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Both the up and down sublattice magnetization and the net magnetization of the nearly two-dimensional
antiferromagnet K2MnF4 have been measured and analyzed in detail as a function of temperature in external
magnetic fields up to the spin-flop transition. The experimental method has been tracking the NMR
frequencies of the ' F nuclei adjacent to the magnetic ions. Spin-wave theory with inclusion of Oguchi-type
renormalization, as well as semiempirical scaling of the temperature variation of the magnon energy gap, is in
excellent agreement with the data up to 18 K for all fields below —40 kG, decreasing to 13 K at 50 kG, i.e.,
up to a line in the (H, T) diagram where the thermal decrement of the sublattice magnetization is only 7%.
Near T = 0 K, the spin flop has been observed to occur at 54.5 ~ 0.5 kG. Renormalization is found to become
increasingly important with field, and apparently its field-dependent part is well described by first-order spin-
wave interactions. It appears that in a field the magnetization of the sublattice with the magnetic moments in
the direction of the external field initially decreases more rapidly with temperature than is the case in zero
field. The effect is due to the preferential excitation of long-wavelength magnons of the low-energy magnon
branch, which by virtue of Bogolyubov coupling reside on both sublattices. The reduction of T„with field has
been found to be 1.1 + 0.5 K at 30 kG and 3.5 ~ 0.5 K at 50 kG. Finally, the z component of the transferred
hyperfine constant of the in-layer ' F was deduced to be —51 ~ 1 MHz.

I. INTRODUCTION

The nearly two-dimensional (2D) antiferromag-
net K,MnF, has been the subject of several in-
vestigations. ' ' The reason for this interest is
the location of the magnetic ions in perfectly
simple quadratic layers, with the interlayer ex-
change at least several orders of magnitude small-
er than the intralayer nearest-neighbor exchange.
Combined with the small anisotropy, mainly of
dipolar origin, the structure is therefore nearly
ideal for experimental verification of theoretical
results for the 20 Heisenberg antiferromagnet.
In this study, we are particularly interested in
the sublattice and net magnetizations with emphasis
on the effects of magnetic fields up to the spin-
flop transition. The crystal structure provides us
here with powerful NMR probes in the form of the"Fnuclei neighboring the magnetic ions and res-
onating in strong hyperfine fields directly propor-
tional to the magnetic moments residing on the
Mn" ions. In a magnetic field there are three
distinguishable "F sites, those adjacent to the
layer, reflecting the magnetizations of the up and
down sublattices, and the in-layer "F sites sensing
the imbalance of the sublattices or net magnetiza-
tion.

A spin-wave analysis in zero field has earlier
been presented by de Wijn, Walker, and Walstedt, '
who found excellent agreement, up to tempera-
tures somewhat less than —2T„, between the tem-
perature dependence of the sublattice magnetiza-
tion as derived from NMR experiments and spin-
wave theory with incorporation of Oguchi renor-

malization of the magnon energies. ' Temperature-
dependent renormalization improved the fit only
marginally by 3 K, while temperature-independent
renormalization could be simulated to a very good
approximation by effective values for the exchange
and the anisotropy. At the point of breakdown
between theory and experiment the magnetization
has droppeti 7%, added to the 7% decrement due
to the zero-point motion, i.e., at a point where the
number of magnons excited is still very small.

The purpose of the present investigation is to
extend this study to external magnetic fieMs along
the tetragonal c axis, which lift the degeneracy of
the magnon branches. In a field, the lower branch
will become more heavily populated than the upper
branch (at 40 kG, for example, the k = 0 gape of
the two branches are 2 and 13 K, respectively),
resulting in a field-dependent renormalization of
the magnon energies in excess to the thermal one.
In addition to a discussion of the magnitude of
field-dependent renormalization as compared to
the unrenormalized case, an objective is to deter-
mine to what extent the effects of fields on the mag-
non energies are properly described by first-
order renormalized spin-wave theory, even near
the spin-flop transition.

