallel) random field. Let T=O. In the flopped
configuration (transverse configuration), each spin

adjusts its direction to take advantage of the local

parallel random field. Thus the local magnetization
also has a longitudinal component which varies ran-

domly from site to site (see Fig. 2 of Galam and

Aharony~}. The free energy of this true flopped
configuration is lower than that of an hypothetical

flopped configuration with no random field, in

which all the spins point along the same (transverse}

direction. In the longitudinal phase, with all spins

parallel to the easy axis, the spins cannot take ad-

vantage of the local random field. Thus, the ran-

dom field prefers the flopped configuration. This
preference is in competition with the anisotropy en-

ergy which prefers the longitudinal configuration.
For a sufficiently high random field, a spin-flop
transition to the flopped configuration takes place.

The situation for a random-site antiferromagnet
in a parallel magnetic field and at T =0 is similar.
For a given sublattice, the orientation of each spin in

the flopped phase wi11 depend on the distribution of
the nonmagnetic cations (Zn) in its vicinity. This
orientation will be determined by the sum of the
magnetic field H, the local exchange field HE(local}
which acts on the spin, and the 1ocal anisotropy field
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(which is relatively weak in our system). Thus, there
is a distribution of spin orientations for a given sub-
lattice. The free energy of this true flopped configu-
ration is lower than that of the mean-field flopped
configuration, in which all the spins on a given sub-

lattice have the same orientation. Thus there is a
greater incentive for the spins to flop than that
given by the mean-field theory. As a consequence,
the spin-flop field H,f is lower. It is noteworthy
that in the flopped configuration the local staggered
magnetization has a longitudinal component which
fluctuates with position. It arises in two ways: (1)
Only one of two neighboring cations on opposite
sublattices may be magnetic, and (2} even when both
cations are magnetic, the parallel component of one
spin may be different from that of the other.

To estimate the depression of H,f we relate the
present situation to the known problem of the trans-
verse susceptibility Xz of a diluted antiferromagnet
at low H. ' When the anisotropy field Hz is
small compared to the exchange field HE, gj is
higher than the mean-field value g& ". The physical
reason is the fluctuation in the orientations of the
spins on a given sublattice (for nonzero H), which is
very similar to the fluctuation in the SF phase when
H is along the easy axis. When Hz/HE«1,
and for x «1, P~ is larger than X~" by a factor
1+0.784x. We expect a similar enhancement of
the susceptibility X,f in the SF phase when H is
parallel to the easy axis. Note that the Gibbs-type
free energy 4(T,H} contains the terms —( —, )XH
(Ref. 18), so that a higher X,r implies that the free
energy of the flopped configuration is lower than
that given by the mean-field theory.

A standard thermodynamic argument relates H,f
to the anisotropy energy E at H =0, and the differ-
ence between X,f and the parallel susceptibility X~~,
namely&'

H f ——[2E/(Xsr X (1)

In pure MnF2, 7~~&&7,f at T=O. We expect that
the same is true for x =0.125. Thus, H,f ~X,f ' at
low T. When Hz /HE « 1, X,g is nearly equal to Xz.
The enhancement of X,f (relative to the mean-field
value) should then be approximately the same as
that for gz. Using the calculated Xz in Ref. 37 for
Hq/HE &&1 and x &&1, we estimate that H,~ for
x =0.125 is 4.6% lower than the mean-field value.
It we take into account the finite value of Hz /HE in
MnFq, the estimate changes to 3.6%. These values
are comparable to the deviation of the observed H,f
from the mean-field prediction.

