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For the classical antiferromagnet MnF, with 7, ~ 67 K, the pressure dependence of static magnetic suscepti-

bility , at 7 > T, was studied for the first time. The measurements of x(P) were carried out at fixed temperatures

78, 140, and 300 K using a pendulum-type magnetometer and helium gas pressure P up to 2 kbar. The experi-

mental data on the pressure derivative of magnetic susceptibility, d Iny /dP, were analyzed within the Curie—Weiss

law for x(T') behavior, yielding estimate of the pressure derivative of paramagnetic Curie temperature d®/dP =
=—(0.31 £ 0.05) K/kbar and value (1/@)d®©/dP = (3.5 + 0.5) Mbar™'. The obtained experimental result is
explained by the volume dependence of superexchange interaction between the magnetic moments of Mn*" ions.
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1. Introduction

The use of high-pressure techniques in the magnetism of
solids makes it possible to study the dependence of magnetic
interactions on the interatomic distance and obtain valuable
information on the nature of these interactions. In the case of
magnetic insulators, which include the classical antiferro-
magnet MnF, (7, =67 K), the efficiency of applying
pressures is determined by the high sensitivity of the domi-
nant superexchange interaction to changes in the parame-
ters of the crystal lattice.

For MnF,, the available experimental data on the effect
of pressure on magnetic characteristics refer to various
research methods. From measurements of the nuclear mag-
netic resonance frequency of the F' nucleus as a function of
pressure at the different temperatures [1, 2] the pressure
derivative of the Néel temperature was deduced to be
dTy /dP =+(0.30£0.03) K/kbar. This result is consistent
with the expected enhancement of the superexchange inter-
actions with decreasing interatomic distances under pres-
sure. The source of indirect information on the pressure
dependence of magnetic susceptibility is the value of volume
magnetostriction, which is proportional to the pressure
derivative of susceptibility, dy /dP. The estimate of this
derivative, using the experimental data on magnetostriction
in MnF; [3, 4], turns out to be negative (dy / dP < 0).

The first and so far the only study of the pressure effect on
static magnetic susceptibility was carried out by Astrov, et al.
[5]. The temperature dependence % (7") of the polycrystalline
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sample of MnF, was measured near the Néel temperature at
P =0 and P ~1.9 kbar in order to determine the shift of 7},
under pressure. As a result, the reported value d7y /dP =
=(0.8£0.1) K/kbar seems to be somewhat overestimated
and the observed positive pressure effect on y (dy /dP > 0)
is puzzling.

In this work, in order to refine the pressure effect on
magnetic properties of MnF, the measurements of its mag-
netic susceptibility in the paramagnetic state were carried
out with the application of hydrostatic pressure, using a
homemade precision magnetometer of pendulum type. The
aim of the work was to explore volume dependencies of the
paramagnetic Curie temperature ® and the superexchange
interaction in MnF,. The obtained experimental data were
analyzed within simple approach based on the Curie-Weiss
law for description of the temperature dependence y(7") of
MnF, in paramagnetic state.

2. Experimental details and results

The single-crystalline sample of MnF, was cut from the
same material that was previously used in optical research [6].
The sample was in the shape of a parallelepiped with di-
mensions of about 5x2x0.55 mm and mass of 21.8 mg.
According to the literature data, the crystal structure of
MnF, is a tetragonal rutile type and the AFM direction lies
along the ¢ axis. Features of the temperature dependence of
its magnetic susceptibility at ambient pressure [7] is shown
in Fig. 1.
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Fig. 1. Temperature dependence of magnetic susceptibility x(7")
for single crystal of MnF, from Ref. 7 (solid lines). Dashed line is
the Curie-Weiss model description, ¥ (I')=C /(T - ®). The
inset shows the deviation of % (7") dependence from the Curie—
Weiss behavior, 8x(T) = %" (T') - x(T'), normalized to x(T).

The measurements of the pressure effect on magnetic
susceptibility of MnF, were carried out under helium gas
pressure P up to 2 kbar, using a pendulum type magne-
tometer [8]. In this device the sample was placed inside a
small compensating coil located at the lower end of the
pendulum rod. Under switching on magnetic field, the
measure of the sample magnetic moment is the value of
current through the coil, at which the sample moment is
fully compensated by the magnetic moment of coil and
magnetometer comes back to its initial position. To measure
the pressure effects, the mechanical part of pendulum was
inserted into a cylindrical non-magnetic pressure cell, which
was placed inside a cryostat. In order to eliminate the effect
on susceptibility of the temperature changes during applying
or removing pressure, the measurements were performed at
fixed thermostat temperatures. The relative errors of meas-
urements of y under pressure did not exceed 0.05 % for
employed magnetic field H =1.7 T (detailed analysis of the
origin of errors and their magnitude is given in Ref. 8).