II. EXPERIMENTAL

The sublattice and the net magnetization of a
single crystal have been measured by tracking
the NMR frequencies of the "Fnuclei adjacent to
the magnetic ions. These nuclei resonate in strong
transferred hyperfine fields with additional dipolar
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FIG. 1. Various 5 sites adjacent to the magnetic
moments residing on the Mn2+ ions in the layer, with the
magnetic field parallel to the tetragonal axis. The NMR
frequencies of the out-of-layer ~SF( and SFI nuclei re-
flect the magnetizations of the up and down sublattices,
respectively, while the NMR frequency of the in-layer

F sites scales with the net magnetization.

contributions from the magnetic ions in the lattice.
With the magnetic field H parallel to the tetragonal
axis of the crystal there are three distinct fluor
resonances in K,MnF, (Fig. 1). The NMR frequen-
cies of the out-of-layer "F' nuclei ff and fi re-
flect the magnetizations of the "up" and "down"
sublattices, respectively, while the imbalance of
the sublattices is reflected in the frequency fu of
the "F"nuclei located between antiferromagnetic-
ally coupled Mn" ions in the magnetic layers.
Apart from the shifts due to the magnetizations,
the NMR frequencies contain the Zeeman effect of
the "Fnuclei. Taking out the latter, the reson-
ance frequencies may be expressed as

=(A, +D,)&S;&+D',&S»,

4f i'(T, H) =fi'(T, H) + yH/2n

n f (T, H) =fn (T,H) —yH/2

(2)

where y is the gyromagnetic ratio, A, and A, are
the transferred hyperfine constants for the out-
of-layer and the in-layer "Fnuclei, respectively,
while D„D» and D, reflect the z components of
the dipolar fields of the two sublattices at the
various "F sites. The subscript 0 refers through-
out to the sublattice with the magnetic moment
pointing in the direction of the applied field, and 4

to the sublattice with the moment opposite to the
field (note that &S'i& is negative and &SP is positive).

The dipolar fields may be evaluated by direct
summation over the lattice, with the following
results: D, = -16.5 MHz (per unit of spin), D', = 0.22
MHz, and D, = 9.4 MHz. Further, the sum A, + D,
-D', is accurately known from the zero-field and

zero-temperature "F' resonance frequency f'(0, 0)
= 150.477 + 0.003 MHz. ' Combined with the expec-
tation value of S' at T = 0 K, &S*&= —S+ 4o = —2.220
with 6, the zero-point spin reduction, ' this yields

48 33 MHz which compares we 11 with
= -49 MHz obtained from NMR in the paramagnetic
regime. ' It is further noted from Eq. (1) that
nf~' does not exactly represent &Si&, but that there
is a small contribution of the down sublattice,
amounting to ) D,'/(A, + D, ) ~

= 0.3% only. Analogous-
I

ly, the up sublattice contributes minutely to af i.
The NMR frequency has been measured in the

frequency range 35-250 MHz by observing the
free-induction decay following a high-powered rf
pulse with a duration of a few p, sec. The detection
of the nuclear signal was performed by use of a
tunable very-high-frequency receiver, with fast
recovery against overload, followed by a double-
balanced mixer driven by a standard oscillator.
The transmitter as well as the receiver were
coupled to the coil wound around the sample
through an impedance matching network. There
was in general no need for further tuning of the
sample coil. The free-induction decays of the "F
resonances at both the I and II sites had a duration
of the order of 10 p. sec, almost independent of
the external field, and decreasing slightly at the
higher temperatures.

Below 4.2 K the single crystal was immersed
in liquid helium, and temperature stabilization
was done by controlled pumping. Above 4.2 K
the sample was placed in a continuous stream of
boiled-off helium gas, the temperature of which
was servo-stabilized to within 0.02 K. In zero
magnetic field the temperature was measured
with a calibrated germanium resistor, while in
a magnetic field use was made of an Allen-Brad-
ley carbon resistor. Corrections, up to 0.09 K,
at 50 kG and He temperature, were made for the
field-induced change in the resistance value. '
To check the reproducibility of the carbon resistor
calibration points were taken in situ before and
after every measuring run, but any drift appeared
to be minor. The inaccuracy of the temperature
is estimated to be 0.03 K in the temperature range
up to 20 K, increasing to 0.10 K at 50 K. In the
analysis, the inaccuracy of the temperature has
been propagated to the error in the frequency. It
should be noted here that the accuracy of the "F'
data is almost completely determined by the ac-
curacy of the temperature measurements, this in
contrast to the "F"data, which are less sensitive
to temperature, and where the inaccuracy of the
frequency determination is the main cause of the
error.