2. Behavior near Tb

An unusual feature of Fig. 2 is the decrease of H,f
between 53.5 K and Tb ——55 K. This is shown more

IOO
I I
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a„o
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50
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54
T(K)
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I

56

FIG. 3. Expanded view of the high-T portion of Fig. 2.
Here, all data points are included.

clearly in Fig. 3. A similar behavior was also ob-

served (although less clearly) in a sample with

x =0.04 (Ref. 13), but not in pure MnF2. ' ' The
cause of this decrease of H,f is unknown. One pos-
sibility is the following. According to Aharony the
spin-flop line may split inta two second-order lines
which surround an intermediate phase between the
AF and SF phases. These lines reunite at a higher
temperature where they meet the T,~ and T, lines.
This meeting point is then a tetracritical point and
not a BCP. As already noted, we were unable to
ascertain the order of the transitions on that portion
of the spin-flop line for which dH, f/dT was nega-
tive. Thus it is possible that these transitians were
actually on the higher of the two second-order lines
which surround the intermediate phase. The fact
that the lower second-order line was nat observed
does not disprove this conjecture, because the
anomalies in the UA and MS at these transitions
might have been too weak to be observed or were
masked by the stronger anomalies on the nearby
upper line.

Another possible cause of the decrease of H, ~ is
the residual misalignment of H. We believe that this
possibility is unlikely because consistent results were
obtained in different runs with independent align-
ments. Also, no such feature was observed in the
measurements on pure MnF2 reported in Ref. 19, in
which the alignment was controlled to an accuracy
comparable to that in the present experiments.
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FIG. 4. A, anomalies in the differential TE, Bl/BT, for
several fixed values of the applied magnetic field Ho.
These curves are from data for decreasing T (i.e., cooling).
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IV. P-AF TRANSITIONS

A. I, anomalies

FIG. 5. (a) Magnetostriction at 56.54 K for increasing
and decreasing Ho. (1) Differential magnetostriction
atraHO corresponding to (a). The two curves in (b) [but
not in (a)) are displaced vertically relative to each other.

1. Dilatometry

The P-AF transitions were observed in the TE
and MS measurements. In the former the transition
appeared as an inflection point in the raw data for l
vs T at a fixed Ho. This inflection point corre-
sponded to a A, anomaly in the derivative Bl/BT.
Examples of such A, anomalies, for fairly low fields,
are shown in Fig. 4. These curves were obtained by
a numerical differentiation of the raw data for l vs
T. Note that as Ho increases, the T variation of
Bl!BTon the high-T side of the anomaly becomes
more gradual. Thus the anomaly becomes more
symmetric with increasing Ho. An increase in the
symmetry of the k peak was observed earlier in
heavily doped MnF2 and FeF2 (birefringence data}'
and Fecl2 (specific-heat data). '

Two qualitative explanations of the increased
symmetry of the A, anomaly with increasing H have
been proposed. The first, by Belanger et al. ,

' is
based on the idea that random fields reduce the ef-
fective lattice dimensionality. The second, by Wong
et al. , ' focuses on the temperature variation of the
magnitude of the random field Hz for a constant H.
This variation arises from the T dependence of the
susceptibility.

The P-AF transition was also observed in the MS
data. It appeared as an inflection point in the raw
data for t vs Ho (or t vs Hii) at a fixed T. The in-
flection point corresponded to a A, 'anomaly in
atraH [or atra(H,')].

2. Irreuersible behavior

An unusual irreversible behavior in the TE and
MS data was observed near the P-AF transitions at
finite Ho. This is illustrated by the raw MS data in
Fig. 5(a) and the corresponding results for atlaHo
in Fig. 5(b}. These data are for sample 2. The main
feature is a small hysteresis in l vs Ho. It corre-
sponds to a larger derivative Bl/BHO when the tran-
sition is approached from the ordered side, i.e., from
the low-H side. Also, near the transition the varia-
tion of Bl/BHO in the ordered phase is faster when
the transition is approached from the ordered side.
The data in Fig. 5 were taken with a sweep rate of 9
kOe/min. A similar behavior was observed in
another run with sweep rates between 3 and 15
kOe/min. There was no obvious dependence on the
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the P-SF boundary T, . These observations suggest
that the irreversibility is caused by the random fields
which couple to the parallel staggered magnetiza-
tion.