The experimental pressure dependencies of y at fixed
temperatures 78, 140, and 300 K are shown in Fig. 2. As
seen, they are linear within experimental errors and the used
range of pressures. The corresponding values of the norma-
lized pressure derivative of y, (1/y)dy/dP=dIny/dP,
are listed in Table 1 together with the values of y at P =0.
Reasonable agreement of the values of y at zero pressure
with the literature data in Fig. 1 indicates a sufficiently high
quality of our sample.

Note that since the magnetic susceptibility of MnF, in the
paramagnetic phase is isotropic, the data obtained correspond
to an arbitrary choice of the sample orientation relative to
the magnetic field direction.
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Fig. 2. Pressure dependence of magnetic susceptibility of MnF, at
different temperatures.

Table 1. Magnetic susceptibility y at P =0 and its pressure
derivative dIny / dP for MnF, at different temperatures

T7,K %,107® emu/g dlny /dP, Mbar™
78 266.6 -33+04
140 199.5 -1.7+£03
300 122.6 -0.8+£0.2

3. Discussion

Analysis of the temperature dependence y(7") for MnF,
(Fig. 1) shows that at 7" above of about 150 K it obeys
Curie—Weiss (CW) law:

~ycw o C

(D)= (== Q)
with the Curie constant C corresponding to the effective
magnetic moment of Mn®" ion Uegr = 5.9 np and paramag-
netic Curie temperature @ ~ -89 K. Values of p s = 5.9 1,
and saturated magnetic moment pg, =~ 5.0y [9] coincide
with the spin moment expected for the free Mn?" ion with
spin number S =5/2. Therefore, it is quite reasonable to
assume that the dependence of this moment [and Curie
constant C in Eq. (1)] on pressure is weak. Then the effect
of pressure on y is determined only by the pressure de-
pendence of @, as it follows from Eq. (1):

diny(T) diny " (T) . 1 do

~ Ly )
dP dpP T-0 dP
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Experimental values of d Iny / dP as a function of 1/ (T —0)
are shown in Fig. 3. As can be seen, at high temperatures,
where the Curie—Weiss law is fulfilled and Eq. (2) is valid,
this dependence is close to linear. Its slope, indicated in Fig. 3
by the dashed line, determines the value of the derivative

d®/dP=—(0.31£0.05)K / kbar. 3)

As seen in Fig. 3, at temperatures below about 150 K,
the magnitude of the pressure effect, dIny /dP, begins to
gradually deviate from the values predicted by Eq. (2) and
grows rapidly when approaching the Néel point. For MnF,,
a similar peculiarity near T, was observed earlier in tem-
perature dependence of magnetostriction [3], which is di-
rectly related to the pressure derivative of susceptibility.
Taking into account a rapid increase in the deviation of
x(T) behavior from the CW law as the temperature ap-
proaches Ty (see Fig. 1) and the shift of T itself under pres-
sure, an additional contribution to the magnitude of the pres-
sure effect on x(7'), given by Eq. (2), can be represented as

diny(T)" 1 3[3u(D)] dr.
P y(I) ot dP

, “

where the designations &y(T) =" (I)—x(T) and
t =T —T), are adopted. When temperature approaches T, the
magnitude of this contribution grows rapidly and becomes
comparable with the CW value determined by Eq. (2). So at
T =78 K, its estimation by Eq. (4) gives

diny(78K)"
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dP
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Fig. 3. Pressure derivative of magnetic susceptibility d1Iny / dP in
MnF, as a function of 1/(T— ®); (e) — our data, ((J) — estimate
from the magnetostriction data of Ref. 4 at 7= 70 K. Solid line is
a polynomial fit of the experimental data; dashed straight line
corresponds to a model description by Eq. (2). The arrow marks
T=T,.

using the values (1/x(T))o[6y(T)]/ ot = —0.0045 K (see
inset in Fig. 1) and dt/dP = —dTy / dP ~ —0.30 K/kbar [2].
For the same temperature, the CW contribution to the pres-
sure effect on y is determined by Eq. (2) to be

ding ™ (8K) | o5 Mpar-! 6)
ap

As can be seen, the sum of both contributions at 78 K is in
good agreement with the corresponding experimental value,
dIny/dP ~-3.3 Mbar ', and this confirms the validity of
the approach used.

The experimental data on the pressure dependence of ®
in MnF, can be expressed in the form of a “magnetic
Griineisen constant”

Y, =40 _BdO )
®dry ©dpP
Here B is the bulk modulus. Using in Eq. (7) the room
temperature value B =0.93 Mbar, obtained by averaging
the available literature data [10-12], we determine the vy,
value to be equal to

v,, =0.33+0.06. (8)

Since the value of ® is proportional to the value of the
superexchange interaction J, the volume dependence of J
is related to the same value of y,,, namely

_ dinJ
Y T iy

®

The estimate for y,, obtained in MnF, is reasonably
consistent with the trend towards the value vy, =10/3 for
a wide range of magnetic insulators, which was first pointed
out by Bloch on the basis of analysis of the available experi-
mental data [13]. The origin and validuty of the “10/3” rule
for the volume dependence of superexchange interactions
was discussed, for example, in Refs. 14, 15. It was noted
that this rule is not universal and requires some adjustments
taking into account the individual characteristics of materi-
als, such as features of structural properties, type of crystal
bonds, etc. In addition, when evaluating value of vy,,, along
with the dominant superexchange, it is necessary to consider
other contributions to the magnetic interactions [16, 17].