All data were taken with a superconducting
solenoid, providing a homogeneous magnetic field
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(1:10'over the crystal), and operating in the super-
conducting mode in view of the required stability
of the field over longer periods of time. The field
has been measured in two different ways. First,
by extrapolating the NMR frequency of the in-layer
"F nuclei to zero temperature, where the im-
balance of the sublattices has become zero, and

secondly, by observing the NMR frequency of the
protons present in the varnish with which the
crystal was mounted on the sample holder, at tem-
peratures sufficiently low that demagnetizing ef-
fects (see below) vanish. The agreement between
both methods appeared to be excellent. It is im-
portant, especially in fields near the spin-flop
transition, that the c axis of the crystal is proper-
ly aligned to the direction of the magnetic field.
The simple argument of adcbng the hyperfine field
to the external field shows that a misorientation by
a small angle 8 leads to a lineshift at the out-of-
layer "F' nuclei given by

(4)

By extrapolation to zero temperature, the shift
appeared to be only 4 kHz at 20 kG with reference
to f'(T =0, H=O) =150.477+0 003 M. Hz, negligible
with respect to the errors in the "F' data beyond
4.2 K from other sources. From Eq. (4) a mis-
orientation of 0.7 is then deduced. The lineshift
of the in-layer "F"nuclei due to misalignment is
entirely negligible below 30 kG. Above, say, 35
kG the onset of the spin-flop transition at 54.5 kG
results in a small shift due to the misalignment,
which again has been determined by extrapolation
to zero temperature, and has subsequently been
corrected for.

%e finally have to consider the effects of de-
magnetizing fields. In case of a homogeneously
magnetized slab with dimensions lxl and thick-
ness d, the demagnetizing field at the center is
given by H~ = -4wMN with N = 1 —(4/&) arcsin
[d'/2(f2+ d')]"', where M is the net magnetization.
For our sampled/I-"0. 25, whence N = 0.78. An
experimental estimate for K was obtained by ob-
serving the proton NMR shift in the varnish at the
surface of the sample, which is proportional to
4vM(1 N) and yi-elds N = 0.8 for our crystal. With
M estimated from spin-wave theory, this results
in H~ = 100 G, or 0.2%, at the largest external
fields and temperatures considered, 50 kG and
40 K. This H~ may be neglected entirely in the
spin-wave calculations discussed in Sec. III. How-
ever, the Zeeman field H occurring in Eqs. (1)-(3)
has to be corrected for H„plus the I orentz field
~4&M, or =-4rMx 0.45, a correction that has been
applied to all data presented. At 20 kG and 30 K,
for example, the correction to Af ~, hf~, and
6f ~ amounts to 60 kHz.

III. SPIN-WAVE THEORY

Before analyzing the data (Sec. IV) we first re-
capitulate the main results of spin-wave theory
with inclusion of Oguchi-type renormalization in
an external magnetic field H. The treatment is
based on Heisenberg exchange between nearest
neighbors, and a small staggered anisotropy field
H~ oriented along the preferred magnetic z axis.
The antiferromagnetic Hamiltonian then is

36=I~I g &I'S -gus(H+H, ) gSl
&i,m& 1

gp, s(H——Z„) QS*, (5)

~=gp H /4~Z~S,

a=gal, ,H/41&IS,

g„-= (1+a —y„-)/[(I + u)' —Wk]"',

and where

(7)

(8)

(9)

eik (10)

is a geometrical factor with 5 denoting a nearest-
neighbor displacement in the quadratic layer.
The quantities P, and Py are the temperature-
independent and temperature-dependent renormal-
izations, respectively, and read as

k

1 (i) (2)
gk(+k +k &

k

(12)

with the usual notation (g=g, ). In Oguchi's treat-
ment' the spin operators S, and S„are exPanded
by use of the well-known Holstein-Primakoff
transformation in products of spin-deviation opera-
tors up to first order in 1/2S. In this approxima-
tion the idea of a finite subspace of spin dimen-
sionality 2S+ 1 is abandoned, resulting in a neglect
of the so-called kinematical interactions. A
Fourier transformation expresses the operators
in two sets of spin waves, each set being restricted
to one of the sublattices. The quadratic part of
the Hamiltonian is subsequently diagonalized by
a Bogolyubov transformation, mixing the original
spin waves K dependently in such a way that the
new spin waves reside on both sublattices. Finally,
renormalization of the energies E~" of the mag-
nons due to spin-wave interactions is calculated
as a first-order perturbation in 1/2S. The result
ls

E'-„""/4 IZ I S = [(1+o')' —y'-„]"'

vhg(p" p') gk(R0+R, ), (6)

with
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where the summations run over the 2D Brillouin
(i.,2)

zone and the Bose occupation numbers n &' are
given by

n„-' =[exp(E„-' /kzT) -1] '. (18)

The renormalization by R, appears to be almost
independent of field. ' The terms R, and R, were
derived by Oguchi to describe the effect of the
spin-wave interactions in zero field. The term
P' -P' inEq. (6), with