Because the dilatometry measurements involved
the detection of a small mechanical motion of a
copper plate (Ref. 29) the possibility that the irrever-
sibility was caused by some sort of a backlash was
considered. The evidence against this explanation is
the following: (1) As noted, there was no irreversi-
bility in Bl/BT at the Neel point or at the P-SF tran-
sitions. (2) A consistent irreversible behavior was
observed in four different sets of runs —two for sam-

ple 1 and two for sample 2. Each sample was re-
mounted in the dilatometer before each set. (3) A
control experiment was performed with the same di-
latometer on a sample of pure MnF2. The TE coef-
ficient was measured near the P-AF transition at
high Ho. The sweep rate was comparable to that
used with the doped sample (-30 mK/min). The
results, shown in Fig. 6(b), exhibit no irreversibility.
A comparison between Figs. 6(a) and 6(b) also illus-
trates the sharpness of the transition in pure MnF2
as compared to that for x =0.125.

The evidence presented above suggests that the ir-
reversibility in the TE and MS data is not an experi-
mental artifact. However, it must be mentioned that
no obvious irreversibility was observed in the ul-
trasonic data. Finally, we note that the possibility
of irreversibility is not excluded theoretically if
d~ ——3, because then the transition is not a genuine
second-order transition.

65.75
I

66.00
T (K)

I

66.25 66.50

FIG. 6. Differential TE, Bl/8T, for increasing and de-
creasing T. (a) Results for x =0.125 at Ho ——72.7 kOe.
(b) Results for pure MnFq (x =0) at Ho ——85.0 kOe. In
both (a) and (b) the curves for increasing and decreasing T
are displaced vertically relative to each other.

sweep rate in this range. An irreversible behavior
was also observed in the TE data as illustrated by
the results for sample 1 in Fig. 6(a). These data
were taken with a sweep rate of approximately 30
mK/min.

The irreversible behavior near the P-AF transition
became more pronounced with increasing Hq. At
Ho ——0 there was no detectable irreversibility in
Bl/BT near the transition at T~. Also, no irreversi-
bility in Bl/BT was observed for the transitions on

3. Ultrasonic attenuation

Attenuation measurements were made with 23-
and 31-MHz longitudinal waves propagating along
[001]. )i, anomalies in the attenuation coefficient I'
were observed both in measurements of 1 vs T at a
fixed Ho and in measurements of I vs Hp at a fixed
T. The two types of data are illustrated by the ex-
amples in Fig. 7. In Fig. 7(a) the magnitude of the
attenuation peak at Ho ——0 is -1 dB/cm. No obvi-
ous irreversibility was observed in the ultrasonic
data.

The data in Fig. 7(a) show the following qualita-
tive features. %ith increasing Ho the attenuation
peak becomes smaller, more symmetric, and
broader. In pure MnF2 the height of the attenuation
peak at 7; is approximately the same for a11 H and
the peak remains very asymmetric even at high H. '

Thus, the marked differences in the heights and
shapes of the attenuation peaks in Fig. 7(a) are prob-
ably caused by the change in the magnitude of the
random field. The qualitative features of Fig. 7(a)
are similar to those exhibited by the specific-heat
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FIG. 7. (a) Traces of the UA vs T for several fixed
values of Ho. (b} Traces of the UA vs Ho, for several
fixed temperatures.

8. Phase boundary

1. Criterion for T,

The rounding of the transition at T, (H) was

curves for Mg-doped FeC12.'

Two previously proposed explanations for the in-
creased symmetry of the A, anomaly with increasing
0 were already mentioned in Sm. IVA1. An ex-
planation of the increased rounding of the transition
at high H was also proposed by Belanger et al. ' It
is based on the theoretical work of Binder et al. for
the Ising model in a random field. In the latter
work, d~ ——3 and the "transition" for d =3 is
smeared. Close to the transition the correlation
length g is limited by the domain size Lo, which
leads to a rounded transition. The rounding in-
creases rapidly with increasing Hz, i.e., with in-
creasing H in the present case.

much larger than that in pure MnF2. At H =0 the
rounding was probably caused by a variation of the
Zn concentration x inside the sample. The increased
rounding with increasing H is believed to be the re-
sult of the random fields. The rounding of the tran-
sition led to an imprecision in the determination of
T~~. Our choice for the transition temperature (or
field) was always the location of the maximum of
the A, anomaly. This choice is not rigorously
correct, as illustrated by the following example. As-
sume that x has a symmetric distribution about a
mean value x. Assume further that the A, peak for a
given x is asymmetric, which is the case here. Then
the temperature T,„atthe maximum of the A.

anomaly (integrated over all x) does not coincide
with T,(x). In the present case the situation is
complicated further by the H dependences of the
shape of the A, anomaly and its rounding. Thus the
practical choice of T,„asT, leads to a slight error
which may be H dependent, This source of error
will be discussed later when it is deemed to be signi-
ficant.