4. Concluding remarks

As far as we know, the dependence of magnetic suscep-
tibility of the antiferromagnet MnF, on hydrostatic pres-
sure at temperatures above T, has been properly measured
for the first time. From the analysis of the obtained experi-
mental data, it was determined that the paramagnetic Curie
temperature ® and the effective exchange interaction J
increase in magnitude with increasing pressure. The corre-
sponding estimate of the magnetic Griineisen parameter
turns out to be close to the value y,, ~10/3 inherent in the
superexchange interaction.

940 Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 10



Effect of hydrostatic pressure on magnetic susceptibility of MnF, single crystal

Acknowledgments

We express our deep gratitude to N. F. Kharchenko for
providing a single-crystal sample of MnF, and some com-
ments on the text.

—

. G. B. Benedek and T. Kushida, Phys. Rev. 118, 46 (1960).

P. Heller and G. B. Benedek, Phys. Rev. Lett. 8, 428 (1982).

Y. Shapira, R. D. Yacovich, C.C. Becerra, S. Foner, and

E. J. McNiff Jr, Phys. Lett. A 55, 363 (1976).

V. I. Nizhankovskii, Fur. Phys. J. B 78, 449 (2010).

D. N. Astrov, S. I. Novikova, and M. P. Orlova, Sov. Phys.

JETP 37, 851 (1960).

6. N.F. Kharchenko, O. V. Miloslavskaya, and A. A. Milner,
Fiz. Nizk. Temp. 31, 1081 (2005) [Low Temp. Phys. 31, 825
(2005)].

7. C. Kittel, Introduction to Solid State Physics, John Wiley
Sons Inc., Hoboken, New Jersey (2004), pp. 321-360.

8. A.S. Panfilov, Fiz. Nizk. Temp. 41, 1318 (2015) [Low Temp.
Phys. 41, 1029 (2015)].

9. J. Strempfer, U. Rutt, S.P. Bayrakci, Th. Bruckel, and
W. Jauch, Phys. Rev. B 69, 014417 (2004).

10. D. Gerlich, S. Hart, and D. Whittal, Phys. Rev. B 29, 2142
(1984).

11. R. M. Hazen and L. W. Finger, J. Phys. Chem. Solids 42,
143 (1981).

12. E. Stavrou, Y. Yao, A. F. Goncharov, Z. Kondpkova, and
C. Raptis, Phys. Rev. B 93, 054101 (2016).

13. D. Bloch, J. Phys. Chem. Solids 27, 881 (1966).

wn

vk

14. K. C. Johnson and A. J. Sievers, Phys. Rev. B 10, 1027 (1974).

15. G. A. Garcia and R. Ingalls, J. Phys. Chem. Solids 37, 211
(1976).

16. R. Ritter, L. Jansen, and E. Lombardi, Phys. Rev. B 8, 2139
(1073).

17. L. J. De Jongh and R. Block, Physica B 79 568 (1975).

Bnnue rigpocTatMyHOro TUCKYy Ha MarHiTHy
CNPUNHATAKNBICTL MOHOKpMcTana MnF,

A. S. Panfilov, G. E. Grechnev

Hnst xnacuuHoro antudepomarHetuka MnF, 3 Ty =67 K
BIIEpIIE JOCTIIKEHO 3aJeXKHICTh BiJl THCKY CTaTHYHOI MarHiTHOL
cnpuiiasTiuBocti y npu T > Ty. BumiproBanus y(P) nmpoBeaeHo
npu ¢ikcoBanux Temneparypax 78, 140 ta 300 K 3a momomororo
MasTHHKOBOTO MarHiTOMeTpa IiJ THCKOM rasy remito P 1o
2 x6ap. ExcriepumeHTanbHi JaHi Mpo MOXiJHY MarHiTHOI CIIpH-
HATJIIMBOCTI MO TUCKY, dIny /dP, npoaHami3oBaHO 32 3aKOHOM
Kropi—Beticca st onmcy noseninku (7). OmiHeHO MOXigHY IO
THUCKY [Ulsl TapamarHiTHol temmneparypu Kriopi, d®/dP =— (0,31 +
+0,05) K/x6ap Ta Bemmunmn (1/@)d®/dP = (3,5+0,5) Mbap ™.
OTpuMaHUil  eKCIEepPUMEHTAJIbHUN  pe3ynbTaT  MOSCHIOETHCS
00’€MHOIO 3aJIeXHICTIO CYNepoOMIHHOI B3aeMOJii MiX MarHiT-

P 2+
HMMH MOMEHTaMH 10HIB Mn~".

Kirouogi cioBa: MnF,, MaruiTHa CipuiHATIMBICTE, CyIIepoOMiH,
BILIUB THCKY.
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