(15)

P' = Qn„- (i=1,2),
28NO

(14)
k

is additional to Oguchi's result, which applies to
the fieldless case. As Ro and Rj it constitutes a
correction to the spin-wave energies to first order
in 1/2S, but vanishes in zero-magnetic field be-
cause of the equal populations of the two branches.
While derived here as a higher-order correction
to the spin-wave energy of an antiferromagnet,
the term appears to be proportional to the im-
balance of the sublattice magnetizations [cf. Eq.
(18)]. As such, the term may also be regarded,
at least to lowest order, as a renormalization
with the net magnetization, i.e. , calculating the
lowest-order spin-wave energies of a ferrimagnet
with effective quantum numbers (S~) and (S'') for
the two sublattices. In the classical analogue of
sublattice magnetizations precessing in the k = 0
mode, the correction p

' -p[' may approximately
be visualized as a screening of the external field
by a factor (1-y

~, /2g ),"where y, is taken from
the molecular-field result. In our calculations
we will apply renormalization with field according
to Eq. (6).

The magnetizations of the up and down sublat-
tices are given by M' '=-gp. +,(Sf g, with

&S', ) = s+ n, + nS(T)+-~S(a, T),

= 0] is known to decrease with temperature more
rapidly than by virtue of -g-„R, alone, the conse-
quence of expressing the anisotropy as a staggered
field H„ is to take H„ to vary with temperature.
For a lattice with tetragonal symmetry it has been
derived"'" that in case of dipolar anisotropy
and in the limit of low temperatures H„scales
with the square of the sublattice magnetization.
However, since the magnon energy gap has actual-
ly been determined by antiferromagnetic reson-
ance up to 40 K,' we preferred to adopt the exPeH-
mental variation of H„with temperature, as de-
rived from the antiferromagnetic-resonance ex-
periments with essentially the same spin-wave
description as used here.

It has earlier been discussed that the effect of
the temperature-independent renormalization
-g-„R, on the calculated magnetization may equally
well be described by omitting this term in Eq. (6),
and replacing J and u by effective parameters
Z, =Z(1-R,) and u, =a/(1-R, ).' One objective of
the analysis is to see the effects of temperature-
and field-dependent renormalization. The results
of renormalized theory will therefore be com-
pared with the results of calculations based on the
unrenormalized theory, i.e. , Eq. (6) with all re-
normalizing terms removed, but with the effective
J, and a, in order to compensate for the effect of
omitting -g„-R,.

In the computer evaluations, for given J and o'

the self-consistent set of Eqs. (6)-(14) is solved
in an iterative way. Then, all constants in the
dispersion relation being known, the sublattice
and net magnetization are calculated by inserting
the Bose occupation numbers in Eqs. (1V) and (18).
It is emphasized at this point that the evaluation
of the summations over the 2D Brillouin zone has
been done rigorously by making use of the relation

(~j) =+S ~ —b, s(T)+-ns(H, T).
Here, ~0 is the zero-point spin reduction (n,
= 0.1VO for K,MnF„' independent of field),

(16)
1

&O' Q F(r.-) =—, dzK((1 -z')"')F(z). (18)
W

Q

Here

1 1+ cx (i)as(T)
2N Q[(1+-~), ~]„, ( -„+ P),

(17)

only weakly dependent on the field through the sum
n" +n while

&l2
K(m) = dx(l -m'sin'x) "'

0

is a complete elliptic integral of the first kind.
Near z = 0 (i.e. , the Brillouin-zone boundary),
where K((1 -z')'~') diverges, the integral may be
evaluated as (z ~ 10 ')

as(H, T) = Q (n-„'-n-„) (18)
0

reflects the imba»ace between the two sublattices.
From neutron diffraction, ' the renormalization

with temperature -g-„R, described above proved
to be excellent for all% except those near k=0.
Since the magnon energy gap [cf. Eq. (6) with k

dzK((1 —z')' ')F(z) = [(ln4+ 1)z —z 1nz]f(0) .
0

(20)

IV. ANALYSIS OF DATA

In this section the NMR measurements at the
' F and '9F~ sites will successively be discussed.
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FIG. 2. Resonance frequencies after subtracting the
Zeeman shifts Lh f &(T, H) and 4f&(T, H) vs the tempera-
ture at 20.02 kG parallel to the c axis, reflecting the
temperature variation of the up- and down-sublattice
magnetizations, respectively. For comparison, the
experimental zero-field result has been included as the
solid line. Note that on the scale of the figure the dif-
ference between nf ) and the zero-field data is not
resolved.