In the ultrasonic experiments the A, anomaly is ob-
served directly, and the location of its maximum is
obtained from the raw data. This is not the case in
the dilatometry measurements in which 1 is mea-
sured as a function of T or Ho. The A, anomaly is
then in derivatives which are obtained from the raw
data. When the raw data are for I vs Ho, k
anomalies are observed in derivatives such as
Bl/BHO and Bl/B(HO). If the transition is sharp
then the maxima of these derivatives occur at the
same Ho. However, for a rounded transition the
maxima of r)l/BHO and Bl/t)(HO) are not located at
precisely the same Ho. In the present experiments
the difference in the locations of these two maxima
was rather small. Nevertheless, for consistency, the
maximum of t)l/t)(HO) was always used as the cri-
terion for T,~. This choice was motivated by scaling
theories for both pure' and doped antiferromag-
nets which suggest that H is the natural variable.
In the analysis of the TE data we always used the A,

anomaly in Bl/BT.

2. Weel temperature

The TE data gave TN ——58.358+0.015 K for sam-
ple 1 and 58.38+0.03 K for sample 2. These num-
bers represent averages over several experimental
runs. The quoted uncertainties do not include the
0.04-K uncertainty in the calibration of the refer-
ence platinum thermometer. The UA data for sam-
ple 1 gave TN ——58.356+0.01 K.

According to mean-field theory, '
T& in the.

Mn, „Zn„Fzsystem should scale as (I —x). The
measured values for T~(x =0.125) are 13.3% lower
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FIG. 9. P-AF phase boundary TII(H~) from traces of
the UA I vs H. Dashed line is the smoothed phase boun-

dary obtained from dilatomctry, i.e., from TE and MS
data.

FIG. 8. Phase diagram for the temperature range

Tq & T & T~, where Tq and T~ are the bicritical and Neel

temperatures, respectively. Results are from dilatomctry

only. TEt and TEJ are results from TE in increasing and

decreasing T, respectively. MSt and MSJ are results

from magnetostriction in increasing and decreasing H,
respectively. Solid line is a straight-hne fit to the low-8
data.

thall T~(x =0), 111 rcasollablc agl'cc111cllt w1th this
prediction. A similar result was obtained earlier for
x =0.04.' Our values for T~ are also consistent
with the results of Bclangcr et al. and of
Salamati-Mashhad et al.

As noted above, the A, anomalies obtained from
the dilatomctry data showed some irreversibility
near the P-AF transitions at finite H. %e shall
therefore plot the results for increasing (f) and de-
creasing (4) T or 8 separately. (This was not done
in Figs. 2 and 3, which show averages of T,~~ for t
and l.) Because no obvious irreversibility was ob-
served in the UA data, only averages for t and J,

will be plotted.
The dilatometry results (from TE and MS) for the

P-AF boundary are shown in Fig. 8. The ordinate is
H . The low-H data points bc on a straight line
with dT,{{/d(H')=—3.5y10 '0 K/Oe'. Ap-
proaching thc BCP, thc boundary dcviates from this

straight linc in the downward direction.
The determination of the boundary T~{(H) from

data for. I vs T (with fixed Ho} was only partially
successful. At zero and low Ho the results for T,~~

mere in good agreement with the dilatometry data.
However, above -50 kOe an increasing scatter in
the results for T,~~ appeared. This was probably
caused by small drifts in the electronics during the
time it took to scan the broad attenuation peak (see
Sec. IID}. In spite of the scatter, it appeared that
above -50 kOe the T, 's obtained from I vs T mere
somewhat higher than those obtained from dila-
tomctry.

Results with a smaller scatter were obtained from
scans of I vs Ho at a fixed T. Such scans could be
made rather quickly (several minutes per scan).
Several scans of the attenuation peak werc taken at
each T and the values for the transition fi.eld were
averaged. The results for the boundary T,~~ are
shown in Fig. 9. (For Tz we used the consistent re-
sult obtained from I vs T, because Tz could not be
obtained from I vs Ho. ) For comparison, the
smoothed phase boundary obtained from the dila-
tometry data is also shown in Fig. 9. There is good
agreement at low H, but a systematic difference of
-0.1 K is found at high H where the A, anomalies
are broader. As mentioned, wc consider the dila-
tomctry method to bc morc reliable, in principle,
than the ultrasonic method. However, even with
th1s techMquc thc choice TIIIg~ T~ 1s inexact
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4. Depression of T, by random fieldsII

In pure MnF2, T, decreases linearly with H at
low H, with dT~~/d(H2)= —1.57X10 'o K/Oe2
(Ref. 19}. A mean-field treatment which ignores
random fields ' predicts that in Zn-doped MnF2,
dT, /d(H ) will be larger by a factor (1—x)
That is, dT, /d(H )=—1.79X10 ' K/Oe for the

present case. The measured depression of T, at low

H is approximately a factor of two larger than this
prediction. This is illustrated by Fig. 10, in which
the line —AH represents the mean-field prediction.
An obvious interpretation is that the additional
depression of T, is caused by random fields. A
similar additional depression of T,II was observed in
the x =0.04 sample, ' and more dramatically in
more heavily doped samples of MnF2, FeF2, and
F~l 14, 10

5. Behavior at low H

According to Fishman and Aharony the shape of
the phase boundary T,I at low H should be given by

FIG. 10. Expanded view of the low-0 results in Fig. 9.
Solid line (/=1. 124) is a best fit to Eq. (2) with B and P
treated as adjustable parameters and A held fixed at the
mean-field value 1.79X10 ' K/Oe. Short-dashed curve
is a best fit with 4) held fixed at the theoretical value 1.25,
A fixed as above, and B treated as an adjustable parame-
ter. Long-dashed straight line is the mean-field prediction
with no random fields.

where /=1.25 for d =3. The term AH— is simi-
lar to that in a pure antiferromagnet. The addition-
al term —BH ~& is due to the random field H~
which is proportional to H near TN. Clearly, the
latter term produces a curvature in the phase boun-
dary TII vs H .

We have compared the results for TII(H ) in the
range 0&H2& SX 109 Oe2 with Eq. (2). The param-
eter A was fixed at the value 1.79X10 ' K/Oe~, as
estimated earlier. The data of Fig. 8 (from dila-
tometry) then gave 4}=1.01+0.02, corresponding to
the fact that the phase boundary in this field range
is very nearly a straight line. The phase boundary
obtained from I vs H (Fig. 10) does have a slight
curvature, but the least-squares fit gives

P = l. 12+0.02 which is still well below the predicted
value. Thus, no evidence that (b is as large as 1.25 is
found in our data.

Two recent experiments on more heavily doped
antiferromagnets have demonstrated the existence of
the term BH t4 w—ith 4}& 1. The first, by Belanger
et al. , ' gave /=1.4. The second, by Wong et al. ,

'o

gave /=1. 25. In both of these works the term
—BH ~ was much larger than —AH because of
the high doping level x. Thus, a better determina-
tion of P could be made than in the present work
where —AH accounted for -50% of the shift in