30

For the calculation of the magnetizations from
spin-wave theory, to which the data will be com-
pared, values for several parameters are required,
viz. , the hyperfine constants p]+Dl D and
/I, +D, [see Eqs. (1)-(3)], and the spin-wave quan-
tities J and To(0) =E„,/ks, the magnon energy
gap at zero temperature (and zero field). The
quantities Ay+De and Dl have already been dis-
cussed in Sec. II; A, +D„necessary for the "F"
data, is unfortunately not known to sufficient ac-
curacy, and will therefore be handled below as an
adjustable parameter. Although various values of
8 and Tc(0) are known in the literature, we have
preferred here to use the values obtained from
least-squares fitting of the temperature depen-
dence of the sublattice magnetization in zero mag-
netic field to the renormalized spin-wave theory
summarized in Sec. III. Such an analysis has been
reported by de Wijn, Walker, and Walstedt, 4 but
to be sure of consistency with the present experi-
mental conditions, in particular the calibration of
the temperature and the use of another sample,
we repeated measurements and analysis in zero

field. The fit to our data extends to essentially
the same upper temperature of 18 K, and yields
J/ks =-8.40+0.05 K, To(0) =7.55+0.04 K, and a
zero-temperature resonance frequency f(0)
= 150.477 ~ 0.003 MHz. These values are in excel-
lent agreement with those of Ref. 4, j/ks = -8.41
+0.06 K, To(0) =7.54x0.07 K, and f(0)=150.477
+ 0.003 MHz. The variation of the sublattice and
net magnetization with temperature and field has
been calculated with the present values of the
para, meters.

To indicate the general characteristics of the
temperature dependence of the sublattice magnet-
ization in a field, the resonance frequencies bf

&

and sf &
at 20.02 kG are compared to the zero-

field experiments (solid line) in Fig. 2. Above
20 kG the resonance has not been followed because
of the limited frequency range of the spectrometer
and the onset of broadening of the line. It is ob-
served that the down sublattice magnetization de-
creases more rapidly with temperature. The up
sublattice magnetization, on the other hand, close-
ly follows the zero-field dependence. However,
detailed inspection reveals that also the up sub-
lattice magnetizatjon at first drops below the zero-
field result (this is not resolved on the scale of
Fig. 2), contrary to what one would expect from a
molecular-field approach.

A. Down sublattice magnetization

The effect of an external field on the sublattice
magnetization of the down moments is shown to
better advantage in Fig. 3, where nf'~(T, H) is
plotted relative to the zero-field resonance fre-
quency f '(T, H = 0), with the latter deduced from
the exPerimental data points by interpolation with
a smoothed cubic spline. The maximum field-
induced effect observed amounts to --2.5 MHz at
20 kG and 30 K. In Fig. 3, the combined error
of nf &(T, H) and f'(T, H=0) is estimated to be
-20 kHz at the lowest temperature, increasing to
-100 kHz at 30 K. The solid curves in Fig. 3 have
been calculated with the renormalized spin-wave
theory as described in Sec. IIL Here, nf'&(T, H)
—f'(T, H=O) has been obtained by subtracting the
calculated frequency in a field from the corres-
ponding calculated zero-field result, so that a
comparison with the experimental data points in
Fig. 3 provides a test of spin-wave theory with
special emphasis on the field effects. The agree-
ment is excellent for all fields up to temperatures
of, say, 22 K. However, the experimental data
on n f&(T, H) themselves already deviate from
spin-wave theory at 18 K. It is noticed at this
point that no adjustable parameters have been
used, but instead parameters have been taken from
other sources, as discussed above. In terms of
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the molecular-field approximation may be expres-
sed as a static temperature-dependent field rela-
ted to the imbalance between the sublattices, i.e. ,
Hfr= 8Z'b, S(T, H)/gee, ,which adds to the external
field at the Mn sites (note that the effect on the F
sites is already comprised in the dipolar hyperfine
fields). For the exchange coupling between next-
nearest-neighbor layers, involving many exchange
paths, an upper limit of 4&10 4 of the primary
exchange has been deduced, ' from which an upper
limit for

~

J'/J
~

may be set at, say, 1%. Then,
with n, S(T,H)-0.01 at 20 kG and 20 K, Hr 0.0-5

kG, which is far below the level of detection in
Fig. 3.