T, . Nevertheless, there is still a discrepancy be-
tween our values for P and 1.25 which remains to be
explained. Two possible sources of error are the fol-
lowing. (i) The choice T,„=T,which was used
was inexact. It probably led to a small error in the
shape of the boundary TJ~(H). As Fig. 10 illus-
trates, the difference between the results for T, and
the fit with the theoretical value /=1.25 is rather
small. Such a difference could have been caused by
the choice T,„=T,. (It is noteworthy that Be-
langer et al. used two different criteria for T,I: one
at H =0 and another at H&0. This led to a higher
value for P than that which would have been ob-
tained with the choice T,„=T,for all H. ) (ii}
Equation (2) is valid only very near T~. Our
analysis included shifts of up to 1.7 K in T, .
Among the reasons why Eq. (2) may not be exact for
such large shifts are (a) Hz is not strictly propor-
tional to H over this temperature range, ' and (b) for
the highest fields (H =5 X 10 Oe ) the phase boun-
dary may be influenced by the BCP, which tends to
produce a curvature opposite to that produced by
—BH ~. In principle, the analysis could have been
limited to much lower K, but then the experimental
uncertainties would have been more of a problem.
In conclusion, although we find no evidence that P
is as large as 1.25, the uncertainties in the analysis
are such that this value cannot be excluded.
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11(b}. Less successful were the measurements of I'
vs Hp. In these the transition was observed only in
a limited temperature range near 55.4 K
(T —T~= —3.0 K}. Even in this range the A, peak
was small and was superimposed on a larger A, peak
from the nearby P-AF transition.

B. Phase boundary
FIG. 11. (a) A. anomaly in the differential thermal ex-

pansion Bl/BT at a P-SF transition. (b) A, anomaly in the
UA at a P-SF transition.

V. P-SF TRANSITIONS

A. A, anomalies

The P-SF transition was readily observed in the
TE measurements, in which it appeared as a A,

anomaly in Bl/BT. An example is shown in Fig.
11(a). In the MS measurements the anomaly in
alraHp did not stand out clearly. This is attributed
to the fact that the boundary T, (H} is very steep.

Transitions on the T, boundary were also ob-
served in the UA, I vs T, as illustrated in Fig.

The phase boundary T, (H) was determined from
the locations of the maxima of the A, anomalies.
Figure 8 shows this boundary in relation to the other
phase boundaries. These data are from dilatometry
only. A more detailed plot of the P-SF boundary,
which includes also the ultrasonic results, is shown
in Fig. 12.

The scatter of the results in Figs. 8 and 12, and
the uncertainty in the direction of the spin-flop line
at the BCP, prevented a meaningful analysis of the
bicritical region in terms of shift exponents and scal-
ing axes.""

There is a considerable difference between the T,
bounda for x =0.125 and that for x =0. In both
cases T, increases with H just above the BCP so
that the boundary has a "bulge" which points to-
wards high T. However, for x =0.125 the magni-
tude of the bulge is at least 0.6 K, whereas for pure
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MnF2 it is an order of magnitude smaller. ' This re-

sult is consistent with earlier observations in more

lightly doped samples of GdA103 and MnF2. ' '
VI. SUMMARY

The main results of the present work are as fol-
lows:

(i) The random field HR changes the shape of the

A, anomaly at T, . This is most clearly seen in data
for I vs T. There, the A, peak becomes smaller,

broader, and more symmetric, as K (or Hz) in-

creases. The increased broadening is mainly on the

high-T side of the peak. This broadening on the
high-T side of the peak is also observed in the re-

sults for Bl/BT. Similar effects have been observed

in earlier studies on other materials. ' ' '
(ii} Some evidence for an irreversible behavior

near T, is found in the dilatometry data for H&0.
Such a behavior has not been reported previously.

(iii} The random field produces a substantial de-

crease in T as observed in earlier studies. ' '
A definitive test of the prediction that this decrease

is proportional to H ~~, with / =1.25, was not pos-

sible.
(iv} The Neel temperature T~(x =0.125} is in

reasonable agreement with mean-field theory.

(v) The spin-flap field at 4.2 K is lower than that

predicted by mean-field theory. The discrepancy is

explained by including the effect of random fields.
This change of H,f due to the random field has not

been discussed previously.
(vi) The spin-flop line H, r( T) bends downwards as

T approaches Tq. A similar (but less pronounced)

behavior was observed in only one previous study. '

It is possible that a portion of the apparent spin-flop

line near Tb is actually one of two critical lines
which surround an intermediate phase.

(vii) The boundary T, (H) exhibits a much larger
bulge (toward high T} than that in pure MnFq. This
result is consistent with earlier observations. ' '
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