B. Up sublattice magnetization

-2.0

-2.5 I

10
I

20
I

30

From the physical point of view the results for
the magnetization of the up sublattice are more
elucidating. The experimental data have been
plotted in Fig. 4, again with reference to the ex-
perimental zero-field frequency, where it is
noticed that a positive frequency shift corresponds

TEMPERATURE (K)
FIG. 3. NMR frequency of the ~sFI nuclei corrected

for the Zeeman shift b,f&~(T,H) relative to the experi-
mental NMR frequency in zero field f~(T, H =0) vs
temperature, i.e. , the temperature variation of the
field-induced part of the down-sublattice magnetization.
The various fields are parallel to the c axis. The solid
lines have been calculated from renormalized spin-wave
theory, as described in text. The dashed line refers to
20.02 kG, but has been calculated from unrenormalized
theory with effective parameters J~ and o,

unrenormalized theory with effective parameters
(see Sec. Ill), however, the sublattice magnetiza-
tion can only be described up to temperatures
steadily decreasing with increasing magnetic
field. At 5 kG, there is a reasonable agreement
up to 15 K, but at 20 kG (dashed curve in Fig. 3)
the match with experiment extends to only 10 K.
Because the temperature-dependent renormaliza-
tion B, is almost independent of the magnetic field,
the conclusion is that the improvement by renor-
malization almost completely originates from the
field-dependent part p ' —p" .

Before turning our attention to the up sublattice,
we first discuss residual effects arising from
exchange coupling between nearest-neighbor
layers. Because of the staggered registry of the
magnetic moments in these layers, the exchange
interactions of magnitude J' between adjacent mag-
netic ions located in adjoining layers cancel in
zero field. However, in a field when ~(S&)~4~(St) ~,
there will be a net interaction, which in terms of
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FIG. 4. Same as Fig. 3, but for the up sublattice. The
solid lines have again been calculated from renormalized
spin-wave theory. The dashed curves, which represent
unrenormalized theory with effective parameters JS
and a~, show the improvement by renormalization,
while the dotted lines are computations in the k approx-
imation. The sign reversal as a function of temperature
originates from Bogolyubov coupling of the sublattices
through long-wavelength magnons.
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to an inn"ease of the sublattice magnetization in

a field with respect to the magnetization in zero
fiejd.

In order to interpret the results it is necessary
to recall some properties of the Bogolyubov trans-
formation diagonalizing the Hamiltonisn (Sec. III).
This transformation mixes the spin waves defined
on the two sublattices to two new sets according
to

a& ——u&a&+ vkb&, P& = v&a&+upb&, (21)

w here a-„, b-„and a&, Pz are the original and the
new magnon operators, respectively, and the co-
efficients u-„and v-„are given by

D+(D' —Y„)' ' ' '
(22)k 2(D2 y2 )1/2

(D2 y )1/2 1/2

~k 2(D2 +)1/2 r (23)
k

with D =1+a. For the appropriate +=4&10 ',
the mixing is almost complete for the A;= 0 mag-
non, whereas at the zone boundary a spin wave is
restricted to either one of the sublattices (at the
zone boundary 22k=1 and uk=0).

The essential point is that at low temperatures
the long-wavelength magnons of the low-lying
branch E- are predominantly populated, which
gives rise to concurrent diminutions of both the

(l)
up and down sublattice magnetizations. Since Ep- p

is below the zero-field gap, the decrease with

temperature will be faster than in zero field, as

T=1.2 K

0
20 40

MAGNETIC FIELD (kG)
60

FIG. 5. Net magnetization at 1.2 K, as reQected in the
NMR frequency of the in-layer 9F nuclei corrected for
the Zeeman shift Af"(T, H ) vs the magnetic field paral. lel
to the c axis. The spin-Qop transition is at 54.5+0.5 kG.

indeed has been observed (Figs. 3 and 4). How-
ever, when the temperature is raised, also short-

(I)
wavelength magnons of E k, residing primarily
on the down sublattice will gradually become ex-
cited. This results in a further preferential de-
crease of the down sublattice magnetization, and
a falling behind of the up sublattice one. In fact,
the initial decrease and the subsequent sign re-
versal of the effect of field on the up sublattice
magnetization (Fig. 4) is a direct experimental
confirmation of Bogolyubov coupling between the
sublattices through zone-centered spin waves. It
is also observed in Fig. 4 that the sign reversal
is more pronounced the higher the field. This
finds its origin in the fact that the splitting between
the two magnon branches is larger when the mag-
netic field is increased.

The full curves in Fig. 4 represent the results
of renormalized spin-wave theory, as in the case
of the down sublattice magnetization without adjust-
ment of the parameters, yielding an excellent
fit to the data up to 20 K. At the lower fields
(& 10 kG) renormalization results in a minor im-
provement over the unrenormalized theory with
the effective parameters (dashed lines in Fig. 4),
in contrast to the higher fields where the break-
down of the unrenormalized theory occurs at 14 K
in afield of 15kG, and at 10K in 20kG. For com-
parison we also plotted the results of a calculation
in the k' approximation and involving integration
over k to infinity (dotted lines). Such a calculation
appears to be grossly in error, and clearly indi-
cates the necessity of exact integration over the
complete Brillouin zone.

C. Net magnetization

The NMR measurements at the "F"nuclei,
reflecting the net magnetization, differ in some
important aspects from NMR at the "F' sites.
First, the magnetization-induced lineshifts of the"F" nuclei are at least one order of magnitude
smaller than the corresponding "F' shifts. As a
consequence, the "F" resonance is much easier
followed with temperature, and that without any
loss in relative accuracy, since the experimental
errors almost completely originate from the mea-
surement of frequency rather than temperature.
Secondly, the linewidth of the "F" resonance near
the transition is determined by fluctuations of the
parallel susceptibility. Therefore, the linewidth
increases only slightly at T„," and indeed the
resonance can even be detected in going through
the transition, in contrast to the "F' resonance,
whose linewidth goes with the staggered susceptib-
ility and diverges near T„. Similar conclusions
may be drawn for the antiferromagnetic spin-flop
transition (Fig. 5), but here it turns out to be
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H(kG) = 50.03

Assuming spin-wave theory to be correct for low

temperatures and fields, the low-magnetic-field
data (~30 kG) in the temperature range below 15 K
(Fig. 6) have been fitted to renormalized spin-
wave theory Eq. (18), with Z/ks = -8.40 K and

To(0) = 7.55 K. We found A, + D, = -41.8 +1.0 MHz,
which again includes the correction for the demag-
netizing fields. With D, = 9.4 MHz (Sec. II), this
yields for the transferred hyperfine constant A,
= -51+1 MHz, which agrees with the NMR result
in the paramagnetic regime A, = -52+1 MHz. '

With the value for A, +D, obtained above, the
spin-wave calculations, Eq. (18), have been ex-
tended to higher fields and temperatures (solid
lines in Figs. 6 and 7), and compared with experi-
ment. It is observed that for fields below 45 kG
renormalized spin-wave theory agrees, within the
experimental errors, with the data points up to
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FIG. 6. Net magnetization, as reflected in the NMR
frequency of the in-layer SF' nuclei corrected for the
Zeeman shift Af (T, JI) vs temperature for various
fields parallel to the e axis. Renormalized spin-wave
theory (solid lines) has been adjusted to the data points
below 30 kG and 15 K to determine the hyperfine coupling
constant A 2. N
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important to properly align the tetragonal crystal
axis along the external field. At 50 kG and 1.2 K
we measured a linewidth of -100 kHz for the "F"
resonance, as compared to 5 kHz at low fields.
In addition, at 50 kG a zero-temperature lineshift
of 110 kHz was observed, dropping steeply with
decreasing field (Fig. 5), and apparently due to
the vicinity of the spin-flop transition combined
with a residual misalignment of the sample. Be-
cause such effects would scale with X, their minor
contributions to the lineshift are expected to be
nearly independent of temperature, and are sub-
tracted from the data over the whole temperature
regime. In an additional experiment with a larger
misalignment we indeed found a larger zero-tem-
perature lineshift, but the temperature dependence
of the net magnetization, after subtraction of the
above contribution, appeared to be the same.

The results of the "F" resonance experiments
are presented in Figs. 6 and 7, where a correction
of 4% due to demagnetizing fields is included.
For the interpretation of the data the proportional-
ity constant A, +D, (see Sec. II) between the line-
shift and the net spin momentum has to be known.
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FIG. 7. Same as Fig. 6, but over a wider range of
temperature. The part below 15 K is enlarged in Fig. 6.
The solid lines are calculated from renormalized spin-
wave theory, as described in text. The dramatic effect
of renormalization is exemplified by the dashed curve
representing unrenormalized theory at 50.03 kG with
the effective parameters Js andas. The change of TN
with field may be deduced from the variation of the in-
flection in the data near T~(H =0) =42.1 K.
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18 K, but that even at the higher temperatures
the maximum deviation between experiment and

theory nowhere exceeds 3%. For the 45.29- and

50.03-kG series the point of breakdown between
experiment and theory is reduced to 16 and 13 K,
respectively. The results of unrenormalized
theory with the effective parameters J, and a, are
less impressive, with the temperature range of
concurrence extending up to steadily decreasing
temperatures when the field is increased. At 15
kG the range of agreement still extends up to 11
K, but decreases to only 4 K at 50 kG. The calcu-
lated unrenormalized result for 50.03 kG is shown

as the dashed curve in Fig. 7, where it is noted
that the dramatic improvement by renormalization
mainly originates in the field-dependent term
p(l) p(2) [E (l4)]

As discussed, at the highest fields, renormalized
spin-wave theory starts to deviate from experi-
ment at temperatures below 18 K, the point where
the deviation starts at zero field. However, in-
spection of the calculations reveals that for all
fields considered the breakdown occurs at a tem-
perature where the thermal decrement of (S&') is
about 7% of the value at T = 0 K, as compared to
7%%up due to zero-point motion. As in zero field the
conjecture is that at this point excitations set in
that are not adequately treated by the usual ex-
pansion of the motion of spins in spin-wave theory.
In this category fall critical fluctuations of the z
component of the magnetization. While spin-wave
theory accounts for the magnetization up to only
-45/o of T„, it appears that the phase boundary be-
tween the normal antiferromagnetic and the spin-
flopped states can be approached very closely.
Because of the considerable effect of the field-
dependent renormalization, further agreement in
the region near the spin-flop transition may per-
haps be obtained by inclusion of (1/2S)' field-de-
pendent renormalization in the magnon energies.

Finally, it is seen from Fig. 7 that the inflection
point of the net magnetization versus temperature
is moving towards lower temperatures upon in-
crease of the field, from which the development
of the antiferromagnetic-paramagnetic phase
transition temperature may be deduced. At 30 kG
the decrement of T„ is 1.1+0.5 K, at 50 kG 3.5
+0.5 K.

V. CONCLUSIONS

We have investigated the sublattice and net mag-
netizations of the 2D antiferromagnet K,MnF„with
the following results. Spin-wave theory with the
magnon energies renormalized with temperature
and field throughout the entire Brillouin zone, as

well as proper variation of the anisotropy with
temperature, yields an excellent description for
the temperature dependence of the sublattice mag-
netization below 18 K and up to 20 kG, the maxi-
mum field at which the resonance could be followed.
With increasing field, renormalization, which in
zero field yields a marginal improvement of 3 K
over the unrenormalized theory, extends the
regime of concurrence with spin-wave theory over
increasingly larger temperature ranges, at 20 kG
resulting in an extension from 10-18 K. This
improvement over the unrenormalized calculation
originates predominantly in the field-dependent
renormalization, which is proportional to the
difference between the occupations of the two mag-
non branches.

The net magnetization was followed up to fields
of 50 kG, with the spin flop occurring at 54. 5 kG
at T =0 K. The most remarkable and interesting
point is that even at fields close to the spin flop
the breakdown of renormalized theory does not
occur much below the limit of 18 K. Another way
of summarizing the limit of validity of renormal-
ized spin-wave theory as a function of field and
temperature is to say that the theory starts to
deviate from experiment at a point in the (H, T)
diagram where the thermal decrement of the sub-
lattice magnetization is 7%%uo, in addition to 7%%ug due
to zero-point motion. Apparently, the field-depen-
dent part of the renormalization is quite well des-
cribed by first-order Oguchi renormalized spin-
wave theory, although a slight further improve-
ment may possibly be obtained by incorporating
(l/2S)' terms, whereas temperature-dependent
renormalization does not adequately describe
critical fluctuations associated with the transition
to the paramagnetic state.

Another point of interest is that, starting from
zero temperature, both the down and up sublattice
magnetizations initially decrease more rapidly
with temperature than in the zero-field case, in
contrast to what one would expect from the molec-
ular-field approach. The effect is more pro-
nounced the higher the magnetic field, i.e. , the
larger the magnetic splitting between the magnon
branches, and was discussed to be due to the
preferential excitation of the long-wavelength
magnons of the lower branch, which essentially
reside on both sublattices. In other words, the
effect provides direct experimental evidence of
the Bogolyubov coupling of the sublattices.

Finally, experimental information was obtained
on the hyperfine coupling of the in-layer "F"
nuclei, the field dependence of T„, and the spin-
flop field, whereby it was also demonstrated that
NMR in the ordered state may be used advan-
tageously to obtain these data.
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